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Abstract

A ncw microfabrication leehnology eapablc ofelectro-dcpositing lruly lhrcedimcnsion­

al melal micro-slruclorcs is prcsenled. The mClhod, known as Spatially Constraincd Micro­

Elcclro-Deposilion or SCMED, is being dcvclopcd as part of an cfforllo providc sub-milli­

mclcr sized lools and cxtra degrces of frecdom lo cxisting lclc-operatcd miero-surgictù

rohol~ and micro-manipulators. Thcsc applications rcquirc fabrication proccsses capablc

of producing thrcc dimcnsional structures, with sub-micromcter spatial resolution, using a

rangc of malcrials and at rcasonable rates. CUITcnt micro-fabrication tcchnology is unablc

ta mcct thesc rcquircments. The threc dimensional rcquircmentis particularly relevant given

thc prescnt dcpcndcncc on csscntially two dimensional micro-fabrication methods derived

l'rom micro-clcctronics.

ln SCMED, electrodeposition is localized by placing a sharp tipped electrode in a plating

solution, near a substrate, and applying a voltage. Structures are built by moving the elec­

trode appropriately with respect to the substrate.

Electrochemical theory, including mass transport to regions of localized field, is dis­

cussed, and a model ofdeposition profile presented. SCMED is shown to be capable ofpro­

ducing three dimensional polycrystalline nickel structures on the micrometer scale, includ­

ing a multi-coiled helical spring. Vertical deposition rates of6 Ilm/s are observed, two orders

of magnitude greater than those of conventional electrodeposition.

The process can potentially deposit and etch a wide range of materials ineluding pure

metals, alloys and polymers with sub-micrometerresolution, thereby overcoming important

limitations of current technology.



• Résumé

Une nouvelle méthode de microfabrication pouvant crfectuer de l'électro-dépnsitil1l\ de

micro-structures métalliques tri-dimensionnelles est présentée. La méthnde. 1ll1l11mé

SCMED (Spatially Constrained Micro-Electro-Deposition ou la Micro-Electrodépnsition

Spatialement Localisée), est requise pour la construction de petits outils « 1mm) Cl pour

l'addition de degrés de liberté supplémentaires à des roboL~ de microchirurgie ct des micro­

manipulateurs télé-opérés. Ces applications ont besoin de méthodes de fabrication capable

de construire des structures tri-dimensionnelles, avec une résolution supérieure au micro­

mètre, utilisant divers matériaux et fonctionnant à des vitesses misonnables. Présentement

la technologie ne peut pas satisfaire ces besoins et les méthodes les plus conllllunes prOllui­

sent essentiellement des patrons en deux dimensions.

SCMED localise l'électrodéposition en localisant le champ électrique. Ceci est accom­

pli en utilisant une électrode pointue placée près de la surface où la déposition est requise,

dans une solution d'électro-plaquage, et en appliquant une tension électrique. Les structures

sont fabriquées en bougeant en trois dimensions la pointe de l'électrode par rapport à la surfa­

ce.

La théorie électrochimique est présentée, incluant une discussion des effeL~ de transport

de masse jusqu'aux régions de déposition localisée et un modèle du prolil du champ électri­

que. Il est démontré que la technique de SCMED peut produire des micro-structures tri-di­

mensionnelles poly-cristalli"cs en nickel, tel un ressort hélicoïdal. Des vitesses de déposi­

tion verticale de 6 f.lmls sont observées avec la technique de SCMED, dépassant la vitesse

de l'électrodéposition conventionnelle par plus de deux ordres de magnitude.

Le procédé peut potentiellement déposer plusieurs matériaux incluant des métaux purs,

des alliages et des polymères avec une résolution supérieure au micromètre, surmontant des

limitations importantes qui se presentent avec la technologie courante.
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Preface

This thesis descrihes the development of a new micro-fabrication process known as Spa­

tially Constrained Micro-Electrochemical Deposition, or SCMED. Tbe SCMED concept

was lïrst proposed by Professor Ian Hunter. My task was impIement tbe idea and determine

its feasibility. The thesis serves both to fulfill a master's degree requirement and as a refer­

ence source l'orthe use and furtherdevclopment of SCMED. I also hope to provide the reader

with sorne insight into the current state of miero- and nano-teehnology and its present li­

mitations, and thereby to demonstrate the need for a new approach to fabrication, such as

SCMED.

The work deseribed reprcsents the evolution of SCMED l'rom its conception to a level

of performance very similar to those of other fabrication methods in its elass. Efforts are

underway to improve resolution by two orders of magnitude and to enable construction of

integrated metal and polymer micro-structures. If successful, the accomplishment will be

a major step towards the fabrication ofsub-millimeter sized autonomous robots, among oth­

er applications.

Research was earried out in the Biorobotics Laboratory in the Depart.mentofBiomedical

Engineering at McGill University and in the Depart.ment of Mechanica/ Engineering at the

Massachusetts Institute of Teehnology, where it continues.

1 would Iike to thank my supervisor, Professor Ian Hunter, for his help and guidance.

His vision and enthusiasm, coupled with his very broad scientificknowledge and experience,

create an extrcmely stimulating leaming environment.

Thanks to Colin Brenan for the many discussions that have helped solidify my under­

standing of the design issues and provided new insights. 1am a/50 grateful for his rigorous

evaluation ofmy work. Serge Lafontaine's help and patience with my many queries regard­

ing electronics and computing are greatly appreciated. 1would a/so like to thankPeter Mad-
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den for his collahoration in the devclopment of software for contrnlling lhe slepl'ing molnrs

and in the etching of clectrodes.

My parents, Dr. John C. and Sidney Madden, have supporled and cncouraged me in this

work and throughout my life, for which 1am very gratcflli.

FinaIly, the financial support of the National Science and Engineering Research COllncil

of Canada through a Post Gmduate Scholarship is much apprccialcd.
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"There:,. Plellly (~( RoolI/ at th,- Rotlol/l"

Richard P. Feynman III

Chapter 1 : Introduction and Design Philosophy

A relativc1y new tïeld is emerging involving the design, construction and use or"miel'll­

c1ectro-mechanical systems" or MEMS. Th,~se intcgrate micro-mechanical cmnponents.

actuators, scnsors, power sources and logie circuiL~ with the goal or huilding illlegrated au­

tonomous micro-robots. Potcntial applications arc forcseen in micro-surgery, drug deliy­

cry, scicntific instrumentation, and the manufacturing of electronic and optieal deviccs 121.

As part of this effort Professor lan Hunter and his group in the Biorohotics Lahonltory

arc implementing a three staged approach. The lirst stage involves extending human dexter­

ity and sensation down to the cellular scale and beyond using tele-operated force-rcllecting

micro-manipulators. The second stage is the development of semi-autonomous, tethered

robots, guided and powercd through Ilexible physicallinks. The linal stage is the construc­

tion of millimeter and sub-millimeter sized autonomous robots. The latter will essentially

be independent artilieiallife forms, integrating mechanical elemenl~, actuatnrs, sensors, in­

telligence and power sources. Each stage will complement the next, both in suppnrting fah­

rication and by evolving technology and design.

The first stage, namely the building of tele-operated force-reflecting micro-manipula­

tors, is weil underway. The eombination ofparallel actuation and heam hending in the design

has allowed the construction of robot limbs capable of multiple degrees of 6 degree of free­

dom motions, and minute displacements (as Iittle as 1nm), with high dynamic range of mo­

tion (>6 X 106 ), and large displacement bandwidths (>1kHz). Several manipulators incor­

porate these features, including two general purpose micro-manipulators (MR-l and

MR-2) [3], a micro-surgical robot with associated virtual environment (MSR-I) [4J, and

a robot developed in collaboration with MBP Technologies of Montreal, designcd to assist
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in the fahrication and assembly of micro-·systems, sueb as integmted cireuiL~ and MEMS

(MFR-l). More recemly work bas begun on a micro-robot capable of Angstrom scale mo­

tions to be used for scanning tunneling microscopy and eventually atomic force microscopy

and atomic scale surface modification. Also, a robot (MSR-2) is curremly being designed

which sbould allow a surgeon to perform operations such as coronary bypass surgery on a

beating bearl. (CurrenLly many operations require stoppage of tbe heart, and thus added

complexity and risk.) ln an efTorlto extend the eapabilities of these roboL~, and as part of

the progression towards autonomous devices, the incorporation of miero-fabricated end ef­

fectors is planned. One manipulator design being eonsidered is a millimeter sized inslrum­

ented hand, which is espeeially suitable for tele-opemted systems.

The building of sueh a deviee requires a fabrication proeess able to produce threedimen­

sional structures sueh as joints and limbs, neccssitating (1) a lruly three dimensional fabrica­

lion capability, (2) sub-micrometer spatial resoluûon and, ideally, (3) a range of available

malerials suitable for conslructing electro-mechanical devices. AIso, (4) the fabrication

should occur at reasonable rales such that micrometer to millimeter sized structures can be

produced wilhin a matter of hours, or less.

Investigation of current micro-fabrication methods, as presented in Chapter 2, demon­

strates that the required fabrication technology does not exist. The fabrication of three di­

mensional structures such as bearings, pipe networks and closed interstices with sub-mi­

crometer resolution is not possible using current technology, impeding the progress of

MEMS development.

Two lechnologicallimitations are encountered. (l) The dominant MEMS fabrication

technologies arc restricted to the production oflow aspect ratio (height to width), essentially

two dimensional structures. These technologies, ineluding photo-lithography, are inherited

from microeleclronics, where rapid progress has been made in the miniaturization ofcireuit

elemenL~,and where the formation oftwo-dimensional, planar arrays is appropriate. (2) The

2



•

•

non-existence of 3D fabrication mcthods is exacerbated by the hlCk or 3D asselllbly teebnol­

ogy.

ln order to overcome these limitations Professor Hunter invellled a three dilllensionai

material deposition processI5]. The process involves localized elcctrochelllieai deposition

and is known as Spatially Constraincd Micro-Electro-Deposition (SCMED). Deposition

is localized by constraining the electric Iïcld distribution in solution to a slllall region where

forming is desired. Others have also recognized the limitations of currelll fabrication

technology and have begun devcloping high aspect ratio and truly 3D techniques. Chapter

2 discusses the relative mcrits of the various approaches.

This thesis describes work 1performed over the past 1.5 years to implement three dimen­

sionallocalized eleetro-ehemical deposition. As alluded to, Chapter 2 reviews current mi­

crofabrieation technology. In Chapter 3 c1eetro-ehemieal theory is described as applied to

localized electro-deposition. Both the mechanism of localization and factors alTecting de­

position rates are discussed. Reasons behind the modilïcation of the process from iL~ original

implementation, involving forced convection, to its present form employing sharp tips tn

contain electric field arc described in Chapter 4. Finally, Chapter 5 and 6 present the current

implementation and the structures grown using il, including a helical spring and a lOf.lm di­

arneter column. Plans to better understand the process, to improve spatial resolution, tn try

new materials and to perfect deposition control arc outlined in Chapter 7. First, hnwever,

a general discussion of micro- and nano-teehnology completes this chapter, including a de­

scription of the most successful MEMS technology to date - Nature's.

1.1 Opportunitles in Nanotechnology
In late 1959 the American physicist Richard P. Feynman propo';ed the fabrication ofme­

chanical and electrical systems on the atomic scale [1]. The benefits, he speculated, might

include ultra-high density information storage capable ofcontaining a library's knowledge

3
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on thc surfacc of a library card, micro-robots that coursc through artcrics to repair faulty

valvcs in tbc beart ( "surgeons you can swallow" ), the direct scanning and modifieaûon of

DNA, and molecular syntbesis atom by atom. Note that when Feynman presented these

ideas 4 kbyte core memories filled a small room and IC's were a new invention [6].

Since then others have espoused the "nano-technology revolution" (e.g. Eric Drexler

171). Transistors have been produced with dimensions ofless than 300 nm and sub-millime­

ter clectm-mechanical structures, including <1 mm diameter rotaûonal magneûc micro­

motors [8] built. Single atoms can be manipulated in two dimensions using Scanning Tun­

neling Microscopes [9]. Atomic force microscopes can resolve the helical structure ofDNA

[ ((l].

The integraûon of mechanical and electrical components in sub-miIlimeter sized de­

vices has bccn chosen as a lïeld of future economie importance. The Japanese Ministry of

Internaûonal Trade and Industry (MITI), in particular, is invesûng 250 M$ U.S. over 10

years in the research and development oftele-operated micro-machines including catheters,

automated pipe inspectors, and the construction ofa millimeter-sized submarine [11]. Total

annuaI Japanese expenditure on MEMS research, including both govemment and industrial

sources, is approximately $100 M$ [12]. The Europeans invest approximately the same

amount in MEMS, about half the money coming from the govemmenl. (In North America,

by contrast, govemments direcùy invest only about $11 M$ annually [12].)

Silicon MEMS are already being widely used as force and pressure sensors, particularly

in the auto industry [12]. Energy conservation regulations in the United States forced auto

manufacturers to develop ciosed loop fuel systems, which measure the oxygen content of

exhausl. As part of these systems absolute pressure is measured using Si-based sensors.

These arc capable of withstanding the tough operating conditions (-40 to 125°C, gasoline

atmosphere), with high reliability (over a 10 year lifetime, faiture rates of a few parts per

million) and at 10w cost (10 $ U.S.). 25 million such pressure sensors are produced annually

4
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for the automotive industry. Silicon micro-machined pressure and force sensors arc hegin­

ning to be used in many producL~ including altimeters. disposahle hllllld pressure transducers

for use with intravenous systems. smart suspension systems. air hag accelerlllnclers. and

smart munitions.

Benefits of micro- and nano-technology that arc commonly cited includel21:

(I)~. Small systems tend 10 be relatively fast. duc to reduced transit dis­

tances and high rcsonance frequencies.

(2) Space and Materials. The reduetion in size provides savings ofspacc and

of materials, both scaling with the third power of dimensions.

