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13.1 Introduction

Microelectromechanical Systems (MEMS) [1] and its more recent extension
Nanoelectromechanical Systems (NEMS) [2] are successful offshoots of the semi-
conductor revolution, which was the hallmark of the latter half of the previous
century [3]. Both MEMS and NEMS have established themselves as successful
fields of endeavor in their own right. In fact, it is fair to say that all nonintegrated
circuit (IC) technologies are included under the MEMS/NEMS umbrella. Although
the vast majority of MEMS/NEMS technologies deal with the design and fabrication
of novel sensors and actuators [3], ancillary technologies such as interconnects and
packaging form an important part of MEMS and NEMS [4]. In many cases, MEMS/
NEMS also find applications, not as stand-alone devices but as the key enabling
subcomponents of otherwise conventionally fabricated systems [2]. This chapter
will provide a survey of MEMS/NEMS fabrication and device technologies with
particular emphasis on electrochemistry- based fabrication techniques and novel
devices/instruments technologies that can be developed using electrochemistry.

13.2 Electrochemical Fabrication Techniques
in MEMS/NEMS

Electrochemical fabrication techniques offer tremendous versatility as cost-effective
methods to generate MEMS/NEMS materials and structures. The batch processing
nature of these methods carried out at near room temperature in ambient pressure,
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also allows for easy integration into Integrated Circuit (IC) and MEMS manufacturing
technology. However, to date, the diverse capabilities of electrochemical processes
have been largely under-utilized in the creation of novel MEMS/NEMS devices.
Fabrication is still dominated by vacuum processes and silicon technology, not only
because silicon has been so well characterized in terms of processing and as a mate-
rial, being continually fueled by the semiconductor industry, but also because
silicon is inherently predictable. By comparison, electrochemically fabricated
materials have lagged, with more recent thrusts to correlate deposition conditions
to crystalline structure and material properties. Structural properties of electro-
formed materials, such as film stress, adhesion, and elastic modulus, are further
complicated as they depend not only on deposition parameters but also on previous
and subsequent deposits [5]. This gap between synthesis and properties is also
due to the complexity of electrochemical processes. While an electrolytic solution
with an applied electric current as a reducing or oxidizing medium is simple in
theory, electrochemical systems can become complicated with a potentially active
carrier phase, current distribution effects, functional additives, and mass transfer
phenomena. With the exception of electroless deposition, these systems are con-
trolled by both mass transport and current distribution phenomena [6], which,
though outside the scope of this chapter, are critical for implementing electro-
chemical microfabrication of MEMS and NEMS. In the MEMS/NEMS context,
electrochemistry has nevertheless made significant progress, functioning as an
important tool for deposition, removal, and surface modification of microstructures
described herein.

13.2.1 Electrodeposition

Simply stated, electrodeposition, also known as electroplating, is the use of electric
current to deposit metal ions from a liquid solution onto a surface. More specifi-
cally, aqueous, organic, and ionic solutions can be used as the electrolyte for elec-
trodeposition with the latter two being restricted primarily by cost and safety
considerations. The substrate must also be conductive; a limitation that often neces-
sitates physical deposition as an alternate fabrication technique, especially for
dielectric materials. Nevertheless, electrodeposition has proven particularly robust,
asa“workhorse” electrochemical technique for MEMS fabrication. Electrodeposition
is particularly cost effective for producing thick films (tens of microns to millime-
ters), which is not practical using vacuum deposition processes. Electrodeposited
films also conform extremely well to the surface topography, filling recesses and
covering complex geometries that are not covered easily with line-of-sight physi-
cally deposited coatings. In addition, the crystallographic structure and orientation
can be controlled for desired material properties through adjustments to the
solution composition, deposition conditions, and the type and amount of additives
and complex agents [7]. Electrodeposition is also a powerful tool for alloying,
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being able to deposit a wide range of solid solutions and nonstoichiometric alloys
that are not attainable with other methods. Recent advances in electrodeposition for
MEMS have focused on deposition optimization for copper interconnects,
magnetic media storage devices, and magnetically-actuated MEMS with particular
interest in tuning physical properties including magnetic properties, elastic proper-
ties, and microstructure.

Since 1997 the damascene copper electroplating process has been utilized in silicon
chip manufacturing for “super-conformal” plating of holes and trenches. This market
has revitalized copper plating research, focusing on the influence of additives, and
elucidating their roles as suppressors, levelers, and accelerators [8, 9]. In the magnetic
storage industry, soft magnetic materials have gained considerable attention for their
use as recording heads. These materials, also commonly used for magnetic-MEMS,
require excellent magnetic properties, (high magnetic saturation, low coercivity, high
permeability, and zero magnetostriction), good adhesion, low-stress, low electrical
resistance, good thermal stability, and high corrosion resistance [ 10]. These specifica-
tions are more demanding for electroplated materials, which are vulnerable to corrosion
due to anodic surface activation by organic additives [10]. To meet these require-
ments, investigators have turned to ternary and quaternary alloys of CoNi and CoFe
for their enhanced magnetic properties with uncompromised mechanical properties
[11]. Although hard magnetic materials have not been typically used in magnetic-
MEMS, they have several advantages for magnetic actuation, including low power
requirements, high remanence, and high coercivity, which have motivated investigators
to develop new electrodeposition processes for these materials. Many of these permanent
or hard magnetic materials are Co-based with the inclusion of a nonmagnetic material,
typically P, to increase coercivity [10, 12].

13.2.2 Electroless Deposition

Electroless deposition is an autocatalytic reaction utilizing a chemical reducing
agent (e.g. sodium hypophosphite, amineboranes, hydrazine, or sodium boron
hydride) to reduce metal ions onto surfaces. This method can be used to plate
insulating materials and fabrics as well as metals; the surface need only be cata-
Iytically active to initiate the self propagating process [13]. Nonconducting sur-
faces can be rendered catalytic by a series of chemical treatments [14]. Film
composition and efficiency of these baths can be controlled by electrolyte recipes
and operating temperature, typically ranging between 70 and 90°C [14]. The main
benefit of electroless deposition is a uniformly thick layer over any profile due to
the absence of an electric field [15]. The downside to electroless deposition is the
introduction of several modes of stress, which if not mitigated, can lead to fatigue
and cracking. The most common type of stress associated with electroless deposi-
tion is due to differences in thermal expansion coefficients between the deposited
material and the substrate. The resulting stress can be either compressive or tensile
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depending on which coefficient is greater [16]. These systems are also prone to
voids and significant hydrogen evolution, which can result in tensile stress and
hydrogen embrittlement [17].

Currently, electroless materials for MEMS and Ultra Large Scale Integration
(ULSD) include Cu, Co, Ni, Ag, and their alloys [18]. The uniform films, nanometer-
size crystals, and ability to coat nonconducting materials have allowed the use of
electroless deposits for interconnects, barrier layers, packaging, and potential nano-
electronics [19]. In this regard, electroless copper plating has been primarily
investigated for IC applications and was utilized in semiconductor manufacturing
as the predecessor to the damascene process. Electroless nickel is the other exten-
sively studied material, and is selected primarily for its corrosion resistance and
mechanical properties.

