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ABSTRACT
This thesis research investigated nanowire-based devices and structures for
electronic and optical applications. Solution-gated silicon (Si) nanowire field effect
transistors (NWFETs) were investigated to add new functionality to Si complementary
metal oxide semiconductor integrated circuits. Axially doped n+-p--n+ Si nanowires
grown by the vapor-liquid-solid technique were integrated and optimized for robust and
reliable operation in a buffer solution. The stability of the electrical response at a constant
pH value as well as the sensitivity to changes in pH were significantly improved by using
a stack of thermal silicon dioxide (SiO2) and atomic layer deposited aluminum oxide
(Al2O3) as the gate dielectric as compared to a SiO2 gate dielectric alone. These devices
exhibited reproducible response, consistent threshold voltage, low subthreshold swing,
long-term stability, high pH sensitivity, and gate voltage dependent dynamic range. The
integration and measurement strategy described in this thesis lays the groundwork for
future multiplexed nanobiosensor chips based on arrays of Si NWFETs.
A new nanofabrication technique was developed to convert high-aspect-ratio Si
nanowires into free-standing one dimensional (1D) arrays of Au nanoparticles
encapsulated in a SiO2 shell. The diameter and the interparticle spacing of the Au
nanoparticles in the array were defined by tailoring the sidewall profile of the starting Si
nanowire to have a scalloped pattern with controllable peak-to-valley distances (or
scalloping wavelength). During the thermal oxidation of Au-coated Si nanowires, the Au
migrates to the core of the oxidized Si wire to form a Au wire with a diameter that
follows the undulation of the original scalloped profile. With increasing thermal
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treatment, the Au wire breaks into separate teardrop-shaped segments in the regions of
the wires having the smallest diameter, and is converted from a teardrop shape into a
spherical particle to reduce the total surface area and thus the surface energy of the entire
nanostructure. This powerful new synthesis method enables the fabrication of freestanding 1D Au nanoparticle array encapsulated in a uniform SiO2 shell with controlled
Au particle diameter and interparticle spacing. This opens the door to many new
plasmonic optical devices based on noble metal nanoparticle arrays.
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Chapter 1
Introduction

1.1 Background and Motivation
Nanotechnology is having a significant impact in diverse fields that include information
technology, computing, healthcare, energy, transportation, and defense.1 According to the
National Nanotechnology Initiative,2,3 nanotechnology is “concerned with materials and systems
whose structures and components exhibit novel and significantly improved physical, chemical,
and biological properties, phenomena, and processes due to their nanoscale size in the range of
1 nm to 100 nm. The new behavior includes size confinement, predominance of interfacial
phenomena and quantum mechanics.” Among the wide range of nanomaterials that have been
synthesized, nanotubes and nanowires are of particular interest because they bridge the gap
between nano-mirco-macro length scales due to their ultra high aspect ratio. Thus, nanotube and
nanowire-based devices are being actively investigated for applications in electronics, optics,
plasmonics, and mechanics.4,5,6,7,8,9
This thesis research investigated nanowire-based devices and structures for electronic and
optical applications. Solution gated silicon (Si) nanowire field effect transistors (NWFETs) were
investigated to add new functionality to Si complementary metal oxide semiconductor (CMOS)
integrated circuits (ICs). The results of this research lays the groundwork for a multi-target
nanobiosensor chip based on arrays of Si NWFETs by demonstrating devices with stable and
reproducible electrical response in aqueous buffer solutions with different pH values.
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One-dimensional (1D) arrays of noble metal nanoparticles encapsulated in dielectric
nanowires were investigated because of their unique optical properties, which include near-field
plasmonic waveguides10,11 that transport light below the diffraction limit or far-field coherent
dipolar interactions that exhibit extremely narrow resonances (< 1nm)

12,13,14

that may enable

chemical and biological sensors with sensitivity that is superior to conventional approaches.15
This thesis research demonstrates a new and highly flexible synthesis approach to realize freestanding 1D gold (Au) nanoparticle array embedded within a silicon dioxide (SiO2) nanowire by
Au-enhanced thermal oxidation of individual Au-coated Si nanowires.

Solution Gated Silicon Nanowire Field Effect Transistors
Advances in IC technology have been driven by Moore’s law scaling in transistor size
and density, forcing a rapid transition from micron-to-nanometer device technologies. However,
the physical material limits and the increasing complexity will make scaling beyond the 10 nm
gate length exceedingly difficult.7,16,17 An increased focus on microsystem integration is
emerging. This "More Than Moore" trend will lead to a revolutionary increase in the range of
new functions that can be added to the IC.18 More specifically, non-digital functions will be
added, leading to virtually unlimited technology possibilities and applications for the
semiconductor-based high-tech industry.19
Deterministic assembly of nanowire-based devices may enable ICs and micro-systems
with functionality beyond that possible with devices fabricated using top-down methods alone. A
variety of nanowire materials can be reproducibly made off-chip by different methods such as
template replication20, solution synthesis,21 and vapor liquid solid growth.22,23 When combined
with off-chip chemical surface functionalization24 and on-chip device addressing and signal
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processing, such devices hold promise for multiple-target sensor array applications that require
high selectivity, sensitivity and real-time detection.
An example of this chip-based biosensor array is illustrated in Figure 1-1. As shown in
Figure 1-1 (a), different batches of axially-doped Si nanowires are derivatized with different
probe molecules (e.g., DNA), as illustrated by the different colors.6,25 These probe molecules are

(a)

(b)

(c)
Buffer solution

Introduce target molecules

IDS

Sen-1
Sen-N
Sen-2
Time

Figure 1-1: Schematic illustrating the concept of Si NWFET array integrated onto a Si
CMOS IC for multi-target, real-time biosensing. (a) Si nanowires coated with different
biorecognition probe molecules for detection of various nucleic acids and proteins will be
assembled onto predetermined regions of the chip surface, where they will be integrated with
source and drain electrodes and back gates. (b) Conductance measurements will be made in
real time for each individual Si nanowire as it is exposed to solutions containing buffers
and/or target analytes such as nucleic acids or proteins.
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selected to hybridize with specific target biomolecules (e.g. DNA or RNA). The schematic in
Figure 1-1 (b) shows the completed Si chip after the sequential assembly and device integration
of the three different batches of nanowires. When the Si NWFET array is exposed to a solution
containing one or more of the target molecules, selective hybridization occurs in the column(s)
containing complementary probe molecules, while the other column(s) remain unaffected. The
total charge on the Si nanowire surface changes upon the hybridization of the charged target
molecules, which induces a change in the channel conductance. This gives a change in the drainto-source current, as shown Figure 1-1 (c). Importantly, the same hybridization detection occurs
on all of the devices in one column at the same, which has the potential to significantly increase
the detection confidence and reduce the false positive rate.26
Most state-of-the-art biosensors for multiplexed biomolecule analysis use fluorescencebased methods, e.g., DNA microarrays or encoded micro- and nano- particles. Although valuable
for laboratory-based analyses, each of these approaches suffers from the inherent difficulties
associated with fluorescence (e.g., requires illumination and sensitive optical detectors,
photobleaching, etc.), which compromise point-of-contact sensing and prevent label-free, realtime detection. Electrical readout strategies that are enabled by bioprobe-coated Si NWFET
arrays are highly desirable for point-of-contact sensing due to low cost and facile integration
with on-chip CMOS electronics.
A number of electrochemical approaches have appeared, some of which are quite
attractive for their sensitivity and experimental simplicity,27,28 but can require redox-active labels
and are more challenging to integrate with CMOS electronics. Several chip-based methods with
the potential for electrical readout have been proposed. Microcantilevers with static deflection
dependent on change in surface stress due to binding have been reported.29 These require a
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relatively large surface on a long flexible cantilever to be covered by the target analyte and
therefore have limited sensitivity. Si nanowire cantilevers prepared by top-down methods offer
ultrahigh sensitivity, but cannot be used for real-time measurements in liquid due to viscous
damping in solution.30,31
Chip-based approaches that combine top-down and bottom-up fabrication have also been
described. For example, the Mirkin group has used DNA hybridization to assemble Au
nanoparticles between two metal contacts spaced microns apart.32 Following nanoparticle
assembly, Ag electroless plating was used to carefully increase the nanoparticle size, until a
percolation threshold for current to pass between the electrodes is reached. This approach
requires the chip to be dried and post-processed, which limits its use as a real time monitor of
biomolecule binding events.
Biosensors based on chemically functionalized Si NWFETs enable real-time, label free
and ultrasensitive electrical detection of biological binding events.33,34,35,36,37,38,39 Si NWFETs are
particularly attractive due to their ease of preparation with predetermined doping levels and their
more facile surface chemistry, which enables functionalization with a wide range of probe
molecules. Vapor-liquid-solid (VLS)

40,22,23

synthesized Si nanowires were used thesis research

because, compared to top-down fabricated Si nanowires from silicon-on-insulator (SOI)
substrates,41,42,43 the VLS technique is very flexible and allows axial and/or radial variations in
doping concentration and/or material composition.44,45,8
Previous sensing experiments conducted using Si nanowires grown by the VLS technique
have been limited to measurements of individual heavily-doped nanowires with conductivity
equivalent to that of the planar Si having a 1018/cm3 doping level.35,46,36 Despite their small
diameters, the heavy nanowire doping limits the change in channel conductance that is induced
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by varying the solution pH or by biomolecule binding. These NWFETs operate by depletion of
the wire with a gate that is either electrically floating or biased at zero gate voltage, and thus the
device sensitivity cannot be varied. Lightly-doped nanowires have the potential to give higher
sensitivity, but it is not possible to form low-resistance ohmic contacts to these wires.
The Si NWFET detection sensitivity47 and contact resistance can be improved by
adjusting the doping profile along the wire axis, with low doping concentration in the center
segment and high doping concentration on the two ends. Selective doping of nanowires has been
previously demonstrated by masked Si epitaxial regrowth or ion implantation of unintentionallydoped VLS-grown Si nanowires following their on-chip assembly.48,49 However, post-assembly
doping prevents the use of these nanowires in applications that require the bioprobe molecules to
be attached prior to their on-chip integration. Axially doped (n+-p--n+) Si nanowires have been
synthesized at Penn State by introducing the dopant gases in situ during VLS growth.44 The
nanowires were thermally oxidized to form Si/SiO2 core-shell structure and were integrated into
top-gate Si NWFETs. The resulting n-channel enhancement-mode Si NWFETs had high on-state
current of > 5 × 10-4 A/cm2 and high on-to-off state current ratio of > 107 at a drain-to-source
voltage VDS = 1 V.
Despite the high sensitivities that have been reported for Si NWFET biosensors,
achieving stable and reproducible electrical properties during operation in buffer solution
remains a challenge. This is because the majority of the Si NWFET based sensing studies use
native oxide as the gate dielectric of the device.36,50,37,38 First, the high interface trap state density
degrades device performance. A relevant replacement is dry thermal SiO2 that significantly
reduces the interface trap density and is the standard gate dielectric in the semiconductor
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industry. Second, as will be discussed below, even a high-quality SiO2 gate dielectric leads to
unstable electrical response in buffer solutions.
The device stability in buffer solutions has been systematically studied on planar Si ion
selective field effect transistors (ISFETs).51,52,53 The operation of Si NWFETs is the same as that
of ISFET’s: a change in surface potential is induced by a change in charge at the oxide/solution
interface. Therefore, it can be expected that similar trends in operating stability will be observed
on planar Si ISFETs and Si NWFETs. Insulators such as SiO2, Al2O3, Ta2O5 and HfO2 have
been used extensively as gate dielectrics in ISFETs. Of these gate dielectrics, SiO2 was found to
be unstable and suffered from severe drift during sensing measurements.38,54,55,56,57,58 This
instability has been attributed to surface hydration that modifies the surface chemical
composition and causes a decrease in the dielectric constant in the hydrated layer, thus reducing
the overall capacitance.

57

A typical value of drift from the literature is 8 to 20 mV/hr.59,60 In

contrast, Al2O3 and Ta2O5 gate dielectrics prepared by chemical vapor deposition or pulsed laser
deposition are much more stable in solution because they are more resistant to hydration. A
typical drift value is 0.2 to 1.0 mV/hr,54,61 which is much smaller than that for SiO2.
In this thesis research, solution-gated (n+-p--n+) Si NWFETs grown by the VLS technique
were optimized for robust and reliable operation in a buffer solution. The stability of the
electrical response at a constant pH value as well as the sensitivity to changes in pH were
significantly improved by using a stack of thermal SiO2 and atomic layer deposited (ALD) Al2O3
as gate dielectric as compared to a SiO2 gate dielectric alone. The actual gate bias applied at the
oxide (gate dielectric)/solution interface, often assumed to be the same as the bias applied to the
electrode in solution, was measured via a silver/silver chloride (Ag/AgCl) reference electrode.
These devices exhibited reproducible response, consistent threshold voltage, low subthreshold
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swing, long-term stability, high pH sensitivity, and gate voltage dependent dynamic range. The
integration and measurement strategy described in this thesis lays the groundwork for
multiplexed nanobiosensor chips based on arrays of Si NWFETs.

One-dimensional Noble Metal Nanoparticle Arrays
Plasmonic nanostructures and devices have attracted much attention because of their
potential application in many fields of science and technology.62,63,64 Plasmon resonances are
collective electron oscillations that occur at the interface between conductors and dielectrics
when excited by electromagnetic (EM) fields and exist for metals such as Au, Ag, Al and Cu
from DC up to optical and near UV frequencies, depending on the dielectric function of both the
metal and the neighboring dielectric.
One-dimensional (1D) noble nanoparticle arrays, consisting of uniformly distributed
nanoparticles in a dielectric matrix, have unique optical properties. For example, a strong
enhancement of the local electromagnetic field can be observed in closely spaced nanoparticle
array due to the strong inter-particle EM coupling between the particles.10,11 The resonant field
enhancement can be used to create so-called plasmon waveguides, which transport EM energy
below the diffraction limit of light and around bends.11,65,10 The minimum transmission loss is
observed for particle size 20 nm to 50 nm and interparticle spacing/radius approximately three.
Under the optimum condition, the maximum transport length is only a few micrometers, which
limits the waveguide potential application for short distance.
In contrast, noble metal nanoparticle arrays with diameters greater than 30 nm and
interparticle spacing from 250 nm to 800 nm possess extremely narrow extinction lineshapes
(less than 1 nm) that result from coherent diffractive interactions between particles.12,13,14 The
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wave vector and polarization of the incident light are important in determining the optimum
interparticle spacing required to achieve the narrow lineshape. When the wave vector of the light
is chosen to be parallel to the array axis with perpendicular polarization direction, sharp
extinction peaks occur when the interparticle spacing is half the incident wavelength. The
optimum interparticle spacing is close to the wavelength if both the wave vector and polarization
vector are perpendicular to the array axis. The interaction can be very long range, and the longer
the array, the narrower the peak. Using this coherent interaction, it is possible to create
nanodevices with extremely narrow lineshape. Such 1D nanoparticle arrays have potential
applications in product labeling,66 biodetection,67,68 anticounterfeiting,69,70,71 or security.72,73
These 1D structures are typically fabricated on planar substrates by direct write electronbeam lithography and liftoff or etching.11,12,65,74,75,76 The nanoparticles produced using this
nanofabrication approach are cylindrical rather than spherical and typically have surface
roughness that can impact the EM properties of the array. Because the nanoparticles are
deposited on a handle substrate, the encapsulating dielectric shell has a nonuniform thickness,
which must be accounted for in the optical design of the 1D particle arrays. Moreover, only
planar structures can be fabricated on the surface of a handle substrate. This limits the use of
these particle arrays in applications that require free-standing nanowire structures.67
Several non-lithographic methods have been investigated to fabricate freestanding
nanoparticle arrays. Recently, Qin et al. reported an assembly method for creating Au or Cu
cylindrical nanochains confined in an atomic layer deposited dielectric shell with free volume
between the nanochains.77 Nanoparticle arrays encapsulated within SiO2 nanowires have also
been synthesized by furnace annealing planar Si substrates coated with a Au thin film at
temperatures near 1000°C in an Ar/N2 ambient,78,79,80,81 or by a microwave synthesis approach in
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a H2/NH3 ambient in a micro-reactor.82 The vapor-liquid-solid mechanism is generally involved
in the nanowire formation and a trace amount of O2 is found to be crucial in these processes.
Most of the nanowires in these preparations are purely SiO2 with fewer wires that contain metal
nanoparticle arrays. Moreover, the distribution of the nanoparticle array along the length of the
nanowires tends to be poor. In these reports, the proposed mechanisms responsible for the
formation of the nanoparticle arrays includes diameter self oscillation,78,82,83 simple diffusion,79
solid-liquid-solid phase growth,81 and Rayleigh instability.80
In this thesis research, a new nanofabrication technique was developed to convert highaspect-ratio Si nanowires into free-standing 1D arrays of Au nanoparticles encapsulated in a
SiO2 shell. The diameter and the interparticle spacing of the Au nanoparticles in the array were
defined by tailoring the sidewall profile of the starting Si nanowire to have a scalloped pattern
with controllable peak-to-valley distances (or scalloping wavelength). During the thermal
oxidation of Au-coated Si nanowires, the Au migrates to the core of the oxidized Si wire to form
a solid Au wire with diameter that follows the undulation of the original scalloped profile. With
increasing thermal treatment, the Au wire breaks into separate Au teardrop-shaped segments in
the regions of the wires having the smallest diameter, and is converted from a teardrop shape into
a spherical particle to reduce the total surface area and thus the surface energy of the entire
nanostructure. This powerful new synthesis method enables the fabrication of free-standing 1D
Au nanoparticle array encapsulated in a uniform SiO2 shell with controlled Au particle diameter
and interparticle spacing. This opens the door to many new plasmonic optical devices based on
nobel metal nanoparticle arrays.
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1.2 Overview of the Thesis
The research presented in this thesis focuses on nanowire-based devices that include
solution gated Si NWFETs for chip-based sensing applications and 1D Au nanoparticle arrays
for plasmonic optical applications. Chapters 2 and 3 describe the nanowire assembly, device
fabrication, and electrical characterization of Si NWFETs for robust and stable operation in
buffer solutions. Chapters 4 and 5 discuss the new synthesis technique for fabricating 1D Au
nanoparticle arrays with controlled Au nanoparticle diameter and interparticle spacing.
Chapter 2 presents the assembly and device fabrication of solution gated Si NWFETs
from VLS-grown axially-doped (n+-p--n+) nanowires. In this integration scheme, electric-fieldassisted assembly was used to position individual thermally oxidized n+-p--n+ Si nanowires at
predefined locations on a Si3N4-coated n++ Si substrate that could be used as a back gate for
electrical measurements. Metal source and drain electrodes were defined by lithographic
patterning and metal evaporation. To overcome the instability of SiO2 for device operation in a
buffer solution, a conformal Al2O3 layer was deposited on the devices as the final step in the
integration process. Using a SiO2/Al2O3 gate dielectric stack significantly improved the electrical
stability and pH sensitivity in buffer solution, as discussed in Chapter 3.

The electrical

properties of both types of Si NWFETs were measured in dry N2 using the back-gated
configuration. The results confirmed that these Si NWFETs had negligible hysteresis with an
off-state current of less than 1 pA. With the addition of Al2O3, the on-state current increased, the
threshold voltage increased from ~ 0.9 V to 1.6 V, and the subthreshold swing decreased from
~ 260 mV/dec to 200 mV/dec.
Chapter 3 discusses the detailed electrical characterization of the solution gated n+-p--n+
Si NWFETs measured in 50 mM KCl solution buffered with 10 mM KH2PO4/K2HPO4. A
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strategy was developed for accurate measurement and control of the applied gate bias. In this
approach, a voltage was applied via an inert Au wire inserted in the buffer solution and the actual
gate bias at the oxide/solution interface was monitored via a Ag/AgCl reference electrode. This
circumvented variation in the gate voltage at the oxide surface due to pH and voltage dependent
electrochemical reactions at the Au wire. A customized Labview program was developed to
automate the measurements, including feedback control to maintain a fixed gate bias at the
oxide/solution interface (as measured by the Ag/AgCl electrode). Transfer characteristics of the
Al2O3-passivated Si NWFETs had negligible hysteresis between the forward and reverse sweeps,
a gate leakage current of < 100 pA, and an inverse subthreshold swing of ~ 83 mV/decade. The
long-term drift of the solution gated FETs was 8 mV in 12 hours, with the majority of the change
occurring during the first 2 hours of measurement. When biased in the linear regime, the devices
had linear pH sensitivity of 54 mV/pH. A large dynamic range in sensitivity was obtained by
biasing the devices in the subthreshold, with 40-fold sensitivity difference in terms of relative
drain-to-source current. Future research will involve adapting this integration and measurement
strategy to multiplexed biosensing via deterministically assembled bioprobe-coated nanowire
arrays that can be integrated with Si CMOS ICs.
Chapter 4 describes the synthesis of 1D Au nanoparticle arrays encapsulated in SiO2
nanowires via the Au-enhanced oxidation of Si and the Rayleigh instability mechanisms. In this
chapter, Au-coated VLS-grown Si nanowires were used as the template for the lithography free
fabrication of free-standing 1D Au nanoparticle arrays. The thermal oxidation rate of the Si
nanowires was significantly enhanced by the presence of the Au thin film coating, leading to the
formation of a SiO2 shell surrounding a solid Au nanowire. In situ transmission electron
microscopy (TEM) showed that subsequent thermal annealing of the Au/SiO2 core-shell
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nanowires resulted in the transition from the solid Au nanowires to 1D Au nanoparticle arrays.
Analysis of Au nanoparticle arrays fabricated using different thermal treatments and different Au
coating thickness shows that the average interparticle spacing is a linear function of the average
particle diameter with a slope of approximately three. This relationship was used to develop a
predictive model for predicting the final Au nanoparticle diameter and interparticle spacing from
the starting Si nanowire diameter and Au coating thickness. Together these studies confirmed
that the transition from a solid Au nanowire to a 1D Au nanoparticle array followed the Rayleigh
instability mechanism.
Chapter 5 presents a more versatile nanofabrication approach to form 1D Au particle
arrays within SiO2 nanowires with independent control over the nanoparticle diameter and
interparticle spacing. This is realized by introducing a scalloped sidewall profile on the surface
of the Si nanowires by deep reactive ion etching (DRIE) of patterned planar Si substrates. The
peak-to-valley wavelength of the scalloped profile is easily tailored by adjusting the DRIE
process conditions. This approach was demonstrated using four types of Si nanowires, each with
different wire diameter, which were fabricated with scalloping wavelengths of 130 nm, 235 nm
and 435 nm, 635 nm. Different Au coating thicknesses of 5 nm, 10 nm, and 20 nm were
deposited on each type of wire to modulate the final Au nanoparticle diameter. The results show
that regardless of Au nanoparticle diameters (starting Au thickness), the interparticle spacing was
equal to the wire scalloping wavelength. This approach overcomes the Rayleigh criteria limit and
significantly improves the flexibility and control of the 1D Au particle arrays.
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Chapter 2
Integration of Solution-Gated Vapor-Liquid-Solid Grown Silicon
Nanowire Field Effect Transistors

This chapter describes the integration of axially doped (n+-p--n+) silicon (Si) nanowire
field effect transistors (NWFETs)1 to achieve stable gated operation in buffer solution, which is a
hostile environment from the electronic device perspective. The protection of the gate insulator
from ion migration and hydration is critically important. Despite many exciting reports on
nanowire-based sensors, the device stability remains a challenging and unsolved issue.2,3,4,5 The
majority of these sensors use native oxide or thermal oxide as a gate dielectric. However, in the
related research field of planar ion sensitive field effect transistors (ISFETs), a variety of gate
oxide materials have been studied for stable and sensitive pH sensors.6,7,8,9,10 These studies
showed that ISFETs fabricated using a SiO2 gate dielectric have a very large drift under bias in
solution, whereas alterative gate dielectrics such as Al2O3 and Ta2O5 are much more stable. In
this thesis research, Si NWFETs were integrated using both a SiO2 and a SiO2/Al2O3 stack as the
gate dielectric. The characterization results presented in Chapter 3 confirm that Al2O3 is a much
better dielectric candidate for Si NWFETs that must operate in aqueous buffer solutions.
This chapter provides a detailed description of the Si NWFET assembly and integration
process and demonstrates the device operation in a N2 ambient. In Section 2.1, previous literature
reports on semiconductor nanowire-based sensors and planar ISFETs are reviewed. Section 2.2
provides an overview of the Si NWFET fabrication process flow and presents key design rules.
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The detailed device fabrication process is presented in Section 2.3. First, Si nanowire synthesis,
resistivity measurements, and thermal oxidation are reviewed. The axially doped structure with
heavily-doped n+ end segments and a lightly-doped p- body enables the formation of ohmic
contacts to the source/drain (S/D) segments. Second, the device integration scheme is presented,
including the nanowire assembly process, the mask design and layout, and the step-by-step
process development. Finally, global back-gate measurements taken in a N2 ambient before and
after atomic layer deposition (ALD) of the Al2O3 dielectric are presented to characterize the
electrical properties of the Si NWFETs.
Si nanowire VLS growth and in situ doping studies were carried out by Dr. S. Eichfeld and
Dr. P. Nimmatoori in Professor Redwing’s group. TEM studies of the Si nanowire structural
properties and analysis were performed by Dr. B. Liu and Mr. N. Dellas in Professor Mohney’s
group. Electrical properties including nanowire resistivity and field effect characteristics of back-gate
Si NWFETs in a N2 environment were investigated by Dr. Y. Wang, Dr. T. Ho and Mr. M. Kuo in
Professor Mayer’s group. Ms X. Zhong and Mr. K. Sun in the same group contributed to the
integration and electrical characterization of the solution-gated Si NWFETs.