(3) Workspace and Aeeess. Clearly, miniaturized systems can enter environ­

ments thateannot be rcaehed by larger entities. This aspect is relevant in mi­

erosurgery, for example, where access to arteries, the eye, sections of the

brain etc. is desired.

(4) Upwards Enllineerinll. Large seale structures ean be built with microme­

ter or eventually nanometer detail, as nature has so successfully donc.

The future of nanotechnology is linked to the development of enabling technology and,

in partieular, of fabrication teehnology. Fabrication is key because ail aspecL~ of MEMS,

including mechanical elements, circuiL~, sensors, actuators and power sources must be built

and integrated. Thus the shape and substance of MEMS arc constrained by the capabilities

of fabrication methods.

Feynman recognized that nano-fabrication is essentially an engineering challenge, the

fundamental physics being understood weil below the atomic scale[l]. Nature has proven

that molecular level fabrication is indeed physically possible and has applied it to produce

organisms ranging in size from several nanometers up ta tens of meters. The next section

briefly describes nature's fabrication accomplishments and methods.

5
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1.2 Nature - A View into the Future?

Feynman propnsed several applicaùons of nanotechno!ngy, many of which, it tums out,

were present within him as he spoke! In DNA, for example, as Feynman recognized, one

hit olïnformation is encoded hy about 25 atoms, nccupying a volume ofO.5nm3/hit. Atsuch

a density, the text containcd in all the world's books (~10 15 bits [1]) could be stored in a

bail nf material approximately a tenth ofa millimeter in diameter. Repair enzymes rouùnely

scan DNA for mutaùons. Surgical submarines arc in the form of macrophages acùvated by

T-cells to gobble up invading pathogens. Allthis is made possible by nature's molecular

fabrication system.

Evoluùon has been an "upward engincering" process, building l'rom molecular origins

to span 10 orders of magnitude, as outlined in Figure 1. Organisms remain dependent on

molecular scale intcracùons. The informaùon required for growth and survival is encoded

in DNA molccules, and each live cell in an organism contains idenùcal replicas [13]. DNA

has a double helix structure, the helix being 2 nm in diameter and each loop is 3.4 nm long.

Informaùon is encodcd in four bases (Thymine, Cytosine, Adenine and Guanine), and there

arc 1() base pairs per loop. Enzymes unravel the double helix to read and copy the sequence

of bases (transcription) at a rate of about 500 base pairs per second in procaryotes (e.g. Es­

cherichia cnli) and, due to packaging, at about 50 base pairs per second in eucaryoùc cells

(e.g. human) [14]. Thecopy (RNA) is tnlllsported to the site oftnlllslaùon (ribosome), where

protein synthesis occurs, one amino acid at a ùme. Three bases form a "word" or codon cor­

responding to one of 20 amino acids, the sequence ofcodons describing the structure of the

protein. Translaùon occurs at a rate of approxiamtely 15 amino acids per second, and thus

an average protein (300-500 amino acids long) is produced in 25-30 seconds [14]. (e.g.

Acùn micro-filaments, which are involved in movement within a cell and of a ccII as a

whole, polymerizc spontaneously l'rom proteins approximately 180 amino acids in length,

corresponding to about 540 codons of informaùon. Myosin, which acts on acùn to produce

6



Photolithography Line 'VVidth Limit

r--l

~
~
-'

'"'
~

Q,l a...
Q,le ~
0 =.. -~ ""-l.-
El

~-t':
l:J
~

'"'Q,l­Q,l

S.---.-
S

--

ESCHEHICIHA ('01,1 .~ 'i>l Bit DRANI

Silicon MicromolOrs

.~

.-

• S1j\1 Surface lYlodification

Nr;CLEOTlDE .~,

AT{}\:l .-



•

•

musclc contraction, is composcd ofsinglc chains 1,800 amino acids long, thc longcst singlc

polypcptide c1laïns yet ohserved in nature [15j.) The porùon ofDNA describing one protein

gcncrally corresponds to a gene, the unit ofgenetic inheritanee. Three billion base pairs form

the human gcnome, allowing the storage of up to 1010 hiL~, while Escheriehia coli baeteria

contain 4 million base pairs and simple viruses about 5 thousand.

The molecular basis of life allows a wide variety of materials, organic and inorganic, to

hc formcd, dismantled, repaired and regenemted. Cells differentiate and divide to form ùs­

sues, neurons grow connecùons and bone is depositcd in a composite matrix of inorganie

materials (calcium carbonate and ealcium phosphate) and collagen libers. In bone forma­

tion, cells (osteoblast and osteoclast) arc horrnonally directed to lay down or remove the or­

ganic matrix into which the calcium complcxes arc deposited. These activitics are all gov­

erned hy molecular feedback pathways and informaùon eneoded in DNA.

The molecular basis has also cnabled the construction of eleetro-chemo-mechanieal

systems whose sizes range over 10 orders of magnitude. These are composed of "custom"

organic molecules, polymers and composite materials, and integrate molecular-based aetua­

tors (e.g. muscle), complex three dimensional, and highly parallel computer architectures

( ~ 10 billion nerve cclls making 1013 interconnections) as weil as chemical (taste, smell),

clcctro-mcchanical (hearing, touch) and clectro-optical (vision) sensors.

1.3 :biotechnology and Fabrication

If naturc is so good at building MEMS, why not exploit its fabrication mechanisms? Vi­

ruscs, after all, which arc unable to reproduce themselves, use this approach. They inject

their string ofDNA orRNA into a cell, which very generously replicates the nucleotides until

the hostexplodes. One mightuse nature's molecular fabrication methods to customize single

cells, then move to produce tissues and perhaps even onto the growth multi--cellular organ­

isms.
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Researehers routinely use viruses to 'ldd and delete genetic Illatcrial in a tcchniquc known

as viral splicing [13]. Viruses can, forcxalllple, incorpomte genelic Illaleria! at mndollllllca­

lions in the DNA, allowing researchers to add a panicular trait to a cclI. Micm-pallcrncd

surfaces, fahricated using Illicroelectronics techno!ogy, are uscd to dircct neUfllll gmwth

[16][ 17], and ultilllately to form live neural networks [1 RI.

However, although sOllle of the fabrication mechanisms such as the forllling of prntcins

and bone and the mechanisms involved in ccli division are gmdually being underslnml they

are enormously complex. Gene expression, for example, is onen delermined by clahomle

fecdback pathways. Artilïcial DNA synthesis can be achieved but only in lengths of a few

hundred base pairs, while a single gene can contain up to 2 milliun such pairs. Apart from

the complexity of biological systems, and thus the time it will take to devclop hiologieally­

based artificial organisms, there arc several other reasons why an alternalc apprnach is ad­

vantageous. Biological systems can only survive in a limited range ofenvironments. lftelll­

perature is raised much above 60°C, proteins denature (i.e. lose high order structure such as

a helical shape or a globular conformation determined by hydrogen bonds, and thereby lose

normal biological activity). Below freezing, lite, which is water based, stops lempnrarily

at least. Absence of oxygen or COz is generally fatal since these are crucial for energy pro­

duction, while exposure to mdiation destroys organic molecules. The sensory range is lim­

ited; Nervous system transmission is extrcmely slow compared to those of electromagnetic

devices ( l00mls versus 3 X 108 mis ); A large and cumplex infrastructure is required in

most "big" organisms, including the circulatory, respiratory and excretory systems, and so

on. Whileitmay be thatsome ofthese limitations could beovercome using human ingenuity,

that same ingenuity can also be employed to discover new approaches to fabrication, com­

plementing and exceeding the capabilities of biologically-based systems.
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1.4 Effects of Scaling

It is intercsting to observe tbat nature often takes rather different approaehes to building

structures than wc do. This may largely be duc to the combination of scaling considerations

and Iife's molecular origins. As dimensions arc reduced the surface area to volume ratio in­

cre:L~es. Thus surface forces (e.g. chemical, electrostatic and viseous) become increasingly

significant relative to body forces (inertia, gravity). Life apparently began on the molecular

scale, a regime where surface forces arc clearly dominant over body forces, and, despite

evolution to the macroscopic scale, it has maintained a dependence on moleeular mecha­

nisms. Human built structures, on the other hand, have, until recently, generally involved

parts and processes acting on scales of greater than a millimeter, where body forces are gen­

erally dominant.

Conventional actuators such as combustion engines, electric motors and inertial propul­

sion mechanisms become increasingly ineffective as their dimensions are reduced [2]. In

inertial propulsion systems, for example, Reynold's number tends to zero as dimensions are

reduced, rendering them useless, while combustion engines lose heat too rapidly to generate

much pressure [1].

Given the molecular origins of biological systems, it follows that surface forces were

dominant carly on in evolution. The moleculardependence has been maintained. Biological

actuators such as muscle, for example, employ molecular contractions to generate force and

motion. Muscle consists of myriads of myosin heads (1023 heads/m3), which ratchet along

in 50 nm steps at rates of severa1 hertz [14]. Bacteria encounter relative1y large viscous

forces (low Reyno1d's number) so flagellates propel themse1ves using a spiral motion, 1ike

that of a corkscrew, rather than by acce1erating fluid, as is done by propellors, jets and rock­

ets.

Reduction is size also affects mechanical properties. Griffith [l9] demonstrated in 1920

that as fiber diameters are reduced be10w about 500 J.lm, tensile strengths rise weil beyond
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the bulk value. This effect is altribllted to a rcdllction in surfacc dcfcClS which reslilt in frae-

turc and r.ùlure.

MEMS researchers are thus investigaling many new aclllator technologies. inclllding

magneto-strictive materials, shape memory alloys, contractile polymers 120\ and c1ectros­

tatic actuators 1. In Professor Hunter's group, forexample, ciTons are focllssing on lhedevel­

opment of contractile nickeltitanium Iïbers 1221 and contractile polymer actllalors .

1.5 Downward Engineering - From Macro to Micro.
Feynman proposed a sequence of scaling operations by which a "masler-slave system"

with a miniaturized slave is used to build a yet smaller version of itself, which inturn is con­

nected to the masrer, and used to construct another yet smaller version and so on in a geomet­

rie series. No one as yet has successfully implemented such an elegant approach. lnstead,

miniature devices are being fabricated directly using macroscopic wols.

The microelectronics revolution has evolved many highly developed methods 1231

which have steadily brought resolution down to micrometer and sub-micrometer scales.

Thin films, ranging in thickness l'rom a single atomic layer up to a few micrometers, are

grown by various means. Photo-lithography then images macroscopic 2D patterns, corre­

sponding to circuit elements and interconnections, onto these laycrs, chemically altering

them to allow the incorporation of lateral features.

Photo-Iithography produces thin,flat structures which are weil suited to microelectron­

ics applications, forwhich the process was designed, but which are far from ideal ifmechani­

cal components are to be integrated. Nevertheless, the lack ofreal alternatives has made pho­

to-lithography the most widely used MEMS fabrication technology. At the 1994 IEEE

Micro Electro Mechanical Systems conference [24], for example, 65% of the presentations

involved fabrication using photo-lithography to construct silicon or gallium arsenide bascd

t. See Hunter and Lafontaine [21] for a comparison of the various actuator technolo­
gies with the properties of muscle.
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slructurcs. Of the remainùer, mosl useù microelectronies relateù technology such as ion­

heam miIling through a mask or simply involveù thin films ùeposition. Only 5% of the total

employeù truly 3D techniques. While interesting structures have been built using silicon­

baseù lechnology (incluùing spinning micro-motors with sub-miIlimeler rotor diameters

125H26]) successful applications have so far been few. Exceptions arc silicon beam force

transùucers, pressure sensors, anù strain gauges, applications in which low aspect ratio is not

a ùisaùvantage [12]. The major limitations ofmicro-clectronics-based tcchnology arc the

narrow range of available materials (Le. largely silicon and gallium arsenide baseù) and the

low aspect ratios proùueeù [27].

ln the next chapter, a description and an evaluation of CUITent micro- and nana-fabrica­

tion technologies arc given.

11



•

•

Chapter 2
Overview of Micro-Fabrication Technology

ln this Chapter micro-fabrication technologies arc described. with the aim of determÎn-

ing their current capabilities and future pmspects. Bcfme rcviewing the state of the art in

micro- and nano-fabrication, some general concepts arc discussed which arc used to c1assify

the utility of the various techniques.

There arc two basic classes of fabrication methods: those involving material n:moval

and those that add or shape material. Examples of material removal pmcesses arc carving.

laser cutting and milling. Material addition and shaping processes incllllie moulding. painl­

ing and electrodeposition.

2.1 Material Removal

Material removal methods have two fundamentallimitations. Firstly they are limited 10

the properties of the materiaI that they are cutting. If variations in the eonùlIctivity or the

modulus of elasticity, for example, are desireù in the object being constrllcteù then either an

appropriate chunk of matter must be selectcd or interlocking parts must be separately bllilt

and assembled. Secondly, materiaI removaI methods are restricteù in the geometries they

can achieve. Closed interstices and helices for example are ùiftïcllit or impossible to fabri-

cate.

Despite these limitations materiaI removaI melhoùs are ubiquitous in manufacluring.

Both drawbacks can be overcome using assembly techniques, at the expense of time anù

complexity, but nevertheless often proving advantageous given the alternatives. On the mi­

crometer and nanometer scaIes however, assembly technology is very primitive and for

many operations does not exist. Microelectronics technology allows the bonùing of wafers

and the attachment ofsmail wires «100 !Lm diametcr) but the manipulation of objecL~ is dif-
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fïcult as lhey reach dimensions of :540 !lm. Therefore the use ofmaterial removal methods

ajonc ln produce moderatcly complex micro-structures such as a miniature hand is not cur­

renlly feasihlc.

2.2 Material Addition

Material addition can be done in parallel or in series. Moulding, electroplating and epi­

taxial growlh are examples of paraileI deposition, while painters, Inkjet printers, and cake

decoralllrs perform deposition serially.