13.2.3 Electrochemical Etching

Electrochemical etching is a facile technique for the topographical dissolution of
solids with nanometer precision through control of current density or voltage,
fluid flow, etching time, and electrolyte composition. Electrochemical etching
can also be used to create porous oxides by anodic etching processes or even
porous metals by de-alloying, a process by which the less thermodynamically
stable or more kinetically active component is preferentially etched away from
an alloy [20]. Scanning tunneling microscopy (STM) also relies on electro-
chemical etching processes in order to synthesize the atomically sharp apex
of the tips used in STM instruments, with the ease of fabrication and excel-
lent reproducibility of this method being the key factors leading to its rapid
commercialization [21]. For traditional MEMS devices, electrochemical etching
serves as an alternative or complementary technique to the popular chemo-
mechanical planarization (CMP) as the means to brighten the surface and
diminish surface irregularities such as bumps, dishes, and rough morphology
[22]. Electrochemical planarization methods operate at the limiting current density
condition, where the rate of dissolution is limited by the mass transfer rate of a
reactant or product. This planarization process etches surface protrusions at an
accelerated rate because of their increased proximity to the bulk [22].
Electrochemical polishing or brightening of a surface is also achieved under rate
limited conditions, where dissolution is independent of structure [6]. A more
site-specific and commonly used form of electrochemical etching is electro-
chemical micromachining for through-mask passivation or anodic dissolution of
a material. This selective etching method is used to fabricate precision inkjet
nozzles with specified nozzle angle and undercut as shown in Fig. 13.1 [23].
Mask-free electrochemical micromachining has been demonstrated by the use of
ultra short voltage pulses, for appreciable polarization of the double layer only
at small electrode separations (microns), resulting in highly localized dissolution
of the counter electrode [24].
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Fig. 13.1 Ink-jet nozzle plate fabricated by through-mask electrochemical micromachining,
Schematic of the concept (top), and a photograph showing an array of nozzles (bottom) [23]

13.3 Top Down Fabrication Approaches

“Top Down” fabrication approaches in the context of MEMS and NEMS technology
usually refers to planar, lithographic techniques that are a legacy from Si-based
integrated circuit manufacturing [25]. This is where a pre-designed pattern is trans-
ferred onto the wafer or other substrate of choice using primarily photolithographic
techniques. Optical lithography has made major strides in terms of technological
advancement with the recent announcement by IBM’s Almaden Research Center of
achieving 30 nm features using 193-nm lithography (http://nanotechweb.org/arti-
cles/news/5/2/10/1). With regard to electrochemistry-based processing, we have
selected the following top—down fabrication topics in MEMS and NEMS.

13.3.1 LIGA

LIGA [26] is a German acronym, short for Lithographie Galvanoformung Abformung.
As shown in Fig. 13.2, LIGA is used to create high aspect ratio structures with width
to height ratios as high as 1:1000. Recent work at NASA’s Jet Propulsion Laboratory
(B. Eyre Private Communication 2004) has resulted in the development of axially-
symmetric structures with the use of rotating exposure stages. LIGA structures
straddle the gap between MEMS and conventionally-machined parts and fall into the
so-called “Meso” size range. As shown in Fig. 13.2, LIGA employs collimated
synchrotron X-rays that require much more stringent control than optical lithography.
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Fig. 13.2 The LIGA process consists
of first exposing a thick PMMA resist
collimated, synchrotron x-rays.

The resist is subsequently developed
and a MEMS structure is electroplated
within the developed “mold”

An optically generated x-ray mask is itself one of the key features of LIGA, produc-
ing the necessary high contrast with a thick (>10 um) gold absorber on materials
membrane consist of low atomic number elements [27]. The absorber mask is pat-
terned using polymethyl methacrylate (PMMA) resists exposed by electron-beam
lithography (e-beam) or from an intermediate mask that relies on an e-beam exposure
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using a chromium thin film as an adhesion layer. The absorber is then electroplated
using a gold plating solution, followed by removal of the PMMA. The critical proper-
ties for the electroplated gold absorber are good adhesion and low stress. Intermediate
masks are subsequently exposed to x-rays to pattern thicker resists that will ultimately
serve as molds for thicker master masks.

LIGA also uses PMMA as a resist to pattern MEMS devices with thicknesses as
high as 8§ mm. However, in practice, the dimensional tolerances achievable by very
thick PMMA resists is degraded significantly by the swelling and thermal expansion
of the PMMA caused by absorption of the electrolyte, thereby limiting the maximum
height and minimum sizes of LIGA-fabricated features [28, 29]. Although the strain
resulting from thermal expansion and absorption of water are minimal for PMMA
- 0.2% and 0.4% respectively - dimensions vary significantly for high-aspect ratio
LIGA molds. Vertical structures have exhibited lateral offsets as high as 14 pm per
mm, with curved features being further distorted [29]. Some of the proposed solutions
for reducing linear strain in PMMA are targeted at minimizing thermal expansion
effects by using electroplating baths at ambient temperatures or by bonding the
resist at elevated temperatures in order to compensate for the thermal expansion
and partially for electrolyte absorption. Cross-linked PMMA and alternative resists
have also been suggested as alternatives to remedy the absorption problem.

Following exposure, the PMMA is developed much like in conventional pho-
tolithography. The conducting back plate for the PMMA is then used as the
electrode to create primarily Ni-based electroplated structures within the PMMA
mold. These Ni baths have traditionally used sulfur-bearing additives, such as
saccharin, as grain refiners that enhance strength and hardness of the plated
material. Unfortunately, the mechanical properties of these deposits are rapidly
diminished at elevated temperatures, ~600°C, as sulfur groups migrate to grain
boundaries causing intergranular fracture.

To alleviate this problem many researchers have turned to Ni-Mn alloys with
Mn content of ~1 wt%. While Ni-Mn deposits have been reported with high yield
strengths, of which up to 85% can be retained after high temperature annealing, the
addition of Mn also increases the residual stress in the deposit. This residual stress
problem has been mitigated by pulse plating Ni/Ni—Mn films to create thick struc-
tures which have also exhibited increased ductility [30-33]. LIGA fabricated
structures have been used for numerous applications including for scroll pump for
miniature mass spectrometers (Fig. 13.3) [156].

13.3.2 EFAB™ (Electrochemical Fabrication)

One of the major challenges facing the commercialization of MEMS devices is the
cost associated with fabrication of devices with complex geometries requiring tens
or potentially hundreds of layers. In this regard, LIGA has fallen short of demon-
strating such intricate lamellar fabrication, hindered by the cost associated with
numerous layers. Vacuum processes are also unpractical for the fabrication of such
multi-layer structures [34]. A new micromachining technology entitled EFAB™
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Fig. 13.3 A prototype scroll pump for a miniature GCMS system fabricated using the LIGA
process. (a) 3 mm PMMA mold, (b) schematic of scroll pump, (¢) electroformed scroll pump

was introduced in 1999, to address the issue of constructing high aspect ratio,
three-dimensional, multi-layer microstructures from electroplated metals using a
rapid, automated, batch fabrication technique. The core of EFAB™ technology
includes an “Instant Mask”™ process, followed by planarization of each deposited
layer. The Instant Mask process is an in-situ masking technique consisting of a
pre-patterned insulator that conforms to the surface of the substrate, to allow
electroplating of sacrificial material, usually copper, through channels in the mask.
This step is followed by blanket-deposition of the structural material, nickel, and
planarization, which reduces the need for morphological uniformity, provides
precise control over vertical dimensions, and permits the deposition of countless
subsequent layers [34, 35]. The device is completed by removal of the sacrificial
copper layers through selective etching to release the nickel structure (Fig. 13.4).
Although EFAB™ can purportedly create devices from any electrically conductive
deposits, material compatibility appears to be an issue as only nickel-based devices
have been demonstrated to date.