2.1 Silicon Field Effect Transistor Based Chemical/Biological Sensors
According to the International Union of Pure and Applied Chemistry, a biosensor is a
device that uses specific biochemical reactions mediated by isolated enzymes, immunosystems,
tissues, organelles or whole cells to detect chemical compounds usually by electrical, thermal or
optical signals. Biosensors were first proposed by Leland C. Clark Jr. in 1956 in the form of
oxygen sensor to detect the oxygen level in blood11 and became commercial product in 1975
with the successful introduction of the Yellow Springs Instrument Company (Ohio) glucose
analyzer based on the amperometric detection of hydrogen peroxide.12 The biosensor market has
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experienced exponential growth with a market that now grosses over $7 billion US dollars per
year in sales for healthcare, environmental monitoring, food safety, and public security.
With the rapid development of microfabrication technology, biosensing and analysis are
evolving to encompass systems for hand held, point-of-care diagnostics and even personal
operation at home.13,14,15 Functionally, a biosensor has two major parts: (1) a recognition element
that interacts with the analyte and responds in a manner that can be detected by a (2) transducer.
Based on their functions, biosensors can be categorized into DNA, protein, glucose, enzyme, or
immuno sensors. Based on the signal transduction principles, biosensors can be classified as
electrochemical, fluorescence, surface plasmon resonance, micro-cantilever, or field effect based
sensors.16 Among these transduction modalities, FET-based biosensors show great promise for
platforms with smaller size, higher integration densities, higher sensitivity, smaller analyte
volume, and direct electrical readout. Recent work has demonstrated Si NWFETs for label free,
real time sensing with femtomolar17 and single virus sensitivity.18
The chemically-sensitive field effect transistor (CHEMFET) was born out of the
integration of two well developed technologies: (1) solid-state microfabrication technology, and
(2) ion-selective electrode (ISE) transducers (or sensors) that convert the activity of a specific ion
dissolved in a solution into an electrical potential. Bergveld demonstrated the first FET sensor
that used a SiO2 gate dielectric layer to measure the H+ ion concentration change, which was
called an ISFET.19,20 The gate insulator plays a role of an ion selective electrode. Since then,
considerable development has taken place, including ISFETs that are sensitive to other ions such
as K+ and Na+ as well as biosensors that are realized by immobilizing receptors onto the gate
dielectrics of ISFETs.21,22,23,24 The ISFET pH sensor has been extensively studied and the sitebinding model is generally accepted to describe the sensing mechanism.23,25
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The early ISFETs were fabricated using conventional top-down microfabrication
approaches on planar bulk Si substrates. Si nanowires with much higher surface-to-volume ratio
than planar devices are currently being investigated because of their superior gate-controlled
channel electrostatics. Si NWFETs are attractive candidates for sensor applications because they
promise very high sensitivity and label-free, real-time detection. 2,3,18,26,27,28 Si nanowires have
been produced by patterning and etching silicon-on-insulator (SOI) substrates5, 29,30,31,32,33 or by
vapor-liquid-solid (VLS) growth.34,35,36,37,38 The top-down fabrication method involves advanced
lithography patterning, reactive ion etching, ion-implantation or diffusion doping. Moreover,
because the wires are fabricated directly on the substrate, it is difficult to functionalize different
wires to be responsive to different chemical or biological analytes (i.e., multiplexed sensing) on
the same chip. In contrast, the VLS technique is very flexible with in situ doping capability that
allows axial and/or radial variations in doping concentration or material composition.1,39,40,41
Because the as-grown Si nanowires are freestanding, different batches of wires can be
chemically functionalized with bioprobe molecules in solution before they are integrated onto the
sensor platform.42,43 This gives additional flexibility for fabricating high-density multiplexed
biosensor arrays.
Previous sensing experiments conducted using Si nanowires grown by the VLS technique
have been limited to measurements of individual heavily-doped nanowires with conductivity
equivalent to that of the planar Si having a 1018/cm3 doping level.2,18,26 Despite their small
diameters, the heavy nanowire doping limits the change in channel conductance that is induced
by varying the solution pH or by biomolecule binding. These FETs operate by depletion of the
wire with a gate that is either electrically floating or biased at zero gate voltage, and thus the
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device sensitivity cannot be varied. Lightly-doped nanowires have the potential to give higher
sensitivity, but it is not possible to form low-resistance ohmic contacts to these wires.
Selective doping of nanowires has been previously demonstrated by masked Si epitaxial
regrowth or ion implantation of unintentionally-doped VLS-grown Si nanowires following their
on-chip assembly.44,45 However, post-assembly doping prevents the use of these nanowires in
applications that require the bioprobe molecules to be attached prior to their on-chip integration.
Axially-doped (n+-p--n+) Si nanowires have been synthesized by introducing the dopant gases in
situ during VLS growth1. Ho et al. confirmed that the radial overgrowth of n type Si on the pbody segment was prevented during the growth of the second n+ Si nanowire segment.1 The
nanowires were thermally oxidized to form Si/SiO2 core-shell structure and were integrated into
Al-top-gate Si NWFETs. The resulting n-channel enhancement-mode Si NWFETs had high onstate current greater than 5 x 10-4 A/cm2 and high on-to-off state current ratio of 107 at a drain-tosource voltage VDS = 1 V. The normally-off characteristics of the n+-p--n+ Si NWFETs are also
beneficial for sensor integration with CMOS circuitry.
Despite the high sensitivities that have been reported for Si NWFET biosensors,
achieving stable and reproducible electrical properties during operation in buffer solution
remains a challenge. This is because the majority of the Si NWFET based sensing studies use
native oxide as the gate dielectric of the device.2,3,4,5 First, the high Si/SiO2 interface trap state
density degrades device performance. An obvious replacement is dry thermal SiO2 that
significantly reduces the interface trap density and is a standard gate dielectric in the
semiconductor industry. Second, as discussed below, even a high quality SiO2 gate dielectric is
unstable in buffer solution.
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The long term stability of planar Si ISFETs has been systematically studied for device
operation in aqueous buffer solutions.20,23,46 The sensing mechanism of Si NWFETs is the same
as that of ISFETs: a change in surface potential is induced by a change in charge at the
oxide/solution interface. Therefore, it can be expected that similar trends in operating stability
will be observed on planar Si ISFETs and Si NWFETs. Insulators such as SiO2, Al2O3, Ta2O5
and HfO2 have been used extensively as gate dielectrics in ISFETs. Of these gate dielectrics,
SiO2 was found to be unstable and suffered from severe drift during sensing measurements.
6,7,8,9,10

The most likely reason for this instability is the surface hydration which modifies the

surface chemical composition and causes a decrease in the dielectric constant in the hydrated
layer, thus reducing the overall capacitance. A general drift value from the literature is 8-20
mV/hr.47,48 In contrast, Al2O3 and Ta2O5 prepared by chemical vapor deposition or pulsed laser
deposition at ~ 800ºC are much more stable in solution because they are more resistant to
hydration. A typical drift value is 0.2-1 mV/hr,6,49 much smaller than that for SiO2.

2.2 Overview of Silicon Nanowire Field Effect Transistor Device Integration
The Si NWFET device integration scheme used in this thesis research is illustrated in
Figure 2-1. In this process, a heavily doped n++ Si substrate (resistivity <0.005 Ω·cm) coated
with silicon nitride (Si3N4) was used as the substrate.

Pairs of lithographically defined

interdigitated Ag (30 nm) electrodes were used for Si nanowire assembly (Figure 2-1 (a)). The
VLS-grown, axially-doped n+-p--n+ Si nanowires with average diameter of 70 nm were positioned
between electrode pairs by electric-field-assisted assembly, which can be used to form arrays of
individual nanowires with high yield placement (>90%) at predefined locations on the substrate
(Figure 2-1 (b)).42,43 The source/drain (S/D) contact electrodes were prepared by lithographic
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Figure 2-1: Integration scheme used to fabricate Si NWFET. (a) Deposit Ag assembly
electrodes on Si3N4 coated n++ Si substrate. (b) Assembly of Si nanowires across the electrode
gap. (c) Deposit source /drain electrodes. (d) Remove the remaining Ag and sputter Ti/W as a
global back-gate. (e) Deposit Al2O3 by atomic layer deposition. (f) Perform electrical
measurements in buffer solution.

patterning using a GCA 8000 i-line stepper, followed by selective etching of the Ag from the
substrate and removal of the 4 nm thick thermally-grown SiO2 shell from the Si nanowires in the
exposed regions. The S/D contacts were deposited by thermal evaporation of 100 nm Ti followed
by a lift-off in acetone and 1165 remover (Figure 2-1 (c)). The remaining Ag was removed by
immersing the entire substrate in a dilute Au etchant (Transene TFA:H2O=1:1). Before the backgate metallization, the front-side of the substrate was protected by a thick layer of photoresist
(Microposit SC 1827) and the Si3N4 on the back-side of the substrate was removed by reactive
ion etching (RIE) in a CF4/O2 plasma. A global-back gate contact was formed by sputtering Ti/W
(20 nm/30nm, Figure 2-1 (d)). To test the device stability in buffer solutions, some of the devices
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were coated with a 9 nm thick Al2O3 by ALD. This conformal ALD Al2O3 coating also protects
the S/D metal electrodes and servers as an insulating barrier to the buffer solution during device
operation (Figure 2-1 (e)). The fabricated Si NWFETs were electrically characterized in dry N2
as well as in 50 mM solution buffered with 10 mM KH2PO4/K2HPO4 (Figure 2-1 (f)).
This Si NWFET integration approach addresses several important issues. First, it
addresses the stability and reproducibility of operating the Si NWFETs in buffer solution. As
discussed in the introduction, the planar ISFET literature shows that the drift in surface potential
for Al2O3 passivated FETs is at least 10 times better than SiO2 passivated devices. The ALD
technique is known to provide high quality dielectric thin films with accurate thickness
control.50,51,52 Using a SiO2/Al2O3 gate dielectric stack takes advantage of both the excellent
electrical properties of the Si/SiO2 interface and the stability of Al2O3 for solution-based
measurements. The results presented in Chapter 3 compare the electrical properties of the Si
NWFETs with SiO2 and SiO2/Al2O3 gate dielectrics and confirms that the Al2O3 gate dielectric
provides stable device operation in solution with minimal long-term drift.
Second is the minimization of the Si NWFET leakage current during device operation in
an electrical conductive buffer solution. As will be discussed in Chapter 3, a gate potential will
be applied through the buffer solution to define the device operating region and to dynamically
tune the device sensitivity. The complex electrochemical reactions of the buffer solution with the
gate electrode can contribute to parasitic gate and source/drain leakage that can vary with time
and applied gate voltage. This can give a current change that is not related to the sensing
mechanism itself. Minimizing the parasitic leakage current is important not only for a stable and
accurate measurement in the linear and saturation region, but also for measurement in
subthreshold region where the drain-to-source current is very small. High leakage current makes
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the accurate extraction of the Si NWFET parameters such as the threshold voltage (VTH) and the
subthreshold swing (SS) impossible. Two key strategies that were used to minimizing the
parasitic leakage current in these devices will be discussed in Chapter 2 and Chapter 3 and are
summarized below.
(1) Reduce the number of defects present on the metal electrodes that can participate in
the electrochemical reaction and lead to erroneous current measurements. The primary sources
of defects are contaminants and irregularly-shaped Si particles and debris that are dislodged from
the Si nanowire growth substrate during nanowire removal by sonication. Particles that are
integrated underneath the source/drain electrodes, especially at the nanowire/electrode contacts,
can result in pinholes in the dielectric passivation of the metal electrodes. These “weak points”
experience electrochemical reactions during the Si NWFET measurement in buffer solutions,
causing an increased parasitic leakage current.
(2) Passivate the Si NWFET devices to minimize the parasitic leakage current.
Conventional passivation methods involve the use of plasma enhanced chemical vapor
deposition (PECVD) to coat a thin film of SiO2 or Si3N4 over top of the metal electrodes, while
leaving the channel (sensing) region exposed.4,53 The conformal coating by PECVD requires
exposure of the sample to high temperatures and to removal processes that are not compatible
with the bio-probe molecules that are attached to the surface of the wires. In this thesis, two
passivation processes were investigated: (a) electron-beam evaporation of Al2O3 on the
lithographically patterned Al S/D electrodes for Si NWFETs with a SiO2 gate dielectric, and (b)
ALD of 9 nm on lithographically patterned Ti S/D electrodes for FETs with a SiO2/Al2O3 gate
dielectric stack.
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Third is the compatibility of the post-assembly Si NWFET fabrication process with the
bio-probe molecules that are attached to the wires for sensing. As described in Chapter 1, the
goal of this study is to find path for the biosensor integration using direct assembly of probecoated nanowire arrays onto Si integrated circuits. The bioprobe molecules are carried through
the entire integration process that exposes the sample to various solvents, photoresists, elevated
temperatures, and metallization steps. Although the research presented in this thesis does not
involve the integration of bio-probe molecules, process compatibility has been considered at
each step in the device fabrication flow and has been evaluated by Dr. Thomas Morrow and Ms.
Stacey Dean in Prof. Keating’s group.

2.3 Device Integration and Characterization
2.3.1 Introduction to Silicon Nanowire Synthesis and Thermal Oxidation
Axially Doped Silicon Nanowire Synthesis
Axially doped (n+-p--n+) Si nanowires are essential components of the sensor devices
studied in this thesis. It is important to control the conductivity of the Si nanowires through
intentional doping during VLS growth because different doping types and concentrations are
required for the proposed Si NWFETs. Specifically, a lightly doped body segment (FET channel)
is needed to maximize the device sensitivity to a change in charge on the exposed gate.
Additionally, heavily-doped S/D segments are desired to form low-resistance ohmic contacts to
the device. The following paragraphs describe the Si nanowire VLS growth that was done by
Sarah Eichfeld and Pramod Nimmatoori in Prof. Redwing’s group.
The Si nanowire synthesis process began by depositing a 3-nm thick Au film on a Si
substrate coated with 1 µm SiO2 to form the metal catalyst particles (Figure 2-2 (a)).1,38 The VLS
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growth was carried out in an isothermal quartz tube reactor at 500oC with a total reactor pressure
of 12 Torr using silane (SiH4, 10% in H2) and phosphine (PH3, 100 ppm in H2) as the Si and ntype dopant gas sources, respectively. The typical VLS growth process can be summarized in the
following four steps: (1) mass transport of Si source gases from the gas phase to the Au catalyst
surface; (2) reaction of source gases on the Au surface; (3) diffusion of Si through the Au-Si
eutectic liquid phase; (4) crystallization of Si from the super-saturated Au-Si eutectic liquid.
During the synthesis, the total gas flow rate was held constant at 100 sccm. The n+-p--n+ (6µm3µm-5µm) axially modulated doping profile of the Si nanowires was achieved by sequential
introduction of PH3 during growth. The PH3 to SiH4 gas ratio 2×10-3 ([PH3:SiH4] = 2×10-3),
which is the highest ratio that was investigated, was chosen for the n+ regions to form low
resistance ohmic contacts to the S/D segments (Figure 2-2 (b)). The central nominally undoped
Si nanowire segment, which exhibits p-type properties with light doping concentration, was
chosen for p- body because it can be easily modulated by the solution gate.
A dense array of Si nanowires was grown from the SiO2 substrate as shown by the field
emission scanning electron microscope (FE-SEM) image in Figure 2-2 (c). The diameter of the
as-grown Si nanowires ranges from 40 to 120 nm with majority in 60-80 nm range. The Au
catalyst nanoparticle is found at uppermost tip of the nanowire. A typical field emission
transmission electron microscope (FE-TEM) image of a Si nanowire is shown in Figure 2-2 (d).
The as-grown nanowire is single crystalline with a dominant [112] growth direction and is
covered by ~ 2 nm thick native oxide.
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Figure 2-2: VLS synthesis of axially doped Si nanowires. (a) 3 nm thick Au thin film forms
catalyst on SiO2 substrate. (b) Nanowire growth by introducing SiH4 and dopant gas into hot
wall CVD reactor. (c) FESEM image of as-grown nanowire. (d) TEM image showing single
crystalline structure and native oxide coated on the surface.

Silicon Nanowire Resistivity
The resistivity of uniformly doped Si nanowires with various dopant to SiH4 gas ratios
was determined by Dr. Yangfeng Wang and Dr. Tsung-ta Ho,38 both from Prof. Mayer’s group,
and a brief summary is presented here. Individual Si nanowires were characterized electrically by
integrating them into a global-back-gated four-point test structure that includes four topside
electrodes as shown in Figure 2-3 (a). Four-point resistance and gate-dependent conductance
measurements were carried out on nominally undoped, uniformly Trimethylboron (TMB)-doped
and PH3-doped Si nanowires grown on SiO2 substrates with a nominal 80 nm diameter. The
measurements were made in a N2 purged ambient. The outer electrodes were used to force a
constant current through the Si nanowire while the inner electrodes, labeled source (S) and drain
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(D), were used as high impedance voltage probes for four-point resistance measurements. The
inner electrodes and global back gate were used for gate-dependent conductance measurements
to determine the doping type of Si nanowires. Figure 2-3 (b) shows an FE-SEM image of a
finished device used for four-point resistance measurements.
The Si nanowire resistivity can be estimated from the four-point resistance measurement
by using the following expression: R =

R * π * r 2 , where R is the four-point resistance,
∆V
,ρ =
I
L

∆V is the differential voltage between the inner S/D electrodes, I is the constant current forced
through the nanowire, L is the nanowire length between the inner electrodes, and r is the
nanowire radius determined by FESEM. The resistivity data is summarized in Figure 2-3 (c). The
red symbols represent TMB-doped p-type nanowires and the blue symbols represent PH3-doped
n-type wires. The error bars represent the range of resistivities calculated from four-point
resistance data collected on more than ten Si nanowires at each dopant to SiH4 gas ratio. This
plot shows that high dopant to SiH4 gas ratio yields n and p type wires with low resistivity. For
the axially doped Si nanowires used in this thesis research, the nominally undoped segment
(middle) has p-type properties with a resistivity of (4.7 ± 2.5) × 104 Ω cm due to the
unintentionally doping, whereas the heavily doped n+ segments have a four-point resistivity of
(5.1 ± 2.1) × 10-3 Ω cm1. This doping profile enables the fabrication of enhancement-mode Si
NWFETs.
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Figure 2-3: Si nanowire resistivity measurement. (a) Schematic showing 4-point measurement
test structure. (b) FESEM image of a finished device. (c) Resistivity plot for both p and n type
doping. A scheme of n+-p--n+ wire is also shown with resistivity from each segment correlated
to the resistivity measurements from uniformly doped Si nanowires.

Silicon Nanowire Thermal Oxidation
The use of a thermally grown SiO2 shell was chosen as the first layer of the Si NWFET
gate dielectric because it is well known that dry thermal SiO2 forms excellent interface in planar
Si with a normal interface charge state density 109-1012 cm-2eV-1.

54

Here, standard Si cleaning

and dry thermal oxidation recipes were adopted. Before oxidation, the Au catalyst particle at the
wire tip was removed in Au etchant (Transene TFA) and the Si nanowires were cleaned in
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acetone

and

isopropyl

alcohol

followed

by

a

standard

RCA

clean

(SC-1:

NH4OH:H2O2:H2O=1:1:5 and SC-2: HCl:H2O2:H2O=1:1:6, 70°C for 10 min respectively). The
Si nanowire samples were oxidized at 800ºC for 15 min in a 5 inch diameter tube furnace using
ultrahigh purity O2 (1 L/min). The chlorinated gas was carried into the furnace by bubbling O2
(0.1 L/min) through liquid trichloroethane (TCE) at room temperature. Previous work on planar
Si metal-oxide semiconductor capacitors and FETs has shown that the addition of Cl can have

10µm

Figure 2-4: FE-TEM image of Si nanowire after dry thermal oxidation at 800˚C for 15 min.
The oxide thickness is ~4nm.

several beneficial effects, including lower interface trap densities, increased dielectric breakdown
strength, and lower transition metal and mobile ion charge.55 The oxidized Si nanowires were
released from the SiO2 substrate by gentle sonication and suspended in isopropyl alcohol for
electric-field assisted assembly. A thermally-oxidized Si nanowire is shown in Figure 2-4, where
the interface between Si/SiO2 core-shell structure is smooth and uniform, and the oxide thickness
is ~4 nm. Similar results were observed along the entire length of nanowire.
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2.3.2 Silicon Nanowire Field Effect Transistor Device Integration
Electric Field Assisted Nanowire Assembly
Directed assembly of off-chip synthesized and functionalized nanowires at predefined
locations on-chip with high yield (>90%) represents a significant advancement in the realization
of heterogeneously integrated circuits.42,43 It has been demonstrated that the assembled
nanowires can be directly connected to the underlying Si substrate to facilitate electrical readout
from individual nanowire devices for many technological applications, including chemical and
biological detection.
The electric-field assisted assembly procedure is conducted by flowing a solution
containing nanowires across the surface of the substrate and applying an AC bias between
assembly electrode pairs. The long-range dielectrophoretic (DEP) force induced by the bias
(electric field gradient) directs nanowires towards the electrode gaps and short-range electrostatic
interactions between nanowires leads to uniformly-spaced arrays. This was modeled theoretically
by Dr. Mingwei Li56 and Dr. Jaekyun Kim,57 both in Prof. Mayer’s group, using COMSOL
Multiphysics.
Figure 2-5 (a) shows the electric field intensity as a function of distance from the
electrode gap. The DEP force, which is proportional to  ܧଶ , is pointing toward the gap and is the
strongest in the region nearest the gap. When the nanowires are within the high field region, they
will experience a torque (T) that causes them to rotate until the longitudinal axis of the nanowire
is parallel to E. Meanwhile, these polarized nanowires are attracted by the strong attractive DEP
force toward the electrode gap. Once the nanowires are trapped, the electrostatic coupling
between the nanowires and the biased assembly electrodes polarizes the nanowires with the same
polarity as the bias on the electrodes. Figure 2-5 (b) plots the top-view of the electric field
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intensity surrounding the nanowires. This shows that the maximum electric field strength is
found in the regions where the nanowire and assembly electrodes overlap. This induces a
repulsive electrostatic force on the neighboring nanowires. Importantly, this repulsive force
affects the position of neighboring nanowires, eventually resulting in their geometrical
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Figure 2-5: Electric field assisted assembly modeling and alignment results. (a) સࡱ in the
vicinity of the electrode gap showing the magnitude (contour map) and direction (arrow map)
of dielectrophoretic force. (b) Electrostatic field distribution on nanowires assembled across
the electrode gap. The maximum electric field is found at the end of nanowires where they
overlap with the electrodes. (c) Schematic illustration showing nanowire alignment from
suspension when an AC bias is applied across the gap. (d) Alignment results. (top) Rh
nanowires and (bottom) Si nanowires.

redistribution along the electrode gap, and thus creating uniformly-spaced nanowire arrays
(Figure 2-5 (c)). The assembly approach is very versatile and can be used to align various
nanowire materials. Figure 2-5 (d) shows uniformly spaced arrays of rhodium (Rh) wires and Si
nanowires. The nanowire assembly depends on many factors such as the AC bias frequency, the
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polarizability of medium, and the conductivity of the nanowires. In this experiment, the
nanowires were assembled from IPA, the AC bias was 9.3 Vrms, and frequency was 100 kHz.