Moulding procedures require the construction of a negative and are thus limited by the

technique used to construct the mould. Furthermore, the complexity of the objectis restricted

by surface tension and adhesion problems and by the diffieulty of using more than one mate­

rial. Nearly closed interstices are possible, providing that the negative can somehow be re­

moved. Like moulding, clectroplating and epitaxial growth arc parallel fabrication methods.

These create laterally homogeneous layers.

ln principle seriai deposition proeedures allow the greatest freedom in terms of both ge­

ometry and material variations (providing ofcourse that a range of materials is possible with

the given procedure and that these arc compatible). ln two dimensions, for example, the

use ofa fine tipped brush allows the incorporation ofa level ofdetail and a variety ofcolours

not possible with a roUer. If the roUer and the brush ean be moved at the same speed, howev­

er, the roUer can fill a spaee much more rapidly. The relative speed disadvantage ofa seriai

process can be overcome by having many seriai elements working in parallel and/or very

rapid individual seriai elements.

Thus in principle seriai deposition techniques allow the greatest flexibility in geometry

and material properties. These features are essential in constructing moderately complex

structures on micrometer and nanometer scales due to the lack ofeffective means ofassem-
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bly. They arc also intrinsically more efficient because assembly steps anù mate rial \Vaste arc

minimized.

2.3 Fabrication Techniques

Apart from geometry and material variabiIity, fabrication processes arc also judged on

the bases of spaùal resoluùon (i.e. the smallest cut or ùeposit possible), fabrication rate. and

the variety of workablc materials available, among othcr criteria. Table 1 sUl11l11arizes lhe

strcngths and weaknesses of the various methods discussed here. The nUl11bers represelll

CUITent capabiliùes unless accompanied by a quesùon mark. Nole that resolution, rate ami

the l11aterials used arc not always independent of each olher. Rates listed arc peak values

found in the literature for sub-millimeter resolution fabricaùon, whilc rcsoluùolls arc simply

the highcst found. The dimensions column indicates the aehicvable geomctry. 2+ dcnotes

a high aspect raùo capability with litt1e or no vertical resolution (2D with thickncss), whilc

3- indieates that while 3D geometries are achievable, many configurations are not possihle

(e.g. closed intersùces). Figure 2 at the end of the chapter summarizcs the tablc dala by plOl­

ùng rate versus resoluùon for 3D fahricaùon methods.
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Table 1: 8ummary of Micro- and Nano-Fabrication Techniques

Dim. Resolution Materials Rate +'s and -'s
(nm] [nm/s]

Photo- 250 mainly + Parailei
lithography 2 e.beam: Si based, - -Law aspect

10 GaAs ratio.

LIGA 2+ 1000 PMMA - + Aspect ratio
related [eatures Ni, Au + -Geometry.

MATERIAL REMOVAL

Excimer 3- 200 Polymers, Met- 2500 + Materials.
Laser ais, Cerarnies. (polyioùde) - Geometry,Aspeet

Electron 3- 2 Various 25 + High Resolution
Bearn Crystals -LowRate

Ion Bearn 3- Il 1 Various. 10 + Surface Finish.
.L 100 -LowRate

EDM 3- 2000 Conduetors 500000 + Rate
- Resolution

MATERIAL ADDITION

Stereo 3 5000 UV 2000 + Geometry
Lithogmphy Polymer - Materials

- Resolution

Powder 3 10000 Cerarnics, 1000 +30
Deposition Composites - Resolution

LCVD 3 10000 B, W, Si 1000 + Geometry
e.beam: 200 e.b.20 - Resolution

STM 2 0.2 atoms 0.1 + Resolution
-Rate

ELECTROCHEMICAL METHODS

Electroless 2+ 1000 Plating Metals 40 + Forms on Non-
Plating conductors

-2D

LEEP 2 2000 Electrodeposits 6000 + Rate
- 2D & Resolution

SECM 2 300 Metals - + Resolution
Polymers -2D

Localized 3 < 10000 Metals > + Rate, Resolution
Electro- <3OO? Alloys? 6000 + Materials
Deposition Polymers? - Serial
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2.3.1 Conventional Fabrication

Conventional fabrication techniques, such as milling. can proùucc mirmr finishcs. hUI

arc hard pressed to builù < lO()~lm features. In machining processes tool sizc. 1001 wcar ami

the stresses involved make smaller features dirticult to achieve.

2.3.2 Photo-Lithography and Related Methods

2.3.2.1 Photo-Lithography

Photo-lithography is a standard technique developeù for anù useù in prinleù circuit fab­

rication [23]. In a standard conliguration a thin IiIm of material such as polysilicon is grown

on asubstrate followed by a layer ofprotective resist. The resist is irmùiateù through a mask.

creating an exposed pattern whose susceptibility to etching is altereù. Etching then lmnsfcrs

the pattern to the underlying lhin film. Note thal pholo-Iithography combines pamllcl male­

rial deposition and removal.

Lateral feature size is ultimalely diffmetion Iimited and thus the lïneslli~atures are onlhe

order of 200 nm when visible Iighl is used. However, the use ofelectron [28][29] and x-ray

[30][31] beams has brought resolution down to lens of nanomelers. Undereutting of lhe

etchant beneath the mask IimilS both lateral resolution and depth, while photon absorption

by the resist also limits depth. Thus aspect mtios (height to width) seldom exceed O.S when

conventional wet etching is used [32], constmining pholo-Iithography's utility for

constructing three dimensional structures. Anisotropic elching techniques have been devel­

oped, in whieh materiaI is preferentially removed in one direction, allowing aspect ratios of

up to 100to be aehieved. However, such aspect ratios are achieved at the expense of features

in the etehed direction. In other words, they result in relatively thick slabs of material with

a two dimensionaI pattern etched through the the thickness.

To improve aspeetmtio and add complexity multiplelayers have been deposited. Unfor­

tunately these can be diffieult to aIign so that few structures eontain more than three or four.
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Nevertheless sorne impressive structures have been built using multi-Iayering such as sili­

con ùisk micro-motors 126][33J and 2!1m X 2.5!1m square polysilicon tubes [34]. Given

the current restrictions on the number of layers, there is a tradeoff between layer thickness

and thus aspect ratio, and feature size in the third dimension.

The main disadvantages of photo-Iithography are that (1) il is often restrieted to planar,

Jow aspect ratio structures by etching undercut, the penetraùon depth of photons into the re­

sist materials, and the Jack of 3D assembly techniques. Anisotropie etching allows high as­

pect ratios to be achieved at the expense of resoluùon in the third dimension; (2) Even mod­

erately complex structures require mulùple layering, which increases production ùme and

decreases yicld; (3) Finally, it is Si and GaAs based whereas for many applicaùons metals,

polymers and ceramics would be more suilable.

2.3.2.2 LlGA and High Aspect R.atio Lithography
Severaltechniques have been developed which bring high aspect ratio to photo-Iithogra­

phy [32][35][36]. Resist materials are used which are deeply penetrable by electromagnetic

waves. Thick resist layers are deposited, followed by exposure and etching, as in photo-Ii­

thography. However, only the resist is etched, and it is preserved as is or employed as a

mould.

The Iïrst and perhaps the best known of these high aspect ratio processes is known as

L1GA [35][37], an acronym derived from the Gennan for Iithography, plating (galvanome­

tric) and moulding (abfonnung). In LIGA, high energy synchrotron x-rays pass through a

mask to irradiate an x-ray sensitive polymer. The polymer is etched to provide a mould,

which is fillcd with elcctrofonned nickel or gold. The highly parallel and penetrating x-rays

allow layer thickncsses of >300 !lm [38], with sub--micrometer accuracy.

L10A has been used to build micro-motors with 300 !lm thick nickel rotors, providing

much improvcd inertiacompared with the micrometerthick polysilicon versions [27]. Oears
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and layered structurcs have also heen faoricated, having lateral featmes down to R< 2 fun

[39].

Many lahoratorics do not have access lo synchrotron heallls. hut there is an altcrnative.

Ultra Violet light can he used to expose photosensitive polyilllidcs, cnahling the pattel11ing

and etehing of sharp side walls with depths of up to R< R5 fun and lateral featmes several

micrometers across [32].

The high aspect ratio ofLIGA and related techniques is produced at the expense of verti­

cal resolution. The two dimensional mask pattern on whieh the structures arc hased does not

allow for variations in the third dimension, except hy the incorporation of a sequence of lay­

ers. However, each layer is of unifonn thickness and thus again there is a tradeolT oet\Veen

layer thickness, vertical resolution, and fabrication time. As \Vith photo-lithography,

LIGA-based methods arc restricted by the lack ofassembly lllois and the eOlllplexity of pro­

ducing multi-layered structures. Even simple structures such as helical springs and c10sed

interstices are diffieult if not impossible to produce.

2.3.3 Material kemoval Methods
In this section mierofabrieation techniques involving material removal arc considered,

including photon and eleetron beam methods, and electrical diseharge machining.

2.3.3.1 Excitner Laser Ablation
Exeimer laser wavelengths are highly absorbed by most materials [40]. The threc stan­

dard excimer lasers are krypton l1uoride (248 nm wavclength), xenon chloride (30!! nm) and

argon fluoride (193 nm). Photon energies arc suffieient to break co-valent bonds, the bond

destruction being aeeompanied by the ejection of the freed molecu1es duc to local volume

changes (ablation). Because photon energies are sufficiently high to interact directly with

bonds, short pulses (nano-seconds) arc genemlly employed to remove material, avoiding

unnecessary heating and thus thennal damage ofregions surrounding a eut. Infra-red lasers,

18



•

•

on the other hand, use lower energy photons whieh producc local heaûng. Material is meIted

and then evaporated, resulting in thermally indueed damage to the surrounding region [41].

Not only does the shorter exeimer laser wavelength allow cleaner cuts, but it also resulLS in

reduced diffraction and thus higher resolution. For these reasons excimer lasers are pre­

fcrred over infra-red lasers in microfabrication and in sorne surgical procedures, sueh as cor­

neal machining.

Excimer maehining may be donc in series, using focussed beams [42], or in parallel, by

imaging a mask onto a surface [43]. Sub-micrometer features are possible and many materi­

ais are used including ceramics [41], polymers [43] and metals [42]. Diffracûon limiLS fea­

turc size to the order of a wavelength. Also, high resolution is produced at the expense of

depth sincc numerieal aperture must be increased and depth of foeus redueed in order to de­

crease focal spot size.

2.3.3.2 Ion Milling

In the ion milling proeess a stream of ions bombards a surface, physically dislodging the

atoms [44]. Inert speeies such as Argon ions are normally used to avoid chemieal reaction

of the ions with the surface material. Ion beams are either foeussed or projected through a

mask. Atomic resolution is possible parallelto the machined surface, and the normal resolu­

tion is about 100 nm for reasonable bombardment rates. Typicai milling rates are still only

on the order of tens of nanometers per second however [45][46]. Furthermore secondary

effccts including ion refIection and the redeposition of ejected material make it difficult to

produce high aspect ratio structures using this technique.

In etching procedures such as Reactive Ion Etching (RIE), ion milling is combined with

more rapid but isotropie chemicai etching to produce rapid, materially selective and aniso­

tropic removai. RIE and related processes are often used to increase aspect ratio in photo-Ii­

thography [47].
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2.3.3.3 Electron Bearn l\iilling

High energy clectron bcams can be highly focussed given their short wavclengths (a

property which is taken advantage of in clectron microscopy). A group at Cambridge Uni­

versity has milled holes 2.0±O.2 nm in diameter and >20() nm deep using such beams in

several materials including alumina, NaCl, CaF2, MgO and AIF3 \4RI. Incident clcctrons

ionize atoms resulting in surface desorption. Unfortunatcly milling mtes arc too slow (25

nm/s) for application on larger scales.

In a recent development, the same Cambridge group has discovered that the application

ofan electron beam to Si02can reduce it to silicon, allowing the prodnction of 2nm diameter

silicon wires [49].

2.3.3.4 Electrical Discharge Machining

Electrical discharge machining or EDM is used to machine conductors [50]. Sparking

is induced between a tool piece and the worked object causing !ocalized heating and material

removal. A low voltage high amperage CUITent is switched on and oiT at up to 200 kHz to

produce the sparking. The tool to material separation is servQ-Controlled using CUITent feed­

back to control sparking and adjustfeed rate. Diseharge normally takes place through a Ilow­

ing Iiquid dielectric which carries expelled material away. EDM is used in industry to ma­

chine very hard conductors such as carbides for which inertial cutting is diflicult.

In EDM the tool has a tendency to wear rapidly as it is it.~elf eroded by the clectrical dis­

charge. The erosion is particularly significanton the micrometer scale. A variation on EDM

called WEDM (Wire EDM) avoids wear by using a continuously replenished wire as the cut­

ting tool. WEDM resolution is thus limited by wire size (e.g. 20 f.lm for the Charmilles Spe­

cial, Charmilles Technologies, Switzerland), while the wire shape restrict.~ accessible geom­

etries. A1though not widely used in constructing micro-clectro-mechanical systems, it is

useful for the construction ofcylindrically symmetric objccts such as rods and nozzles [511.
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2.3.4 Material Addition Methods

Several methods capable of producing three dimensional structures arc described, in­

c1uding UV lithography, Laser Assistcd Chemical Vapour Deposiùon, and Powder Deposi­

tion.

2.3.4.1 Stereo Lithography

ln stereo lithography truly three dimensional structures arc formed by making use of the

interaction between a focussed light beam and a photo-sensiùve polymer. When the beam

is focussed into the polymer it is locally hardened. The focal point trajeetory is used to form

objecK Industry employs the process for rapid prototyping. It is not generally used to form

working prototypes, however, because of the polymer fragiIity. Structures can be used as

moulds, though this process rcquires the applicaùon of heat resistant coatings, which are

slow lU apply (days), and which can often be used only once, again due to fragiIity.