Since both the sacrificial and structural layers are metallic, EFAB™ can create
overhangs, extruded shapes, and disconnected features, but lacks the ability to
integrate dielectrics [34]. This is detrimental for the production of fluidic and
bio-MEMS which benefit from the low-cost, biocompatible interfaces of plastic
microstructures [36]. EFAB™ can currently achieve lateral minimum feature sizes
of 20 microns - significantly larger than minimum feature sizes possible using other
microfabrication techniques - but has demonstrated vertical feature sizes as low as
5 microns, an advantage of its layer by layer synthesis. However, the key advantage
of EFAB™ is that it does not require a cleanroom with stringent environmental and
particulate control requirements. Its fabrication process strengths include mild
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Fig. 13.4 The EFAB process flow used to fabricate a hybrid coupler (Permission from
Microfabrica Inc.)

Fig. 13.5 SEM picture of the fabricated nickel gyroscope. The gyroscope occupies an area of
2.1x1.3 mm? [37]

electroplating conditions, 60°C ambient, and in-situ masking, all of which are
amenable with the low temperature requirements for IC processing. Despite its
relative “youth” as a fabrication technique, EFAB™ has already demonstrated
its versatility in creating a number of otherwise challenging structures such as
rectangular coaxial conductors, helical inductors, accelerometers, toroidal inductors,
variable capacitors, and a microgyroscope (Fig. 13.5), [37, 38].
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13.3.3 Electron Beam Lithography of NEMS Structures

Electron Beam Lithography (EBL) has gained considerable recognition as a very
capable “top—down” nanofabrication technique when coupled with electrochemical
processes, allowing precise control of nanostructures that are not possible using
complex self-assembly techniques. In-situ fabrication techniques are possible by
combining lift-off processes with EBL in order to prepare the substrate for directed
nanowire growth. In fact, using directed growth techniques, electrochemically
deposited nanowires can be made to laterally bridge the gap between two micro-
electrodes by confining the nanowire to grow within an EBL fabricated channel
in polymethyl methacrylate (PMMA) [39] (Fig. 13.6). These nanowires can be
grown laterally, simultaneously from each micro-electrode, either potentiostati-
cally or galvanostatically. Completion of the bridge is indicated by a jump in the
corresponding current or potential when contact is made between the two ends of
the nanowire. Synthesized nanowires are individually addressable and can span
lengths of micrometers with diameters limited only by EBL techniques [40].
Various sensing materials such as palladium, polyanaline, and polypyrrole have
been investigated for chemical and biological sensor applications demonstrating
the potential for high density arrays of nanowires [40—42]. Precise four-point con-
ductivity measurements of nanowires have also been conducted using built in
micro electrodes [43].

Pseudo

Reference

Electrode o
Working Electrode
Electrode

Fig. 13.6 In-situ nanowire synthesis: The working electrode and counter electrode are contacted
by probe tips. A probe tip is also used as a pseudo reference electrode, submerged in the solution
containing the analyte. The nanowire (red) is growing in the direction of the arrow, from the work-
ing electrode to the counter electrode, confined to a predetermined path by the photoresist. The
inset shows an SEM micrograph of a polypyrrole nanowire fabricated by in-situ synthesis
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13.4 Bottom Up Fabrication Approaches

The “bottom up” approach to NEMS and MEMS is still very much in developmen-
tal stages with few commercially available devices. With current MEMS/NEMS
products relying significantly on top—down processes, the bottom up approach is
being integrated into certain application niches where they provide cost reduction
and performance enhancement over conventional techniques. While current
research has actively pursued the investigation of nanowires and carbon nanotubes
(CNTs), spatial manipulation and addressability remain crucial hurdles that must be
overcome in order to realize their full potential. The construction of novel MEMS/
NEMS devices from nanostructures remains the subject of many research activities,
aimed at arranging these nanowires in some ordered fashion, with either an applied
energy field or through surface functionalization, and thereby enabling the use of
nanowires and CNTs for sensing functions. In this section we present current elec-
trochemical techniques for bottom up nanostructure synthesis and methodologies
for assembling these nanowire structures.

13.4.1 Template-Based Nanostructure Synthesis

The bottom up approach to MEMS and NEMS has been significantly impacted by
electrochemistry-based template synthesis techniques. A popular approach is the
use of nanoporous templates as working electrodes by sputtering or evaporating a
thin conductive layer on one side of the template [44—46]. The template acts as a
scaffold to confine the electrodeposited material within the nanopores thereby pro-
ducing nanostructures ranging from nanodots to high aspect ratio nanowires.
Following deposition, the seed layer is removed and the template is etched to
release the nanowires in suspension (Fig. 13.7). The power of template synthesis
approach lies in both its simplicity and highly parallel manufacturability, with tem-
plate pore densities in the range of 10°~10""cm™ and also in providing a platform
for array applications or more complex structures, ultimately through template
removal and assembly [47].

A diverse spectrum of materials is amenable to the production of electrodepos-
ited nanowires. This includes magnetic materials, semiconductors, metals, alloys,
and conducting polymers [44—46]. Complex, multicomponent nanostructures such
as superlattice nanowires can also be deposited from a multielectrolyte solution by
modulating the voltage or current. The requirement for these electrolytes is that
they should have a substantial difference in their deposition potentials starting with
the nobler elements at lower concentrations. Segmented nanowires can also be
produced by switching the electrolyte baths during the deposition process [47]. The
switched-bath method has been used to successfully produce metal/semiconductor,
conducting polymer/semiconductor, and conducting polymer/metal heterostruc-
tures [48-50]. Surface modified templates have even been used to investigate core/
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Fig.13.7 Template Synthesis: A conductive seed layer is sputtered on the backside of the template.
The nanowires are electrodeposited in the template. The seed layer is removed by physical or
chemical means. The template is dissolved to yield a colloid of nanowires in solution

shell structures as well as molecular imprinting on the surface of conducting polymer
nanowires [51, 52].

All these nanostructures, though simple by design, are crucial for performing
complex functions. A polypyrrole nanowire, which is essentially an n-type semi-
conductor, could be a resistor in a single component form. However, when coupled
with a Cd segment the nanowire acts as a p-n junction, and can be used as a diode-
rectifier. For good ohmic contacts, Au segments can be electrochemically added to
both ends of the same wire. Such a device was recently demonstrated and charac-
terized by Mirkin’s group, as shown in Fig. 13.8a and b [53]. Similarly Ni/Cu
superlattice nanowires can also be produced for one-dimensional Giant Magneto
Resistive (GMR) properties by adjusting layer thickness and composition. The core
shell design has been used to create coaxial nanowires, consisting of an Au/CdS/Au
nanowire sheathed within SiO,, and implemented in a field effect transistor
(Fig. 13.8c and d) [54]. In addition to mimicking traditional electronic components
with nanowires, electrodeposited materials can also be incorporated for spatial
manipulation via applied energy fields or surface functionalization. However, as
these nanostructures increase in complexity, they also become more susceptible to
mechanical breakage and poor interfacial adhesion. These mechanical limitations
often result in these structures being demonstrated first in the submicron range,
precluding quantum confinement effects. Similarly, many materials fabricated by
template synthesis technique are characterized in array form, whereby the template
provides mechanical support to the nanowires of interest. Although many of the
materials and structures studied are precursors to further miniaturized, complex
systems, investigations of these one-dimensional entities have elucidated new fun-
damental phenomena and stimulated creative, nanowire-based device design and
fabrication. Therefore, template synthesis and post synthesis manipulation are
important techniques which merit further discussion in the section below.
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Fig. 13.8 (a) [-V characteristics for a single Au-Ppy—Cd-Au rod at room temperature. (b)
Optical microscope image of Au—Ppy—Cd—Au rods. The lower left inset shows the corresponding
field emission scanning electron microscopy (FESEM) image [53]. (¢) Optical micrograph and
schematic drawing of the test structure and Au/CdS/Au@(Si02)10 nanowire aligned for measure-
ment of electrical properties. Letters S, D, and G indicate source, drain, and gate electrodes,
respectively. (d) Typical IDS-VDS characteristics of in-wire TFTs for different values of gate volt-
age (VGS), 11 devices measured. Reprinted with permission from ref. [54]. Copyright (2004)
American Chemical Society