Photoresist Selection
As discussed in Section 2.2, future integration of Si NWFETs for biosensing will involve
the integration of bio-probe coated Si nanowires. These probe molecules will be carried through
the entire integration process that exposes the sample to various solvents, photoresists, elevated
temperatures, and metallization steps. The process compatibility imposes constraints on the
selection of photoresists used in the device fabrication.
Among the photoresist candidates for the metal lift-off process, the commonly used
bilayer stack requires high baking temperatures for the bottom layer resist, e.g., NanoTM PMGI
series ~250˚C, LOR A or B series > 150˚C and MAA(8.5)MMA copolymer series ~180˚C (all
from MicroChem). Bio-molecules will lose their specific hybridization properties at such high
temperatures. Therefore, BPRS100 (Hubbard-Hall) was chosen for both bottom and contact
electrode patterning. BPRS100 has a positive tone and its profile can be adjusted from nearly
vertical to reentrant by simply varying the soft-bake temperature. A re-entrant profile can be
obtained at 115˚C,58 which is compatible with biomolecules. An i-line stepper, GCA 8000, was
used to lithography pattern the contact electrodes. The profile can be further adjusted by varying
the optical focus depth, as is shown in Figure 2-6. Here the spin speed is 4000 rpm (round per
◦

minutes) for 45 sec, soft-bake temperature is 115 C for 90 sec. The resist thickness is 0.7 µm.
The exposure time is fixed at 0.4 sec and the develop time in PLSI (3:1) is 55 sec. It is found that
the best lift-off profile was obtained at a focus depth between 0.6 and 1.2 µm (Figure 2-6 (a) and
(b)), where the resist width at the top is wider than at the bottom. In contrast, when the focus is
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away from the optimized depth, the width at the top becomes narrower than the base, as shown
in Figure 2-6 (c) and (d) when the focus is 2.4 µm and -2.4 µm respectively. These profiles
would lead to a poor metal lift-off. Throughout this research, the depth of focus was maintained
at 0.6 µm and other parameters remained constant unless otherwise stated.

(a)

(b)

(c)

(d)

10µm

Figure 2-6: BPRS profile patterned by the GCA 8000 stepper with different depth of focus:
(a) 1.2 µm, (b) 0.6 µm, (c) 2.4 µm, and (d) -2.4 um. Scale bar: 10 µm. The soft baking
condition was 115◦C for 90 sec. Focus depth of 0.6-1.2 µm creates re-entrant profiles suitable
for metal lift-off.

Nanowire Assembly Electrode Design and Fabrication
As discussed in the introduction of this chapter, the research in this thesis involved the
electrical characterization of individual Si NWFETs. To minimize the defects that introduce
parasitic leakage due to small, irregularly-shaped particles and debris from the suspension, the
concentration of Si nanowires in solution was lowered and the S/D contact electrode design was
optimized. This greatly reduced the probability of finding small particles in the active device
area and increased the yield of Si NWFETs with stable and reproducible electrical properties.
Figure 2-7 (a) shows the mask design and layout of the interdigitated assembly electrodes that
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are lithographically patterned on a 3” oxidized n++ Si substrate. A total of 24 device fields can
be separated from one another for independent electrical measurements. Figure 2-7 (b) and (c)
reveal the design details for each device field. The 1 µm wide electrode pairs are separated by a
11.5 µm wide gap such that the 14 µm long Si nanowires span the electrode gap following
electric-field assisted assembly. The key advantage of this electrode design is that the nanowire

(b)

(c)

8 mm

(a)

11.5
µm
6 mm

Figure 2-7: Nanowire assembly electrode design. (a) Layout of 24 device fields on a 3” Si
substrate. (b) Expanded view of a single device field. (c) Expanded view of the electrode gap.

suspension can be significantly diluted to achieve a higher yield of defect free devices, which is
critical for low parasitic leakage during electrical measurement in buffer solution.
The assembly electrodes were patterned on an n++ Si wafer (resistivity <0.004 Ω-cm) that
was coated with 120 nm thick Si3N4 layer deposited by low pressure chemical vapor deposition
(LPCVD). The high quality Si3N4 is resistant to attack by the buffered oxide etchant (BOE) used
to remove the SiO2 shell from the Si nanowires in the S/D contact regions. The process began by
coating the substrate with hexamethyldisilazane (HMDS) and BPRS 100 and baking at 115˚C for
60 sec to enhance resist adhesion. The exposure time was fixed at 0.35 sec, the shorter time
avoided over-exposure of the pattern. A 30 nm thick Ag layer was deposited by thermal
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evaporation and lifted off by dissolving the resist in acetone. The Ag metal was selected for the
alignment electrodes because it can be removed using a dilute Au etchant (Transene TFA),
which does not dissolve the Ti or Al S/D metal contacts.

Source/Drain Metal Contact Design and Fabrication
The source/drain metal electrode level design and layout takes two important factors into
consideration. First, enough space must be provided to position the reservoir that holds the buffer
over the active device area while also minimizing parasitic leakage currents from the long S/D
contact pad extensions. The design is shown in Figure 2-8 with the S/D electrodes in green and
the assembly electrodes in blue. Each device field contained 36 units of individually addressable
Si NWFETs within a 7.5 mm × 10 mm area (Figure 2-8 (a)). For electrical measurement, the
drain-to-source bias voltage, VDS, was applied across the large area probe pads that are located
outside of the reservoir. The parasitic leakage between the buffer solution and the electrically
insulated S/D metal contacts was minimized by reducing area in contact with the buffer solution.
This was accomplished by using 1 µm wide, 50 µm long S/D electrode extensions that connect
the S/D electrodes to the large area probe pads (Figure 2-8 (b)).
To minimize the defects introduced by the small particles in the solution, it is necessary
to reduce the area of the S/D contacts and extensions near the assembly electrode. This is
because the small particles align preferentially along the edges of the assembly electrode gaps.
As shown in Figure 2-8 (b), the 200 µm long, 1 µm wide S/D metal contact electrodes are
aligned parallel to and spaced 0.5 µm away from the edge of the electrode gap. The space
between the assembly electrode edge and the S/D contact edge minimizes the number of defects
in the final device because the particles are typically less than 1 µm in size. Because the Si
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Figure 2-8: Source/drain electrode design. (a) Source/drain electrode pairs (green) overlap
with nanowire assembly electrode pairs (blue). (b) High magnification image of the middle
gap showing the central position of source/drain electrodes located in the gap of assembly
electrode pair. (c) Source/drain electrodes pairs.

nanowire suspension was extremely dilute, the spacing between the aligned wires was much
greater than that shown in Figure 2-5 (d). Therefore, the S/D contact electrodes were made 200
µm long to increase the probability of contacting a single Si nanowire at each position in the
device array. Figure 2-8 (c) shows the layout of the S/D contact, electrode extensions, and large
area probe pads without overlaying the interdigitated assembly electrodes. A typical assembly
run gives between 2 and 5 well-aligned nanowires in each device field.
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After Si nanowire assembly, the S/D electrodes were photolithographically defined using
the parameters discussed above. However, unlike the patterning for the Ag assembly electrode,
no HMDS was applied to avoid its adhesion to the Si NWFET channel region. Moreover, the
exposure time was 0.4 sec, longer than that for the Ag assembly electrode because of the
reflection from the Ag electrodes.
The Ag in the exposed regions was removed in dilute Au etchant (Transene TFA:
H2O=1:1) for 3 sec twice with a short, low-power O2 plasma ash in between the two etch. The
plasma ash is necessary not only to remove the residual resist in the patterned region but also to
create a hydrophilic surface. The 4 nm oxide layer on the exposed contact region of the Si
nanowire was removed in BOE (50:1) for 90 sec. The S/D electrodes were then deposited by
electron-beam evaporation (Kurt J Lesker Thermal and Electron Beam Evaporator in the Penn
State Nanofab). The base pressure was kept below 2 × 10-6 Torr and the evaporation rate was
adjusted to 1 Å/sec. Two different metal stacks were evaporated: (1) Al /Al2O3 (100 nm/20 nm)
for devices with SiO2 as the gate dielectric (control samples), and (2) Ti (100 nm) for devices
with SiO2/ALD Al2O3 stack as the gate dielectric. The ALD of the Al2O3 as a final step of the
device integration will be discussed in a later section of this chapter. Following S/D contact
metallization, the lift-off was carried out in acetone for 1 hour. The remaining Ag was removed
using dilute Au etchant (TFA: H2O=1:1) for 10 sec. The devices were cleaned in Microposit
Remover 1165 for 20 min at 60ºC (note: it is necessary to remove the majority of Ag before
putting the devices into 1165, because it was found that Ag can be dissolved in the 1165 and redeposits around Si nanowires) followed by a final short dip in Au etchant to remove all residual
Ag.
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To facilitate measurements in a dry N2 ambient, a global-back-gate contact was added on
the backside of the n++ Si substrate. The front side of the sample was protected with a 2.7 µm
thick layer of SC 1827 resist and the LPCVD Si3N4 coating on the back side of the sample was
removed by RIE (Plasma Technology RIE in EE West Cleanroom, CF4:O2=33.2 sccm:7.7 sccm,
80 W for 3 min). Before contact metal deposition, the native oxide present on the backside of the
substrate was removed in BOE (10:1) for 5 min. The Ti/W (20 nm/30 nm) was deposited by
sputtering (Kurt J Lesker in EE West Cleanroom, rate: 1.0 A/sec, pressure 5 mT) and the resist
on the front side was removed by soaking in acetone.

Aluminum Oxide Coating by Atomic Layer Deposition
The final step of the Si NWFET fabrication process was to deposit a 9 nm thick layer of
Al2O3 on the top surface of the samples fabricated with Ti S/D contacts. This layer becomes part
of the SiO2/Al2O3 gate dielectric stack and also insulates the S/D contacts and extensions from
the buffer solution. This leads to extremely low parasitic leakage currents during device
operation in solution as will be discussed in Chapter 3.
Atomic layer deposition is a method of applying thin films to various substrates with
atomic scale control in the thickness and the composition of the film. This method was
introduced in 1974 by Dr. Suntola and co-workers in Finland for electroluminescent thin film
displays.50 The principle of ALD is based on injecting pulses of different chemical precursors
into the deposition chamber, where each pulse deposits approximately one atomic layer of
material. Because the film growth is based on surface reactions that are self limiting, atomic
scale control of the film deposition is possible.51,52,59 This process can be used to create pinhole
free, conformal coatings that are perfectly uniform in thickness, even deep inside pores, trenches
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and cavities. ALD produces outstanding films, including high-κ dielectrics, metals, and
multicomponent materials.60,61,62
The Si/SiO2 core-shell NWFETs having Ti S/D contacts were conformally coated with
Al2O3 by ALD (Cambridge Savannah™ 200). In each cycle, Trimethylaluminum (TMA) and
water were sequentially pulsed into the chamber with a pulse duration of 15 ms and an
evacuation duration of 6 s for each cycle. The substrate was maintained at 300°C during the
deposition. A total of 90 cycles resulted in a 9 nm thick Al2O3 layer.

2.3.3 Device Performance in Nitrogen Ambient
The electrical properties of the same Si NWFET before and after the ALD Al2O3 coating
were measured by biasing the device using the global back gate in a N2 ambient. A schematic
illustration of an as-grown Si nanowire is shown in Figure 2-9 (a). The wire is composed of 5 µm
long heavily-doped n+ segments (ρ4-pt = (5.1 ± 2.1) × 10-3 Ω cm),1 that span a 3 µm long p- body
segment (ρ4-pt = (4.7 ± 2.5) × 104 Ω cm). The n+ segments facilitate the formation of ohmic
contacts to the Si NWFET, while the p- segment can be easily modulated with an applied gate
potential. A high-resolution TEM image of a Si nanowire with a 4 nm thick SiO2 shell is shown
in Figure 2-9 (b). The single crystal n+-p--n+ Si nanowire has a smooth surface with no visible
evidence of tapering or a decrease in wire diameter from the base to the tip, which indicates that
the Si thin film coating during VLS is negligible for these growth conditions.
Figure 2-9 (b) shows a FE-SEM image of a Si NWFET following assembly and device
fabrication using the process flow described in Section 2.2. The spacing between the source and
drain contacts is 6.5 µm and the width of the contact electrodes is 1.6 µm. A schematic
illustration of the measurement setup used to measure the electrical properties of the Si NWFETs
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Figure 2-9: Si NWFET back-gated measurement in N2 before and after ALD of Al2O3. (a)
Schematic illustration of an as-grown n+-p--n+ Si nanowire. (b) (top) HR-TEM image of a
thermally oxidized Si nanowire, (bottom): FE-SEM image of a Si NWFET. (c) Back-gated
transfer characteristic measurements for a Si NWFET with a 4 nm SiO2 shell (black) and a 4
nm SiO2/ 9 nm Al2O3 shell. Inset is a schematic illustration of the device structure.

in a N2 ambient is shown in the inset of Figure 2-9 (c). Transfer characteristics were obtained by
applying a constant drain-to-source voltage of VDS =0.5 V to the device and sweeping the gateto-source voltage VGS from −10V to +10V (forward and reverse, sweep rate 200 mV/sec). The
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black and red curves in this plot were collected on the same Si NWFET (63 nm diameter Si core)
before and after the ALD of Al2O3. Both transfer characteristics show negligible hysteresis with
an off-state current of less than 1 pA. With the addition of Al2O3, the on-state current was
increased from 450 nA to 590 nA at VGS = 10V, the VTH shifted from 0.93 V to 1.64 V, and the
SS decreased from 263 mV/dec to 205 mV/dec. Although it is premature to draw conclusions
about the effect of the Al2O3 coating on the Si NWFET because coating with high κ material
gives better field concentration between the substrate and channel, these results show that the
ALD process does not degrade the device performance. A systematic analysis of the solution
operation of the Si NWFETs will be presented in Chapter 3.

2.4 Summary and Conclusions
This chapter presented the development and implementation of a Si NWFET fabrication
process that provides stable and reproducible device properties in buffer solutions. Axially doped
n+-p--n+ Si nanowires facilitate the formation of ohmic S/D contacts to the device while the
lightly-doped p- body segment can be easily inverted to give an enhancement-mode FET with
high on/off ratio (>107). The thermal SiO2 (4 nm) and ALD Al2O3 (9nm) stack was used as gate
dielectric because thermally-grown SiO2 results in a low trap state density at the Si/SiO2
interface and the Al2O3 is very stable during device operation in buffer solutions.
The Si NWFET integration process used electrical-field-assisted assembly to position
single n+-p--n+ Si nanowires at predefined locations on a Si3N4 coated n++ Si substrate, which
was used as a back gate for electrical measurements. The assembly electrode was designed to
align Si nanowires suspended in IPA at a very low concentration, thus providing clean and defect
free integration that reduced the leakage current during operation in buffer. The device layout
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was designed to separate the S/D contacts from the edge of the assembly electrode, which further
increased the device yield. A conformal ALD Al2O3 layer was deposited as the final step in the
device integration process to reduce drift in the electrical properties during operation in buffer
solution as well as to insulate the S/D electrodes from the corrosive buffer. Back-gated transfer
characteristics that were collected before and after the ALD Al2O3 coating show that the coating
increases VTH and decreases the SS. Systematic characterization of the Si NWFET performance
in buffer solutions will be discussed in Chapter 3.
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Chapter 3
Characterization of Solution-Gated Vapor-Liquid-Solid
Grown Silicon Nanowire Field Effect Transistors

As discussed in Chapter 2, solution-gated silicon (Si) nanowire field effect transistors
(NWFETs) with two different gate dielectrics −4 nm SiO2 and 4 nm SiO2/9 nm Al2O3− were
fabricated and characterized electrically. This is because thermally-grown SiO2 results in a low
trap state density at the Si/SiO2 interface and the Al2O3 is very stable during device operation in
buffer solutions. This chapter describes the chemically gated electrical properties of the two
types of Si NWFETs in 50 mM solutions buffered with 10 mM KH2PO4/K2HPO4. Comparing
the performance of both devices shows that the SiO2/Al2O3 gate dielectric stack provides
excellent device stability, reproducibility and high pH response in buffer solutions.
Section 3.1 provides a brief overview of the electrical characterization of individual
solution-gated Si NWFETs in an aqueous buffer solution. The Debye screening length and the
ion distribution in the charged double layer with an applied gate voltage will be introduced.
Section 3.2 discusses the measurement setup including the selection of metal wire for applying
the gate voltage and the use of a Ag/AgCl reference electrode for measuring the voltage at the
oxide/solution interface. Section 3.3 presents detailed measurement results that correlate the
change in floating gate surface potential (VGS) and drain-to-source current (IDS) of the Si NWFET
to the pH of the buffer solution. The threshold voltage (VT) and inverse subthreshold slope (SS)
were extracted from the transfer characteristics of the FET. Long-term device stability was
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assessed by monitoring the drift in the surface potential at the gate oxide/solution interface for
more than 12 hours in a neutral buffer solution. The dynamic range of the device pH sensitivity
was demonstrated by operating the devices with an Al2O3 gate dielectric in the linear region and
subthreshold regions.
Ms. X. Zhong and Mr. K. Sun in Professor Mayer’s group contributed to the electrical
characterization of the solution-gated Si NWFETs. Dr. T. Morrow and Ms S. Dean in Professor
Keating’s group prepared buffer solutions and provided many insightful suggestions on
measurement strategies.

3.1 Background on Silicon Nanowire Field Effect Transistir Measurements in Solution
Debye Screening in Electrolyte
The electric potential distribution of a point charge in a homogenous material without
mobile charge carriers can be expressed as:
   





,

(3-1)

where  is the permittivity in free space and  is the material dielectric constant, q is the charge
and r is the distance from the charge. The electric field follows a 1/r relationship with distance.
In an electrolyte or a plasma, mobile carriers with opposite charges are attracted by the point
charge and move to surround it due to Columbic interactions. Thus, the electric field and
potential distribution of the point charge is screened and further reduced by the presence of
mobile charge carriers, which is called Debye screening. The screened electric potential can be
derived using the Debye-Hükel approximation, and is expressed the electrical potential
multiplied by an exponential damping term given as: 1
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where   is the Debye length. The Debye length in an electrolyte is expressed as: 2
   


 

,

(3-3)

where k is the Boltzmann constant, T is the absolution temperature in Kelvin, !" is the Avogadro
number, and I is the ionic strength of the electrolyte that can be expressed as:


#   ∑(&) %& '& ,

(3-4)

where %& is the molar concentration of ion i, '& is the charge number of ion i. Using potassium
chloride (KCl) as an example, the Debye length as a function of electrolyte concentration is
plotted in Figure 3-1.
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Figure 3-1: Debye screening length as a function of KCl electrolyte concentration.
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is increased, and the Debye length is reduced. The Debye length should be maximized for
biosensors with charge based transduction, which is particularly important for detection of long
biomolecules. Thus, it is necessary minimize the ionic strength of the solution to maximize
charge sensitivity. However, robust sensor performance typically requires a small and constant
concentration of electrolytes to prevent changes in pH due to, e.g., exposure to atmospheric (CO2)
and to prevent ionic impurities from causing large changes in the Debye length. For example, the
addition of 0.0001 mM of ionic impurities leads to a 30% change in Debye length for a 0.0001
mM electrolyte solution such as deionized H2O, but less than a 5% change for 0.001 mM
solution, and 0.5% for 0.01 mM solution. Moreover, the ions in the buffer solution promote
hybridization. For example, if both probe and target bio-molecules carry the same type of charge
(negative charge for DNA), the molecules will repel each other, but the mobile ions in solution
partially screen the charge so the hybridization is more efficient. In addition, the physiological
environment has ion concentration about 0.14 M with a Debye length of 0.85 nm. Low
electrolyte concentrations would not accurately reflect the reactions in this environment.

Electrical Double Layer
As described by Lyklema,3 the formation of a “relaxed” (“equilibrium”) double layer is
due to the specific adsorption of charge-determining ions for a surface. The extent to which this
occurs depends on the balance between the attractive adsorption forces and the repulsive electric
forces. This process leads to the build-up of an electric surface charge (C/m2). The presence of
the electric surface charge creates an electrostatic field that, in combination with the thermal
motion of the ions, attracts oppositely charged ions that screen the initial surface charge. The net
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electrical charge in this screening diffuse layer is equal in magnitude to the net surface charge,
making the electrical double layer charge neutral.
According to the Gouy-Chapman-Stern (GCS) model shown in Figure 3-2,4 some of the
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Figure 3-2: Electrochemical model of the solution/solid interface. Sites at x0 may be
protonated (positive), deprotonated (negative), or neutral in the surface site binding model.
The inner Helmholtz plane (IHP, plane of closest location of adsorbed ions) is located at x1,
here the adsorbed ion is an anion. The outer Helmholtz plane (OHP, plane of closest location
of hydrated ions) is located at x2. The interface between IHP and OHP is called Stern layer
with a capacitance CH. The diffuse double layer lies between x2 and x∞, where the potential is
zero (with variable capacitance CD). The hydration theory requires a hydrated layer with
thickness δ, beyond which is the unhydrated oxide (or another substrate). Adapted from Ref.
4 with permission.
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ions in the solution specifically adsorb near the surface. This depends on the nature of the ions
and the surface, and this specific ion adsorption forms an inner layer that is called the Stern layer.
The outer part of the screening layer is called the diffuse layer or the Gouy-Chapman layer. The
capacitance of the electrical double layer that is formed by the series combination of the
capacitance due to the Stern layer and the diffuse layer is given by:
%* 

+, -+.

+, /+.

,

(3-5)

where CH corresponds to the capacitance of the Stern layer and CD is the capacitance of the
diffuse charge. The value of CH can be assumed to be independent of the polarization, while the
value of CD depends on the polarization for low electrolyte concentrations. The equilibrium
diffuse layer also has a characteristic length   , which is the same as the Debye length
discussed in the previous section. For example,   ~1.43 nm in 50 mM KCl solution.

As shown in Figure 3-3,2 the value of CD shows a minimum near the potential of zero

CDL (µF/cm2)

High electrolyte concentration

Dip due to CD
Low electrolyte concentration

(-)

0
E-EZ (V)

(+)

Figure 3-3: CDL as a function of the potential of electrode according to GCS theory for
different electrolyte concentrations. Adapted from Ref. 2 with permission.
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charge (PZC) in systems with low electrolyte concentration, increasing with a characteristic Vshape above and below this potential (EZ). At larger electrolyte concentrations or even at large
polarizations in dilute media, CD is independent of the potential and is much larger than CH. In
this case, CDL ~ CH, which can be expressed as %0 

1

. A Stern capacitance of 20 µF/cm2 is

typically used to describe the SiO2/electrolyte interface, although larger values between 80 and
160 µF/cm2 have also been reported.5

Potential Distribution versus Applied Gate Voltage for Si Nanowire Field Effect Transistor in
an Electrolyte
As shown in Figure 3-3, when the electrode is biased, the capacitance of the electrical
double layer CDL becomes a constant value equal to that of CH because the oppositely charged
ions are forced to the electrode/electrolyte interface. A similar situation occurs for the Si
NWFET when it is biased with a constant gate voltage in an electrolyte.
Figure 3-4 illustrates the charge and potential distribution of a solution-gated Si NWFET.
The gate potential drops along the path from the Au wire gate electrode to the core of the Si
nanowire where it is connected to the source electrode. There are electrical double layers at the
gate/electrolyte and the nanowire oxide/electrolyte interface, both in series with the gate oxide
capacitance.