The process has been applied on on the micrometer scale, the impulse response due to

the applicaùon of the beam at asingle point being approximately 5 X5 X3 !Lm3 [52] todate.

An impressive array of structures have been formed including helices, bent pipes, check

valves [52], a simple electrostatic actuator using a conducùve version of the polymer, and

a system of pipes, pumps and valves eventually intended for use as an Integrated Liquid

Chromatography system [53].

Although the application of stereo Iithography to the construction of micro-mechanical

systems is relatively new, the variety and complexity of structures produced clearly demon­

strate the benelïts of a truly three dimensional forming process. The drawbacks of the tech­

nique are the current unavailability of a wider range of materials and the relatively large

minimum featurc size achieved thus far. Resolution is ultimately diffraction Iimited. A fur­

ther rcsolution Iimiting mechanism is destruction of the solidified polymer due to viscous

forces l'rom the Iiquid, which increases as resolution is increased.
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2.3.4.2 Powder Deposition

Powdcr dcposition is in dircct compctition with Stcreo Lithography in the rapiù PI\lto­

typing market [54]. Ceramic moulùs arc proùuceù hy repeatedly spreaùing layers of ccramic

powder, each layer being selectivcly bondeù using ink-jet writing ofcolloidal silica ùroplels.

Although il produces effective moulds il is not yet a viable micro-fabrication technology

duc to its large lateral resolution (~100 !Im). Rapid droplet drying anù ùil1ïculties in uni­

formly sprcading very fine powders «5 llm) arc hampering crforts to rcùuce featurc siloe.

A related process is underdevelopment in which localized c1ectroless plating binùs particles.

The plating is localized by focussing a laser beam on the particles to be joined, resulting in

local heating and greatly enhanced deposition rates. The enhancement mechanism is ùe­

scribed in Section 2.3.6.2. Resolution on the order of 10 Ilm has been achieved in two-di­

mensions. Results arc as yet unpublished.

2.3.4.3 Laser Assisted Chemical Vapour Deposition ( LCVO )

In chemical vapour deposition (CVD) a chemical reaction occurs on a hcalcd substratc

rcsulting in thedeposition ofa solid l'rom the vapour phase. Boron forcxamplc is cllInmonly

deposited in the reaction:

2BC/3(g) + 3H2(g) ~ 2B(s) +6HC/(g)

In LCVD a laser beam heats a localized region of the substrate, cffcctively localizing thc

reaction [55][56]. The laser beam focal point is moved in three dimensions to crcatc struc­

tures. Structures built include a 2 mm high, 2oo Ilm wide helical boron spring and a tungsten

solenoid wound about a silicon rod [57]. Formation rates are on the ordcr of 1 Ilm/s.

Using visible light sources it is unlikely that LCVD will be capable of sub-micromcter

spatial resolution given the combination of diffraction limits and the enlarging effects of

thermal conductivity. 10 Ilm laser spot sizes produce 15-20 Ilm diameter boron rods, the

enlargement likely due to thermal conductivity [55].
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LCVD has been lried wilh shorler wavelenglhs. A 248 nm KrF excimer Jaser was used

by Maeda, Minami and Esashi [58] to grow 50 flm wide Chromium Iines on a polyurethane

tube in building a catheter. The Chromium was found have low conductivity due to carbon

conlamination, and so far high resolution deposilS have not been reported using an excimer

Jaser. Eleclron beams, however, have been employed to deposit high aspect ratio (6: 1), 200

nm diameler tungstenlcarbon columns (EBCVD) [59]. Unfortunately growth rates are slow

(20 nm/s).

2.3.5 Scanning Tunneling Microscopy (STM)

Scanning tunneling microscopes are capable of providing atomic resolution surface

maps ofsolid conductors [60](61]. Conducting wires with ultra-sharp tips, ending in single

aloms, are used as probes. These tips are brought up to a surface. The tip atom's wavefunc­

tion overlaps with those of surface atoms, the overlap and thus the probability of electron

transfer increasing as the tip to surface distance decreases. If a potentiai is applied between

the tip and the surface, current rises exponentially as the tip to surface separation decreases.

By scanning the tip over the surface and using current feedback to remain aconstantdistance

above it, the wavefunctions of the surface atoms can be mapped.

STM tips have aIse been used for surface modification. Methods include scratching

nanometer wide Unes, depositing materiai from the tip onto the surface [62], inducement of

eiectrochemicai reactiuns [63], etching ordeposition by field evaporation (in effect a nano­

e1cctrical discharge machining) [64] and the actuai manipulation ofindividuai atoms to form

patterns[65]. Perhaps the best known atom manipulation was done by researchers at mM

who managed to drag individuai Xenon atoms across a surface to write the letters 1BM [66].

While atomic resolution is weil beyond that needed to fabricate the micro-manipulators

and microsurgicai robots envisaged here, and the forming rates are too slow for construction
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of the much largcr structures, the artifichù organisms of the future may well he fahrÏl'atcd

atom hy alom using an STM-likc process.

2.3.6 Electrochemical Methods

In convcntional clcctroplating thin films of malerial arc ueposiled indiscriminately ovcr

a surfacc. The building of mechanical structures and circuit clements rcquires grcater selcc­

tivity. In microelectronics, photo-lithogmphy can he used to etch the desired patterns in an

elecll'odeposited layer. Several other means of selective deposition also exist. Although

these are generally restricted to the construction of two dimensional patterns or tll C!ectm­

forming (filling moulds), the concepts involved arc re1ev"nt to the discussion of the three

dimensionallocalized elecll'o-chemical deposilion process. Thus electroless plating, Laser

Enhanced E1ectro-Plating and Scanning Elecll'o-Chcmical Microscopy arc ail discussed as

an introduction to the ideas behind Spatially Constmincd Micro-Elcctro-Chelllicai Deposi­

tion (SCMED).

2.3.6.1lJ:lectroless Plating
Electroless plating is often used in the microclectronics industry to fill via hllies because

no potentials need be applied to drive the reaction and thus conducting substrates are Ilot rc­

quired [23]. Instead a redueing agent provides the chelllicai potential necessary tll inducc

deposition. A typical reaction for the rcduction of a Illetal, M, for example might be:

MZ+ + Redz- -M + Ox

In order for this reaction to proceed the surface must be catalytic. Thus by selectively vary­

ing surface materials the deposit can be localized. For example, silicon is catalytic to nickel

plating while Si02 is not. Photo-lithography can thus be uscd to mask a Si surface with Si02

[67].

When high aspect ratio structures arc desired, electroless plating can be used to fill

moulds, a process known as electro-forming. Via holes [68] and LIGA structures [35) arc
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examples of structures built by eleelroforming. Deposition rates for eleetroless forming arc

on the order of 100 flm/hr [231.

2.3.6.2 Laser Enhanced Electro-Plating (LEEP)

Conventional eleetroplating and forming rates arc diffusion limited. Electron lransfer

to the depositing ions oceurs mueh more rapidly than ions can be transported to the surface,

ereating concentration gradients. Diffusion becomes the primary transport mechanism in

this depleted region, and thus is rate determining, eonSlraining deposition rates to approxi­

mately 100 flmlhr [69].

Von Gutfcld and his colleagues at mM found that rates of deposition can be enhanced

by three to four orders of magnitude by shining a laser beam onto a surface [70][71]. The

rapid Iocalized deposition is apparently due to local heating whieh Ca) increases charge trans­

fer kinetics, Cb) shifts the equilibrium potential and Cc) induees micro-stirrlng. The miero­

currents, driven by temperature gmdients, result in the influx of undepleted solution to the

surface. If sufficient laser power is used local boiling oceurs, further increasing mixing and

thus deposition rate.

LEEP has been used to deposit eopper and gold lines with widths ~ 2 flm, at forming

rates on the order of 20 flm3/s, corresponding to a vertical deposition rate of R>l6 f.lm/s

[70][71]. Sueh deposition rates make a localized electrochemical process for fabricating 3D

structures feasible. Unfortunately as the depth of the deposit increases, so does the lateral

thermal eonduetivity, dissipating the thermal energy and enlarging features. The eombina­

tion of thermal degradation of resolution and the diffraction limitation of the visible wave­

length laser used make it unlikely that LEEP will be able to produce three dimensional struc­

tures with sub-mierometer resolution in ils cUITent configuration. Il has however found an

application in making and repairing circuit board connections [72].

The concepts involved in understanding Laser Enhanced Electro-Plating are also impor­

tant to SCMED, and are discussed in sorne detail in Chapter 3.
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2.3.6.3 Scanning Electrochemical Microscopy

Scanning Electrochemic:ù Microscopy (SECM) is a variation of STM fur the stmly uf

the chcmistry and surface structure at solid-liquid interfaces \73\. The prohe clectl'lldes arc

generally identical to those employed in STM, except thal lhey arc cuated uplU the lipto

reduce Faradaic currents. Unlike STM, where the prohecleclrodes arc in rehltivcly inerl sur­

roundings, such as air, nitrogen or v:\cuum, the sUn'llUnding solution in an SECM slmly is

liquid and often conductive, and thus the insulating coating eliminates ail currents excepl

those emanating l'rom the electrode tip. Coated tips allow tunncling current tu he resulved

and thus surfaces to be mapped [74]. At large tip to substmte distances, where tunneling cur­

rent is no longer observed, feedback on the faradaic current is possible 175). FurthermOl'e

these ultra-miero-electrodes are excellent for perfonning local electrochemical measure­

ments such as voltammetry [76].

Coated tips have tùSO been used to elch and deposit malerial. The sharp tips used in STM

and SECM concentrate field lines sueh Ihat when Ihey are in close proximily to a surface,

the field is loealized. Since eleelrical potential drives the deposilion (or etching) of iuns, the

deposit (or material removal) is also localized. Lin, Fan and Bard where Ihe Iïrst 10 achieve

localized etching [77]. They were able to electrochemieally elch a 300nm wide line 011 a

GaAs substrate. Schneir et. al. subsequently demonstrated the eleclrodeposilioll and STM

imaging of a 300 nm wide, i.2!Lm long and>100 nm high gold line on a gold surface 17S).

The deposition and imaging were donc using the same tip.

Bard and his colleagues have since deposited silver [79], coppel', palladium [SOIlSI] and

polyaniline [82] lines. The metallines ail had widths of~ O.S !Lm while the polyaniline de­

posit was 2 !Lm wide. However, this deposition was not donc in aqueous solulion, bUI rather

through thin (~ 100 !!fi) ionically condueting polymer films. They chose Ihe polymer films

over aqueous solutions for three reasons [80][81]:
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(1) ln orùer to localize fielù eJTectively, anù hence the deposit, the electrode must be posi­

tioneù within approximately atip ùiameterofthe substrate. Faradaic current is only sensitive

to tip-substrale ùistance within approximalely one tip diameter [83], making position con­

trol ùifJicult. When the polymer film is useù the electrode is notcoated. The faradaic CUITent

variel: in proportion to the square root of the tip area immerseù in the mm, reportedly proviù­

ing beller feeùback.

(2) ln aqueous solution ùeposition onto, oretching of the tip apparently occurs, resulting

in either tip enlargement and thus a ùegradation in resolution, or tip passivation, and thus no

ùeposition. The electrode appeared unaffected in the solid electrolyte.

(3) Finally, the fabrication of coateù electrodes with exposed areas of less than 1J-lm2 is

difficult, whereas the tips used with polymer films require no insulation.

Unfortunately the use of thin films rules out 3D fabrication becauseelectrode motion and

thus deposition is restricted to 2D. The conceptofSCMED depends on the freedom to move

in 3D allowed in aqueous solution. The next chapter describes the principle ofSCMED, and

how the obstacles have been deait with.

2.3.7 Summary

Table 1 summarizes the properties of the various fabrication processes described.

Figure 2 is a plot of rate versus resolution for the 3D materiai deposition and removai pro­

cesses discussed. Note that excimer laser machining is the only process which meets bllth

the nlte and resolution criteria. There are two drawbacks to excimerlaser machining howev­

er (Section 2.3.3.1); High resolution is produced at the expense of aspect ratio, and excimer

machining is a materiai removai method, and is thus restricted in the geometries it can pro­

duce. Thus. none of the processes meet the criteria of (1) truly 3D fabrication with (2) sub­

micromeler resolution. using (3) desirable materiais al (4) reasonable rates.
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The electrochemical methods discussed demonstrate appropriate rcsolutions (300 nm),

materials (metals, polymers) and rates (!lm!s), hut are restricted to 20. The remaining Chap­

ters discuss the deyelopment ofspatially constrained electrochemical deposition (SCMEO),

a 30 c1ectrochemica! process which promises to achieye the four fabrication eriteria.
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Chapter 3 : Electrochemical Theory

3.1 Concept of SCMED
In Spatially Constrained Micro-Electrochemical Deposition (SCMED) 1R41the tip of

a sharp pointed elcctrode is placed in a plating solution and hrought near the surface wherc

deposition is Lü occur (Figure 3). A potential difference is applied hetween the tip and the

substrate. Electric lield and thus deposition are confined to the region henealh the tip. as

demonstraled in Figure 3(a). The tip is then moved with respectlo the fonning surface to

creale slructures, Figure 3(b). In principle lhe size of the elcclrode delermines the spalial

resolution, and any structure geomelry is possible providing il is eleclrically conlinuous with

the substrate. The electrochemical nalure not only allows deposition hul also elching and

polishing.

Deposition rate and deposition profile arc critical lo the success ofSCMED. This chapler

discusses electrochemical theory as applied to deposition rate and prolile l'rom micro- and

ultra-microeleetrodes. Various phenomena affect lhe deposilion of ions l'rom solulion 1lI1l0

a substrate including mass transport, electron transfer, electrical pOlential, chemical polen­

tial and crystal growth [85]. In metal deposition, for example, an ion must reach lhe elec­

trode/solution interface (mass transport), receive electrons (electron transfer) and then join

other atoms to form a crystal (crystallization). The aim of this Chapler is to give sorne insight

into the mechanisms affecting localizcd electro~hemicaldeposition. Rigorous quantilative

theoretical and experimentai analysis of mte limiting mechanisms and deposition profiles

is left to future work.