13.4.1.1 Anodic Alumina Templates

Anodic alumina has been the most rigorously investigated material for template
synthesis, with early work dating as far back as the 1950’s [55]. Characterized by
highly ordered, vertically parallel pores, it is one of the most densely packed porous
structure at approximately 10" pores/cm? Anodic alumina templates can be fabri-
cated to produce pore sizes ranging from a few nanometer to several hundred nm in
diameter [56]. The pores are formed by anodizing the surface of high purity
(99.999%), and often preannealed aluminum. The pore nucleation is initiated
locally by the electric field distribution, with pore growth being determined by the
chemical equilibrium at the electrolyte/oxide interface and the oxide/metal inter-
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face [55]. The alumina pore sizes and interstitial spacings are controlled by the
electrolyte type, concentration, voltage, and temperature. Under appropriate conditions,
a “self assembly” process takes place, with individual nanopores growing to form
a close-packed assembly of vertical honeycomb structures. Individual pores with
this assembly are separated from each other and from the underlying aluminum
substrate by an insulating barrier layer of aluminum oxide [57]. After anodization
is complete the barrier layer can be penetrated either by an ion milling step or by a
two step etching process [58]. The etching method involves removal of the residual,
elemental Al with either HgCl, or CuCl, solution followed by the barrier layer
removal or pore widening step using phosphoric acid [59, 60].

The order of the pores over large areas greater than several microns is limited by
the heterogeneity in the pore initiation defects. A two-step anodization technique
has been employed in order to mitigate these defects [60]. The Al substrate surface
is first electropolished using a strong acid mixture such as perchloric acid and etha-
nol followed by long period anodization. A first, long duration anodization step is
conducted in order to produce an ordered structure at the substrate interface via
pore coalescence. The anodized layer is subsequently removed to yield a surface of
patterned concave formations. These concave indentations serve as starting points
to initiate a highly ordered hexagonal configuration of pores over large areas of the
template surface (Fig. 13.9) [60]. Masuda and coworkers have also developed a
similar method relying on lithographically produced molds to pre-texture the sur-
face with an array of dimples. These indentations serve as pore initiation sites in a
similar manner to the concave indentations produced in the two step anodization
process [61]. The versatility of these anodized aluminum templates extends to
three-dimensional structures, including cylinders and multifaceted objects [62].
Alumina templates can also be easily integrated into existing CMOS technologies,
by utilizing a wet etching technique for creating complex shapes with vertical side
walls [63] Lateral anodic oxidation of Al thin films has also been established on
SiO, substrates. [64]. These pores were observed to be ordered and parallel to the
substrate surface with diameters as low as 3 nm, thus paving the way for more
complex configurations.

13.4.1.2 Track-Etched Templates

Membranes suitable for “track etching,” such as mica and polycarbonate
(Fig. 13.10a), use heavy charged particles from a nuclear radiation source to gener-
ate tracks of radiation damage within the material. These high-energy particle
tracks within these membranes are subsequently chemically etched to produce
uniform pores with diameters determined by etching time. Side-wall tapering for
the pores is minimal because of the high etching rate selectivity along the tracks in
comparison to the lateral etch rate [65]. Mica is a unique membrane material in that
its pores are diamond shaped with the same size and orientation for all pores. This
feature has been shown to be consistent across a wide range of mica samples, with the
aspect ratio being governed primarily by the crystal structure of material [65, 66].
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Fig. 13.9 Schematic diagram for two step anodization: a
(a) porous alumina after first anodizing, (b) removal

of porous alumina layer, (¢) initiation of hole formation

in second anodizing, (d) porous alumina after second
anodizing. Reprinted with permission from ref. [60]
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The primary drawback to the use of these mica templates are the very low pore
densities, 10°pores/cm, and randomness in the lateral ordering of the pores [47].
Polycarbonate templates, which also exhibit track-etching behavior, have the further
complication of being susceptible to swelling during electrodeposition, consequently
giving rise to large variances in the pore diameter, resulting ultimately in cigar-
shaped or conical nanowires [67]. Track-etched pores generated on commercially
available polycarbonate templates have been shown to have random orientations
resulting in poor properties for nanowire arrays fabricated within these templates.
However, it is possible to control pore quality and inter-pore separation distances
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Fig. 13.10 Various materials used in template synthesis; (a) Polycarbonate (b) Silica [74] (¢)
Alumina (d) Diblock Copolymers. Figure 13.10b reprinted with permission from ref. [74].
Figure 13.10d reprinted with permission from ref. [155]

by optimizing the distance between the template and the particle source [65]. These
templates have been fabricated with pores as small as 8 nm and commercially
available templates with 15 nm pores [68].

13.4.1.3 Silica Templates

Considerable amount of research has gone into the development and characterization
of surfactant templated silica, in order to produce various mesophases and nanowire
geometries with well-controlled pore diameters within the quantum confinement
regime (i.e. 2-20 nm). Lu and coworkers have characterized one of the more
promising methods, a sol-gel dip-coating method for rapid (tens of seconds)
template generation. The fabrication process involves evaporation-induced self
assembly of liquid crystal domains dominated by inward growth from the solid-liquid
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and liquid-vapor interfaces [69-71]. The resulting mesophase is manipulated by
controlling the surfactant type and concentration whereby a progression of struc-
tures from hexagonal through cubic to lamellar is observed with surfactant enrich-
ment. These mesophases are capable of yielding either one-dimensional pores or
three-dimensional interconnected pore structures (Fig. 13.10b). The surfactant/sili-
cate thin films are subjected to calcination at 400°C to remove the surfactants pro-
ducing the nanoporous silica [72]. By incorporating a conductive substrate for the
sol-gel dip-coating process, nanowire arrays or a nanomesh can be electrodeposited
within the one-dimensional and three-dimensional pore structures [73, 74]. Lu’s
group has also extended this fabrication method to hexagonal, cubic, and vesicalar
structured spherical nanoparticles by aerosol-assisted self assembly [70].

13.4.1.4 Diblock Copolymer Templates

Immiscible polymers have attracted significant interest as the materials for self
assembled templates for nanowire production (Fig. 13.10d). By covalently bonding
together polymers with different interfacial energies, phase separations occur at the
nanoscale level with highly oriented and periodic domains [75, 76]. Thin films of
lamellar, cylindrical, and spherical microdomains have all been formed with tun-
able dimensions controlled by the polymer chain lengths or molecular weights [75,
77]. Common copolymers include polystyrene (PS) and polymethylmethacrylate
(PMMA) denoted PS-b-PMMA, and polystyrene and polyethyleneoxide (PEO)
denoted PS-H-PEO. Current PS-b-PMMA copolymer thin films with cylindrical
domains are synthesized by spin coating followed by annealing for 12-24 h under
an electric field of 30—40 V/um at a temperature above the glass transition tempera-
ture of both polymers. The applied voltage induces alignment of the cylindrical
domains with the orientation of the electric field [78]. Xu and co-workers have
shown that small concentrations of Li ions contribute to the electric field alignment
of the PMMA cylinders [79]. The ensuing matrix is subsequently exposed to ultra-
violet light, which degrades the PMMA while simultaneously cross-linking the PS
[80]. These self-assembled polymer templates are a promising platform for the
creation of future MEMS and NEMS structures, by facilitating both lateral and
vertical growth of nanowires with diameters down to 5 nm [81] (Table 13.1).