The estimated value of the double layer capacitance at the oxide/electrolyte

interface in 50 mM KCl solution is ~20 times larger than that of the gate oxide capacitance (4 nm
SiO2) even without gate bias. The double layer capacitance would increase further with gate bias
because the diffuse layer becomes thinner. Therefore, it can be assumed that the gate voltage is
dropped entirely across the gate oxide.
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Figure 3-4: Charge and potential distribution in solution-gated measurements of Si nanowire
FETs with positive applied gate voltage. Charge distribution (left) and potential distribution
(right) as a function of distance from the gate electrode. X1 is the double layer region near the
gate/electrolyte interface (potential drop φ1), X2 is the solution region between the gate
electrode and the nanowire oxide (ohmic loss φ2), X3 is the double layer region near the
nanowire oxide/electrolyte interface (potential drop φ3), X4 is the nanowire oxide thickness
potential drop φ4), X5 is the distance from the Si/SiO2 surface to the Si core (potential drop
φ5). The majority of the applied VGS drops across the gate dielectric shell.

3.2 Silicon Nanowire Field Effect Transistor Measurement Setup and Procedure
The Si NWFET characterization in buffer solutions uses involves applying a gate voltage
(VGS) to the device via a metal wire that is inserted in the solution. Attention must be given to
minimize and account for the electro-chemical reactions at this Au wire. Here the gate electrode
selection and the necessity of the reference electrode are discussed.
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Solution Preparation
Buffer solutions with pH ranging from 4 to 8 were prepared from 50 mM KCl/10 mM
KH2PO4 and 50 mM KCl/10 mM K2HPO4 in de-ionized water (KCl: grade ACS, EMD;
KH2PO4 and K2HPO4: grade BIOULTRA, Sigma-Aldrich). The pH range between 4 and 8 was
selected to prevent any degradation of the Al2O3 coating. The solution with pH 4 was obtained
by adjusting the 50 mM KCl/10 mM with diluted H3PO4. Solutions with pH 5 to 8 were prepared
by adding 50 mM KCl/10 mM K2HPO4 to a solution with a pH value one unit lower. Lower
concentrations of KCl (e.g., 10 mM) can lead to rapid bacteria growth and were not used in these
experiments.
The conductivity of each buffer solution was adjusted to that of the pH 8 buffer by adding
KNO3 (BIOULTRA grade, Sigma-Aldrich) solution to ensure that solutions with different pH
values have similar ionic strength. The solution pH and conductivity were monitored using a
pH/conductivity meter (SevenMulti S47- dual meter pH/conductivity, Mettler Toledo). The Clion concentration was kept constant for all pH solutions to provide constant equilibrium
electrode potential (also called rest potential without external applied potential) for the Ag/AgCl
wire, which was used to measure the potential at the oxide/solution interface. The buffer solution
pH was calibrated to ± 0.02 unit before each measurement.

Metal Gate Electrode Selection
Because the electrical characterization of the Si NWFETs involves measurements in
solutions with different pH values, it is necessary to maintain a constant value of the equilibrium
electrode potential. Two commonly used electrode metals, Au wire and Pt wire, were tested in a
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neutral 0.1 M KCl solution buffered with 10 mM KH2PO4/K2HPO4 using the VMU differential
mode of an Agilent 4155C Semiconductor Parameter Analyzer. The open circuit potential (OCP)
was measured against a 0.8 mm Ag/AgCl reference electrode that has a pH independent potential.
Figure 3.5 plots the OCP as a function of time for solutions with pH 9→7→5→3→9, which
were measured for ~ 200 sec at each pH value. The variation in the OCP with pH is much less
for the Au wire (5% change from pH 9→3) than the Pt wire (112% change from pH 9→3). The
more significant pH dependence in the OCP for Pt electrode is caused by the oxidation/reduction
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Figure 3-5: Open circuit potential pH dependent measurements in 0.1 M KCl buffer solution.
(a) Measurement scheme. A Ag/AgCl wire was used as the reference elecrode. (b) Au wire
against Ag / AgCl wire (c) Pt wire against Ag / AgCl wire. The potential on the Au wire
shows negligible pH dependence, however the potential on the Pt wire shows a strong pH
dependence.
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of H2 to H+ and vice versa by Pt,6 with the lower values of pH giving the larger values in OCP.
Because the equilibrium potential of Au electrode is nearly independent of pH, a Au wire
electrode was used to apply gate voltage to the buffer solutions for all of the Si NWFET
electrical measurements in this thesis.

Reference Electrode
The voltage applied to the gate of the Si NWFET is another important parameter that
must be accurately measured and controlled. The gate-to-source voltage (VGS) that is applied to
the Au wire in the buffer solution is not equal to the actual gate voltage at the oxide/solution
interface (VGS’) because of the electrochemical reactions at the Au wire/solution interface7 and
the electrode polarization under bias. The measurement strategy illustrated in Figure 3-6 (a) was
used to investigate the difference between VGS and VGS’ for Si NWFET with a 4 nm SiO2/9 nm
Al2O3 gate dielectric shell. Similar to the previous section, these measurements were done in a
neutral 0.1 M KCl solution buffered with 10 mM KH2PO4/K2HPO4. In this experiment, the VGS
on the Au wire was fixed at 1 V and a drain-to-source voltage (VDS) of 0.3 V was applied to the
Si NWFET. Figure 3-6 (b) plots of the drain-to-source current, IDS, as a function of time, which
shows that both IDS and VGS’ decrease with time. Moreover, VGS’, measured using the Ag/AgCl
reference electrode, is considerably smaller than the VGS.
To overcome the drift in VGS’ and IDS with time, an active feedback control strategy was
implemented as illustrated in Figure 3-6 (c). Using a customized Labview program, the VGS was
adjusted to maintain a constant voltage of VGS’ = 1 V on the gate of the Si NWFET. Figure 3-6
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(d) plots VGS’ and IDS as a function of time. As shown in Figure 3-6 (c), using feedback control,
IDS is maintained at a constant value of 16 nA for VGS’ = 1 V.
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Figure 3-6: Measuring the actual gate voltage (VGS’) at the oxide/solution interface. (a)
Measurement scheme without feedback. (b) The IDS time dependent measurement without
feedback control. Both IDS and VGS’ decrease with time. (c) Measurement scheme with
feedback. (d) The IDS time dependent measurement with feedback control, stable IDS is
achieved because the VGS’ is maintained at a constant value.
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Measuring Silicon Nanowire Field Effect Transistor Transfer Characteristics
This section presents the transfer characteristics of a Si NWFET with a 4 nm SiO2 / 9 nm
Al2O3 gate dielectric shell that was measured in a neutral 50 mM KCl solution buffered with 10
mM KH2PO4/K2HPO4. A schematic of the experimental setup is shown in Figure 3-7 (a), where
VGS was applied using a Au wire and VGS’ was measured using a Ag/AgCl reference electrode.
In this experiment, VDS was fixed at 0.1V and VGS was first swept from 1 to 2 V and then swept
from 2 to 1 V with a step voltage 10 mV and a hold time of 2 sec (the hold time was required to
allow the ions in the solution to equilibrate). The voltage dropped across the buffer solution was
negligible because the leakage current (IGS) was less than 100 pA for these devices at all applied
gate voltages. Thus, the voltage measured using the Ag/AgCl reference electrode (VGS’) is equal
to the actual gate voltage applied to the Si NWFET.
Figure 3-7 (b) plots IDS versus VGS (black) as well as IDS versus VGS’ (red). The Si core
diameter was estimated to be 32 nm by FE-SEM. A significant hysteresis was observed between
the forward and reverse sweep directions for the black curve. This indicates that VGS’ was shifted
from VGS, which was expected from the feedback control measurements discussed in the
previous section. In contrast, when IDS is plotted versus VGS’ (the red curve in Figure 3-7 (b)), the
transfer characteristics have negligible hysteresis (1.7 mV at IDS=10 nA).
A comparison of the transfer characteristics measured using the solution gate and the
back gate (Chapter 2) is shown in Figure 3-7 (c), where the red curve plots IDS versus VGS’ in a
neutral 50 mM buffer solution and the black curve plots the back-gated IDS versus VGS in N2
ambient. The solution-gated Si NWFET was stable and reproducible with ION /IOFF > 104 and SS
is equal to 81mV/dec. The SS of the same device measured using the back-gate configuration
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was 205 mV/dec. The degraded SS is expected because of the poor electrostatic coupling
between the nanowire and the back-gate and the thick back-gate dielectric.
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Figure 3-7: Solution-gated transfer characteristics. (a) A schematic illustration of the
measurement. VGS was applied through a Au wire and voltage in solution and VGS’ was
measured through a Ag/AgCl wire. (b) Transfer characteristics in the neutral 50 mM buffer
solution. IDS vs VGS from Au wire (black) and IDS vs VGS’ from Ag/AgCl wire (red). The
hysteresis in the plot for VGS’ from Ag/AgCl wire is negligible. (c) Transfer characteristics in
the neutral 50 mM buffer solution (IDS vs VGS’, red) and back gate measurement in N2 (IDS vs
VGS, black). Solution-gating is more effective than back gating due to the different gate
capacitance. The SS is 81 mV/dec in solution gating, and 205 mV/dec in back-gating.
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3.3 Solution-Gated Silicon Nanowire Field Effect Transistor Electrical Measurements
3.3.1 Analysis of Electrical Characteristics
To gain insight into the effect of the outermost Al2O3 dielectric shell on the Si NWFET
properties, the transfer characteristics of the Al2O3-coated FETs (referred as Al2O3-FETs) were
measured in neutral 50 mM KCl solution buffered with 10 mM KH2PO4/K2HPO4, and the VTH
and the SS were extracted and compared with those of the SiO2-coated FETs (referred as SiO2FETs). The equivalent thickness of the 4 nm SiO2/9 nm Al2O3 gate dielectric shell is 8 nm of
SiO2, assuming a relative dielectric constant of 8.8 for Al2O3 and 3.9 for SiO2. The results of
these measurements are shown in Figure 3-8 with the same color coding for each of the plots:
black for the SiO2-FETs and red for the Al2O3-FETs. Note that the Al2O3-FETs and the SiO2FETs are different devices. The SiO2-FETs prepared for Al2O3 coating were not measured in
buffer solution prior to the coating to keep the devices free of contamination. Figure 3-8 (a)
shows the transfer characteristics (normalized IDS around the nanowire core perimeter vs. VGS’) of
typical solution-gated Si NWFETs with each type of gate dielectric, where the VDS was set to
0.1 V and the VGS’ range was chosen according to device properties. The characteristics for both
types of devices have negligible hysteresis and very low leakage current in the off-state (<50
pA). The values of SS are 81 and 82 mV/dec and the values of VTH are 0.44 and 1.59 V for the
SiO2-FET and the Al2O3-FET, respectively.
Figure 3-8 (b) and (c) compare the SS and the VTH from several different Si NWFETs
with Si core diameters between 30 nm and 130 nm with majority near 70 nm. Here, each symbol
represents the value of the SS and the VTH measured on one device, plotted in sequential order,
with black circles denoting the SiO2-FETS and red squares denoting the Al2O3-FETs. The
average value and standard deviation of the SS and the VTH were also plotted against the

70

(a)

1µ
4 nm
SiO2

IDS (A/um))

100n
10n

4 nm SiO2
9 nm Al2O3

1n

100p
10p
1p
0.0

110

0.4

0.8
1.2
1.6
VGS' (V)

Equivalent oxide thickness (nm)
4
8

1.8

(b)

1.6
4 nm SiO2
9 nm Al2O3

90
80
70
60

4 nm SiO2

Equivalent oxide thickness (nm)
4
8

(c)

1.4
VTH (V)

SS (mV/dec)

100

0

2.0

1.2
1.0
0.8

4 nm
SiO2

4 nm SiO2
9 nm Al2O3

0.6
0.4

FETs grouped by gate dielectrics

0.2

FETs grouped by gate dielectrics

Figure 3-8: SS and VTH for the SiO2- and Al2O3- FETs. Measurements were performed in
neutral 50 mM KCl buffer solution with VDS=0.1 V. (a) Typical transfer characteristics. The
Si core diameter is 126 nm for the SiO2-FET and 32 nm for the Al2O3- FET respectively. The
IDS is normalized by the perimeter around the nanowire core. For the SiO2 FET, SS is 82 mV
and VTH is 0.44 V. For the Al2O3-FET, SS is 81 mV and VTH is 1.59 V. (b) The SS distribution.
The average SS is 86.4 ± 5.5 mV/dec for the SiO2-FETs and 83.3 ± 2.9 mV/dec for the Al2O3FETs. (c) The VTH distribution. The average VTH is 0.5 V ± 0.1 V for the SiO2-FETs and 1.5 ±
0.1 V for the Al2O3-FETs. The arrows correspond to top and bottom x-axis respectively.

equivalent oxide thickness (EOT). These results show that the average SS is similar for both the
Al2O3-FETs (83.3 ± 2.9 mV/dec) and the SiO2-FETs (86.4 ± 5.5 mV/dec), while the average VTH
of the Al2O3-FETs (1.5 ± 0.1 V) is significantly higher than that of the SiO2-FETs (0.5 ± 0.1 V).
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The trend in the SS of the two types of FETs is unexpected because the EOT after ALD
Al2O3 coating is doubled, which results in a factor of two reduction in Cox. The source/drain
contacts of the axially-doped (n+-p--n+) FETs are ohmic and should not be affected by the ALD
coating process. The expression for SS is given by:
22  2.303



1 8
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+;<

,

(3-6)

where Cit is the Si/SiO2 interface trap capacitance and Cox is the gate dielectric capacitance,
suggests that the Cit is reduced by the Al2O3 coating. The thermally grown SiO2 on these wires
was not subjected to any post-oxidation annealing, which is required to lower the interface trap
state densities (Nit) to as low as ~1010cm-2. Previous indirect measurements of Al2O3-coated
gallium nitride nanowires using photoluminescence have shown that the Al2O3 coating
passivates some of the surface states.8 Thus, it is possible that the reduction in Nit that is
associated with the lower Cit could be due to a mechanism similar to that observed during low
temperature annealing of Al metal gate MOSFETs in Ar or N2.9,10 In this process, hydrogen is
released from the surface bound hydroxyl groups by oxidation of the Al and the hydrogen
migrates to the Si/SiO2 interface to passivate the dangling Si bonds. From the average SS of 86.4
and 83.3 mV/dec for FETs before and after Al2O3 coating, the Si/SiO2 interface trap density Dit
is estimated to be 2.6×1012 cm-2eV-1 for the SiO2-FETs and 1.1×1012 cm-2eV-1 for the Al2O3FETs (see Table 3.1). The addition of ALD Al2O3 reduces Dit by more than 50%. A further
improvement in Nit and SS could be realized by annealing in hydrogen or forming gas, as is
commonly practiced on planar MOSFETs.
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Table 3-1: Parameter table for estimation of interface trap density reduction at the Si/SiO2
interface (assume diameter of the Si nanowire core P& after oxidation is 70nm).
QJ1

%J1  2RSJ1 T/UV
22  2.303

P& 8 2QJ1

PI&

W
%&Y
1 8

X
%J1

%&Y

P&Y  %&Y /Z - 

SiO2-FET

Al2O3-FET

4

8

2 fF/µm

1 fF/ µm

86.4 (mV/dec)

83.3 (mV/dec)

0.9 fF/µm

0.4 fF/µm

2.6 × 1012 cm-2eV

-1

1.1 × 1012 cm-2eV

-1

Abbreviations: tox – equivalent gate oxide thickness; Dsi – Si core diameter; εox – SiO2
permittivity; %&Y – Si/SiO2 interface trap capacitance, Dit – Si/SiO2 interface trap density and A
–Si/SiO2 interface area.

The significant VTH difference between the SiO2- and Al2O3- FETs can be understood by
considering the expression for the VTH of an n-channel FET in solution:5,11
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where ?@ is the electrostatic potential at the reference electrode, & is the electrostatic
′
potential at the Si surface, L
is the equivalent charge that includes the interface trapped charge

(qDit) and fixed oxide charge (Qf) near Si/SiO2 and SiO2/Al2O3 interfaces, %J1 is the gate oxide

′
capacitance, 2@ is the Si surface potential at the onset of inversion, L
MNO is the maximum

depletion charge in nanowire, H IJK is the surface dipole potential of the solution that is
independent of pH, and  is the electrostatic potential due to a chemical reaction such as a pH

′
change at the outer gate dielectric surface. For the Al2O3-FET, the term L
in Equation 3-7 is

given by:
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(3-8)

where L@ 2[\ /ZU \^  is an additional term that accounts for trapped charge at the 2[\ /ZU \^
interface and the coefficient of 0.5 accounts for the fact that the trapped charge is electrically
located in the middle of the oxide. Fixed negative charge has been commonly observed for highκ gate dielectrics with charge densities is as high as 5-8 × 1012 cm-2.12,13,14,15 This charge is
mainly located at the SiO2/Al2O3 interface because the tetrahedrally coordinated Al sites with
negative charge bond directly to the O atoms of the interfacial SiO2.16 Using a value of 6 × 1012
cm-2, the VTH positive shift due to the negative charge trapping at the SiO2/Al2O3 interface was
calculated to be 1.1 V. It has been shown that the fixed charge density can be reduced by
annealing the devices in H2 or N2.13,15

3.3.2 Long-Term Field Effect Transistor Stability
The Al2O3 gate dielectric has been shown to significantly improve the operating stability
of planar Si ISFETs in buffer solutions compared to the SiO2 gate dielectric. In this section, the
long-term drift in the gate surface potential VGS’ is compared for the Al2O3- and SiO2-FETs. In
this measurement, the VDS was fixed at 0.1 V and the IDS was maintained at 10 nA by adjusting
the voltage applied to the Au wire electrode inserted in a neutral 50 mM KCl buffer solution. The
drift in the surface potential of the Si NWFET was monitored by measuring VGS’ using the
Ag/AgCl reference electrode (Note the feedback control was not necessary here). The
measurements were performed over a period of 12 hours by placing the sample in a sealed
silicone reservoir filled with 1 mL of the buffer solution. Any drift in VGS’ indicates gate
dielectric surface modification by either hydration or ion migration.

74
The change in VGS’ over the 12 hour period is shown in Figure 3-9 (a) for the SiO2-FET
and in Figure 3-9 (c) for the Al2O3-FET. The measured properties for both types of Si NWFETs
are plotted in red and the theoretical fits based on the surface hydration model are plotted in
black.17,18 Figure 3-9 (b) and (d) plot the gate leakage current corresponding to NWFET in
Figure (a) and (c) respectively. The fluctuation (shown as current band) is caused by the transient
current flowing through the Au gate. The SiO2-FET had a total drift of ~80 mV over the 12 hours
and did not stabilize by the end of the measurement period. In contrast, the Al2O3 gate dielectric
provided significantly better stability than the SiO2 with a total drift in the surface potential of
less than 8 mV and complete stabilization in 2 hours.
Jamasb19 attributes the origin of the drift to the relatively slow chemical modification of
the gate oxide surface resulting from a transport-limited reaction that is modeled by a hopping
and/or trap-limited transport mechanism known as dispersive transport. When the gate dielectric
of the FET is exposed to an aqueous buffer solution, the water reacts with the gate oxide and
creates a high concentration of non-bridging -OH sites near the surface.17,20 This leads to a
decrease in the overall dielectric capacitance, resulting in a monotonic temporal increase in VTH
as well as VGS’ for a constant IDS. The VGS’ change can be written as:
∆=`′  ∆=`∞′ a1 A 

: e
c

b d

f,

(3-9)

where ∆=`∞′ is the maximum VGS’ change, τ is the time constant, and β is the dispersion
parameter with 0< β <1. As shown in Figure 3-9, the theoretical fits according to this model
agree well with the experimental data. As summarized in Table 3-2, the values for ∆=`∞′ and τ
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Figure 3-9: Long-term stability test (VDS=0.1 V, IDS=10 nA). (a) Long-term measurement for
SiO2-FET and (b) corresponding gate leakage current. (c) Long-term measurement for Al2O3FET and (d) corresponding gate leakage current. The black curves in (a) and (c) are the nonlinear fit to the measurements. The SiO2-FET is not stable after 12 hours of measurement,
while the drift for the Al2O3-FET is less than 10 mV.

Table 3-2: Extracted parameters for long-term drift measurements in Figure 3-9.

4 nm SiO2

4 nm SiO2 +
9 nm Al2O3

∆=`∞′ M=

82.3

7.3

τ (h)

2.8

0.71

β

0.7

0.74
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are 82.3 mV and 2.8 hours for the SiO2-FETs compared to 7.3 mV and 0.71 hour for the Al2O3FETs. These results follow the earlier reports on planar ISFETs21 and show that an Al2O3 gate
dielectric allows stable and reproducible solution-gated device measurements because Al2O3 is
more resistant to hydration, as discussed in Chapter 2.

3.3.3 pH Response and Sensitivity
This section compares the pH response of the solution-gated Si NWFETs with SiO2 and
SiO2/Al2O3 gate dielectrics. Electrical measurements were carried out in a buffer solution with a
pH that was controllably varied from pH 8 to 4. Similar to the long-term drift measurements in
the previous section, the value of VGS’ was monitored by fixing IDS at 10 nA and VDS at 0.1 V.
From the commonly accepted site-binding model,5,22,23 protonation/deprotonation of the –OH
functional groups on the gate oxide occurs when it is exposed to a solution having different
values of pH. This protonation/deprotonation can be expressed by the two reactions:
Z\g h Z\  8 g/

Z\g/ h Z\g 8 g/ ,

(3-10)
(3-11)

where AOH is the generalized form of oxide and g/ is the concentration of hydrogen ions on the
gate dielectric surface, which is related to the solution by the Boltzmann statistics ig/ j 
ig / j exp bA

n



d , where  is the potential induced by the surface reaction. The

protonation/deprotonation reactions change the surface charge density, which leads to a change
in the surface potential at the oxide/solution interface. For example, when the solution pH
changes from high to low, the oxide surface becomes protonated because there are more H+ ions
in the solution. This corresponds to an increase in the surface potential due to the addition of
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positive charge on the oxide surface. Therefore, the value of VGS’ must decrease to maintain a
constant IDS = 10 nA. Similarly, when the solution pH changes from low to high, the value of
VGS’ must increase.
Figure 3-10 shows the measured change in VGS’ as a function of time at different pH
values for the SiO2-FET (a) and the Al2O3-FET (b). The absolute value of VGS’ for the SiO2-FET
is significantly higher than for the Al2O3-FET (~1.6 V vs. 0.6 V) because of the negative fixed
charge at the SiO2/Al2O3 interface as discussed in Section 3.3.1. The inset plots the VGS’
dependence on pH. The VGS’ measurement was paused when the buffer solution was changed to
eliminate the transients in the pH response due to intermittent solution disturbance. The pause
duration depended on solution pH step, for pH 8→4 stepwise, it was ~6 min. A longer pause
(~12 min) was required from pH 4 to pH 8. Comparing the two measurement sequences shows
that the Al2O3-FET has a stable VGS’ response at each pH value (< 5 mV drift in 10 min), while
the SiO2-FET results in an unstable VGS’ response (> 25 mV drift in 10 min). This is consistent
with the long-term stability measurements presented in Section 3.3.2. The pH sensitivity of the
FET device is defined as the change in VGS’ with pH. Using the VGS’ value at the end of the 10
min. measurement at each pH value, the pH sensitivity was found to be 33 mV/pH for the SiO2FET and 54 mV/pH for the Al2O3-FET.
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Figure 3-10: pH dependence of the surface potential for the two types of FETs (VDS=0.1 V,
IDS=10 nA). (a) SiO2-FET and (b) Al2O3-FET. (Insets) VGS’ as a function of pH. The pH
sensitivity is 33 mV/pH for the SiO2-FET (a) and 54 mV/pH for the Al2O3-FET (b).