3.2 l>epositiol1 :kate
Conventional electroplating ratcs arc too slow to make a localizcd electro~hemical de­

position process feasible. Study of the limiting processes, however, suggests means of en-
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• hancing rale. Electron lransfer and mass transport arc generally lhe main faelors affecting

lhe rate of eleclrodeposition. Electro-erystallization is importantto the structure of the de-

posit 1851.

[n lhe following discussion deposition rate and current density arc used inlerehangeably.

The current densily, j, duc lU a particular ehemieal species being deposited at an elcelrode

is in fact directly proporlionallo t1le vertical deposition rale, FI'[m/s]:

(1)

where Q is the density of the material deposited, NA is Avagadro's number, z is lhe ionic

charge of the species in solution, e is the elementary charge, and m is molar mass. Equation

(1) is easily understood by realizing thatthe deposition of an atom (or molecu[e) invo[ves

the a charge transfer of z electrons. In the case of nickel for example:

(2)

•

3.2.1 Electron 1'ransfer
At equilibrium a balance between chemical and electrical potential occurs at the elec­

trode/solution interface manifesting itself as <30 nm thick charged region known as the

double layer [86]. To achieve eleclron transfer an activation energy is required for an ion

or molecule to rid itself of solvating molecules, travel through the double layer and adjust

iL~ hydmûon sphere for eleelron tmnsfer [87]. An equal energy is required for atoms and

molecules leaving the surface, and adynamie equilibrium exists with oxidation and reduc­

tion currenL~ matehing each other. If the eleetrical potential is changed l'rom the equilibrium

value by an amount, Tl, either reduction or oxidation is favoured, as deseribed by the semi­

empirieal Butler-Volmer equation [86]:

(3)

where
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andj is current density,j" is exchange current density (the ahsolute value or the oxidation

or reduction CUITent at equilihrium l'or given electrode concentrations or reaclants). F is one

Faraday (9.6485 X 104C.mol- t), R is the gas constant (lU 1451 j.K-tmol-l). T is the ahso-

lute temperature, and a is an experimentally derived parameter known as the transrer coeflï­

cient, which lies between 0 and 1 and is usually RI 0.5. Once overpotential exceeds

RI 100mV the rate of transfer rises exponentially (assuming a=0.5). At the pOlentials uscd

in eleetroplating and forrning, electron transfer rates generally greatly exceed lhose of mass

transport. The concentration of the reaclanl is thus rcduced near the electrOlle ami mass

transport is the rate deterrnining step.

3.2.2 Mass Transport
The three mechanisms ofmass transport are diffusion, migration and convection. DilTu-

sion is driven by concentration gradients (VC), migration by the action ofelcctrieal poten­

tial gradients on charges (VfjJ), and convection by density gradients or furced \low 1R61:

J = - DVC -lEDCV'/' + CvRT 'Y (4)

•

where D is the diffusion coefficient, v is lluid velocity and J is the \lux of a given species

(mol s-1 m-2). (At an electrode, Equation (4) corresponds to a circuit CUITent ofj=/IFJ.l,

assuming that the electrode kinetics are much l'aster than the mass tmnsport. J.l represenl~

flux perpendicular to the electrode surface.)

3.2.2.1 Dittuslon
In conventional electroplating and forrning diffusion is the rate delermining process

[88]. The concentration gradients created by the much more rapid process ofelectron lrans­

fer at the electrode induce diffusion. Rates of diffusion can be increased by reducing elec­

trode diameter. The depleted volume has a cubic dependence on diameter while the surface
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• arca ùccrcascs only with the squarc. Diffusion eurrent ùcnsity is thus a funetion ofcleetroùe

raùius, ro, as weil as thc ùiffusion coefficient, Do, hulk concentration, Co, anù thc number

of elcctrons reùuceù or oxiùizcù per molecule, n 189]:

(5)

for a hcmispherical electroùe. The concentration, C, as a function ofradius, r, at stcady state

is:

,.
CC,., t --+ 00) = CoO - f) (6)

•

Current ùensities at disks and other micro-clectrodes behave identically but with different

geometry-related constants. Reducing the electrode diameter l'rom 100 f!m to 0.1 f!m in­

creases ùiffusion currcnt by 1000 times. For a sulfamate solution for example, as used to

build the nickel slructures described below, this corresponds to a change in deposition rate

l'rom ""lO.06 f!m/s to ""l60 f!m/s, making localized deposition feasible using <5 f!m diameter

eleclrodes (providing diffusion remains the rate deterrnining proeess). Note that while verti­

cal deposition rale is inversely proportional to electrode diameter, the rate ofvolume deposi­

lion is dircctly proporlionallo diameler for a diffusion Iimiled proeess. ln siluations where

fabrication rale is diffusion Iimiled, one would ideally have a range ofeleetrode sizes avail­

able lo produee a range of fealure sizes in the least time.

3.2.2.2 Convection

Depletion of ions near the electrode aIso creates density gradients between the depleted

region and the electrode, rcsulting in natural convection. Agitation is often used to force

convection, leading to the 110w of bulk solution into the depletion layer, and increasing de­

position rates by as much as 100 times [85]. However rates are still relatively slow. Rapid
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• nickel deposition rates at large area electrodes (~ 10-2 mm 2). for ex:unplc. arc on the ortler

of 0.03 !lm/s [90]. At such rates a seriaI deposition process, .IS is pl'llposed here. is impraeti­

eal.

Agitation reduces the depleted region l'rom an initial value of as much as 500 ,un to - 10

flm [91]. In spite of agitation, deposition remains diffosion limi ted because ViSCllllS l'mecs

near the electrode surface impede the inllux of Iluid. However, local heating of the surfacc

can be used to create micro-stirring, bringing solution directly to the surface. A technique

known as Laser Enhanced Electroplating (LEEP, see Section 2.3.6.2) lakes advant'Ige of this

effect by focussing a laser beam onto the plating surface [70], apparently resulting in convec­

tion both by the inducement of micro-stirring and, with sut1ïcient laser intensity, hy local

boiling. Rates of deposition and etching are enhanced by more than three orders of magni­

tude over rates in an unagitated solution. Two micrometer wide lines have been deposited

using this process and equivalent vertical deposition rates of greater than 6 ,unIs achieved.

However LEEP appears to be impractical for three dimensional fabrication, as discussed in

Section 2.3.6.2. Nevertheless, it demonstrates that Ilow at the surface ean signitïcantly in­

crease deposition rates, as r.:quired for a seriaI deposition process to be successful.

3.2.2.3 Migration

The current density due to migration ofaspecics in solution is proportional to the clectric

field, E, by Ohm's law [86]:

with

j = aE

a = zuCF

(7)

(8)

• where a is conductivity, u is the ionic mobility, and z is the ionic charge. Ali cbarged spccics

in solution arc aeted upon by the field, irrespcctive ofwhether thcy arc involved in dcposition
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or not, the proportion of current carried hy a given species being specified by iL~ transport

number 1H6j. In conventional electrochemical configurations, migration generally plays a

secondary role in mass transport to the depleled region because much of the CUITent is eaITied

by ions of species that do not react. In sulfamate solution, the Nickel plating bath used to

grow the structures presented below, the Ni ion transport number is ""0.25. Diffusion and

convcction must carry the remaining portion of the current to the eleetrodes.

When the field is localized using a microeleetrode, very strong fields result. This allows

very high local rates of migration, but does not eontribute to the influx of ions to the region

between the microelectrode and the substrate, and thus may in effect contribute to depletion,

adding 10 the dependence on other forms of mass transport.

3.2.2.4 Electro-Crystallization

Elcctro-crystallization involves a phase conversion in which ions form solids. Once the

ions reach the electrode surface and electron translcr takes place, resulting in neutral species,

several steps remain [85]. The first step is to rid of the solvation sheath. In aqueous solution

the sheath is cmnposed ofwater molecules, whose polar nature attracts them to ionic charge.

Next, surface diffusion takes place as the adsorbed atom seeks an energetically favourable

spot to rest. On foreign substrates or smooth surfaces the atoms cluster to forrn nuclei. These

becorne stable once they reaeh a size such that the bulk free energy dominates over surface

tension, (lIld thus reduces free energy. Subsequentiy, atoms diffuse to lattice sites and lattices

grow to develop the crystallogmphic and morphological properties of the deposit.

Electro-crystallization is a complex process for which analytic models tend to be of a

qualitative nature [85]. It is generally not the rate Iirniting proeess; However, electro-crys­

tallization does deterrnine a deposit's material properties.

34



• 3.2.3 Deposition Profile

ln this section a the deposition prolïle produced hy SCI\'IED is modclkd. Modelling was

originally donc to determine the extent of Iïeld localization duc 10 a micro-ekctrode placed

near a surface, and thus to assess the feasihility of the SCMED concept.

Deposition profile refers to the geometry of the deposit produccd hy a given cleclrmle

configuration. In order to determine the deposition profile, the current density at the suh­

strate surface must be ealculated. This involves solving for nHISS transport, electnllllransl"cr,

double layer impedance and the distribution of clectricul potential, (l'. 1chose to hegin wilh

un estimale of the field dislribution allhe subslrale duc lo a nearby microeleclrodc since the

electrical potential drives the electrochemical reaction, and thus localization ofelectric Iïcld

is the key to the localization of deposit.

The distribution of electri~a1 potential is given by Poisson's equation [92]:

(9)

•

ln this case e represents charge density and En is the permittivity of free spuce (lUIS X (0-12

C21N.m2). In order to estimate the shape of the field it is assumed that there is no net charge

und the problem is reduced to solving Laplace's equation. The actual field profile will be

distorted by double layer charging, and the charging will tend to be greutest where the field

is strongest, leading in tum to a spreading of the field. Thus the model represent.~ a best case.

The double layer is generally'on the order of a nanometer thick [88] and certainly Jess than

30 nm across [86], so the approximation is Iikely a reasonable one given an electrode separa­

tion of;;:: 100 nm.

Microelectrode geometrY is modelled on electrochemically etched c1ectrod~s such as

those used for scanning tunneling microscopy [93] and scanning electrochemical microsco­

py [94]. The etched tips generally have aconical shape converging to an approximately dis-
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coid or hemispherical point. as shown in Figurc 4. Two elcctrnùe configurations arc mml­

elled. one in which insulation covers the Icnglh of the clcctrOlIc. IC:l\'ing only a IO() nm

diameter disk shaped tip exposed. and secondly aconfiguration in which a portion of lhe con­

ical segment above the disk is leftuninsulated. The eone anglc is 2S degrces. the value cho­

sen to be representative of cOlle angles obserVI~Ù in etched lips. The modcl assumes lhatlhe

disk c1ectrode silS one disk diameter ahnvc and parallel to a mueh larger planaI' c1eetrode for

alltip configurations. This separation is chosen hecause the cun'ent at micrn-c1eclrodes he­

gins to rise l'rom its bulk VlÙ ue as il approaches within a disk di:uneler or a large planaI' sur­

face [95], possibly providing feedback for future servo control of tip posilion. A pOlential

difference is applied between the microeleclrode and lhe plane. Between the two lies a me­

dium of constant conductivity. Calculations were donc using a finite c1emenlmOllelling

package (MacNeaIlSchwendler EMAS [96]). Dimensional analysis demonslrates that c1ee­

tric field results arc valid for ail configurations exhibiting geometric similarity, given that

charging can be neglectcd.

Figure 5 shows the calculated Iïeld strength for a perpendicular cross-seclion through

the plane and the microelectrode (in the disk conlïguration). Note that the highest Iïelds oc­

CUl' at the edge of the microelectrode, as expecled. In Figure 6, the Iïeld slrength prnlïle

along the plane's surface is plotted for bath the disk configUr.llion and for cone heighls lhal

are 3, 10 am! 50 X disk diameler. The full width at hall' maximum (FWHM) ranges hetween

1.5 X the disk diameler for the disk alone, and"'" 2 X for the 10 and 50 X Clll1eS, demonslrat­

ing that the field is effectively localized under the modelled conditions. Furthennore, prolïle

broadening appears ta be converging as cane height is increased, as expected given lhal

sprcading of the field lines and the resistance bath incrcase the further an eleclrode surface

is l'rom the substrate. Thus even sharp uninsulated electrodes should he elfenive in provid­

ing field localization.
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3.3 Summary of Theory
Deposition rate and profile are eritiealto the sueeess of SCMED. Mass transport is gen­

erally the rate delermining factor in convenùonal electroplaùng and forming, limiùng de­

position rates ln magnitudes that arc too slow to make SCMED fea.~ible. Two methods exist

which can potentially increase delJosition rate. The first is to reduce electrode size, resulùng

in an increase in diffusion current density inversely proporùonal to eleetrode dimensions.

Analysis suggesL~ that rea.~onable rates should begin to oecur at electrode dimensions of

:5 5!J.m. The second alternative is to induce convecùon. Results l'rom laser enhanced elec­

tro-plating suggest that currents induced by local heaùng can inerease rates by >1000 X, and

further increases are observed due to bubble formaùon at the onset of boiling.

Electric field distribuùon, which in turn affeets deposiùon profile, was modelled, dem­

onstrating that in the "best case" of negligible double layer eharging, localiz!ltion is

achieved, and that a sharp conicaltip need not be insulated in order to produce field localiza­

tion. Localized electro-deposition employing STM ùps has in fact been experimentally

demonstrated by others in two dimensions, as deseribed in Seeùon 2.3.6.3, and in 3D, as

shown in Chapter 6.
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• Chapter 4: The Forced Convection Approach

The concept of Spatially Constrained Micro-Electrochemical Deposition (SCMED) has

evolved since ils conception. In the initial conliguration the localizatilln llf Iïcld is accompa­

nied by the injection of fresh plating solution. Here we diseuss the original design. its advan­

tages and the problems that led to the elimination of the forced convection aspect fnr the time

being. The forced convection approach is very elegant and mOlY eventually pl\lve to he the

best, once ils drawbacks are overcome.