13.4.1.5 Alternative Nanostructure Synthesis

Biotemplates have been fabricated from two-dimensional crystalline surface
proteins for the subsequent electrochemical deposition of nanowire structures [82].
These surface layer proteins encapsulate certain bacterial cells, controlling extra-
cellular transport. They form especially robust thin films over cells, and are resistant
to conditions that normally denature proteins, such as low pH and heat, thus making
them ideal as template materials for electrodeposition. Schwartz and coworkers
investigated a hexagonally packed intermediate surface layer protein from
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Fig. 13.11 (a) Tapping mode AFM image of HPI layer proteins on a polished steel disk reveals
typical coverage when proteins are contacted for several minutes before washing. Inset: higher
resolution image on freshly cleaved mica revealed patterned arrangement of channels. (b) TEM
images of Cu2-Tralil753:CN225 nanoparticles self organized on circular X174 RFII DNA.
Nanoparticle loops are never observed in the absence of circular DNA additions. The arrow iden-
tifies an incompletely decorated loop. Figure 13.11a reprinted with permission from ref. [82].
Copyright (2005) American Chemical Society. Figure 13.11b reprinted with permission from ref.
[83]. Copyright (2005) American Chemical Society

Deinococcu radiodurans, with 2-3 nm pores and widths of 5-6 nm (Fig. 13.11).
The surface layer proteins were bound to the cells by hydrophobic interactions and
were extracted using a detergent, sodium dodecyl sulfate (SDS). The resulting tem-
plates have been randomly dispersed on conductive substrates for through-mask
deposition of Cu,O, Ni, Pt, Pd, and Co [82].

Schwartz and co-workers have also investigated hybrid inorganic-protein moieties
for the assembly of unique three-dimensional nanostructures [83-85]. The DNA
binding protein Tral was engineered with a polypeptide binding sequence for Cu,O,
and optimized using cell adhesion assays on a quartz crystal microbalance. The binding
sequence was also designed with an absence of cysteine groups to eliminate the
possibility of thiol-mediated metal center binding, resulting in loop formation by
oxidation of the flanking cysteine thiols. The binding affinity (K,) of the engineered
Tral for Cu,0 was determined to be 1.2x10*M. The DNA binding sequence was
also preserved, as demonstrated by the self assembly of protein bound Cu,O particles
binding to cyclic DNA [83]. This technique shows promise for the assembly of
multi-dimensional nanostructures based on DNA-positive templating.

Selective electrochemical deposition (SED) at the edge planes of highly oriented
pyrolytic graphite (HOPG), or electrochemical step edge decoration (ESED), has
been utilized to fabricate nanowires from metals, metal oxides, semiconductors,
and bimetallics by Penner and co-workers [86-90]. Although this method does not
fall under the class of template synthesis, still, the step edges of HOPG could be
considered as a positive template. Nucleation is preferentially initiated on the step
edges, where the sp? bonds of the basal plane are terminated and a line of higher
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surface energy/chemical reactivity occurs [91, 92]. The nanowires are formed by
the coalescence of adjacent nucleation sites on the step edge, with the minimum
nanowire diameter coinciding with the diameter of the nuclei at the point of coales-
cence [93]. These step-edge nanowires have hemi-cylindrical cross sections and
can reach lengths of several millimeters [94]. Metal oxide nanowires can be directly
deposited on the step edge by employing small overpotentials. The selectivity of
preferential nucleation at step-edge sites is sensitive to the overpotential value, with
greater overpotentials leading to significant deposition on the terraces as well.
A “tri-potential” process is used for the deposition of noble metals such as Ni, Cu,
Ag, and Au. The step edge defects are first activated with a positive potential for
several seconds; nucleation at step-edge sites is then initiated with a high overpo-
tential for several milliseconds, with subsequent reduction in the overpotential for
the coalescence of adjacent nuclei to grow the nanowires (Fig. 13.12) [88]. Arrays
of metal nanowires can be extracted from the HOPG substrate using a polystyrene
or cyanocrylate adhesive. Metal oxide nanowires however, must first be reduced
to metal (annealing under hydrogen) to have the necessary mechanical integrity
required to survive the transfer from the HOPG substrate [95].

Carbon nanotubes are responsible for spawning the age of nanotechnology, and
creating a paradigm shift in our views on materials and their applications. In the
field of MEMS and NEMS, CNTs have found applications as electromechanical
switches or as pliable nano-actuators, among others. The high elastic modulus of

Applied Potential

Fig. 13.12 ESED of noble metals is a tri-potential sequence (inset). (a) First the HOPG step
edges are oxidized to form carboxyl groups, disrupting edge sp® bond, (b) deposition is initiated
with nucleation sites at the edge plane from a low potential pulse, (c) followed by a low overpo-
tential step for subsequent growth of the nucleation sites to the coalescing point
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CNT has already been exploited in NEMS as the basis for a rotary element for a
magnetically actuated nano-plate [96] and additional NEMS devices relying on
both the novel mechanical and electrical properties of CNTs will continue to be
developed in the years to come. Composite materials containing CNTs, especially
inorganic material/CNT blends, have been demonstrated to have enhanced mechan-
ical and tribological properties, unattainable with current metallurgical techniques
[97]. These electroless and electrodeposited composites will provide a new class of
materials available for MEMS and NEMS devices.

In addition to codeposition, metal/CNT composites can also be formed by elec-
trochemically coating CNTs. Recent efforts to characterize various electrochemical
coatings on CNTs have discovered unique charge transport behaviors in hybrid
inorganic/CNT structures, which can be exploited for sensing applications [98].
However, to date, only a handful of materials have been electrochemically coated
on CNTs (e.g. Ni, [97] Au, Ag, and Pt [99]). These studies have elucidated the
mechanism of nucleation for electrodeposited materials on networks of single wall
carbon nanotubes (SWNT) to create nanoparticle and nanowire coatings [99]. Both
the type of electrodeposited materials and the potential gradient along SWNT net-
works were shown to influence the number of nucleation sites created and the
subsequent coalescence and growth of the deposit. In all cases, electrodeposits on
CNT networks were shown to form nanowire coatings with higher density nucle-
ation and hence smaller nuclei closer to the working electrode, moving to larger
particles, on the order of microns, that became sparser with increased distance from
the electrode [99]. In addition, the ends of the nanotubes as well as defects within
the nanotubes have been shown to be areas of high electrochemical and chemical
reactivity, in a similar fashion as the edge planes in ESED, with enhanced electro-
chemical deposition occurring at these sites [91, 92]. These mechanisms of nucle-
ation and growth are the subject of in-depth studies of CNT surface chemistry
affecting electrodeposition. Thus, electrochemistry has played a key role as an
important fabrication technique for CN'T-based coatings, composites, and also as a
means for providing conductive contacts for electrically addressing CNTs.