3.3.4 Dynamic Range of pH Sensitivity
In biosensing applications, it is necessary to minimize the false positive alarm rate while
maximizing detection sensitivity.24 A disadvantage of the highly sensitive NWFETs is the
potential for a high false positive alarm rate, which can be caused by intrinsic factors such as low
frequency noise25 and extrinsic sources such as leakage current from measurement environments,
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especially when the detection limit is very low. Therefore, fabricating biosensors with large
dynamic range is important for optimizing trade-offs between the probability of detection and
false positive alarm in practical sensing applications. The IDS response of a FET-based sensor can
be optimized for low false positive alarm rate by biasing the device in the linear operation
region, or for high detection sensitivity in the subthreshold region. Stable transfer characteristic
measurements of the Si NWFETs in relevant buffer solutions are necessary to determine the gate
bias points, which has not been shown in the literature.26,27,28,29 One major reason is that SiO2 is
commonly used as the gate dielectric in the majority of the NWFET device literature. As
described in the previous sections, this requires a stable gate dielectric and passivation of the
contact electrodes as well as a proper measurement strategy that minimizes the electro-chemical
reaction at the Au gate electrode.
This section discusses the dependence of the pH sensitivity on the Si NWFET operating
region and shows that a large dynamic range can be achieved using the same device. The VGS’
response to pH is independent of the FET operating regions. However, it can be seen from the
FET transfer characteristics that IDS responds differently to the same change in VGS’ when the
device is biased in different operating regions. The change in IDS is directly proportional to VGS’
in the linear region and is exponentially dependent on VGS’ in the subthreshold region.28,30,31 The
dependence of IDS on solution pH response is shown in Figure 3-11 for a Si NWFET with an
Al2O3 gate dielectric. Figure 3-11 (a) shows the complete transfer characteristics of the same
device measured in the pH 4 and 8 solutions with VDS = 0.1 V. The total VGS’ shift between these
pH values (at the same IDS) is 210 mV, which corresponds to a sensitivity of 53 mV/pH. This
agrees well with the directly measured sensitivity of 54 mV/pH discussed in the Section 3.3.3.
The FET VTH in pH 8 solution is 1.45 V and in pH 4 is 1.24 V. The two dotted vertical lines
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indicate the values of VGS’ used for the two different operating regions during the pH dependent
measurement discussed below.
The dependence of IDS on solution pH in the linear region (VGS’ = 1.55V) is shown in
Figure 3-11 (b) and in the subthreshold region (VGS’ = 1.3 V) is shown in Figure 3-11 (c), both
with VDS = 0.1 V. Here the feedback control discussed in Section 3.2 (reference electrode) was
used. The measurement was paused during the buffer solution change. The IDS value is stable
during the 10 min measurement at each pH. In both operation regions, when the solution pH
changes from high to low, the value of IDS increases, which is expected because more protonation
occurs in low pH solution and there is less negative charge on the Al2O3 gate dielectric surface,
resulting in an increase in IDS.
Figure 3-11 (d) plots IDS as a function of pH in both the subthreshold region (left axis)
and the linear region (right axis), with fitted curves in red. The IDS is a linear function of pH in
the linear region and an exponential function in the subthreshold region. The relative change in
IDS, defined as the absolute change of IDS divided by the starting IDS, is 138 in the subthreshold
region and 3.4 in the linear region between pH 8 and 4. This gives greater than a 40-fold
difference in relative IDS. Therefore, by biasing the same FET in different operating regions, it is
possible to dynamically tune the pH sensitivity. This large dynamic range is important for
optimizing trade-offs between the probability of detection and false alarms in practical sensing
applications.
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Figure 3-11: pH sensitivity in different operating regions for the Al2O3-FET (VDS=0.1 V). (a)
Transfer characteristics at pH 4 and 8 (VDS=0.1 V). The dotted lines indicate VGS’ used in the
two regions. IDS as a function of time in the subthreshold region VGS’ =1.3 V is shown in (b)
and in the linear region VGS’ =1.55 V is shown in (c). (d) Current response as a function of pH.
The response in the subthreshold region is exponential, and the response in the linear region is
linear within pH range 4-8.
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3.4 Summary and Conclusions
This chapter presented the electrical characterization of axially-doped (n+-p--n+) Si
NWFETs for stable operation in buffer solutions. The performance of the SiO2- and Al2O3- FETs
were characterized and compared by applying a VGS via a Au wire and monitoring the VGS’ via a
Ag/AgCl reference electrode in 50 mM KCl solution buffered with 10 mM KH2PO4/K2HPO4.
The transfer characteristic have negligible hysteresis between the forward and reverse sweeps
and the gate leakage current IGS < 100 pA. The VTH for the Al2O3-FETs is significantly higher
than that of the SiO2-FETs, indicating negative charge trapping during the ALD process. The SS
for the Al2O3-FETs (83.3 mV/dec) is similar to that of the SiO2-FETs (86.4 mV/dec), indicating
that the interface trap density was reduced during the ALD process at 300°C. The long-term drift
in VGS’ for the Al2O3-FETs were < 8 mV in 12 hours with the majority drift occurring in the first
2 hours, while the SiO2-FETs were not stable after 12 hours of measurement.
The pH response was examined for values of pH ranging from 8 to 4. The VGS’ for the
Al2O3-FETs were stable at each pH and changed linearly with solution pH, with a sensitivity of
54 mV/pH. In comparison, the pH response of the SiO2-FETs were not stable with solution pH.
The device sensitivity in terms of drain current IDS was dynamically adjusted by biasing the
device in different operating regions, with a maximum relative response in the subthreshold
region. In the case of the Al2O3-FETs, the relative change in IDS was 138 in the subthreshold
region and 3.4 in the linear region between pH 8 and 4, yielding a greater than 40-fold range in
device sensitivity. This integration and measurement strategy paves the way for future work on
multiplexed biosensing via bottom-up assembly of bioprobe-coated nanowire arrays.
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Chapter 4
Synthesis of One-Dimensional Gold Nanoparticle Arrays
Encapsulated Within Silicon Dioxide Nanowires

One-dimensional (1D) arrays of noble metal nanoparticles with diameters greater than 30
nm and interparticle spacing greater than the near field coupling range provide interesting optical
properties due to unique plasmonic effects. Extremely narrow line shapes (less than 1 nm)
resulting from coherent diffractive interactions between particles have been predicted by Schatz
and coworkers.1,2,3 The wave vector and polarization of the incident light are important in
determining the optimum interparticle spacing required to achieve the narrow line shape. If the
wave vector of the light is parallel to the array axis with a perpendicular polarization direction,
sharp extinction peaks occur when the interparticle spacing is half the incident wavelength. In
contrast, the optimum interparticle spacing is close to the wavelength if both the wave vector and
polarization vector are perpendicular to the array axis. Using this coherent interaction, it is
possible to create plasmonic nanodevices with narrow line shapes than are possible with isolated
metal particles or aggregates of particles. Such 1D metal nanoparticle arrays may find
application in anticounterfeiting,4,5,6,7 security,8,9 and biodetection.10,11
Direct write electron-beam lithography combined with metal evaporation and lift-off has
been used to fabricate 1D nanoparticle arrays with controlled particle diameter and interparticle
spacing, and these arrays have been used to the plasmonic effects experimentally. For example,
Duyne et al.1,12 investigated Ag nanoparticle arrays with different interparticle spacing from
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300 nm to 800 nm and experimentally measured narrow plasmon resonance peaks that agreed
well with theoretical predictions. Alternative hybrid fabrication approaches have used thermal
annealing of lithographically defined nanowires13 or template synthesized nanowires14,15 to form
1D metal nanoparticle arrays on SiO2 substrates.

Although these processes are easier to

implement than direct e-beam lithography, they provide limited control over the uniformity in
particle diameter and interparticle spacing. Neither of these methods can provide vertically
oriented or freestanding 1D nanoparticle arrays, which are of interest for many applications.
Freestanding metal nanoparticle arrays encapsulated within a dielectric shell can be
obtained by direct thermal processing. Recently, Qin et al.16 reported an assembly method for
creating Au or Cu cylindrical (rather than spherical) nanoparticles confined in an atomic layer
deposited dielectric shell with free volume between the nanochains. Nanoparticle arrays
encapsulated within SiO2 nanowires have also been synthesized by furnace annealing planar Si
substrates coated with a Au thin film at temperatures near 1000°C in an Ar/N2 ambient,17,18,19,20
or by microwave synthesis in a H2/NH3 ambient.21 The vapor-liquid-solid (VLS) mechanism is
generally involved in the formation of these nanoparticle arrays and a trace amount of O2 is
found to be crucial in these processes. Most of the nanowires in these preparations are solid SiO2
with fewer wires that contain metal nanoparticle arrays. Moreover, the uniformity in the diameter
of the nanoparticles and the interparticle spacing between adjacent nanoparticles along the length
of the SiO2 nanowires tends to be poor. In these reports, the proposed mechanisms responsible
for the formation of the nanoparticle arrays includes diameter self oscillation,17,21,22 simple
diffusion,18 solid-liquid-solid phase growth,20 and Rayleigh instability.19
This chapter describes the controlled synthesis of freestanding 1D Au nanoparticle arrays
encapsulated within SiO2 nanowires.23 The nanoparticle arrays were obtained by thermally
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annealing Au-coated Si nanowires grown by the vapor-liquid-solid (VLS) technique in an
oxidizing atmosphere. During the thermal treatment, the Au migrates into the core of the wire
during Au-enhanced thermal oxidation of the Si nanowire to form a solid Au nanowire wire
surrounded by a SiO2 shell. The solid Au nanowire then breaks into a 1D array of Au
nanoparticles with diameter and interparticle spacing that are determined by starting Si nanowire
diameter and the thickness of the Au shell. In contrast to earlier methods, the majority of the
SiO2 nanowires (~70%) contain Au nanoparticle arrays. Measurements of the Au nanoparticle
arrays using a transmission electron microscope (TEM) revealed that the interparticle spacing
followed a linear relationship with the particle diameter, regardless of the initial Si nanowire
diameter, evaporated Au film thickness, or thermal treatment. Thus, this lithography-free
synthesis process provides an approach to customize the Au nanoparticle array properties,
including the SiO2 shell thickness and the Au nanoparticle diameter/ interparticle spacing,
through proper selection of the starting Si nanowire diameter and the Au coating metal thickness.
To study the mechanism of array formation, additional experiments were conducted using
a two-step thermal annealing process: (1) thermal oxidation at low temperature to form a solid
Au nanowire inside a SiO2 shell, and (2) continued thermal annealing to trigger the
fragmentation of the Au nanowires into Au nanoparticle arrays. This allowed a direct observation
of the transition from a solid Au nanowire to a 1D Au nanoparticle array. During annealing, the
solid Au nanowire first developed undulations along the wire axis, then broke into a series of
short nanowire segments, and finally transitioned into an array of spherical Au nanoparticles.
From this experiment, it was clear that the Rayleigh instability plays an important role in
formation of the 1D Au nanoparticle arrays.
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Section 4.1 provides a brief introduction to the Rayleigh instability, which is the
mechanism responsible for forming the 1D Au nanoparticle arrays described in this thesis. At
high temperatures, a nanowire (infinite cylinder) is thermodynamically unstable due to the
capillary-induced surface (interface) tension. This surface tension causes the separation of the
nanowire into particles with smaller overall surface area than that of a cylinder. The diameter and
interparticle spacing is determined by the cylinder diameter prior to the perturbation.
Section 4.2 discusses the process that was developed to create the 1D Au nanoparticle
arrays and the studies that were conducted to confirm that the Rayleigh instability determines the
array properties. Briefly, during thermal oxidation of a Au-coated Si nanowire, the Au thin film
on the nanowire surface enhances the Si oxidation rate and the Au migrates to the core of the
wire. This forms a solid Au nanowire surrounded by a SiO2 shell. Continued thermal treatment
triggers the fragmentation of the Au wire into Au nanoparticle array encapsulated within a SiO2
shell. This conversion process was demonstrated by annealing the Au/SiO2 core-shell nanowires
in a quartz tube furnace under vacuum as well as in an ultra-high-vacuum TEM equipped with a
hot stage. The in situ TEM annealing study provided direct evidence that the conversion process
follows the Rayleigh instability.
Section 4.3 discusses a simple model that was developed to describe the relationship
between the starting Si nanowire diameter and the Au metal thickness and the 1D Au
nanoparticle array properties of the nanoparticle diameter, interparticle spacing, and SiO2 shell
thickness. This model was validated by comparing the experimentally measured properties with
those predicted theoretically.
The VLS Si nanowires used in this thesis research were synthesized by Dr. P.
Nimmatoori in Professor Redwing’s group. TEM studies of the Au nanoparticle array structural
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properties and analysis were performed by Dr. B. Liu and Mr. N. Dellas both in Professor
Mohney’s group.

4.1 Introduction to Rayleigh Instability
The Rayleigh instability theory was developed by Lord Rayleigh to explain the instability
of jets of fluid.24 It shows that an infinite cylinder is thermodynamically unstable due to the
capillary-induced surface (interface) tension and favors separation into particles with smaller
overall surface area. Nichols and Mullins extended the theory to solid cylindrical and spherical
geometries.25,26 As illustrated in Figure 4-1 (a),14 heating an infinitely long cylindrical wire
induces small sinusoidal longitudinal perturbations with different characteristic wavelengths
along the axial direction. The radius of the perturbed cylinder can be expressed as:
    





,

(4-1)

where R0 is the original radius, δ(t) is the perturbation amplitude, λ is the wavelength of
perturbation, and z is the position along the axis. Longitudinal perturbations with λ > 2πR0 will
grow with time, leading to undulations in the cylinder diameter. Lattice kinetic Monte Carlo
simulations clearly demonstrate the evolution from a cylindrical rod to particle array.27,28
The Rayleigh instability has been used to form metal and semiconductor particle arrays
from planar thin films29,30,31 and from Au and Cu metal nanowires patterned on SiO2
substrates.15,14,32 The evolution of the morphology can be qualitatively understood as follows: the
diameter varies along the cylinder axis once the undulation develops. According to the YoungLaplace equation that is given by:


,

(4-2)
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Figure 4-1: (a) Schematic illustration shows that a growing perturbation amplitude leads to
separation into a sphere array. The fastest grown wavelength, λmax, determines the final
spacing between spheres (adapted from Ref 14 with permission). (b) Illustration showing the
growth of perturbation due to surface tension.

where P is the pressure at the interface, γ is the interfacial tension and R is the radius of the
cylinder, the pressure due to surface tension is the highest in the valleys of the undulation
because the radius of the cylinder is smaller and curvature is the greatest. In contrast, the
pressure is the lowest at the peaks of the undulation because the radius of the cylinder is larger
and the curvature is the lowest. As illustrated in Figure 4-1(b), the higher pressure in the valleys
pushes the atoms into the lower pressure regions near the peaks. This causes the amplitude of the
wave undulation to grow over time.
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Among the perturbation wavelengths that develop along the wire, the fastest growth in
amplitude occurs at a specific wavelength that is given by:
  2√2 ,

(4-3)

This controls the final interparticle spacing when the cylinder breaks into a uniform particle array.
If the total mass and volume of the cylinder is conserved, the particle diameter can be expressed
as:
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Accordingly, the ratio of interparticle spacing between adjacent particles (perturbation
wavelength) in the array to the particle diameter is equal to a constant that is given by:


&'()*+,-.

 2.36,

(4-5)

The initial Rayleigh instability formulation for cylindrical geometries with a fixed
spacing-to-diameter ratio of 2.36 assumes: (a) the cylinder is freestanding, (b) the surface energy
is isotropic and is independent of crystallographic orientation, (c) the initial perturbation
amplitudes are small and the waves are periodic along the cylinder axis, and (d) the perturbation
waves are linear and do not affect each other. However, in reality, the final interparticle spacing
also depends on the material crystal structure,14,33 the surface/interface energy,34,35,36 and the
substrate.37 Therefore, in practice, the interparticle spacing does not follow the 2√2
relationship. A larger particle diameter is typically observed, which results in a larger ratio of the
interparticle spacing to the diameter. The ratio range depends on the specific system with a
typical value between 2.3 and 4.5. However, values greater than ten can be found in the
literature.35 Nonlinear stability analysis has predicted significant scatter in the interparticle
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spacing between particle arrays and even in the same array due to interactions between the
possible perturbation wavelengths if the initial amplitudes are large.38

4.2 One-Dimensional Gold Nanoparticle Arrays
4.2.1 Synthesis of Gold Nanoparticle Arrays
The process to form 1D freestanding Au nanoparticle arrays encapsulated in a SiO2
nanowire is shown in Figure 4-2. It begins by coating Si nanowires with a thermally evaporated
Au thin film (Figure 4-2 (b)) after the native oxide present on the Si nanowire surface is removed
by selective wet chemical etching. During thermal oxidation, the Si atoms migrate to the Au film
surface and are oxidized at the Au/SiO2 interface. In comparison to planar Si, the Si oxidation
rate is significantly enhanced by the Au. If the Au is sufficiently thick, it is pushed toward the
core of the wire where it coalesces to form a solid Au wire inside a SiO2 shell (Figure 4-2 (c)).
Continued thermal treatment causes the Au wire to break into a Au nanoparticle array
encapsulated within a SiO2 shell or nanowire (Figure 4-2 (d)). The Au fragmentation process is
driven by reduction of the interfacial energy between Au and SiO2 because the surface area of
the Au nanoparticle and SiO2 interface is smaller than that of the Au nanowire and SiO2
core/shell structure.
The SiO2-encapsulated 1D Au nanoparticle arrays discussed in this chapter were
synthesized using crystalline Si nanowires with diameters ranging from 20 nm to 50 nm. The
wires were grown by the metal-catalyzed vapor-liquid-solid (VLS) technique39,40,41 from a
random array of Au nanopartices that were created by annealing a 1 nm thick Au film sputtered
on a SiO2-coated Si substrate. The nanowire growth was conducted in a low pressure chemical
vapor deposition (LPCVD) reactor at a substrate temperature of 500°C and a total pressure of 12
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Torr using a 10% mixture of SiH4 in H2 as the source gas. Following VLS growth, the Au
catalyst particles were selectively removed from the nanowire tips in Transene Au etchant TFA,
the native oxide was removed in buffered oxide etchant, and the Au thin film was evaporated
onto the surface of the nanowires.
A two-step thermal process was used to study the mechanisms responsible for producing
a Au nanoparticle array from a Au-coated Si nanowire: (1) thermal oxidation and (2) vacuum
annealing. In this experiment, a batch of 10 nm thick Au-coated Si nanowires was thermally
oxidized at 700°C for 3 hours by flowing 1L/min ultra-high-purity O2 at 1 atm. pressure in a
quartz tube furnace. This batch was divided after thermal oxidation and one half of the nanowires
were annealed at 900°C for 30 min in a vacuum furnace maintained at a pressure of 5×10-7 Torr.

Si nanowire

(a)
Au-coated Si nanowire

(b)
Au nanowire/SiO2 core-shell structure

(c)

Au nanoparticle array in SiO2 shell

(d)

Figure 4-2: Steps involved in forming freestanding 1D Au nanoparticle arrays. (a) Grow Si
nanowires by the vapor-liquid-solid (VLS) technique, (b) Deposit a 10-nm Au film onto the Si
nanowire surface, (c) Au-enhanced thermal oxidation causes migration of the Au into the core
to form a Au nanowire surrounded by a SiO2 shell, and (d) Fragmentation of the Au nanowire
into a uniform 1D Au nanoparticle array by the Rayleigh instability.
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After the two-step anneal, the wires were placed onto a copper TEM grid and their properties
(particle diameter, interparticle spacing, SiO2 shell thickness) were measured using a field
emission TEM (JEOL EM-2010F). The remaining nanowires were removed from the substrate
by sonication and placed onto a molybdenum grid for in situ vacuum annealing and
microstructure analysis using the same microscope. In this case, the annealing temperature was
increased from 20°C to 1000°C under ultra-high vacuum of 10-9 Torr.
Additional 1D Au nanoparticle arrays were fabricated using a single step thermal process.
In these experiments, the VLS-grown Si nanowires were coated with either a 3 nm or a 10 nm
thick Au film. The Au-coated Si nanowires were oxidized at 850°C for 1 hour in ultra-highpurity O2 at 1 atm. pressure. Following TEM analysis, the properties of these Au nanoparticle
arrays were compared to those synthesized using the two-step annealing process.
Before discussing the analysis of the thermally annealed 1D Au nanoparticle arrays, the
following section will describe a series of experiments that were used to quantify the Auenhanced thermal oxidation rate using the as-grown Au-tipped Si nanowires.

4.2.2 Gold Enhanced Oxidation of Silicon Nanowires
As illustrated in Figure 4-2, Au-enhanced oxidation of Au-coated Si nanowires was used
to form Au/SiO2 core-shell nanowires, which were subsequently converted into 1D Au
nanoparticle arrays in SiO2 nanowires. The Au coating results in a rapid and complete
conversion of the Si nanowire into a SiO2 nanowire. Thus, an initial study was done to compare
the thermal oxidation rate of Au-free Si nanowires to as-grown Si nanowires with the Au catalyst
tip from VLS growth.

96
Figure 4-3 shows high resolution TEM images of the Si nanowires before and after
thermal oxidation at 800°C for 1 hour in ultra-high-purity O2 at 1 atm. pressure. Prior to
oxidation, the crystalline Si nanowires had a ~1.5 nm native oxide (Figure 4-3 (a)). A smooth
and uniform SiO2 shell with thickness of 8 nm to 12 nm was grown on the Au-free Si nanowire
under these conditions (Figure 4-3 (b)). This oxidation rate is consistent with earlier work that

(a)

(b)

10 nm
(c)
Amorphous oxide
Amorphous oxide
Si core

10 nm

Figure 4-3: TEM images showing Au enhanced Si nanowire oxidation. a) 30 nm diameter
Au-free Si nanowire prior to thermal oxidation (inset) electron diffraction pattern showing the
wire is single crystal. (b) Au-free Si nanowire after thermal oxidation at 800° C for 1 hr. (c) Si
nanowire with Au catalyst nanoparticle oxidized at the same conditions. The Au particle
migrated along wire axis and enhanced the Si oxidation rate. A Si/SiO2 core-shell structure
below the Au particle is consistent with standard thermal oxidation kinetics. (inset) Low
magnification image indicates that the Au particle has migrated ~850 nm from the nanowire
tip.
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reported on the thermal oxidation kinetics of Au-free VLS-grown (cylindrical) Si nanowires
under similar conditions.42,43 In contrast, a significantly higher oxidation rate was observed for
the Si nanowire segment adjacent to the Au catalyst. The TEM image in Figure 4-3 (c) shows an
abrupt transition between an amorphous SiO2 nanowire segment above the Au catalyst particle
(left) and a Si/ SiO2 core-shell nanowire segment below the Au catalyst particle (right). The SiO2
shell on the lower segment is ~10 nm thick, consistent with the thermal oxidation of the Au-free
wires. Additional structural analysis confirmed that the nanoparticle is composed of Au and Si,
and the entire segment from the wire tip to the nanoparticle is amorphous SiO2, which indicates
that Au catalyst particle migrated along the nanowire axis and completely oxidized the Si
nanowire along its path. The low magnification TEM image in Figure 4-3 (c) shows the lateral
extent of the Au-enhanced oxidation, which in this case was 850 nm. Thus, the Au-enhanced Si
oxidation rate is ~85 times faster than that of the Au-free Si nanowire.
Au-enhanced Si oxidation has been reported for planar Si substrates and cylindrical Si
nanowires at temperatures below 200°C.44,45,46,47,48 Unlike the thermal oxidation of Au-free Si,
where Si-Si bond breaking controls the Si/SiO2 interfacial reaction rate,49 oxidation at the Au
surface is much faster due to a lowering in the reaction barrier.48 Silicon is a covalent
semiconductor with a large covalent bond energy and a high melting point (≈1440 °C). However,
when Si is in contact with Au, the covalent bond is weakened and Si atoms readily diffuse into
the Au film at very low temperatures (<100ºC).50,51
The Au-enhanced oxidation process occurs in four steps: 1) Si atoms are dissolved in the
Au through the Si/Au interface, 2) Si atoms diffuse through the Au to the Au/SiO2 interface, 3)
oxygen diffuses through SiO2 to the SiO2/Au interface, and 4) Si atoms are oxidized at Au/SiO2
interface. For the Au-tipped wire, in addition to the Au-free thermal oxidation of Si at cylindrical
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nanowire surface, enhanced oxidation occurs from the top surface of the Au particle. The Si
atoms in the Au particle are consumed in the reaction to form SiO2 at this surface, which creates
a chemical potential that drives further diffusion of Si from the wire core, across the Au particle,
to the Au/SiO2 interface. The supply of oxygen at this interface occurs by diffusion through the
thin SiO2 shell that surrounds the Au particle. The Si nanowire segment immediately below the
Au particle is completely converted into SiO2 and the Au particle is pushed downward along the
wire axis until the entire wire is converted into SiO2.