The chapter begins with a diseussion of the concept of forced convectilln SCMED. A

low resolution (100 J.lm) prototype built to test the concept is descrihed. Ca1culatillns investi­

gating the feasibility of scaling resolution down to the sub-micrometer sCOlie are prcsented.

Obstacles related to control problems and scaling are discussed. as are approaehes fllr llver-

coming these difficulties.

4.1 Spatially Constrained Micro-Electrochemical Oeposition
and Forced Convection

The forced convection concept is shown in Figure 7. lt involves field loealization, as in

the approach presented in Figure 2. Unlike the concept described in Figure 2 concentrated

plating solution is injected directly into the deposition region. As discussed in Chapter 3,

deposition rate is generally diffusion limited. The flow of solution is intended to remove

mass transport limitations and thereby greatly enhance deposition rate. At very high l10w

rates it might also be possible to rid of the solvation sheath as the depositing ion is hlasted

towards the deposition surface, thus reducing activation energy.

A pipette can be used to direct the flow, and pipettes have been fahricated having orifice

diameters of< 100 nm [97]. The field pattern between the pipette tip and the suhstrate will

39



•



be directed through the orifice and thus will hehave similarly to adisk clectrodc. Deposition

rate is now related to flow.

4.1.1 Implementation

The forced convection apparatus is represented in Figure 7. Plating solution is flll'ced

down a pipette by applying pressure using a low solubility gas such as argon. An clecll'Ode

sils within the pipette and a potential is applied between it and a conducting suhstrate. The

pipette is then moved appropriately with respect to the forming surface in order 1O producc

structures.

In implementing the scheme, plating solution was chosen on the hases ofachievahle uni­

formity, strength and residual stress ofthedeposit. Nickel deposits l'rom asull'amate solution

to produce high tensile strength (415-620 MPa), low internai stress (0-55 MPa) deposits

with sub-micrometer uniformity [98]. A combination of sull'amate and nickel chloride is

a1so suitable.

The pipette used must be able to withstand the pressures exerted by the fluid and reaeh

sub-micrometer orifice sizes. Quartz is the idealmaterial given it.~ high tensile strength and

range of e1astic deformation. However, quartz pipettes are somewhat more dil1ïeult to

construet than those made of glass because the very high softening temperature (I660°C)

cannot be reached using conventional resistive heaters alone. Attempt.~ were made at soften­

ing quartz using a 10 W C021aser beam focussed on a 1mm diameter tube, but the power

was insufficient. Thus, to begin with, glass pipettes were used, which are readily availahle

with micrometer sized orifices, and for which nanometer sized orifices are achievahle [97].

Platinum wire was chosen as the pipetteelectrode material. Platinum has very low polar­

izability, implying high exehange currenls, (Equation (3» and thus high rates of electron

transfer. The eleclrodes were inserted through the pipette wall near the tip. 30() f.lm diameter

holes were etehed by locally dissolving the glass in a 30% by weight aqueous solution of

NaOH. The etching is achieved by bringing a needle into contact with the glass (or quartz)
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and applying a potential (""35 V) hetween the needle and the solution. Local heating in­

duced hy sparking apparently changes reaction kinetics sufficienüy to favour the rapid dis­

solution of the glass 199]1100]. Bonding of the c1ectrodes and plugging of the hales was per-

l'ormed using UV adhesive. Conventional micro-stepping motors and stages provided a

large range of motion (;:: 60 mm) and small step size ( 20 nm ).

Using these materials, induding glass pipelles with orifice diameters on the order of 100

!!m, nickel deposits were successfully formed. In order ta produce structures, however,

sorne feedhack is required ta determine orince position relative to the forming surface. Also,

the effecL~ of scaling down the orifice diameter ta suh-mierometer dimensions on the pres­

sures required to induce flow, and on the electrical resistance, needed to be considered.

4.2 Scaling Effects

4.2.1 Model of Pressure Drop in Flow through a Pipette
Given that the rate ofdeposition is dependent on the transport of ions and thus the flow,

the required average 110w speed at the pipette ouüet, /10' can be calculated for agiven vertical

deposition rate, F, and concentration, C [mollL]:

Uo =...!!....-F
amC , (10)

where Q is density, a is the proportion of in-l1owing ions that are deposited and ln [glmol]

is molar mass. Apressuredrop must be applied to produce the flow. In this section the effect

of scaling down pipette dimensions on the pressure required to drive the fluid is estimated.

where f3 represents the slope of the pipette wall and z is the distance a10ng the axis l'rom the

First, the shape of the pipette must be described. In a micro-pipette there is generally

a region where, starting l'rom the tip, the radius, R, inereases very gradually l'rom its value

at the orifice, Ra. This region is modelled by a Iinear change in radius:

• R = Ro + f:Jz (Il)
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(12)

• orifice. Even for a relatively short tippcù pipette, with a sleep slupe, the ùiameter might only

change from ahuut 100 nm to 100 fUll over """ 2 mm, resulting in a slupe fJ """ O.OS \97\. Al

some poinl the slope will begin to change rapiùly anù the linear approximatiun nu longer

applies, hut hy that time the ùiameter is onen sulTiciently large thalthe pressure drop is negli­

gihle compared to that al the pipette tip. The variables used to ùescrihe the pipette gemlletry

arc shown in Figure 8. Length, L, represents the length over which raùius increases linearly.

Pipette Wall,.

---------.1
Figure 8 : Variables in the Pipette Flow Caleulation.

The indueed pressure drop ean be ealeulated from the Nàvier-Stokes equations using the

lubrieation approximation [lOI]. The approximation essentially assumes that the changes

in geometry along the direction of flow are suflïciently graduai that these changes neeù nut

he aeeounted for in calculating the flow profile at any given cross-section. For Ilow through

the cylindrically symmetrie pipctte tip, for example, it is assumed that:

éi2vz ~ éi2vz
éir2 éiz2

where Vz is thc velocity along the axis of symmetry, and also that:

éiP ~ éiP
éir éJz

Relations (12) and (13) hold for the smaUp values found in most pipette tips.
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• The vel11cily profïle fllr fully-developed, laminar and incompressible Jlow in a lube can

nllW be used 11021:

(14)

where u(z) is Ihe average 110w speed. From Ihe veloeiLy prome, Ihe pressure gradienl is

found III be:

ap _ 8,uu(z)az -- R(z)2 (15)

where Il is Ihe solution viscosily. Nole that Jlow speed and pipette radius arc funetions of

distance a10ng the tube.

Sincc the volume of Jlow is constant through any pipette cross-section, the average Jlow

rate at any posiLion, z, can be related to the Jlow rate at the orifice:

(16)

The total pressure drop is found by substituting for u(z) in Equation (15) (l'rom Equation

(16)) and for R(z) (l'rom Equation (Il)) and integrating overthe length of the narrow region:

LJp = 8,uuo [(1 + PL) -3 _ 1]
3R,jJ . Ro

(17)

•

The term in square braekets ean be neglected when{3L» Ra. Sinee L is generally on the

order of li few millimeters or more, and ~"';O.l, the braeketed term is essentially unity for

pipettes with orilices ::; 10 f.lm; The pressure drop is then simply inversely proportional to

orilice diameter.

Assuming an optimistie vertical deposition rate of60 f.lmls using a pipette with an orifice

diameter of 100 nm, and that only one in 5 flowing ions are deposited (the actual ratio is un­

known, but should be 10w given high rates of electron transfer), the required exit veloeity,
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1/0' is "'" 0.05 mis. Using a sulfanwle plaling solution anù a slope, 13 = tl.OS. lhe required

pressure drop is.dP R; 60 kPa, Jess lhan one almosphere. Such a pressure is easily achicv-'

able. (The Reynolù's number for lhis t10w ranges belween ""'SO allhe in leI 10 RlO.OOS near

lhe orifice, anù lhus t10w is clearly laminar.)

If alllhe pressure is conccnlraled al one poinl in lhe pipette, lhe ralio or walllhickness.

t, 10 radius required 10 wilhsland il is delemlineù by lensile su·,mglh, 1:

(1 !\)

ForquarlZ (T =50 MPa) and ail glasses normal walllhicknesses easily wilhsland lhe applied

pressure.

If lhe model of pipeue geomelry is incorrecl and lhe diameler in facl stays eonstanl for

a length or even 500 Ilm, enormously large pressure drops are required, on lhe order of a 10

MPa. These caleulations have nOl yel been expcrimenlally verified, and were simply donc

10 delermine whelher foreed conveclion lhrough a pipelle mighl be feasible.

4.2.2 Electricalltesistance and Potential Drop

The nexl slep is 10 delermine how lhe eleclrical pOlenlial drop across lhe lip scales. Po­

lential drop, dl!, aeross a lenglh ofpipeue, dz, is given in lerms ofconduclivilY, a, and currenl

densily, J, by Ohm's Law (Equation (7)):

dV = J(z)dz
a (19)

Currentdensity at the orifice,]", may be approximately expressed in terms ofvertical deposi-

tion rate:

J = ezN,\e F
o tm v (20)

where eis the elementary charge, z is ionization number, t is transfer number (the proportion

of current carried by the ion being deposited), and NA is Avagadro's constant. The relation
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• is only approximate because the current at the orilice will result in adeposit area that is larger

than that orthe orifice. (Equation (20) is exact when the deposit and the tip areas arc identi-

caL)

CUITent is conserved as il travels down the pipette, and therefore:

(21)

The potential drop, Ll V, is round by integrating Equation (19) over the pipette length, wilh

the z dependence of current density being provided by the combination of Equations (21)

and (Il), yiclding:

(22)

The potential drop in laet deereases in direct proportion to orifice diameter for a given verti­

cal deposition mie, for smail pURo (true in this case providing that Ro<5 flm, assuming a

length, L, ofseveral millimeters). For adeposition rateof60flm/s, and using theeonduetivity

value determined experimentally in Section 6.3, with an orifice diameter of 100 nm, the po­

tential drop LI V = 42V. The dieleetric strcngth of quartz is 8MVlm, so the minimum pi­

pette wall thickness near the tip to withstand such a potential drop is:

(23)

•

The wall thickness to inner diameter ratio is about 50. Glass tubes such as those used in Hg

thermomcters have similar ratios.

The analysis ofpressure and potentialdrop suggests that inducing forced flow ofsolution

through a pipette is feasible down to the sub-micrometer seule.
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4.3 Deposition Control

The tip to substrate distance delermines the lïeld geometry and hencc !he deposition pm­

file. Il is criticalthatthis dis lance be cOl1lrolled in ortler to build struclures.

Work by Allen Bard and his colleagues on scanning clectJ'l1chemical micJ'l1scopy Ims

demonstrated experimentally thattip to substrale separation is rclated to sleady stale CUlTcnt

[80][94]. Unfortunately, significant increases in current are observed only \Vithin one lip

diameter of the substrate. As stated in Sectinn 2.3.6.3, this \Vas one of the reasons lhey aban­

doned deposition from aqueous solution and used thin polYI11'~r films. A furlher dil1ïclllty

is that atthe potentials required to produce signilicantdeposition rates, hydrogen and oxygl~n

arc also evolved. The resulting bubble formation resuhs in large currentlluctuations, mak­

ing the averaging ofcurrent over time nescessary (bubble formation Ims a characlcristic frc­

queney of a few Hz).

After many lost pipettes, investigation was donc to sec ifany otl1er means ofdetermining

tip to substrate distance was available. Bard used DC cUITents, but AC currents were nol

tried. Using an impedance analyzer (HP4 t94A) scanning between 100Hz and 40MHz it was

found that the maximum variation in impedance as a funetion of separation occliITed at

3MHz. The impedanee - displaeement relationship at3MHz is shown in Figure 9. il was

obtained using a 3OOl1m diameter platinum disk e1ectrode (a 300 I1m insulated Pt wire) which

was bought to the surface and then displaced vertieally in 7 I1m incremenl~. The disk was

used rather than a pipette so that contact with the deposition surface was c1early recogniz­

able. The experiment was done in sulfamate solution. As in Bard's resull~, usefu'l'variation

essentially occurs only within one disk diameter. Note that the curves were obtained at voIl­

ages where gas evolution did not occur, reducing noise duc to bubble formation. Unfortu­

nately, deposition rates are too slow at such potentials (:S O.OS I1m/s).

CUITent feedback may also be obtained by making use ofdeposit growth. If an electrode

is left stationary, the deposit eventually makes contact, producing astep rise in current which
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Figure 9: Measured Real Part of Impedance at 3 MHz as a Function of TIp to Substrate Distance - 3 Trials
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• can be useù for simple position col1lml. For this to work the eleclroùe surrace must he ahle

to make contact with the surrace, anù thus he at the enù or the pipette. Tip resistance wlluld

also be eliminated by moving the clecU'oùe right to the tip. The ùrawhack is lhat such a

scheme is somewhat ùilTicult lo builù anù woulù likcly worsen resolulilln l'Ill' a given sized

pipette orifice.

4.4 Magneto-Hydrodynamic Flow

The aim of'forceù convection is to bring concel1lrateù solution as close as possible tothe

eleetrode surface, anù thus to increase mass transport rates. Clearly, the injection or rresh

plating solution is not the only means of forcing convection. Solution agitation is another

possibility. 1'0 this end Magneto-Hyùroùynamic (MHD) inùuceù Ilow was tried.

The magneto hydrodynamic effect is the manifestation of the Lorentz force in a conùuet­

ing solution. Ions in solution are acteù upon by perpenùicular electric (E) anù magnetic (8)

fields, resulting in a force, F, given by the Lorentz force law [92]:

F = Q[E + (v X B)] (24)

•

where Q is the ionic charge and v is ion velocity. If the ficlds arc uniform a cycloiù motion

results, where the netdisplacementofboth positive anù negative ions is in the same ùirectiun,

and at right angles to the E and B fielùs. The ions pull their solvation spheres with them,

creating a flow. This effect has been applieù to builù angular accelerometers anù to generate

power l'rom tidaI flows.