13.4.2 Template-Free Nanowires

Although a large majority of electrochemically fabricated nanowires use templates,
there has also been considerable work reported on the generation of freestanding
nanowire networks by either chemical or electrochemical means [100—103]. While
chemical methods rely on polymerization at an aqueous/organic interface [101] or
nonselective coverage of a substrate, electrochemical deposition involves site-
directed growth between electrodes, and has been used successfully for creating
conducting polymer nanowire electrode junctions (CPNEJs) [104]. A continuous,
three-step galvanostatic method is utilized to fabricate the electrodeposited nano-
wire junctions. The first step requires the use of a high current density - 0.08 mA/
cm? - for 30 min for the deposition of polyaniline, in order to initiate nucleation of
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polymer nanoparticles on the working electrode. During the second and third steps,
nanowire growth propagates at lower current densities, 0.04 mA/cm? for 3 h and
0.02 mA/cm? for 3 h, respectively. The resulting nano-mesh can span a 2 pm gap
with ligament diameters in the range of 40-80 nm, which correspond to the diam-
eters of the nuclei produced during the first step. Polyaniline, polypyrrole, and
polyethylenedioxythiphene (PEDOT) have all been used to make CPNEJs with
high reproducibility and scalability for applications involving the detection of
gaseous analytes [104].

13.4.3 Novel Assembly Techniques

13.4.3.1 Langmuir Blodgett Techniques

To date, a proven and robust technique for assembling large arrays of nanowires is
the Langmuir-Blodgett (LB) technique. These nanowire-based thin films can be
fabricated with controlled pitches and are also amenable to layering for the creation
of more complex structures [105—108]. The LB process begins by surface function-
alization of the nanowires with long alkyl chains. Once these functionalized nano-
wires are introduced into the sub-phase, or aqueous component, they selectively
partition to the water-air interface because of their hydrophobically rendered sur-
faces. At low pressure, the nanowires are aligned isotropically on the surface as
side-by-side aggregates called “nano-rafts” formed as a result of directional capil-
lary forces and van der Waals forces [109]. With increased surface pressure created
by compressing the trough container, the nanowires begin to align parallel to the
trough wall, creating a two-dimensional nematic phase. Further compression
pushes the monolayer into a smectic arrangement with uniaxial alignment and high
precision spacing (Fig. 13.13). Above a certain critical pressure, the maximum
areal density of the monolayer is surpassed, transitioning the nanowire film into
multilayers or a three-dimensional nematic phase containing singularities [109].
The close-packed LB monolayers in the smectic regime are preferred for device
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Isotropic 2-D Nematic 2-D Smectic 3-D Nematic

Fig. 13.13 Schematic of Langmuir—Blodgett monolayers. As the trough wall are pushed in,
indicated by the arrows, the surface pressure is increased and the nanowires transition through the
sequence of phases; isotropic, 2-D nematic, 2-D smectic, 3-D nematic
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fabrication, as they have well-defined, uniform pitches with axial length scales of
up to a centimeter [105-108].

13.4.3.2 Magnetic Alignment

The high aspect ratios of magnetic nanowires impose a shape anisotropy that only
allows magnetization along the axial direction with only two possible orientations
for the polarity [65]. The resulting magnetically polarized nanowire can be manipu-
lated with external magnetic fields, ferromagnetic substrates, and neighboring
magnetic nanowires. Magnetic interactions were first investigated as an approach to
manipulate nanowires by Searson and co-workers [110]. Using ferromagnetic
nanowires they demonstrated real time end-to-end alignment in solution, with the
velocity of alignment being directly proportional to attractive forces between
nanowires and inversely proportional to viscous drag in solution [110]. Searson later
demonstrated the entrapment of a multi-segmented Pt/Ni/Pt nanowire between two
Ni pads with a 135 Oe remnant magnetization from previous exposure to a 10G
magnetic field. Although the remnant magnetization was sufficient to entrap nanowires,
the success rate was greatly enhanced with an applied magnetic field, as the applied
field facilitated alignment of the nanowires between the electrodes and reduced
aggregation [111]. Crone’s group successfully demonstrated the entrapment of an
inversed nanowire structure to Searson’s magnetically entrapped nanowire, consisting
of a bronze midsection with ferromagnetic caps and aligned between Ni stripes
[112]. Subsequently, Myung and coworkers have investigated the effect of ferromag-
netic pad geometry and magnetic field strength for controlling the directionality of
nanowire assembly (Fig. 13.14). Nanowire chaining and agglomeration was
minimized by dilution (Fig. 13.15). A solder thin film was electrodeposited on Ni
electrodes for the purpose of making robust electrical contacts to the Ni/Bi/Ni
nanowires [113]. Myung and coworkers were the first to demonstrate magnetic
assembly of true nanowires, with diameters of 30 nm, on gold and nickel electrodes,
using an annealing step to achieve ohmic contact for magnetic and electrical
measurements [ 114]. Magnetic alignment has also been demonstrated for structurally
modified CNTs, where the modified CNT has a magnetic catalyst nanoparticle on
one terminal end and a thermally evaporated Ni cap on the opposite end [115].

13.4.3.3 Electric Field Alignment

Electric field assisted assembly is applicable to a wide range of materials
including semiconductors, metals, and CNT’s, as opposed to being restricted to
only ferromagnetic materials for magnetic alignment [116-118]. Electric field
assisted assembly utilizes an alternating current to polarize nanostructures for
assembly purposes or for other dynamic functions. Mallouk and coworkers
were the first to demonstrate electrical alignment of Au nanowires, citing the
voltage and the frequency as the main parameters controlling the alignment time.
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Fig. 13.14 Schematic for magnetic alignment. (a) A colloid initially contains randomly oriented
nanowires. (b) The nanowires align parallel to an applied magnetic field (c¢) and position between
ferromagnetic substrates

Fig. 13.15 Optical images of (a) Ni/Au/Ni nanowires aligned parallel to an applied magnetic
field, inplane and adjacent to the nickel electrodes. (b) Ni/Au/Ni nanowires form chains in the
absence of ferromagnetic electrodes to direct placement. The arrow indicates the direction of
the applied magnetic field
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Fig. 13.16 (a) Schematic of a nanowire suspended in DI water set to rotation by quadruple electrodes,
at which four phase-shifted ac voltages are simultaneously applied but with a sequential phase shift
of 90°. (b) Overlapped images at 1/30 s interval of free (right) and on end fixed (leff) rotating Au
nanowire at 2.5 V, 80 kHz. (¢) Schematic of a bent nanowire attached to the surface. Snap shots
(d)—(f) of rotating bent nanowires taken every 1/30 sec and (e) overlapped images taken within 1.8 s
under 10 V at 20 kHz illustrating a bent nanowire as a micromotor driving a dust particle. Reprinted
with permission from ref. [121]. Copyright (2005) by the American Physical Society

The movement of nanowires within an electric field is dependent on its polarization
within the surrounding dielectric medium. The electric field induces a dielectro-
phoretic force on the nanowire in the direction of the electric field [117]. Studies
on dielectrophoretically controlled nickel silicide nanowires also revealed mechanisms
for “chaining” and branching interactions among nanowires. The induced dipoles
orient the nanowires parallel to the electric field while simultaneously creating
localized coulombic attractive forces between adjacent nanowires resulting in their
forming chains. Pre-aligned nanowires positioned on top of electrodes experience
an enhanced electric field, consequently attracting other nanowires in solution
along the radial direction, thereby stimulating branching structures [119].
Controlled rotation of nanowires has also been carried out by Chien’s and
Bhiladvala’s groups using a quadruple electrode setup with simultaneously applied
voltages with sequential phase shifts of 90°, thereby creating a “nanomotor”. These
devices have been demonstrated for free standing nanowires as well as for fixed
nanowires (Fig. 13.16a and b) [120, 121]. A bent Au nanowire motor tethered to a
thiolated substrate is also shown in Fig. 13.16.