4.2.3 Formation of a Gold Nanowire inside a Silicon Dioxide Shell
The first step in the formation of the 1D Au nanoparticle array is the conversion of a
Au-coated Si nanowire into a Au/SiO2 core-shell nanowire. This relies on the Au-enhanced
oxidation process described in the previous section. Figure 4-4 (a) shows TEM images of a Si
nanowire following thermal evaporation of 10 nm of Au on the topside of the wire. As expected
for a 10 nm film, the Au is not continuous on the nanowire surface. However, the amount of Au
is constant along the wire length, which is one of the most important process parameters. As
shown in Figure 4-4 (b), if the amount of Au deposited on the wire surface is large enough, it
coalesces to form solid Au wires inside the SiO2 shell after Au-enhanced thermal oxidation at
700°C for 3 hours. A slight undulation in the Au wire diameter was observed along the axis of
the nanowires, which indicates that the transition from a solid wire to a particle array had already
started to occur.
To identify the structure of the solid core after oxidation, two different selected area
diffraction patterns were obtained from the same wire (Figure 4-4 (c)). The patterns can be
indexed as Au [103] (left) and Au [100] (right) zone patterns, respectively. The measured lattice
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constants are 2.04 Å for Au (002) and 1.21 Å for Au (113), which are consistent with the
documented lattice constants of 2.039 Å and 1.23 Å for the respective planes52. In addition, the
measured angle (19.06º) between the two zone axes [103] and [100] is very close to the actual
angle (18.43º) between the two planes. This confirms that the nanowire core is single crystal Au
rather than a Au silicide, which might exist if the conversion of the Si to SiO2 was not complete.
The pure Au wire is expected because it is well known that Au and Si do not form a stable

(a)

100 nm

20 nm

(b)

50 nm
(c)

02 0

02 0
31 1

00 2

Au [103]

Au [100]

Figure 4-4: Formation of solid Au nanowire encapsulated in a SiO2 shell by thermal
oxidation at 700°C for 3 hours. (a) Si nanowire after evaporating 10 nm thick Au on the top
surface of the wire. (b) Au wires formed during oxidation. (c) Selected area diffraction
measurements at two zone axes confirm that the solid core is crystalline Au.
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silicide phase at any temperature. In contrast to our results, Wong et al. reported that
polycrystalline Au wire could be formed using a Si nanowire template for oxidation of Aucoated wire at 880°C for 1 hour at a pressure of 10-2 Torr without a carrier gas.53 The lack of a
carrier gas in the process flow used here may account for the difference in the crystallinity (i.e.,
polycrystalline versus single crystalline).
The diameter of the Au nanowire core depends on the total Au mass on the wire surface,
which is a function of initial Si nanowire diameter and the evaporated Au thickness, assuming
there is no Au loss during oxidation. As an example, for the wires shown in Figure 4-4 (b), the
diameter of the solid Au nanowire and the SiO2 shell thickness are 33 nm/20 nm (left) and 24
nm/15 nm (right). The initial diameter of the corresponding Si nanowire can be estimated using:
2! 

5
5
&3+4(6&,7).

. 8

,

(4-6)

where Dcore is the Au wire diameter and Dfinal is the final diameter of the wire including the SiO2
shell. For the wires in Figure 4-4 (b), the initial Si nanowire diameter was calculated to be 43.4
nm (left) and 32.2 nm (right), respectively. This demonstrates that the final Au wire diameter is
determined by the starting Si wire diameter and the evaporated Au thickness.

4.2.4 One-Dimensional Gold Nanoparticle Array inside a Silicon Dioxide Nanowire
The final step in the nanoparticle array process is the conversion of the solid Au nanowire
into array of Au nanoparticles that are encapsulated within a SiO2 nanowire. To study this
transition, the Au/SiO2 core-shell nanowires obtained by oxidation at 700°C for 3 hours (Figure
4-4 (b)) were annealed at 900°C for 30 min in a vacuum furnace at a pressure ~ 10-7 Torr, where
any effects due to the presence of O2 were removed. The TEM images in Figure 4-5 show a
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bundle of nanowires following this two step process. This sample contained Si nanowires with
initial diameters ranging from 20 nm to 50 nm, which accounts for the wide variation in the final
SiO2 wire diameter and particle sizes in the final population of wires. In contrast to many earlier
reports, almost all of these SiO2 nanowires contained 1D Au nanoparticle arrays. This is because
the Au was coated onto the surface of all of the Si nanowires prior to conversion into the particle
array rather than being incorporated during the reaction that creates the nanowires. Moreover, the
average Au nanoparticle diameter in each nanoparticle array was found to increase with wire
diameter, which is consistent with the Au nanowire diameter dependence discussed above. The
TEM image in Figure 4-5 (a) shows a bundle of nanowires following this two step process. This
sample contained Si nanowires with initial diameters ranging from 20 nm to 50 nm, which
accounts for the wide variation in the final SiO2 wire diameter and particle sizes that are

(b)

(a)

200nm

50 nm

Figure 4-5: TEM images of 1D Au nanoparticle arrays formed by oxidation of Au-coated Si
nanowires at 700°C for 3 hours and vacuum annealing at 900°C for 30 min.
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observed. In most wires, segments can be found where the Au particle diameter to Au particle
interparticle spacing is very uniform and consistent. These segments are generally separated by a
shorter segment where several particles have a slightly different diameter and interparticle
spacing. The interparticle spacing to diameter ratio that was measured by averaging the
interparticle spacing and diameter over the uniform segment in each nanoparticle array varied
from 2.3 to 4.5, which falls within the range established by the Rayleigh instability criteria.
Figure 4-5 (b) shows an individual Au nanoparticle array. The average interparticle spacing and
diameter are 45 nm and 14 nm, respectively (interparticle spacing/diameter=3.5). Nanoparticle
arrays with smaller diameter tend to show larger variations in the interparticle spacing to
diameter ratio, which is most likely due to the larger variations in the initial Au volume.
To further study the transition from solid Au nanowires to 1D Au nanoparticle arrays, in
situ annealing of Au/SiO2 core-shell nanowires (700°C, 3 hours) was conducted in a UHV TEM
chamber equipped with a hot stage. The nanowires were imaged as the temperature was
increased from 20°C to 1000°C at a rate of 200°C/min. The annealing sequence is shown in
Figure 4-6, where the annealing duration at each temperature includes real-time observation and
image recording. The TEM image in Figure 4-6 (a) shows the starting morphology of a Au
nanowire following the first oxidation step, which indicates that regions of the wire had already
developed undulations in diameter while other regions retained the solid uniform Au nanowire
core. As the temperature was increased above 900°C, the solid Au wire segments with existing
undulations in diameter were converted into Au nanoparticles (Figure 4-6 (b, c), while the solid
Au wire segments with uniform diameter began to show undulations in diameter at 1000°C
(Figure 4-6 (d)). These undulations continued to increase in amplitude as the temperature and
time were increased. After 10 min at 1000°C, the continuous segments broke into shorter
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(a)

(d)

(b)

(e)

(c)

(f)

Figure 4-6: Direct observation of solid Au nanowires breaking into Au nanoparticle arrays by
in situ annealing of the wires in a TEM chamber. a) Au wire segment formed by dry oxidation
(700˚C, 3hr). In situ annealing sequence: b) 900˚C 2 min, c) 950˚C 2min, d) 1000˚C 2 min, e)
1000˚C 10min, f) 1000˚C 20 min.

teardrop shaped segments (Figure 4-6 (e)). During the final 1000°C anneal for 30 min, these
segments were converted into spheres with reduced surface area, giving a 1D particle array along
the majority of the wire (Figure 4-6 (f)).
A direct comparison of the initial Au nanowire and the Au nanoparticle array after the
entire in situ annealing process is shown in Figure 4-7. Before the in situ anneal, some of the
wire segments had already fragmented into Au nanoparticles, while other segments remained as
a solid Au nanowire (Figure 4-7 (a)). After the in situ annealing, the majority of the remaining
solid Au nanowire core was converted into an array of Au nanoparticles (Figure 4-7 (b)).
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(a)

(b)

200 nm

Figure 4-7: In situ TEM of the 1D Au nanoparticle array formation. a) Au-coated Si nanowire
following thermal oxidation at 700°C for 3 hrs, (b) The same wire after ramping from 20°C to
1000°C and resting at 1000°C for 30 min. The average interparticle spacing to diameter ratio
in the box segment is 3.

Averaging the interparticle spacing to nanoparticle diameter across the wire segments (within the
box) without obvious defects shows that the spacing-to-diameter ratio for this nanowire was
close to three. This in situ annealing study provided additional (and more direct) evidence that
the transition from the solid Au nanowire to the 1D nanoparticle array in these Au-coated VLSgrown wires was due to the Rayleigh instability.

To simplify the synthesis process, Au-coated Si nanowires were also annealed using a
single thermal oxidation step at 850◦C for 1 hour at 1 atmosphere pressure. As shown in Figure
4-8, fully converted 1D Au nanoparticle arrays encapsulated in a SiO2 nanowire were obtained.
The one and two-step annealing process produce 1D Au nanoparticle arrays with similar
properties, which indicates that the mechanisms responsible for the array formation are the same
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200 nm
Figure 4-8: Au nanoparticle arrays by single thermal oxidation step at 850◦C for 1 hour at 1
atmosphere pressure

in both cases. As discussed in Section 4.1, if the 1D Au nanoparticle arrays were formed by the
Rayleigh instability mechanism, the relationship between the interparticle spacing and the
particle diameter should be linear and independent of the process conditions. To study this
dependence, the average Au particle diameter and interparticle spacing were measured by TEM
for many Au nanoparticle arrays synthesized by: (1) thermal oxidation at 700°C, 3 hours and
vacuum annealing at 900°C for 30 min in a tube furnace at a pressure of ~10-7 Torr, (2) thermal
oxidation at 700°C, 3 hours and vacuum annealing at up to 1000°C in a TEM chamber at a
pressure of 10-9 Torr, and (3) single step thermal oxidation at 850°C for 1 hour at 1 atmospheric
pressure. Figure 4-9 plots the results of these measurements, where the star symbol represents
data from arrays made by oxidizing Si nanowires coated with a 10 nm-thick Au film, with colors
indicating different thermal treatments, and the triangle symbol represents wires coated with a 3
nm-thick Au film. Each data point is a measurement of a single nanowire. This plot shows that
the interparticle spacing is a linear function of the particle diameter over a wide range of Au
particle diameters. A linear fit to the experimental data is shown with the dashed line, which
shows that the ratio of the interparticle spacing to the particle diameter for the Au nanoparticle
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atmosphere pressure
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Figure 4-9: Au nanoparticle interparticle spacing as a function of the particle diameter.
Symbol star represents data points obtained from samples with 10 nm thick Au evaporation:
() Oxidation at 700°C for 3 hours followed by in situ annealing at 10-9 Torr in TEM. ()
Oxidation at 700°C for 3 hours followed by annealing at 900°C for 30 min at 10-7 Torr in a
quartz tube furnace. () Oxidation at 850°C for 1 hour at atmospheric pressure. Symbol▲
represents data points with 3 nm thick Au coating. Oxidation at 850°C for 1 hour at
atmospheric pressure. Each data point was measured from a single Au nanoparticle array and
the particle spacing and diameter were averaged respectively. The dashed line is a linear fit
with a slope of three.

array in a SiO2 nanowire is ~3. The linear relationship further confirms that the Rayleigh
instability is the primary mechanism responsible for the creation of the 1D nanoparticle arrays
from Au nanowires.

4.3 Controlled Design of One-Dimensional Gold Nanoparticle Arrays
As discussed in Section 4.2, the ratio of the Au interparticle spacing to the particle
diameter is equal to a constant regardless of the initial Au coating thickness or the thermal
processing conditions used to form the array. Therefore, it is possible to select the initial Si
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nanowire diameter and Au coating thickness to achieve a final particle diameter or interparticle
spacing. Moreover, because the diameter of the SiO2 nanowire is determined by the starting Si
nanowire diameter, it is possible also to tailor the SiO2 shell thickness. The nanoparticle array
design parameters are determined by reversing the Au nanoparticle array process flow that is
shown in Figure 4-2.
The procedure used to determine the starting Si wire diameter and Au thickness required
to achieve a specific nanoparticle diameter or interparticle spacing is outlined in Figure 4-10. In
the experiments discussed in Section 4.2, the Au coating is evaporated on one side of the wire.
However, in this analysis, is it assumed that the Au uniformly coats the entire surface of the Si
nanowire. This could be achieved through sputtering or plating the Au film on the as-grown Si
nanowire arrays. Beginning with the final SiO2 nanowire diameter ( 9:5 ) and the final
encapsulated Au nanoparticle diameter (DAu), it is possible to determine the starting Si nanowire
diameter (DSiNW) and the starting Au volume per unit length (VAu). As shown in Figure 4-1 (a),

•

Au nanoparticle diameter (DAu)
•
SiO2 wire diameter (DSiO2)

Au volume per unit length
(VAu)

Si nanowire diameter
(Dsi_nanowire)

Required Au coating thickness (TAu)

Figure 4-10: Process flow for controlled design of Au nanoparticle array. Calculate the
starting Si nanowire diameter and the Au film thickness required to achieve the final Au
interparticle spacing/diameter and SiO2 nanowire diameter.
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when a Au nanowire nanowire breaks into a nanoparticle array, each nanoparticle consumes the
entire Au volume from a segment of the nanowire equal to one wavelength (λ). Thus, the VAu
can be expressed as:
&@A #
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(4-7)

where k is the ratio of interparticle spacing over diameter, ~ 3 for these nanowires. To find DSiNW,
it is necessary to account for the difference in volume of 2.25 between Si and SiO2 and subtract
the Au volume per unit length from the diameter of the final SiO2 nanowire (with the Au
nanoparticle array):
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The final step is to determine the Au coating thickness using the calculated VAu and DSiNW.
Assuming a uniform coating around the wire circumference and along the wire axis, the coating
thickness t0 can be determined from the total volume of Au per unit length coated on the Si
nanowire surface by:


&E+FG

;<=  K O 2 ?

 B L  9MN D    ,

(4-9)

The starting Si nanowire diameter and Au coating thickness can be obtained by solving equations
4-7 through 4-9.
Results of the controlled design of a Au nanoparticle array are presented in Figure 4-11.
Figure 4-11 (a) plots the Si nanowire diameter and (b) plots the Au coating thickness (right) as
function of the Au interparticle spacing. The corresponding Au nanoparticle diameter can be
determined by dividing the Au interparticle spacing by the constant ratio 3 that was determined
empirically for this Au nanoparticle/SiO2 dielectric nanowire system. Each curve in the figures
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Figure 4-11: Controlled design of Au nanoparticle arrays. (a) Starting Si nanowire diameter
and (b) starting Au film thickness as a function of the final Au nanoparticle spacing. Each
curve corresponds to a single SiO2 nanowire diameter, which was varied from 10 nm to 100
nm in steps of 10 nm. (c) Au volume per unit length as a function of Si nanowire diameter.

corresponds to different final SiO2 nanowire diameter between 10 nm to 100 nm in steps of 10
nm. Therefore, knowing the targeted Au interparticle spacing (or diameter) and SiO2 nanowire
diameter, it is possible to select the starting Si nanowire diameter and Au coating thickness from
this plot. For example, a 1D Au nanoparticle array with a 40 nm particle diameter and 120 nm
interparticle spacing encapsulated in a 60 nm diameter SiO2 nanowire could be fabricated by
depositing a 2.2 nm thick Au film onto an 38 nm diameter Si nanowire.

110
This simple model was validated by comparing the predicted properties with the
measured properties for 1D nanoparticle arrays obtained by thermally oxidizing the Si nanowires
that were coated with a 3 nm-thick Au film at 850ºC for 1 hour. Because the Au film was only
deposited onto the topside of the wire by thermal evaporation, it was not possible to accurately
determine the actual deposited Au thickness. Therefore, the total Au volume per unit length of
wire was calculated from the measured Au particle diameter and their interparticle spacing in the
array. Similarly, the starting Si nanowire diameter was determined from the measured SiO2
volume following the conversion process. Figure 4-12 plots the total Au volume per unit length

120

3

Au volume along wire axis (nm /nm)

as a function of the starting Si nanowire diameter for many different nanowires. The dashed line
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Figure 4-12: Experimental verification of the model. The total measured Au volume per unit
wire length is plotted versus the starting Si nanowire diameter for many different nanowires.
The data were obtained by measuring diameters of the SiO2 nanowire and encapsulated Au
nanoparticles of the Au nanoparticle arrays, which were fabricated by oxidizing 3 nm thick
Au coated Si nanowires at 850ºC for 1 hour. The dashed line is a 2nd order polynomial fit to
the data where the slope agrees well with the model.
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is a 2nd order polynomial fit to the experimental data and is given by:
;<=  J0.01 D 9MN  5.9 D 9MN J 35.4,

(4-10)

which can be treated as a linear relationship given the small diameters of starting Si nanowires
(<30 nm). The slope of 5.9 from measurements is smaller than the value 9.4 from Equation 4-9.
This is reasonable because Equation 4-9 assumes a uniform Au coating, which yields a larger Au
volume than by thermal evaporation where the coating is not uniform along the Si nanowire
perimeter as shown in Figure 4-4 (a). The negative intercept could be caused by the Au coating
uniformity variation from wire to wire. The linear dependence confirms the relationship derived
in Equation 4-9 and Figure 4-11 (c) with a fixed Au thickness.

4.4 Summary and Conclusions
Lithography-free 1D Au nanoparticle arrays encapsulated within freestanding SiO2
nanowires were synthesized by using Au-coated VLS-grown Si nanowires as template. The
conversion from a Au-coated Si nanowire to a Au nanoparticle array occurred by: (1) Auenhanced thermal oxidation of Au-coated Si nanowire to form a solid Au nanowire surrounded
by an SiO2 shell, and (2) thermal annealing to break the solid Au nanowire into a 1D array of Au
nanoparticles with an interparticle spacing to diameter ratio determined by the Rayleigh
instability criteria. This was confirmed by using a two-step thermal process that monitored the
conversion process in real time by in situ annealing in a TEM. A comparison of the properties of
the 1D Au nanoparticle arrays fabricated using the two-step thermal process and a simplified
single-step process showed that the interparticle spacing was a linear function of the particle
diameter with a slope of ~3 independent of the thermal process that was used. This interparticle
spacing to diameter ratio falls within the range expected for the Rayleigh instability. Finally, a

112
simple model was developed to relate the properties of the 1D Au nanoparticle arrays with the
starting Si nanowire diameter and Au coating thickness.
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Chapter 5
Nanofabrication of Customizable Gold Nanoparticle Arrays

Chapter 4 discussed the fabrication of free-standing 1D Au nanoparticle arrays
encapsulated in a SiO2 nanowire by oxidizing and annealing Au-coated vapor-liquid-solid (VLS)
grown silicon (Si) nanowires. It was found that the transition from a solid Au nanowire core to a
Au nanoparticle array followed the Rayleigh instability, which leads to a linear relationship
between interparticle spacing and diameter regardless of thermal oxidation and annealing
conditions. Moreover, variations in particle diameter and interparticle spacing along the length of
a single nanowire are significant.1,2,3,4,5,6 Together, these factors limit the flexibility that this
lithography-free synthesis method offers for applications that require excellent control over
particle diameter, interparticle spacing, and uniformity along the 1D array.
As theoretically predicted and experimentally demonstrated by Schatz and coworkers,7,8
structures with interparticle spacing give different characteristic spectra for the extinction and
scattering efficiencies. The theoretical extinction spectra8 are shown in Figure 5-1 (a) and (b) for
the parallel and perpendicular wave vectors, respectively. When the wave vector is parallel to the
array axis, sharp extinction peaks are found when the interparticle spacing is approximately half
of the wavelength of the incident light, which is 200 nm to 300 nm for visible wavelengths.
When the wave vector perpendicular to the array axis, extinction peaks are found when the
interparticle spacing is approximately equal to the wavelength, which is 400 nm to 600 nm.
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(a)

(b)

Figure 5-1: Extinction spectra of a one-dimensional array of 50 nm silver particles with
different interparticle distances and orientations. (a) Parallel to the wave vector direction. (b)
Perpendicular to the wave vector direction. Adapted from Ref 8 with permission.

This chapter describes the development of a more advanced hybrid nanofabrication
process to create 1D Au nanoparticle arrays in a SiO2 nanowire with controlled particle diameter,
interparticle spacing, and array uniformity. The process uses top-down lithography and deep
reactive ion etching (DRIE) to produce arrays of Si nanowires with scalloped sidewalls. The
sidewall profile of the starting nanowire is used to modulate the diameter of the Au nanowire
following Au-enhanced oxidation of the Au-coated Si nanowire. The Au wire then breaks into a
uniform array of Au segments at the points corresponding to the smallest diameter of the starting
Si nanowire. With continued annealing, the Au segments are converted into Au nanoparticles to
reduce the total surface area and thus the surface energy of the system.9 This process is
demonstrated using Si nanowires with scalloping wavelengths from 130 nm to 650 nm and Au
coating thickness from 5 nm to 20 nm.
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Section 5.1 introduces the Si nanowire fabrication process that gives scalloped sidewall
profiles with controlled scalloping wavelength. The DRIE etch principle and process conditions
will be discussed.
Section 5.2 provides the scheme that was used to form 1D Au nanoparticle arrays from
these Si nanowires. Similar to the results in Chapter 4, this involves Au enhanced oxidation of
the Au-coated Si nanowires and subsequent thermal annealing. Experimental results will be used
to illustrate the transition from Au-coated Si nanowires → modulated Au nanowires → Au
nanoparticle arrays.
Section 5.3 presents examples of 1D nanoparticle arrays with controlled interparticle
spacing that is determined by the scalloping wavelength of the starting Si nanowire. Additional
results are shown that vary the Au particle diameter independent of the interparticle spacing by
the changing the Au coating thickness on the same type of wires.
Section 5.4 summarizes the experimental results collected on nanowires with many
different scalloping wavelengths and Au coating thicknesses and compares the results to the
smooth VLS-grown Si nanowires presented in Chapter 4. The data give clear evidence that this
process can be used to overcome the limitation of the Rayleigh instability and produce uniform
and reproducible 1D nanoparticle arrays with controlled nanoparticle diameter and interparticle
spacing.
The DRIE nanowire fabrication process used in this thesis research was developed by Ms.
Y. Yuwen and Dr. Y. Heayoung in Professor Mayer’s group.
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5.1 Introduction to Deep Reactive Ion Etch and BOSCH Process
This section gives a brief introduction to the DRIE process used in this thesis research.
Interested readers are referred to the comprehensive review by Jensen et al. and the many
references within.10 DRIE is a highly anisotropic etch process used to create deep, steep-sided
holes and trenches in wafers, with high etch rate of more than 30 µm/min and high aspect ratios
of more than 20:1. It was originally developed for micro-electro-mechanical systems, but is also
being used to shape trenches for high-density capacitors. Most DRIE systems have two power
sources: (1) an inductively coupled plasma to create high-density plasma and thus potentially
high etch rates, and (2) a capacitively coupled plasma to direct the ions from the plasma glow
region towards the wafer surface. This allows independent control of the flux of radicals and the
energy flux of ionic species.
Halogen-based plasmas are typically used for the DRIE of Si because they form volatile
etch products with Si. Fluorine-based plasmas such as sulfur hexafluoride (SF6) are generally
used for fast isotropic etching, while Chlorine- and Bromine-based plasmas such as chlorine (Cl2)
and hydrogen bromide (HBr) are used to achieve anisotropic etch profiles by ion-induced etching.
The latter gases, however, are slower and particularly hazardous and special precautions are
recommended. Therefore, F-based ion-inhibitor techniques, such as SF6-O2 (oxygen) or SF6-C4F8
(octafluorobutene), are often preferred to perform directional etching. Modern DRIE systems are
equipped with helium backside cooling to guarantee a stable wafer surface temperature while
etching. Additionally, some commercial systems include liquid nitrogen cryostat capabilities to
lower the wafer temperature below −100◦C where etch products favors to grow into an inhibiting
layer. An Alcatel Speeder 100 DRIE system was used in this research.
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Cryogenic and BOSCH processes are used for high-rate DRIE of Si features with 90°
(truly vertical) sidewalls. The cryogenic process operates at temperature of -110◦C. The low
temperature slows down the chemical reaction that produces isotropic etching. However, ions
continue to bombard upward-facing surfaces and etch them away. Thus, this process produces
trenches with highly anisotropic and smooth sidewalls. The BOSCH process, also known as
pulse-mode etching, alternates between two separate steps to achieve nearly vertical structures:
(1) a nearly isotropic plasma etch using gas such as SF6, and (2) a chemically inert passivation
layer - the inhibitor deposition (e.g., C4F8 source gas yields a substance similar to Teflon.) A
third step is sometimes included to clean the base of the etched feature. The result is an
anisotropic etch that can have a vertical sidewall regardless of the orientation of the Si substrate,
as well as control of the profile by tailoring the etching and deposition steps.11
Although a noticeable scalloping of the surface can be found on the feature sidewalls, the
BOSCH process is currently the most popular process for deep Si micromachining. Photoresist
and/or Si dioxide (SiO2) can be used as etch mask with that is generally ~ 1 µm of photoresist for
20 µm of Si etching for an etch selectivity of > 20:1. A higher 100:1 selectivity is obtained using
a SiO2 hard mask.12
A schematic illustration of the BOSCH process is shown in Figure 5-2.11 The etch step in
Figure 5-2 (b) removes Si in both the vertical and the lateral directions. The polymer deposition
step in Figure 5-2 (c) coats the entire surface with a polymer, thus protecting the side-walls from
further attack in the next etch cycle in Figure 5-2 (d). The steps are repeated until the desired
depth is reached, achieving a scalloped yet vertical profile. In this study, three steps were used in
each cycle at room temperature: (1) the etch step in a SF6 plasma, (1) the deposition step in a
C4F8 plasma, and (3) the bottom polymer removal in an O2 plasma. In most applications, the
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(a)

(b)

(c)

(d)

Si

mask

polymer

Figure 5-2: A schematic drawing of the BOSCH process. (a) Patterned silicon substrate. (b)
Etch step. (c) Polymer deposition step. (d) Another etch step. Adapted from Ref 11 with
permission.

scalloping is undesirable and is minimized. However, for this research, the scalloping is used
specifically to define the interparticle spacing between the Au particles, so as to decouple the
relationship between the particle diameter and the interparticle spacing set by the Rayleigh
criteria on Si nanowires with smooth sidewalls. The scalloping wavelength was controlled by
adjusting the process time for each step, or simply increasing/decreasing the step duration.