In the MHD configumtion, two l'clay elecU'omagnets are used to produce magnetic fielùs

of up to 0.5 Tesla. A 300 f.lm diarneterplatinum ùisk was useù as the micro-clectroùe in place

of the pipettelelectrode combination. The magnetic field is arranged to be perpendicular to

the micro-electrode tO.substrate electric field. Flows on the order of 10 mm/s arc possible.

Neodymium Iron Boron magnets aIso serve to generate B fields.
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ExperjmenL~ compared currenL~ generated with and without applying a magnetic field .

Unforlunatcly no significant dilTerences were found. Once voltages hecome suffieient ta

generate rapid f1ow, gas evolution is vigorous. It may he thatthe bubbling generates as much

or more convection on the surface as the MHD f1ow.

4.5 Deposition without Forced Convection

The MHD experiments demonslrated that high CUITent densities (>105Nm2) arc achiev­

able withoul forced convection when potentials at which vigorous gas evolution oceurs arc

applied. Much of thc CUITent is due to hydrogen ions. but significant quantities of nickel are

also deposited. The next Chapter deseribes the implementation of SCMED without foreed

convection. whilc Chapter 6 presents structures built using this approaeh.
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Chapter 5 : Experimental Methods

This chaptcr describes the apparatus and procedures involved in constructing the struc­

tures presented in Chapter 6. The meùlOd does not invol"c forced convection.

Figure 10 is a schematic of the experimental eonlïgumtion. Nickel structurcs are formed

l'rom a sulfamate solution [88], Ni(S03NH2h : 450glL, H3B03 : 30g/L (Aldrich, Milwau­

kee) onto nickel and coppel' mandrcls. Mandrcl surfaces arc buffed (fe1t bulTing whecl) or

mounted in bakelite and mechanically polished in stages, beginning with 600 grit paper, 1'01­

lowed by 25 flm alumina powder and finally using 0.3 flm alumina powder. The hulTed sur­

faces are washed with soap and distilled water, rinsed in water, dipped in concentrated BCI,

re-rinsed, then immediately immersed in the sulfamate solution. Polished surfaces arc

rinsed with water and ethanol before immersion in the sulfamate bath.

300 flm diameter platinum wires arc electrochemically etched in a solution of satumted

NaCI (36% by volume), HCI(4%) >!ld water(60%) [103] againsta gmphite rod at22 V RMS

to form conical tips with 10 to 100 flm diameterheads. Etched and glass coated Pt:lr(?0:30)

electrodes with tip diameters between 1 to 5 flm (FHC Corp., Brunswick ME) arc also used.

CUITent measurements done in the suliamate solution before and afler subjecting the coated

tips to a 5 V potential show an increase in CUITent ofup to 100 X, suggesting that the exposcd

electrode area increased, possibly resulting in a decrease in resolution.

Tips are translated in thrce dimensions using micro-stepping motors (Compumotor

Corp., Rohnert Park CA) and stages (Design Components Inc, Medfield MA). The motors

are driven by micro-step drives (AX series, 12,800 steps/revolution, Compumotor) allow­

ing a 0.1 flm step size on each axis. ASCII commands sent l'rom a workstation (IBM

RISCl6000) to the drives determine the trajectory. The operator interacts with a custom

graphicaI user interface to specify geometry, Figure II.
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An ""5 V potential is applied between tbe tip and the substrate in the sulfamate solution

to induce rapid deposition. Higher voltages tended to produce powdery, hlack deposiL~

whereas depllsition rate drops off rapidly for plltential dilTerences of less than ""4.5 V. In

open-Ioop mode the tip vclocity is constant. In c1osed-loop operation (Figurc 10), COITent

through the cireuit is monitored (Keithley 428 current amplifier). Sharp rises in CUITent

(hy- IOll X) indicate contact between the tip and the forrning surface. These arc used to

trigger motion. Closed Joop control is diflicult using very fine uninsulated tips because of

the high background CUITent and thcrefllre coated electrodes arc used.
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Chapter 6 . ReSl!lts

The merit of SCMED clemly depends on the stl'l1etures il produees, the achicvablc rcso­

lution, the fabrication rate and lhe material propcrties of the deposits. Experimental rcsu\ls

presenled in this chapter demonstrate thatthree dimensionalmicro-slruclures can be buill

by SCMED at high deposition rales. X-ray diffraclion and a slilfness measurcments hclp

identify materia! properlies. Il is also importanllo oblain an underslam!ing the undcrlying

mechanisms oflhe process. The delerminalion ofsulfamale solulion conduclivity prcsenled

here is one of lhe sleps towards ohtaining such an understanding.

6.1 Nickel Structures
Figure 12 is an electron micrograph of a nickel column 100 fun high and 10 I!ln in dimne­

ter. The structure stands on a copper substrale and was conslructed in cluscd-Ioop mode us­

ing a glass coated electrode with a 3 Ilm tip diameter. The tip was moved vertically fmm

the surface under servo-control. Horizontal striations on the column are the result of time

lags in the control mcchanism used.

Figure 13 shows a nickel spring constructed by spiralling an uninsulated Pt cleetmde up­

ward at a constant speed of 6 Ilm/s. The deposition rate is two orders of magnitude higher

than those of conventiona! nickel electroforming. Diffusion at a 100 Ilm cleetmde is two

orders of magnitude too slow to account for the observed deposition rate, suggesting that

convection is invo!ved. The onset ofrapid deposition is accompanied by vigomus bubbling,

which may induce convection currents and thus increa.~e rate.

The spring surface texture, Figure 14, is likely due to stray CUITent between the spring

surface and the uninsulated Pt wire. Figure 15 shows that the spring ha.~ a hollow core. It

is hollow only on one side, possibly due to an asymmetry in the electrode, where a sharp tip

protrudes at right angles to the shaft. In open loop mode, deposition rate is l'aster than tip

movement and tbus the deposit tends to envelop the tip, wbicb may result in a hollow interior.

If this effect can be controlled it could be used to advantage.
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Figure 12 : Nickel Column (lOl-lm diameter).



Figure 13 : Nickel Spring (hnm diameter).



•

Figure 14: Surface of the Spring.



Figure 15: Cross-Section of the Spring Loop,
revealing a hollow interior.
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Figure 16 Nickel Wall.



It is possiblc to modify structurcs alkr thcy arc huill. A cross piccc WolS ckctrllllcpnsitcd

onto a spring (not shnwn) so that forccs could bc applicd alnng thc axis nI' symmctry. Thc

addition was madc a wcck aftcr thc initial fahrication, ami appcarcd to hc mcchanically 1'0­

bust, although no quantitativc mcasurcmcnts wcrc madc.

Thus far work has conccntratcd on huilding columns and wircs. Thc ncxt slage is ln

construct walls and solids. Figurc 16 shows Ihc lïrst attcmpt at huilding a wall. It is (iO Ilm

high, son Ilm long and approximatcly 15 fun widc. 1'0 build thc walllhc clecll'Ode tip was

scanncd horizontally, moving vcrtically in 3 flm incrcmcnts artcr cach pass. In the pl'Ocess

of building thc wall, the tip tendcd to catch on the forming surl\;cc 'IS depnsit occasinnally

grew up to envclop il.

6.2 Material Properties

6.2.1 Spring Constant and Modulus of Elasticity

An estimate of the spring's modulus of elasticity was obtaincd from a mcasurcment of

the spring constant. A silicon bcam force transducer (ScnsoNor AERO l, Hortcn Norway)

was mounted on a micro-stepping motor driven stage and lowercd dircctly onto thc spring

in order to induce compression. Figure 17 is a plot of thc measured forcc-displacemcnt rela­

tionship.

The silicon beam contains two rcsistors which change dimensions as the heam dcnect.~.

One is compressed and the other expands, which in tum affccts their rcsistances. Thc values

of the resistances were measured as a function of displacement using two multimeters (an

HP3440IA and a Keithley 2001), l'rom which the force on the beam was determincd. A

bridge circuit could be used to provide a more accurate measure of rcsistance, hut given the

large uncertainties in spring geometry and thus in the determination of the modulus of das­

ticity, such accuracy is unnecessary. The displacement values in Figure 17 are corrected for
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the dellecûon of the heam. The hending ol"the heam also resultcd in the occasional side\Vays

slippage of the spring relaûve la the heam, as indicaled hy arrll\Vs.

The spring constant W,L~ found to he 1.3 kN/m. Given the spring constant. k, \Vire diame-

ter, d, number 01" turns, Il, and spring radius, R, the shear modulus, G, is 11041:

G = 64knR3
d4 (25)

Assuming that the material is polycrystalline and thus isotropic, the mudulus 01" elasticitv,

E, is related to shear modulus and Poisson's ratio:

E = 2G(1 + Il) (26)

yielding a modulus of elasticity of 240~120GPa. The large ul1\:ertainty in the result is duc

to uncertainty in the spring wire diameter, on which the modulus depends to the fourlh power

An accepted value for the modulus of elasticity of nickel is 211 GPa [1041.

6.2.2 X-ray Crystallography

An x-ray diffraction speeu'um, shown in Figure 18, demonstrates that the deposited ma­

terial is in fact polycrystalline nickel. Copper ka monoehromatic x-rays (À = 154.178 pm)

probed the spring in a diffractometer (Rigaku RTP500RC). The spectralline angles, 20, in

Figure 18 correspond to Hnes predicted by Bragg diffraction l'rom nickel's face centered cu­

bic (FCC) crystal planes, given by [105]:

,t = 2dsine (27)

where d represents the plane spacing. In a cubie crystal d is given in terrns of Miller (hkl)

indices and the lattice constant, a, by the relation:
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Figure 18: X-Ray Diffraction Spectrum from the Spring
Exhibiting Peaks Characteristic of Polycrystalline Nickel.
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1 _ W + k2 + [2)
J2 - a2

The lattice constant 0=352.38 pm for nickel at20°C.

. (28)

The x-ray rcsulL~ arc conlirmed hy Energy Dispersive X-ray Analysis, Figure 19. in

this process an elcctron heam excites x-ray emission in the prohed material. The apparatus

generally consisL~ofan electron microscope lilted with an x-ray detector. Elcments producc

characteristic emission spectra, allowing their identitication. The spectrum in Figure 19

demonstrales thatthe material is indeed nickel. No impurities arc visible. The technique

is sensitive to elemenL~ with molecularweighL~ greater than oxygen and does not rcveal crys-

lai structure. The gold lines shown are duc 10 a thin layer ofgold evaporated onto the sampIe

to improve electron microscope images.

6.3 Measuring Conductivity

As part of the effort towards developing a complete model of the eleetro-deposition pro­

cess, the conductivity of the sulfamate solution was measured. The measurement procedure

and the theory behind it also provide sorne insight into the nature of the eleetrode/electrolyte

interface and transport mechanisms. They are thus prcsented in some detall.

6.3.1 Theory

Electrolyte solutions are ohmic conductors, providing voltages are not too high. Con­

ductivity depends on concentration, charge distribution, viscous drag (electrophoretie ef­

fect) and changes in the ionic atmosphere due to charge movement (relaxation effect). Such

considerations lead to the Debye-Hüekel-Onsagerrelation [87] rclating molarconductivity,

Alli' (the conductivity divided by elcctrolyte concentration) and concentration, C.

Alli =A 0111 - ( A + RAolII ) CI/2
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A ~II is the conductivity at infinite dilution. Aand Bare Clllls!:nW; depending on ionie charge.

geometry, the permittivity of the medium and the viscosity. The rehltion is good l'or stmng

electrolytes atlow concentrations. However. in electrodeposition concentrations or grealer

than 1Mare used in order to maximize plating raIes. Such concentrations are heyol1llthe

model's elTective range. Thus conductivity at a given concentration must he detennined ex-

perimentally.

Conductivity, ", is generally mea.~ured using a cell containing the solution and two c1ec-

trodes. A voltage is applied and the CUITent is measured. Resistance, R, is calculated usine

Ohm's Law. The relationship between conductivity and rcsistance depends on cell geome­

try. A solution of known conductivity, "s, is gencrally used to calibrate tlw cellll\7111 061.

The unknown conductivity is determined l'rom R, "s, and Rs (the calibration solution resis-

tance) using the relation:

(30)

Temperature and electrode polarization complicate the procedurel1061. Electrolyte COII­

ductivity changes by about 2 ± 0.5% K-:. Polarization is the result of charge huild-up at

the electrodes. An impedance is produccd in series with the electrolyte hulk resistance,

Figure 20. The polarized region or double layer is modelled a.~ acapacitance, Cz, in parallel

with a resistance, Rz" and a non-Iinear impedance, W. The bulk clectrolyte resistance, RJ,

is shown in series with the double layer. CJ represenL~ ccli capacitance. Audin frCI)Uency

a1ternating current is generally used as the cell input at frequencies where the double laycr

impedance becomes negligible relative to that of the bulk resistance. The cffect of the dnublc

layer is further reduced by using electrodes made of a non-polarizable material such a plati­

num. When non-polarizable electrodes are used, frequencies in the kilnHertz range are suf-
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ficient. At MegaHertz frequencies the Debye-Falkenhagen effeet is produeed, where the

field is swilehed so rapidly that ions remain stationary, climinating relaxation effeets and re­

dueing impedance. (OthereffeeL~, sueh as cireuitinduetanee, mustalso he eonsidered atsueh

high frequeneies.)

Figure 20: Ccli Impedance
R2

RI AAA W 1--
aaA

......
.. "" ....

fil C2..
Sec Robinson [106], page 93.