13.5 Applications

From a practical standpoint, electrochemical fabrication is currently used primarily
in LIGA or EFAB, the predominant electrochemical techniques for fabricating
MEMS devices. Electroplating can be used to mimic certain forms of silicon
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processing or can actually substitute for these processes. The cost and associated
trade-offs in using electrochemical processing, are a strong function of the exact
process, desired device performance, material properties, and process limitations.
Electrochemistry is also the subject of active research aiming at developing greater
understanding of electroplating technology and the relationships between material
properties and structure [6]. Template synthesis is the dominant electrochemical
fabrication method currently being used to fabricate NEMS devices. Here we pres-
ent some of the more innovative devices in MEMS and NEMS with particular focus
on nanowire-based systems.

13.5.1 MEMS Example: Force-Detected Nuclear Magnetic
Resonance Spectrometer

NMR spectroscopy can be conducted using two, very different approaches: the
conventional, Faraday-law detection technique and the force-detection technique
described below. In both cases, the NMR signal is derived from RF excitation of
the sample’s nuclear magnetic moment. In the conventional technique, detection
occurs by virtue of the induced current in a detector coil generated by the cyclic
inversion of the nuclear magnetic moment. FDNMR on the other hand relies on
measuring the dipole-dipole force interaction between the sample’s nuclear spin
magnetic moment and a small detector magnet (of equivalent size to the sample)
located in the vicinity of the sample (Fig. 13.17). The FDNMR spectrometer is
constructed using MEMS fabrication techniques [122]. The detector magnet is
mounted on a microfabricated Si beam making up a mechanical resonator. The
detector magnet sits within an annular magnet (Fig. 13.18), thus providing a uniform
magnetic field over the entire sample volume. RF pulses applied to the sample
cyclically invert the nuclear spins of the target isotopes, thereby modulating the
dipole-dipole interaction between the detector magnet and the net nuclear magnetic
moment of the sample, at the former’s mechanical resonance frequency. The resulting
motion of the mechanical resonator is detected using a fiber-optic interferometer.
The electronics driving the RF coil are capable of producing the desired complex
pulse sequences, allowing both single and double resonance NMR experiments.
The displacement of the resonator driven by cyclic inversion of the sample’s nuclear
magnetic moment is recorded using fiber-optic interferometry. A “double” Fourier
Transform process is subsequently employed to derive the NMR spectrum from the
acquired data. A significant strength of the FDNMR technique over the conven-
tional technique is that it is capable of high-resolution, multi-nuclear analysis [123].
It has been shown previously [122] that the force detection technique is uniquely
suited for MEMS sizes and has superior sensitivity over the conventional, inductive
detection technique for sample sizes in the range of 10—100 microns. Thus, the
MEMS FDNMR spectrometer is the only choice for in-line detection of aqueous
samples, as well as dissolved organic samples, in a miniaturized, multi-instrument
suite type application.
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Fig. 13.17 Working principle of the MEMS-based FDNMR spectrometer. The sample (S) sits within
an RF excitation coil (C), which modulates the NMR signal at the mechanical resonance frequency
of a resonator made up of the detector magnet (D) and silicon beam (O). The detector magnet sits

within an annular magnet (R) and the entire assembly is within the pole piece of an external field
magnet (M). Detector magnet motion is measured using a fiber optic interferometer (F)

Detector Magnet

‘ -

Si beam resonator  Fiber optic interferometer

Fig. 13.18 Simplified processs schematic showing the major steps for fabrication and assembly of
the MEMS FDNMR spectrometer. The steps involve electropating of a thin-film, multi-component,
soft magnet alloy, fabrication of the Si beam resonator, and the final assembly of the spectrometer.
Shown to the right are an optical micrograph of the electroplated 60 pm detector magnet, and an SEM
image of the 400-um-long Si beam resonator fabricated using Deep Reactive Ion Etching
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In order to achieve the highest possible resolution for the NMR spectroscopy, it
is important that the applied magnetic field be as high as possible. Our research
determined that it is possible to electroplate a ternary, soft magnetic alloy of
Fe-Ni—Co that is capable of producing a saturated, magnetic field of over 2 Tesla.
The challenge lies in developing an electroplating process for a 10-um-thick film
with low stress, good morphology, and compositional uniformity. In addition, a
precision lithography process was developed to produce thin-walled (1 um), high
aspect ratio (10:1) sacrificial layer “molds” for electroplating the soft magnet film.

13.5.2 NEMS Example: Nanogap Devices

Nanogaps have attracted attention as a means to contact individual molecules or
nanocrystals for generating novel NEMS devices as well as for fundamental charac-
terization studies [124]. Highly-controlled electrochemical nanogap fabrication with
sub-angstrom precision has been successfully demonstrated using a gap-impedance-
tuning mechanism (Fig. 13.19) [125]. Metal is deposited simultaneously on micro-
fabricated electrodes separated by a several micron-sized gap. The deposition is
conducted using a very low frequency feedback signal to monitor the electron
tunneling current across the gap as it narrows. The current exhibits a stepwise
increase when the gap is below 10 nm and subsequently an exponential increase in

Fig. 13.19 SEM images of the gap electrodes: (a) the initial electrode pairs with the spacing of
5 mm fabricated by conventional photolithography; (b) the nanogap with a separation of 56 nm
obtained at an ac sources frequency f=260 Hz and the series resistances R,=R,=0.1 kV; (c) the
nanogap with a separation of 28 nm obtained at =260 Hz and R,=R,=1 kV; (d) the nanogap with
a separation of 9 nm at f=820 Hz and R,=R,=1 kV. Reprinted with permission from ref. [125].
Copyright 2005, American Institute of Physics
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the tunneling current regime, corresponding to a gap size below 1 nm. The high
level of precise control achieved by this fabrication technique allows for molecular
manipulation of the nanogap [126, 127]. A key drawback of this technique is that
although it is very efficient at producing angstrom size gaps, the precision in gap
control falls sharply outside of the ~1 nm width required for the onset of electron
tunneling. An alternative method uses one of the electrodes as a reference to detect
the sharp potential drop when the electrical double layer is formed. This feedback
enhancement has extended the generation of precisely controlled gaps to widths in
the range of 10 nm [128]. Using a high frequency impedance feedback system similar
to Tao et al, Liu et al have also demonstrated nanometer-level precision in controlling
gaps in the range of 1-30 nm [129].

13.5.3 NEMS Example: Nanowire Barcodes

Keating and co-workers first investigated the use of segmented nanowires (nano-
wire “barcodes”) for the detection of proteins and DNA using a sandwich immuno-
assay detection system [130]. The barcode nanowires consisted of alternating
segments of Ag, Au, Ni, and Pt, with the Au segments functionalized with either
specific nucleotide sequences for DNA detection or antibodies for protein detec-
tion. The lengths of the functionalized segments were also varied and alternated for
creating the unique “barcodes” corresponding to specific proteins or oligonucle-
otides. Following exposure to the target analytes, the nanowire barcodes were
introduced to the corresponding fluorophore-labeled markers, i.e. either comple-
mentary nucleotide sequences or antibodies.

The specificity of the detection scheme was demonstrated by correlating optical
images of the nanowire barcodes acquired with and without fluorescence excitation.
In this manner, multiple “probes” could be used simultaneously for the detection of
a diverse set of analytes.