5.2 Gold Nanoparticle Array Formation Process Using Scalloped Silicon Nanowires
The process flow that was developed to fabricate the 1D Au nanoparticle arrays using Si
nanowires with scalloped sidewalls is depicted in Figure 5-3. The detailed process flow can be
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found in Appendix B. A brief description is provided here. The process started with growing a
200 nm thick layer of SiO2 on a 3-inch diameter n++ Si wafer (resistivity <0.005 Ω-cm) by either
dry or wet oxidation (Figure 5-3 (a)). This SiO2 hard mask protects the top of the Si wires from
damage during the DRIE process. A dense array of circles with diameter of 1.0 µm to 1.5 µm
and center-to-center spacing of 3µm were patterned (Figure 5-3 (b)) by optical lithography using
a GCA 8000 i-line stepper. First, the Si substrate was coated with Hexamethyldisilazane (HMDS)
to improve resist adhesion followed by spinning Shipley Megaposit SPR3012 at 4000 rpm
(rounds per minute) for 45 sec. Next, the photoresist was exposed for 1.15 sec with a focus
depth of 0.6 µm. After developing in MF CD-26 developer for 50 sec, the pattern was transferred
into SiO2 by RIE in a CHF3/O2 plasma in Trion high density plasma ICP-RIE or Applied
Materials MERIE (Figure 5-3 (c)). The Si wire array was defined by DRIE using the Alcatel
Speeder 100 DRIE system at a pressure of 30 mTorr and ICP of 1500 W. The base-line recipe is:
300 sccm of SF6 for 3 sec, 300 sccm of C4F8 for 1.5 sec, and 100 sccm of O2 for 1 sec. Vertical
pillars with adjustable scalloping were fabricated by changing the duration of each step but
holding the pressure, power and flow rate constant (Figure 5-3 (d)). After DRIE, the photoresist
was removed in Remover 1165 (50ºC, 10 min), an O2 plasma (DRIE, pressure 16 mTorr, O2 flow
200 sccm, temperature 20ºC, power 1800 W, 5 min), and a wet Piranha clean (H2SO4:H2O2=1:1,
2 hours). The cleaning steps removed the Teflon-like polymer generated during the DRIE
process. After the wire array was defined, the SiO2 hard mask was then selectively etched in 5%
hydrofluoric acid (Figure 5-3 (e)) and the samples were cleaned using an RCA process (SC-1:
NH4OH: H2O2: H2O = 1: 1: 5 70ºC 10 min, SC-2: HCl: H2O2: H2O = 1: 1: 6 70ºC 10 min). To
reduce the diameter of the wires from 1 µm to less than 100 nm, the samples were oxidized at
1000ºC (Figure 5-3 (f)) in a wet oxidation furnace with N2 (100 sccm) flowing through a bubbler
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Figure 5-3: Au nanoparticle array fabrication scheme based on scalloped Si nanowires
fabricated by DRIE. (a) Grow SiO2 on planar Si substrate. (b) Optical lithography of hard
mask pattern. (c) Transfer pattern into SiO2 hard mask. (d) Create Si wires using DRIE. (e)
Remove resist and SiO2. (f) Reduce diameter of Si wires to Si nanowires. (g) Coat Si
nanowires with Au thin film. (g) Form Au nanoparticle arrays by oxidation and annealing.
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(water temperature 95ºC). The oxidation rate is similar to planar Si substrates for large wire
diameter, and decreases as the wire diameter is reduced.13 Although there is a slight reduction in
the peak-to-valley height of the scalloped sidewall, the final Si nanowires have the same
scalloping wavelength as the etched wires. The remaining parts of the process are identical to
those described in chapter 4 and involve depositing a Au thin film coating (5 nm to 20 nm)
followed by Au-enhanced oxidation and thermal annealing (Figure 5-3 (g)). A typical oxidation
condition was 850ºC for 2 hours in pure O2 with a flow rate of 0.8 L/min. This nanofabrication
process produced 1D Au nanoparticle arrays encapsulated inside a SiO2 nanowire with
interparticle spacing equal to the scalloping wavelength (Figure 5-3 (h)).
Figure 5-4 shows FESEM images of two Si nanowire arrays having different scalloping
wavelength of 435 nm (a) and 230 nm (b). The process conditions for the wires with the longer
wavelength were as follows: 300 sccm of SF6 for 7 sec, 300 sccm of C4F8 for 3.5 sec, and 100
sccm of O2 for 2.3 sec. As shown in Figure 5-4 (a), the diameter of the as-etched Si wire was
1.2 µm at the base and 960 nm at the tip. After two iterations of wet oxidation at 1000ºC for 90
min and oxide removal in 5% HF, the diameter of the wires was reduced to 195 nm at the base
and 80 nm at tip. The scalloping wavelength was maintained at 435 nm. The Si wires fabricated
using the baseline DRIE conditions gave a scalloping wavelength of 230 nm with a final
nanowire diameter of 75 nm at the base and 45 nm at the tip.
As discussed in Chapter 4, the smooth Au-coated Si nanowires form a solid Au nanowire
core with uniform diameter with thermal treatment, and this solid Au wire subsequently
fragments into an array of Au nanoparticles following the Rayleigh instability. In contrast,
Figure 5-5 shows an FESEM image of a Au-coated scalloped Si nanowire in transition from a
continuous Au wire surrounded by a SiO2 shell to a Au nanoparticle array. The geometry of the
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(a)

1 µm

1 µm

300 nm

200 nm

(b)
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200 nm

Figure 5-4: Fabrication of scalloped Si nanowires. (a) Top left: Cross-sectional FESEM
image of Si wires with SiO2 hard mask. Wire length: 5.9 µm. Top right: High magnification
image of a wire. Scalloping wavelength: 435 nm, diameter: 1.2 µm (maximum), 960 nm
(minimum). Bottom left: Si nanowires after two iterations of wet oxidation and oxide
removal. The average wire length is 4.8 µm. Bottom right: High magnification image of a Si
nanowire. Scalloping wavelength: 435 nm, diameter: 195 nm (maximum), 80 nm (minimum).
(b) Si nanowires with scalloping wavelength of 230 nm, maximum diameter of 75 nm and
minimum diameter of 45nm.
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continuous Au wire segment (right) replicated the original scalloped Si nanowire, and the wire
broke into teardrop shaped segments at the points where the wire diameter is the smallest
(center). A longer thermal anneal converts the teardrop segments into spherical nanoparticles to
minimize the surface energy of the system. For the smooth VLS-grown Si nanowires, the
Rayleigh instability caused an undulation in the morphology, leading to the formation of Au
nanoparticles that followed a linear relationship between particle diameter and interparticle
spacing. Here, the scalloped sidewall profile of the starting Si nanowires dominated the Au wire
fragmentation process, which resulted in 1D Au nanoparticle arrays with an interparticle spacing
that was determined by the scalloping wavelength.
This nanofabrication method automatically creates 1D Au nanoparticle arrays embedded
in a SiO2 nanowire. Because the penetration depth of electrons depends on the accelerating
voltage, the SiO2 morphology and the Au nanoparticle array can be examined independently.
The FESEM images in Figure 5-6 were collected at accelerating voltages of 3 keV (a) and 20
keV (b), and show the morphology of the wire surface and of the Au nanoparticle array,

(a)
200 nm

(b)

100 nm

Figure 5-5: FESEM image showing the formation of the 1D Au nanoparticle arrays. (a) A
single Au particle array. Length: 4.4 µm. (b) High magnification image showing the transition
(left and center).
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(a)

200 nm

(b)

200 nm

Figure 5-6: FESEM images showing the same 1D Au nanoparticle array encapsulated in a
SiO2 shell. (a) accelerating voltage of 3 kV. (b) accelerating voltage of 20 kV.

respectively. These images confirm that the Au nanoparticles are completely encapsulated in a
SiO2 shell. The analysis of the Au nanoparticle arrays described in the following sections used
similar FESEM images to determine the array properties, including particle diameter,
interparticle spacing, and SiO2 nanowire volume.

5.3 Controlled Fabrication of One-Dimensional Gold Nanoparticle Arrays
This section presents experimental results of Au nanoparticle arrays fabricated using
scalloped Si nanowires with different scalloping wavelengths and different Au coating thickness.
This enables separate control of the Au nanoparticle diameter and interparticle spacing in the
final 1D Au nanoparticle array in a SiO2 nanowire.
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5.3.1 Varying the Scalloping Wavelength
Silicon nanowires with three scalloping wavelengths - 235 nm, 435 nm, 635 nm - were
fabricated by varying the DRIE step time in each cycle. The FESEM images in Figure 5-7 show
the wires after at least 2 cycles of wet oxidation and oxide removal. For these studies, the as-

(a)

200 nm

(b)

(c)

Figure 5-7: 1D Au nanoparticle arrays fabricated using scalloped Si nanowires. Au
evaporation: 20 nm. Oxidation: 850ºC for 2 hours. All of the FESEM images have the same
magnification. In each group, the top is an as-etched Si nanowire and the bottom is a Au
particle array. (a) Si nanowire scalloping wavelength: 235 nm, diameter: 75 nm (maximum)
and 45 nm (minimum). (b) Si nanowire scalloping wavelength: 435 nm, diameter: 195 nm
(maximum) and 80 nm (minimum). (c) Si nanowire scalloping wavelength: 635 nm, diameter:
296 nm (maximum) and 83 nm (minimum). The corresponding Au particle details are
summarized in Table 5-1.
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etched wires were intentionally oxidized until they broke at their base and fell onto the Si handle
substrate. This allowed a uniform Au coating to be applied to the top side of the nanowires by
thermal evaporation. As shown in Figure 5-8, vertically aligned 1D Au nanoparticle arrays can
also by produced by carefully controlling the DRIE and oxidation conditions.
All of the nanowires were coated with a 20 nm thick Au film by thermal evaporation and
oxidized at 850ºC for 2 hours in pure O2 at a flow rate of 0.8 L/min. The upper FESEM image in
each part of Figure 5-7 was taken on an as-etched Si nanowire immediately before the Au
coating step. As is evident from these images, the starting Si nanowire diameter depends on the
scalloping wavelength: (a) λscallop = 235 nm; Si nanowire diameter = 75 nm/45 nm, (b) λscallop =
435 nm; Si nanowire diameter = 195 nm/80 nm; (c) λscallop = 635 nm; Si nanowire diameter =
296 nm/83 nm. The lower FESEM image in each part of Figure 5-7 shows that the interparticle
spacing is equal to the scalloping wavelength and that the nanoparticle diameter increases with
increasing scalloping wavelength. The interparticle spacing and the nanoparticle diameter were
determined by averaging measurements across the entire individual nanoparticle arrays and are
given in Table 5-1. For each type of wire, the total volume of Au in each nanoparticle is
determined by the Au coating thickness and the surface area of the Si nanowire between each of
the scalloped segments (valley-to-valley). Therefore, for a constant Au thickness, the increase in
nanoparticle diameter with scalloping wavelength can be explained by the larger Si nanowire
surface area (and hence larger total Au volume) from the increase in segment length and wire
diameter.
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Table 5-1: Au nanoparticle arrays with three different scalloping wavelengths as shown in
Fig 5-7. Error values represent one standard deviation (σ).

Sample

λscallop (nm)

Interparticle spacing (nm)

Nanoparticle diameter (nm)

Fig 5-7 (a)

235

238 ± 21

82 ± 10

Fig 5-7 (b)

435

435 ± 38

119±19

Fig 5-7 (c)

635

622 ± 17

191±10

3 µm

1 µm

300 nm

Figure 5-8: Vertically aligned Au nanoparticle array embedded in SiO2 shell (Au
nanoparticle diameter ~70 nm, wire length ~7 µm).
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5.3.2 Varying the Au Nanoparticle Diameter
Uniform Diameter Si Nanowires with Different Scalloping Wavelengths
To show that the Au nanoparticle diameter can be controlled without changing the
interparticle spacing, different Au coating thicknesses of 5 nm, 10 nm, and 20 nm were
evaporated on the top surface of the Si nanowires with scalloping wavelengths of 235 nm and
635 nm (see Section 5. 2 for details). The FESEM images of the resulting 1D Au nanoparticle
arrays following thermal oxidation at 850°C for 2 hours are shown in Figures 5-9 and 5-10. Some
of the Au particles, e.g., Fig 5-10 (c) and (d), do not have uniform contrast. This is caused by an
insufficient thickness of Au on the starting nanowire and the insufficient oxidation time which
did not allow a fully conversion of Si to SiO2. The interparticle spacing and the nanoparticle
diameter were determined by averaging measurements across the entire individual 1D
nanoparticle arrays and the results are given in Table 5-2.
It is evident from these experimental results that the Au nanoparticle diameter increases
with Au coating thickness, while the interparticle distance remains fixed at the scalloping
wavelength for all of the conditions studied. In these experiments, the relationship between the
Au coating thickness and nanoparticle diameter was complicated by the fact that the Au coating
was evaporated on the top surface of the Au nanowires. In the future, conformal Au deposition
techniques will be used to uniformly coat the entire surface of the Si nanowire. In addition to
improving the 1D nanoparticle array fabrication process, this will also allow the fabrication of
vertically oriented nanowire arrays with uniform Au nanoparticle diameter and interparticle
spacing.
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(a)

100 nm

(b)

1 µm

(c)
300 nm

(d)
300 nm

Figure 5-9: Au nanoparticle arrays with different particle diameters and fixed interparticle
spacing based on scalloped Si nanowires. (a) Si nanowires. Diameter: 75 nm (maximum) and
45 nm (minimum). Scalloping length: 235 nm. (b) and (c) Uniform Au nanoparticle arrays
from 10 nm Au coating. (d) Uniform Au nanoparticle array from 20 nm Au coating. The Si
nanowire is from the same batch as in (b) and (c). The Au nanoparticle properties are given in
Table 5-2.
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(a)

1 µm

(b)

200 nm

(c)

200 nm

(d)

200 nm

(e)

200 nm

Figure 5-10: Au particle arrays with different particle diameters and fixed spacing based on
scalloped Si wires. (a) and (b) Si wires. Scalloping length: 635 nm. Diameter at maximum:
232 nm. (c) Au particle arrays with 5 nm Au coating after oxidation at 850ºC for 2 hours. (d)
With 10 nm Au coating. (e) With 20 nm Au coating. The Au nanoparticle details are listed in
Table 5-2.
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Table 5-2: Au nanoparticle arrays with three different scalloping wavelengths as shown in
Fig. 5-9 and 5-10. Error values represent one standard deviation (σ).

Sample

λscallop (nm)

Au coating
thickness (nm)

Interparticle
spacing (nm)

Nanoparticle
diameter (nm)

Fig. 5-9 (b) (c)

235

10

244 ± 19

63 ± 4

Fig. 5-9 (d)

235

20

238 ± 21

82 ± 10

Fig. 5-10 (c)

635

5

640 ± 23

88 ± 6

Fig. 5-10 (d)

635

10

632 ± 42

118 ± 6

Fig. 5-10 (e)

635

20

641 ± 27

200 ± 10

Variations in Nanoparticle Diameter within the Same Nanowire
The previous sections described the synthesis of 1D nanoparticle arrays with uniform and
reproducible Au nanoparticle diameter and interparticle spacing. This versatile nanofabrication
approach also allows independent control of the nanoparticle diameter and/or interparticle
spacing along the length of the same nanowire. As an example, the experiments described in this
section demonstrate a controlled variation in the nanoparticle diameter while simultaneously
maintaining a constant interparticle spacing. This is achieved by modulating the diameter of the
starting Si nanowire from 65 nm at the top of the wire to 125 nm at the base of the wire. For a
fixed scalloping wavelength of 130 nm, depositing a uniform Au-coating gives a different total
volume of Au in each of the scalloped segments, and hence different Au nanoparticle diameters.
The DRIE process described in Section 5.2 was modified to create Si nanowires with
tapered diameter. In particular, the O2 plasma step that removes the polymer at the base of the
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structure was eliminated. Using the same 1500W ICP power and 16 mTorr pressure, the DRIE
conditions used to fabricate these wires were as follows: 200 sccm of SF6 for 2 sec, 50 sccm of
C4F8 for 1 sec. This gave Si nanowires with a tapered diameter as shown in the FESEM images
of Figure 5-11 (a) and (b). After etching, the top surface of the wires were coated with a 10 nm
Au film and were thermally oxidized at 850ºC for 2 hours in pure O2 at a flow rate of 0.8 L/min.

(a)

(b)

(d)

1 µm

(c)

1 µm

300 nm

200 nm

Figure 5-11: Au nanoparticle arrays fabricated using tapered and scalloped Si nanowires. (a)
and (b) Tapered Si nanowires. Diameter: top 65 nm (maximum) and 45 nm (minimum),
bottom 125 nm (maximum) and 105 nm (minimum). Scalloping length: 130 nm. (c) and (d)
Au nanoparticle arrays. Diameter in (d): top 2nd particle 37 nm, bottom 13th particle 47 nm.
Au particle spacing: 125 ± 12 nm.

The variation in Au nanoparticle diameter at a constant interparticle spacing is confirmed
by the FESEM images shown Figure 5-11 (c) and (d). The particle diameter increases linearly
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from 37 nm at the tip of the wire to 47 nm at the base of the nanowire. The interparticle spacing
is 125 ± 12 nm, which follows the scalloping wavelength of the original Si nanowires.

5.4

Comparing the Properties of the One-Dimensional Gold Nanoparticle Arrays
The 1D Au nanoparticle arrays formed using the smooth VLS-grown Si nanowires follow

the Rayleigh instability, resulting in a linear relationship between the nanoparticle diameter and
interparticle spacing. In contrast, as discussed in the previous sections, these parameters can be
independently controlled by using Au-coated Si nanowires with scalloped sidewall profiles.
Figure 5-12 plots the particle diameter as a function of interparticle spacing for all of the starting
Si nanowires and process conditions investigated in this thesis research. For the scalloped Si
nanowires with uniform diameter, each symbol represents the average values of the parameters
measured from a single nanowire. The consistency in the parameters across the wires fabricated
using the same processing conditions was evaluated by studying more than five wires from each
sample. The data points for the tapered nanowires are averaged over adjacent nanoparticle
segments having similar particle size.
The experimental results obtained for the Si wires with the same scalloping wavelength
but different Au coating thickness clearly show that the interparticle spacing is determined by
scalloping wavelength rather than the Rayleigh criteria. Specifically, interparticle spacing to
diameter ratios ranging from 3 to 13 were obtained for the wires with 635 nm scalloping
wavelength with Au coating thicknesses of 20 nm to 5 nm, respectively. This trend was observed
for all of the scalloping wavelengths investigated in this research. A larger discrepancy was
found in the nanoparticle diameter for each type of wire. This is due to the variations in the
starting Si nanowire diameter that were a result of small differences in the hard mask dimensions
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700

Si nanowire
scalloping Length:
635 nm

Particle spacing (nm)
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5 nm Au

10 nm Au

20 nm Au
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5 nm Au
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435 nm

20 nm Au
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10 nm Au

20 nm Au
235 nm

200

130 nm

100
0

Tapered wires with
various Au coating

0
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120
160
200
Au particle diameter (nm)

240

Figure 5-12: Plot of the averaged Au interparticle spacing as a function of the particle
diameter based on scalloped wires. The dotted circles group particle arrays based on the
evaporated Au thickness as indicated by the adjacent note. The dotted horizontal line indicates
corresponding Si nanowire scalloping length. Each symbol represents one Au particle array
except for that from the tapered wires. The text near the circles indicates Au coating
thickness. () Particles from Si wire scalloping length of 635 nm. Average interparticle
spacing: 661 ± 16 nm. (▲) Particles from Si wire scalloping length of 435 nm. Average
interparticle spacing: 470 ± 12 nm. () Particles from Si wire scalloping length of 235 nm.
Average interparticle spacing: 246 ± 12 nm. () Particles from Si wire scalloping length of
130 nm. Average interparticle spacing: 126±6 nm. () Au particle arrays with linear fitting
based on VLS Si nanowires (results from Chapter 4).

and/or post-DRIE diameter reduction process (oxidation). This process could be optimized to
minimize these differences and tighten the distribution of nanoparticle diameters for each type of
wire. It is worth noting that the Si nanowire scalloping wavelength can be further reduced by
adjusting the DRIE conditions, thus providing an even wider range of the interparticle spacings.
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5.5 Summary and Conclusions
This chapter described a new hybrid nanofabrication approach to create 1D Au
nanoparticle arrays with independent control over the nanoparticle diameter and interparticle
spacing. This was realized by using the sidewall scalloping introduced during DRIE of the Si
nanowires that includes three steps in each cycle: Si etch by SF6 plasma, Teflon-like polymer
deposition by C4F8 plasma, and bottom polymer etch by O2 plasma. This process produced highaspect-ratio (>20:1) Si nanowires using a lithographically patterned SiO2 hard mask. More
importantly, the scalloping wavelength, controlled mainly by the SF6 etch step, was readily
adjusted to achieve a wide range of interparticle spacing values. The morphology of the starting
Si nanowire was transferred to the Au wire during Au-enhanced thermal oxidation of the Si.
Subsequent annealing causes the scalloped Au wire to break into teardrop segments and then into
Au nanoparticles to minimize the overall surface energy of the interface between the Au
nanoparticles and the SiO2 shell. In contrast to the VLS wires with a smooth surface, the
interparticle spacing is now controlled by the wire scalloping, while the nanoparticle diameter is
determined by the total Au volume coated on the surface of the wires.
Silicon nanowires with four scalloping wavelengths – 635 nm, 435 nm, 235 nm, or 130
nm – were fabricated to validate this process. The first three had uniform diameters along the
wire axis, and the last one had a tapered diameter. Wet oxidation at 1000ºC and oxide removal in
diluted HF was used to reduce the diameter of the etched Si wires to form Si nanowires. The Aucoated wires were oxidized at 850ºC for 2 hours in pure O2 at a flow rate of 0.8 L/min.
Regardless of Au particle diameter, the interparticle spacing was determined by the Si nanowire
scalloping wavelength. This was confirmed by preparing samples having different Au coating
thickness, and comparing the interparticle spacing for Si wires with the same and different
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scalloping wavelengths.

This nanofabrication approach overcomes the Rayleigh limit and

significantly improves the flexibility and reproducibility with which arrays can be fabricated.
The adjustable and controllable interparticle spacing and nanoparticle diameter opens the door to
many potential applications based on diffractive coupled or near-field coupled plasmonic
interactions.
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Chapter 6
Summary and Future Work

6.1 Summary
This thesis research made significant contributions in advancing the state-of-the-art in
two different nanowire-based structures of interest for electronic and optical applications. First,
solution-gated n+-p--n+ silicon (Si) nanowire field effect transistors (NWFETs) were fabricated
and characterized to demonstrate a stable and reproducible electrical response in aqueous buffer
solutions with different pH values. Second, a new and highly flexible synthesis approach to
realize free-standing 1D gold (Au) nanoparticle arrays embedded within a silicon dioxide (SiO2)
nanowire was developed.

Solution-Gated Silicon Nanowire Field Effect Transistors
Chapter 2 and 3 described several advances in the integration and characterization of
solution-gated Si NWFETs. First, axially doped (n+-p--n+) Si nanowires were synthesized using
the vapor-liquid-solid (VLS) growth technique with diameters ranging from 60 nm to 90 nm.
Top-gate n-channel enhancement-mode Si NWFETs fabricated using these wires had high onstate current greater than 5 x 10-4 A/cm2 and high on-to-off state current ratio of 107 at a drain-tosource voltage VDS = 1 V.1 These free-standing Si nanowires will enable new applications in
integrated biosensor arrays that require bioprobe molecules to be attached to the nanowire
surface prior to their on-chip integration.2,3 The normally-off characteristics of the Si NWFETs
are also beneficial for sensor integration with CMOS circuitry.
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Second, a general integration process was developed to electrically address individual Si
nanowires. The nanowires were thermally oxidized at 800ºC for 15 min to form ~ 4 nm Si/SiO2
core-shell structure. The electrical-field-assisted assembly technique was used to position single
Si nanowires at predefined locations from diluted nanowire suspension. To improve the FET
stability during operation in a buffer solution using a SiO2 gate dielectric, Al2O3 layer was
conformally deposited on top of the Si core - SiO2 shell nanowire by atomic layer deposition at
300ºC.

This process also isolated the source and drain electrodes from the corrosive and

electrically conductive buffer solution.
Third, the Si NWFET properties in buffer solutions were studied and a strategy was
developed to improve the measurement stability and accuracy. All of the measurements were
performed in 50 mM KCl solutions buffered with 10 mM KH2PO4/K2HPO4. The gate-to-source
voltage (VGS) that is applied to the Au wire in the buffer solution is not equal to the actual gate
voltage at the oxide/solution interface (VGS’) because of the electrochemical reactions at the Au
wire/solution interface and the electrode polarization under bias. Here, a Ag/AgCl reference
electrode was used to accurately monitor the VGS’. Further, in some cases, when a constant gate
bias was necessary, e.g., monitoring the drain-to-source current change with a fixed VGS, a
customized Labview program was used to maintain a constant gate bias using active feedback
control.
Fourth, comparing the electrical measurements in buffer solutions for Si NWFETs using
a SiO2 and a SiO2/Al2O3 stack as gate dielectric confirmed that the Al2O3 coating greatly
improved the device performance. The transfer characteristic measurements show negligible
hysteresis between the forward and reverse sweeps and the gate leakage current IGS < 100 pA.
The subthreshold swing for the Al2O3-coated FETs (83 mV/dec) was similar to that of the SiO2
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FETs (86 mV/dec), indicating that the interface trap density was reduced during the ALD
process at 300°C. The Al2O3 FET was stable in solution with a VGS’ drift of 8 mV in 12 hours,
compared to a drift of 80 mV in 12 hours for the SiO2 FET. The Al2O3 FET had a linear pH
sensitivity of 54 mV/pH, compared to 33 mV/pH for the SiO2 FET. With the stable device
performance, a large dynamic range of the Al2O3 FET pH sensitivity was achieved by biasing the
device in the subthreshold or in the linear operating regions, with maximum relative response in
the subthreshold region, yielding a 40-fold tunable sensitivity window. This integration and
measurement strategy paves the way for multiplexed biosensing via bottom-up assembly of
bioprobe-coated nanowire arrays.

One-dimensional Noble Metal Nanoparticle Arrays
In Chapter 4 and 5, a new nanofabrication technique was developed to convert highaspect-ratio Si nanowires into free-standing 1D arrays of Au nanoparticles encapsulated in a
SiO2 shell. This powerful new synthesis method enables 1D Au nanoparticle arrays ith controlled
Au particle diameter and interparticle spacing. This opens the door to new plasmonic optical
devices based on nanoparticle arrays.
First, 1D Au nanoparticle arrays encapsulated in SiO2 nanowires were synthesized via
the Au-enhanced oxidation of Si and the Rayleigh instability mechanisms. In this process, Aucoated VLS-grown Si nanowires were used as the template for the lithography-free fabrication of
free-standing 1D Au nanoparticle arrays. Analysis of Au nanoparticle arrays from different
thermal treatments and from different Au coating thickness showed that the average interparticle
spacing was a linear function of the average particle diameter with a slope of approximately
three. This relationship was used to develop a predictive model for predicting the final Au
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nanoparticle diameter and interparticle spacing from the starting Si nanowire diameter and Au
coating thickness. The experimental results confirmed that the transition from solid Au
nanowires to 1D Au nanoparticle arrays followed the Rayleigh instability mechanism.
Second, a more versatile nanofabrication approach to form 1D Au particle arrays within
SiO2 nanowires was demonstrated with independent control over the nanoparticle diameter and
interparticle spacing. This was realized by introducing a scalloped sidewall profile on the surface
of the Si nanowires by deep reactive ion etching (DRIE) of patterned planar Si substrates. The
peak-to-valley wavelength of the scalloped profile was easily tailored by adjusting the DRIE
process conditions. The results show that regardless of Au nanoparticle diameters (starting Au
thickness), the interparticle spacing was equal to the wire scalloping wavelength. This approach
overcomes the Rayleigh criteria limit and significantly improves the flexibility and control of the
1D Au particle arrays.

6.2 Future Work
6.2.1 Solution-Gated Silicon Nanowire Field Effect Transistors
Fabrication of Free-Standing Silicon Nanowires with Uniform Diameter and Length
In this thesis research, axially doped Si nanowires grown by the VLS technique were
used as building blocks for the solution-gated NWFETs. As discussed in Chapter 2, the assembly
and device integration yield of the Si nanowires was low, preventing the fabrication of the
envisioned high-density nanowire sensor arrays. Although the VLS technique can be used to
synthesize different types of nanowires and complex structures with axial or radial homogeneous
or heterogeneous composition, synthesizing and releasing Si nanowires with uniform diameter
and length has proven to be challenging.4
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A top-down approach based on silicon-on-insulator (SOI) is being developed in the
Professor Mayer’s group, led by Ms. Xiahua Zhong, to fabricate large quantity of Si nanowires
with uniform length and diameter. The simplified process flow is illustrated in Figure 6-1.
Briefly, a lightly-doped p-type SOI wafer (resistivity~ 10 Ω-cm) with a device layer thickness of
300 nm was selected as the substrate. A thin thermal oxide was grown on the device layer to
serve as etch mask (Figure 6-1 (a)). The wire diameter was defined by electron-beam lithography,
followed by a reactive ion etch (RIE) to reach the buried oxide. The photoresist was then
removed and the sample was cleaned using standard RCA clean (Figure 6-1 (b)). The Si wires
were thermally oxidized to remove RIE damage and leave a Si nanowire with required diameter
in the core (Figure 6-1 (c)).
The Si nanowire channel segment was defined by optical lithography and oxide in the
diffusion region was removed (Figure 6-1 (d)). N-type diffusion using phosphorus chloride oxide
as phosphorous dopant source was conducted at 1000ºC for 20 min (Figure 6-1 (e)). Axially
doped (n+- p-- n+) Si nanowires were obtained after removing the oxide (Figure 6-1 (f)). At this
point, the nanowires were suspended on the substrate with two ends still connected to the
adjacent Si device layer. The Si nanowires were then separated from the substrate by RIE after
patterning the nanowire length with photoresist (Figure 6-1 (g)) and were released into solvent
that dissolved the photo-resist (Figure 6-1 (h)). Figure 6-1 (i) shows the FESEM image of the Si
nanowires following the step in Figure 6-1 (b). The axially doped Si nanowire (100 nm diameter
and 5 µm long) before it was separated from the SOI device layer is shown in Figure 6-1 (j).
In future work, the solution-gated measurements conducted in this thesis will be repeated
on these top-down fabricated axially doped Si nanowires to verify the electrical response versus
pH in buffer solution. These nanowires will provide the uniformity and reproducibility for more
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Figure 6-1: The scheme of top down Si nanowire fabrication process. (a) SOI wafer. (b)
Define wire diameter by electron-beam lithography. (c) Grow thick oxide as diffusion mask
and define nanowire channel segment. (d) Expose diffusion region by removing oxide. (e)
Source and drain diffusion. (f) Remove oxide and obtain axially doped Si nanowires on
substrate. (g) Define nanowire length and reactive ion etch to separate Si nanowires. (h)
Release nanowires. (I) SEM image after Step b and (J) SEM image after Step f. (Courtesy of
Xiahua Zhong)

advanced biosensing studies (see next section) as well as for experiments on the deterministic
assembly of large-area NWFET arrays on Si CMOS circuits.
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Individual Si Nanowire Field Effect Transistor Biosensor Characterization
The electrical response of the solution-gated Si NWFETs was characterized as a function
of pH in this thesis research. The mechanism responsible for pH sensing is the
protonation/deprotonation of OH- groups on oxide surface, and thus the surface reaction occurs
uniformly across the nanowire surface, and pH sensor does not require any additional surface
functionalization. Importantly, the integration and characterization techniques developed here
provide guidance for future biosensor integration and characterization.
The envisioned multiplexed nanobiosensor chip requires solid understanding of electrical
response of the individual Si NWFETs based on the binding of complementary target
biomolecules to surface-bound probe molecules. In future work, the sensitivity will be
determined by exposing the functionalized Si nanowire device arrays to complementary and noncomplementary target molecules (with fM to µM concentrations). These experiments will be
performed in electrolyte solutions determined to provide optimal performance for the majority of
probe-target interactions integrated the sensor chip. Several of the primary considerations that
will be evaluated are described in more detail in the following sections.

Ionic Strength of Buffer Solution
Bio-probe coated Si NWFETs will integrate biorecognition probe molecules, such
nucleic acids or proteins, on the nanowire surface to give specificity to a particular target.
Because the solution-gated FETs respond to changes in the interfacial potential, their
performance is impacted (and can even be dominated) by the electrolyte concentration (ionic
strength) in the solution. Many practical probe molecules are long and can extend far into the
solution. Depending on the electrolyte concentration, their length may exceed the Debye
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electrostatic screening length, κ-1. When d > κ-1, target binding events will be undetectable; the
desired d < κ-1 condition can be met by decreasing probe size and/or decreasing electrolyte
concentration to increase κ-1.
In prior work, researchers have kept the ionic strength at a minimum for proof-of-concept
experiments, often using DI H2O rather than buffer.5,6 However, practical applications may
demand a higher electrolyte concentration to serve as a buffer both in the traditional sense
(preventing changes in pH due to, e.g., exposure to atmospheric CO2) and as an electrolyte buffer,
preventing ionic impurities from causing large changes in Debye length. Small variations in ion
concentration can exert a large effect when total electrolyte concentrations are very low.7 Thus, a
small background electrolyte (at least 0.001 mM) should be added routinely to prevent spurious
variations (the Debye screening length of 10 µM KCl solution is 101 nm). Low ion
concentrations reduce the probability of hybridization and therefore extend the hybridization
time and detection sensitivity.8 Differences in optimal buffer composition are anticipated for
different probe classes due to differences in the intrinsic charge and structure of these probes, so
fine-tuning of the electrolyte composition must be investigated for different bio-molecules.9

Dependence on Biomolecule Probes and Targets
Although reported Si NWFETs have shown detection of ultralow concentrations –down
to fM range10 and even single viruses11 – with the introduction of the target containing solution,
the sensing mechanism, originally assumed as direct electrostatic detection due to the intrinsic
molecular charge, seems to be more complicated. Estimates by Schoning et al.12 suggest that
under ideal conditions (i.e., a truly capacitive interface, a nearly complete probe molecule
coverage, highly charged target molecules, and a very low ionic strength), the theoretically
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expected signal would be on the order of 10 mV or less, which is supported by biosensing
measurements.13,14 However, other factors such as the actual probe molecule coverage, local ion
re-distribution, and counter ion screening should also be considered.
The effect of surface bound probe molecule density, size, charge, extension from the
surface, and interaction with counter ions can be explored with (a) single-stranded DNAs of
varying length, and (b) neutral peptide or PNA molecules of varying length, as function of
surface coverage. For example, the change in channel conductance in different electrolytes for
probe DNA strands designed to avoid vs. adopt secondary structures, i.e., fold due to selfcomplementarity can be studied. In low salt buffer, the two DNAs should exist in their extended
forms and give similar conductance. However in high salt, the probes designed to adopt
secondary structures will fold. Although the number of charged phosphate groups attached to the
surface does not change with probe folding, their distribution from the nanowire surface, and the
distribution of associated counter ions, does change. The ability for Si NWFETs to monitor these
more subtle changes can be investigated to select the best choice of biosensing chemistries for a
target of interest.

6.2.2. One-Dimensional Gold Nanoparticle Arrays in Dielectric Nanowires
The 1D Au nanoparticle arrays discussed in this thesis were fabricated by thermal
oxidation of Au-coated Si nanowires. This research demonstrated that scalloped Si nanowires
can be used to independently control the Au nanoparticle diameter and the interparticle spacing.
To date, the small interparticle spacing required for near-field coupling of the adjacent Au
nanoparticles has not been demonstrated. Future research should be aimed at extending this
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approach to reduce the scalloping wavelength, and hence interparticle distance, as well as to
create vertical arrays with controlled spacing between adjacent nanowires in the array.

Uniformity of the Scalloped Silicon Nanowires
The deep reactive ion etch (DRIE) process was used to create high-aspect-ratio scalloped
Si nanowires, with the scalloping wavelength controlled by the Sulfur hexafluoride (SF6) etch.
However, creating long and uniform scalloped Si nanowires across an entire 4-inch diameter Si
wafer and also between sequential runs has proven to be challenging. Historically, DRIE has
been regarded as a process possessing inherent variations in etch rate, mask selectivity, profile of
the etched features (including tapering and footing), and etch uniformity across the wafer.15,16
The possible factors that contribute to the variations include temperature disparities and residual
contaminants in the chamber. Improving the substrate temperature control and uniformity as well
as careful chamber conditioning are both necessary for reproducible Si nanowire fabrication.

Uniform Gold Metal Coating and Thermal Oxidation
Thermal evaporation was used to coat the top surface of the Si nanowires in this thesis
research because evaporation at pressures in the 10-7 Torr range maintains a clean and oxide free
Si-Au interface, which is necessary for the Au-enhanced oxidation. For wires that are lying flat
on the handle wafer, evaporation provides a uniform Au thickness along the wire length, which
is one of the most important process parameters. However, as discussed in Chapter 4, thermal
evaporation does not coat the uniformly around their circumference. Moreover, the directionality
of thermal evaporation does not allow uniform coatings on vertically oriented nanowire arrays.
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Other methods such as sputtering, atomic layer deposition17 or electrochemical deposition18
should be investigated for more advanced nanoparticle array devices.
The proper control of thermal oxidation is equally important. In this thesis research, the
majority of the Au-coated Si nanowires were oxidized at 850 °C for 2 hours in dry O2. The
formation of pure Au nanoparticles requires the complete oxidation of Si nanowire. As discussed
in Chapter 4, the Au-enhanced oxidation process occurs in four steps: 1) Si atoms are dissolved
in the Au through the Si/Au interface, 2) Si atoms diffuse through the Au to the Au/SiO2
interface, 3) oxygen diffuses through SiO2 to the SiO2/Au interface, and 4) Si atoms are oxidized
at Au/SiO2 interface. It is clear that Au enhances Si oxidation by dissolving tightly bonded Si
atoms into the Au film. However, the oxygen diffusion through SiO2 (Step 3) is not enhanced by
Au, which becomes a rate limiting factor when oxide is thick, especially in the case of dry
oxidation. Increasing the oxidation temperature will increase the rate but cause the metallodielectric nanowires to break. Wet oxidation should be investigated to increase the oxidation rate
and completely oxidize the Au-coated Si nanowire when large Au particle diameters are desired.

Near-field Coupling of Gold Nanoparticles
A wide range of Au interparticle spacing values, from 130 nm to 650 nm, were
demonstrated in this thesis research. These structures should possess unique plasmonic
resonances because of the long-range diffractive interactions between particles in the array.19,20
In contrast, closely spaced nanoparticles will have strong local electric field enhancement.
Because the scalloping wavelength is controlled by the SF6 etch step, reducing the etch time and
the power should result in smaller etch depth (< 100nm).
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Controlling the wire-to-wire spacing is also of interest. In this thesis research, the
substrate was patterned by i-line optical lithography, which gave a minimum feature size
~0.7 µm. As an alternative, a lithography-free patterning technique based on closely-packed
nanobeads could be adopted. Monodisperse nanobeads made of SiO2 or polystyrene are
commercially available with diameters ranging from less than 50 nm to more than 1 µm. These
nanobeads can be self assembled into a closely-packed 2-D monolayer via capillary forces and
interfacial tension.21,22 Figure 6-2 shows a preliminary result that is being investigated by Mr.
Mengwei Kuo in Professor Mayer’s group. A dense monolayer of 380 nm diameter polystyrene
beads was formed by evaporation of a solution containing the beads (Figure 6-2 (a)). The beads
were trimmed by reactive ion etch (RIE) to separate them from one another. Finally, a highly
order Si nanowire array was obtained by DRIE (Figure 6-2 (b)).

Optical Property Measurements
The research in this thesis developed a versatile and reproducible nanofabrication process
to produce 1D Au nanoparticle arrays. In the future, the optical properties of these nanowires
should be investigated using methods such as dark field imaging with and without refractive
index matching, collecting extinction/scattering spectra,20,19 and surface plasmon imaging by
energy-filtered TEM,23,24
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(a)

1 µm
(b)

1 µm

Figure 6-2: FESEM showing vertical Si nanowire array using polystyrene beads as etch
mask. (a) Closely-packed polystyrene beads. (b) Highly ordered Si pillar arrays after DRIE
etch (Courtesy of Mengwei Kuo)
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Appendix A
Silicon Nanowire Field Effect Transistor Integration Process

Process

Description

n++ Si wafer

Resistivity<0.004 Ω-cm

LPCVD nitride coating

120 nm on both sides
Clean wafer with acetone and IPA
Bake at 115ºC 5 min
Spin HMDS at 4000 RPM 45 sec
Bake at 115ºC 1 min

Pattern alignment electrode
(Alignment electrode mask)

Spin BPRS100 at 4000 RPM 45 sec
Bake 115ºC 90 sec
Wipe edge beads on the backside
GCA8000, focus: 0. 6 µm, exposure: 0.35 sec
Develop: PLSI (3:1) 55 sec, shake every 15 sec
Oxygen descum 25 W 1 min (EEW Microlab)
Thermal evaporation Ag 30 nm

Metallization & lift-off
1165 60ºC 20 min, shake a few time
n+-p--n+ Si nanowire, remove oxide: HF 5% 2 min
Remove Au nanoparticle: TFA 3 hours
Nanowire oxidation

Nanowire assembly
Pattern alignment electrode
(Alignment electrode mask)

Standard RCA clean: 70°C 10 min each
SC-1: NH4OH:H2O2:H2O=1:1:5
SC-2: HCl:H2O2:H2O=1:1:6
Dry oxidation with TCA
800ºC, O2 flow 1 L/min, 15 min for 4 nm SiO2
Oxidized Si nanowire: 10 KHz, 10.2 Vrms
Rinse clean wafer with acetone and IPA
Bake at 115ºC 5 min
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Spin BPRS100 at 4000 RPM 45 sec
Bake 115ºC 90 sec
Wipe edge beads on the backside
GCA8000, focus: 0. 6 µm, exposure: 0.4 sec
Develop: PLSI (3:1) 55 sec, shake every 15 sec
Bake on hotplate: 100ºC 2 min
Ag etch: TFA:DI H2O=1:1 for 3 sec
Oxygen descum 25 W 1 min (EEW Microlab)
Metallization & lift-off

Ag etch: TFA:DI H2O=1:1 for 3 sec
Etch source/drain oxide BOE (50:1) 90 sec
Evaporate Ti 100 nm by e-beam evaporator
Lift-off in acetone 2 hours
Ag etch: TFA:DI H2O=1:1 for 5 sec

Residual Ag removal

1165 60ºC 20 min, shake a few time
Ag etch: TFA:DI H2O=1:1 for 5 sec
S1827, spin 4000 RPM 40 S, bake 100ºC, 2 min

Back-gate metallization

Remove Si3N4 from backside: BOE (10:1) 5 min
Sputtering: Ti/W 20 nm/30nm
Remove photoresist in acetone

Al2O3 deposition

Cambridge Savannah™ 200. 300ºC 90 cycles
Water 15 ms, evacuation 6 sec
TMA 15 ms, evacuation 6 sec

Appendix B
Process of Gold Nanoparticle Arrays Based on Scalloped Si Nanowires

Process

Description

n++ Si wafer

Resistivity<0.004 Ω-cm

Oxidation

180 nm by wet oxidation:1000ºC 20 min,
by dry oxidation: 1050ºC, 4 hours
Clean wafer with acetone and IPA
Bake at 115ºC 5 min
Spin HMDS at 4000 RPM 45 sec
Bake at 115ºC 1 min

Define Si pillar size:
Reticle template with available
pillar size from 1 µm to1.5 µm
(0.1 µm step)

Spin SPR3012 at 4000 RPM 45 sec
Bake 95ºC 1 min
Wipe edge beads on the backside
GCA8000, focus: 0. 6 µm, exposure: 1.15 sec
Develop: CD 26, 75 sec, shake every 15 sec
Oxygen de-scum 25 W 1 min

Etch Si oxide

DRIE etch
(Alcatel Speeder 100 DRIE
system, pressure: 30 mTorr )

a. On Trion HDP ICP-RIE: 5 min
ICP 50 W, RIE 100 W, pressure 20 mTorr, gases:
CHF3 35 sccm + O2 5 sccm (etch rate: ~45 nm/min on
planar structure)
b. On Applied Materials MERIE: 13 min
Power: 50 W, magnetic field 60 Guass, pressure 15
mTorr, gases: CHF3 70 sccm + CF4 30 sccm (etch
rate: ~28 nm/min on planar structure)
a. SF6 10 sec 300 sccm/C4F8 5 sec 300 sccm/O2 3.3 sec
100 sccm, temperature 20ºC, power 1500 W.
(etch rate: ~2 µm/min. Scalloping length: 630 nm)
b. SF6 7 sec 300 sccm/C4F8 3.5 sec 300 sccm/O2 2.3 sec
100 sccm, temperature 20 ºC, power 1500 W.
(Etch rate: ~2 µm/min. Scalloping length: 434 nm)
c. SF6 3 sec300 sccm/C4F8 1.5 sec 300 sccm/O2 1 sec
100 sccm, temperature 20ºC, power 1500 W.
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Remove resist

Reduce Si pillars to nanowires

(Etch rate: ~2.5 µm/min. Scalloping length: 230 nm)
d. SF6 2 sec 200sccm/C4F8 1 sec 150 sccm, temperature
20ºC, power 1500 W.
(Etch rate: ~2.5 µm/min. Scalloping length: 130 nm)
Rinse with Acetone and Isopropyl Alcohol
Remover 1165 50ºC for 10 min
DRIE Cleaning O2 LF
(pressure: 16 mTorr, power: 1800 W, temperature 20°C, flow
rate 200 sccm, 5 min)
Standard RCA clean: 70°C 10 min each
SC-1: NH4OH:H2O2:H2O=1:1:5
SC-2: HCl:H2O2:H2O=1:1:6
Wet oxidation 1000ºC. Rate ~380 nm Si pillar diameter/hour
Oxide removal HF 5%
Remove oxide in HF 5%

Au evaporation
5 nm/10 nm/20 nm
Dry oxidation

850ºC, 2 hours, O2 flow 0.7 L/min
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