13.5.4 NEMS Example: Spintronics

Potential applications of ferromagnetic (e.g. nickel, cobalt, and permalloy) nano-
wires in high density magnetic recording and magnetoelectronics devices have
attracted significant interest in understanding their magnetotransport properties
[131-143]. Because of the extremely small dimensions and difficulties in address-
ing single nanowires, magnetotransport properties of nanowires have been mainly
studied by measurements made on either lithographically fabricated ferromagnetic
nanowire arrays [131, 134, 135, 139] or bundles of nanowires embedded within a
suitable template [132, 136, 138, 140, 141]. Recently, Myung and coworkers
[113, 114] have developed a facile technique for producing functional ferromagnetic
devices based on single nanowires. This was achieved by a combination of processes.
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Good electrical contacts for individual ferromagnetic nanowires were obtained by
combining template-based electrodeposition techniques, with magnetic assembly,
followed by post-annealing in a chemically reducing environment. The above
fabrication and assembly technique allowed Myung et al to investigate the magne-
totransport properties of single nanowires without interference from dipolar inter-
actions between multiple nanowires. The magnetotransport properties of single
electrodeposited ferromagnetic nanowires have been studied not only for nanowires
with homogenous chemical composition but also for multi-segmented nanowires
consisting of alternating lengths of ferromagnetic and nonmagnetic materials (e.g.
NiFe/Cu, Ni/Cu, and Co/Cu). Measurements were aimed at characterizing the
current-perpendicular-to-plane-giant-magnetoresistance (CPP-GMR) for these
single nanowires [144—146]. Early results show that this approach requires addi-
tional work to overcome challenges that essentially limit reproducibility and high
throughput. Problems notwithstanding, the approach shows great promise as a
powerful platform to study the influence of different materials, dimensions, and
structures (segmented, superlattice, and core/shell), on the magnetotransport proper-
ties of single nanowires that are crucial for developing a comprehensive knowledge
base for spintronics applications.

13.5.5 NEMS Example: Nano Sensor

A diverse set of sensor devices including resistive elements and field effect
transistors for chemical and biological detection have been fabricated using either
top down or bottom up electrochemical synthesis. Equally diverse electrochemical
fabrication methods have been used to generate these sensors, including ESED [95,
147], electrochemically coated CNT networks [97], template-free nanowires
[103, 104], e-beam directed in-situ growth [39, 41, 42], and nanowire arrays [ 148].
In particular, high density nanowire arrays have gained attention because of their
potential to detect multiple analytes within a compact and low mass device.
Nanowires offer significant benefits over thin films in solid state sensor applica-
tions that exploit conductance changes in metals and metal oxides in the presence
of gas analytes. Because of their significantly higher surface-to-volume ratio,
nanowire-based devices have faster responses, lower power consumption, and
higher sensitivities than their thin film counterparts. The large surface area to vol-
ume ratio enhances surface reactions and adsorption processes, driving the vastly
improved properties of nanowire sensors. This is particularly true for biosensor
applications in which antigens and proteins can be covalently attached to metal
oxide nanowires using succinimidyl or carboxyl acid linkages [110, 149]. Zhou and
coworkers have demonstrated biosensor systems binding prostate specific antigen
antibodies (PSA-AB) to indium oxide nanowires via 3-phosphonopropionic link-
ages, and to single walled carbon nanotubes via 1-pyrenebutanoic acid succinimi-
dyl ester groups (Fig. 13.20). Thiol groups, which are known to form self assembled
monolayers (SAMs) on Au, can also facilitate the attachment of bio-molecules to
Au nanowires with high binding affinities. Biocompatible conducting polymers can
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Fig. 13.20 (a) Schematic diagram of the nanosensor. PSA—ABs are anchored to the NW/SWNT
surface and function as specific recognition groups for PSA binding. (b) Reaction sequence for
the modification of In203 NW: i, deposition of 3-phosphonopropionic acid; ii, DCC and
N-hydroxysuccinimide activation; iii, PSA-AB incubation. (¢) Reaction sequence for the modifica-
tion of SWNT: iV, deposition of 1-pyrenebutanoic acid succinimidyl ester; V, PSA-AB incubation.
Reprinted with permission from ref. [149]. Copyright (2005) American Chemical Society

be functionalized through entrapment during electrodeposition [42], molecular
imprinting [51, 52], and via covalent attachment to monomer precursors. These
sensing schemes have the potential to satisfy the need for robust and easy-to-use
diagnostic biomedical sensors by significantly reducing the time and complexity of
bioassays. They provide a platform for label-free, real-time monitoring, resulting
from the highly sensitive charge accumulation or depletion processes within the
one-dimensional structures [150]. The sensitivity, selectivity, and rapid response
for nanowire-based biosensors have been conclusively demonstrated by Zhou and
coworkers for the detection of PSA (Fig. 13.21).

13.5.6 NEMS Example: Thermoelectric Devices

Thermoelectric materials have been used extensively for thermal sensing, energy
conversion (heat to electricity), and for cooling (Peltier effect). In general, thermo-
electric devices consist of n-type and p-type semiconductor constituents connected
electrically in series and thermally in parallel [151]. While energy conversion
efficiencies for thermoelectric devices are not yet competitive with conventional
refrigerator or power generation systems, it is possible to achieve enhanced efficiencies
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Fig. 13.21 Current recorded over time for an individual In203 NW device (a) and a SWNT mat
device (b) when sequentially exposed to buffer, BSA, and PSA. Insets: SEM images of respective
devices. Reprinted with permission from ref. [149]. Copyright (2005) American Chemical Society

through choices of novel materials and improved geometries. In particular, the
nanowire geometry is particularly amenable to increase carrier mobility and
decreased phonon transport arising from quantum confinement effects at the nano-
meter scale [152]. The key limitation standing in the way of achieving the promise
of improved performance by thermoelectric nanowires is the ability to fabricate and
couple together alternating n-type and p-type thermoelectric elements with high
precision. Previous efforts at MEMS (micron) scales have successfully demon-
strated thermoelectric microdevices containing over 100 electrochemically depos-
ited Bi,Te, (n-type) and Sb,Te, (p-type) elements, each 60 pm in diameter, and
fabricated using a LiGA technique [151]. This electrochemistry- based fabrication
technique is highly scalable and inexpensive; however, the dimensions are still
several orders of magnitude greater than the ideal dimensions (~10 nm) required to
observe quantum confinement effects. While template based synthesis can certainly
produce thermoelectric nanowires in this dimensional range, the key difficulty lies
in ensuring that adjacent pores have alternating n-type and p-type semiconductor
materials. In an effort to circumvent this problem, several researchers have used
lithography to produce microzones of n-type and p-type nanowires and couple them
to create the thermoelectric devices as shown in Fig. 13.22 [153, 154].
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Fig. 13.22 (a) Proposed thermoelectric nanowire-based device within an alumina nanotemplate. (b)
enlarged view of a few n-type and p-type nano-bundle elements connected electrically in series and
arranged thermally in parallel (nanotemplate removed). Reprinted with permission from ref. [153]

13.6 Future Trends

Electrochemistry has gained recognition within the MEMS and NEMS community
as an economical, high throughput means of producing a diverse range of materials
and structures. As our understanding and requirements of materials have pro-
gressed, electrochemistry has grown to meet these demands, with tailored alloys,
novel composites, and nanostructured features. However, considerable work
remains to be done to adapt this centuries-old technology to the stringent demands
of MEMS and NEMS. Specifically, a strong theoretical foundation resulting in
robust modeling schemes for mass transport, current distribution, additive kinetics,
and deposit nucleation needs to be developed in support of the largely empirical
work in electrochemistry-based microfabrication that has been carried out thus far
[6]. Beyond the actual fabrication process itself, considerable effort is required for
developing an in-depth understanding of key electrodeposited materials properties
including mechanical stress and interfacial adhesion, thermal, electrical, and
chemical properties, all of which have a direct impact on the performance of
MEMS and NEMS devices.
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