6.3.2 Apparatus and Procedure
An eleelrolytie ecU was eonstrueted, Figure 21. The ecU is eontained in'a pyrex dish

(depth 60 mm, length 230 mm, width 110 mm, not shown to seale in the figure). 400 mm2

stainless steel eleetrodes (low polarizability) are epoxied to a Delrin base, spaeed IOOmm

apart. The Delryn base is 10mm deep. Copper wires are soldered to the eleetrodes and eov­

ered with glass pipettes.

The ecU was designed to have a bulk solution resistanee on the order of a few ohms to a1low

potentials up to about 1 V to be applied by the in;pedanee analyzer, and to ensure that bulk

resistanee is elearly distinguishabIe from double layer impedanee at high audio frequencies.

The ecU capacitance was kept low (-10 nF) to avoid bypass of the bulk at high frequencies.
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Ccli Cross-Section used for FEM Analysis

Electrodes

Figure 21 Electrochemical Cell fahricated for Impedance Measurements.
(Pyrex dish not ta scale.)

Delryn
Base



The transparency of the apparatus allows visual inspecûon at alltimes. A 0.95 M KCI cal­

ihration solution and a sulfamale solution (Ni(S03NH2h : 450 g/L, H3B03 : 30 g/L) were

prepared.

Impedance W,L~ measured l'rom 100 Hz to 40 MHz using an HP4194A Impedance Gain!

Phase Analyzer. The huIk resislance was taken to he the magnitude of the impedance where

lhe phase was zero and the magnitude was constant with frequency, as expeeted fora resistor.

Horizonlal movement of lhe eleelrodes relaûve to the eell had no noûccable efTect on

measured impedance. Depth change, however, produced a signifieant effecl. The removal

of 100ml of soluûon altered the measured resistance by about 12%. Finite clement model­

ling of the cell predicts relatively high cUITent densiûes along the surface of the soluûon, sug-

gesling that depth changes will affeet resistance. Figure 21 shows the model geometry, in-

c1uding the locaûon of the cross-seeûon used for the cUITent density results in Figure 22.

Solution volumes where determined from gmduations on the beakers used, accurate to only

±50 ml. Tbe uncertainty due to depth is estimated to be ±6%. (While the uncertainty is

l(uite large, the purpose of the experiment was simply to obtain an approximate value for

future modelling of the system. More aeeurate measurements eould be made by monitoring

the solution volumes more earefully or by using a different eell geometry.)

A temperaturc of22 oC was measured during the experimenl. The experiment took plaee

over three hours, over wbich time the temperature changed by <±2 oC. Given that electro­

lytes change in conductivity by about 2%K-l, the resulting uneertainty is 4%. A ealibration

conductivity value for KCI of 'Xs=1O.6±0.4 SIm "las found by interpolation between standard

values for 0.95 M KCl at 18 and 25°C. The elTor bounds aceount for the uneertainty in tem-

perature.

The impedance of the standard KCI solution was measured,followed by that of the

sulfamate solution. The KCI standard was then remeasured using fresh solution. AIl mea-
.-

surement were taken between \00 Hz and 10 MHz with a 1 V applied potential. An RLC
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So!lllÎon

Cell
Edge

Figure 22: Current Density belween Electrodes in the Conduclivity Cell.
as predicted t;j' finite elemenl modeIlillg. indicaling that currcnt at the
solution surface is significant. and lbus tbat solution depth is imponanr 10

the conductivity measurement. Contours are lincarly spaced. representing a
variation in CUITent density between tbe edges (loW) and the center (high) of
only 1A limes. llle cross-section laken is indicaled in Figure 21.



circuit model was fit to the measured data. Bulk resistance was determined at frequencies

of ahout 45 kHz, where the impedancc was conslant wiùl respect to frequency and phase was

zero.

6.3.3 Results
Figure 23 and Figure 24 show measured impedanee magnitude and phase as a funetion

of log frequency. The dotted lines represent results from a least squares fit to the data of a

resistancc (R), an inductance (L) and a eapacitanee (C) in series. The double layer imped­

ance, W, is onen modeIIed as a series RC with an inverse square root frequeney dependenee

[106], explaining thedeviation of the RLC fit from the O1easured impedanee. The eonduetiv­

ity of the sulfamate solution was found to be 6.0±O.8 Sim at 22°C.
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Figure 23 : Impedance of the Cell with the KCI Calibration Solution.

-------------------------------------------,180
o Point at which the cell resistance was measured.
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Figure 24 : Impedance of the Cell Containing Sulfamate Solution.
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Chapter 7 Discussion and Future Work

In Chapter 1, four requirements \Vere made of a fahric.llion pr,lccss, namcly (1) a Iruly

three dimellsional fahrication capahility, (2) suh-micrometer spatial resollllion, (3) a range

of suitable materials for the construction MEMS COlllpOnents and (4) rc.asonable fabricatinn

rates. These \Vere chosen to meet the lahoratury need for a means of producing tools and

end cffeetors for the micro-rohots and micro-manipulalors under devclopmenl. A proccss

or set of procedures satisfying the four geneml requirements could also be suitable for build­

ing a range of sub-millimeter sized artificial organisms, integrating mechanical slruclures.

actuators, sensors, power sources and intelligence. As discussed in Chapter 2, no methOlls

are currently available which satisfy these requiremenL~.

The most widely used fabrieation methods, based on photo-lithography and othermicro­

e1ectronics technology, are restricted to the production of low aspect ratio, silicon ami gal­

lium arsenide strue:.ures. LIGA, an extension of phOlo-lithography, produces high aspect

ratio moulds, allowing a variety of materials to he employed. lts main limitation is that it

effectively "extrudes" a two dimensional pattern into 3D at the expense of featurcs in the

third dimension.

Excimer laser machining is the material removal process best suited to the requirements.

It is capable of maehining many materials including polymers, metals and ccramics at high

rates (~2.500 f.lm/s) and with sub-micrometer resolution. Unfortunately high resulution is

achieved at the expense of eut depth because of the high numerical apertures rcquircd to re­

duce focal volume. Also, as is genemlly the case with machining processes, assemhly meth­

ods are needed. Current assembly technology is rather crude, a situation which will hopeful­

ly be rectified by the development of sophisticatcd micro-manipulators.

Sever.l! truly three dimensional micro-fabrication processes are under developmenl.

Laser enhanced chemical vapour deposition (LCVD), stereo lithography and spatially

constmined micro-electrodeposition (SCMED) all have produced 3D structures with mi-
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• cromeler scale resolutions (5 to 10 micrometers) at micrometer per second rates. Work pres­

enled in lhis thesis has hrought SCMED to a level of development comparahle lo those of

LCVD and stereo lithography. The coostruction of a spring demonstrates that SCMED is

capahle of producing tluee dimensional nickel structures on the micromeler scale. A spatial

resolution of 10 f-lm has heen achieved and deposition rates of 6 f-lm/s ohserved. X-ray dif­

fraction resulL~ indicate that Ùle depositcd nickel is polycrystalline, while a measurement of

the spring constant yields a modulus which agrees within experimental unccrtainty with that

expected for solid nickel. Oncc again, however, neiÙler SCMED nor the other 3D technolo­

gies can yet meet the fabrication requirements. What arc their prospects of aehieving these

aims?

LCVD and stereo lithography arc eurrently limited in resoluùon by the laserwavelengths

used, among other factors. Aehieving sub-mierometer resoluùon would almost certainly

involve the use of shorLCr wavelength sources (UVB, x-ray or electron beam) or near l1eld

ohjectives. Electron beams arc only effective atlow pressures, while short wavelength elee­

tromagnetie waves tend to have large penetration depths and may be too energetie to allow

honding. A version of LCVD using eleclron beams produces sub-micrometer resolution

hut at very low rates (20 nm/s). Botllmethods are also relatively restricted in the materials

available, especially stereo Iithography, which employs a mechanically poor polymer. The

prospè~_; of achieving suh-micrometer resolution and material diversity with either LCVD

or stereo lithography while maintaining rapid deposiùon rates are unclear at best.

The potential of SCMED is much c1earer. Two dimensionallocalized electrochemical

deposition resulL~ (Section 2.3.6) demonstrate that metals ean be electro-deposited with

sub-micrometer rcsolution in two-dimensional patterns and that the deposition ofpolymers

is also fea.~ible. Many materials can be eleclrodeposited including pure metals, alloys and

polymers. Electrochemical theory (Chapter 3) suggests thatdeposition rates may in fact in­

crea.~e as resolution is reduced. It remains to be sho'.'rn, however, that complex three-dimen­

sionalmicro-slructurcs can be rapidly fabricated with sub-micrometer resolution using a
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range of materials. Some of the obstacles to be ovcrcome ,lllli iùe,ls on ho\\' 10 lackle lhem

arc ùiscusseù in the remainùer of this chapler.

7.1 Resolution

As discussed in Chapler 3, resolution is a funetion or Iïclù ùistribUlion. 1"0 improve reso­

lution the lield confinement must be improved. This can be donc by reducing c1eclrOlk lip

dimensions. EITorts arc focussing on the use of prngressivcly sharper tips. STM and AFM

tips have been produced with tip sizes of several nanometers. (Althllugh lhese c1eclrodes

orten end in a single atom, the very Lip is orten roughly hemispherical, with a diameter of

;2; 50 atoms.) Insulation of these tips is somewhat difticull. Electroùes have been dipped

in glass [107], apiezon wax [108] and Epoxylite 11(7). Another approach is 10 eVaplll'ale

insulating coatings such as SiO onto the electrodes, hring them close to a cllnducting surface

and apply a high voltage to uncover the tip [78]. While it is dil1ïcult 10 control insulalilln

such that the exposed electrode area is less than l '.lIn2, the modelling presenleù in Chapler

3 demonstrates thatasharp tip alone willloealize field. Insulation is only necessary tll reducc

background CUITent so thatthe currentcan be used as feedback on tip to subslrale separalion.

It may be thatl f.lm2is a sufficiently small arca to provide reasonable signalto noise for sub­

micrometer deposition.

Three methods existto charaeterize the shape of insulated lips. Ohmic resislance can be

measured by applying kHz frequency signais [106], as was donc in measuring solution resis­

tance (Chapter 6). The resistance is then related to the tip surface area. Tip geometry is difti­

cultto evaluate using this technique. The tip can also be examined under an e1eclron micro­

scope [107]. This requires gold coating, however, to reduce charging cfTecL~, so the tips arc

seldom rc-used. FinaIly, the tip current - distance profile can be measured as a tip ap­

proaehes asurface [75]. This gives information on both tip shape and the exposed arca when

the measurements are performed in a calibrated solution.
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What is the ultimate resolution limit'! This has yet 10 be l'ully il1\·estigalcd. hUI at somc

point the field will hecome so conlïned that no ions arc present within il. Ir the solution con­

centration is 1mol/L, the inler-ion distance is "'" 1m11. In a solid a lypical alllll1 spacîng is

on the order of 0.2 nm. Electrochemical etching, achieved hy rewrsing the clcctrnchcmical

potential, may turn out to produce higherresolution than deposition bccause it alTecls matcri­

[ù in the solid state. Etching and subsequent rc-deposition might also be possihle.

Another issue determining resolution is the accuracy or tip positioning. A micl'll-fab­

rication robot being developed by Prolcssor lan Hunter's grnup in collaboration with MPB

technologies offers 1nm position accuracy over a workspace ofseveral millimeters, and thus

should be ideal for SCMEO.

7.2 Control

The main difficulty with the present control system, in which contact hetwccn the tip and

the growing surface is used to signal motion, is that deposition tends to occur around the tip.

When lateral motions arc made, as in building the wall (Section 6.1), the tip catches on the

surface and structures arc grown unevenly. In building the wall the electrode had to be manu­

ally tapped every few seconds to free il.

In order to improve the deposition control, AlOs (VXI bus) arc being installed to bring

eurrent feedback and other information to the workstation, allowing more sophisticated pro­

cessing and feedback schemes to be devised. A digital 1/0 is also being installed to direct

motor stepping, allowing greater flexibility and spccd than arc oncred by the ASCII com­

mand based eontrollers.

Position feedback via tunneling CUITent should be possible. The sharp electrodes uscd

in SCMEO arc identicai to the tips employed in scanning tunneling microscopy and tunnel­

ing currcnts have been measured in eleetrolytes (Section 2.3.6.3). Lowering the applied po­

tentiai and periodieaIly moving the tip into the tunneling range eould be an effective means
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of controlling tip to suhstrate distance.

7.3 Surface Finish

Surface finish is affected by several factors including obstruction of the surface by

bubbles, stray CUITent (e.g. l'rom the side of an uninsulated tip), motion of the tip relative to

the surface and gmin size. Sever.ù approaches could be used to improve surface finish, in­

cluding improvement oftip position control, grcater tip insulation and spatiallow pass filter­

ing of the surface by electro-polishing.

7.4 Materials

The availability of a range of materials is partieularly important because mechanical

componenls, electronics, actuators, and sensors all have specific material rcquirements. The

next stage of SCMED development involves the integmtion of actuators and electronics. It

has already becn demonstrated that nickel electro-deposits can be integrated with the nickel

titanium artificial muscle fibers being developed in Professor Ian Hunter's laboratory [22].

The combination of SCMED structures with silicon microelectronics is promising since Ni

can be grown dircctly on silicon substrates. Other materials which can be electro-deposited

include many metals (Al, Au, Cd, Cr, Cu, Fe, In, Pb, Pt, Ag, Sn, and Zn are the most com­

mon), alloys (Brass, Bronze, Cd-Ti, Zn-Ni, Ag-Pb ...) [98] and conducting polymers.

Ultimately, it would be advantageous if a single material could be used to build an entire

micro-clectro-mechanical system. Conductive pclymers such as polyaniline offer this pos­

sibility. Conduetivity ranges over Il orders of magnitude and can be readily switched, al­

lowing transistors [109][110][Ill] and supercapacitors [112] to be built. The changes in ox­

idation statc which affect conductivity also resuit in mechanical deformations which are

being exploited to build actuators [20]. Chemical sensors [113][114] and LEDs [115] have

also becn built. Polyanilinccomposites can be imparted the tensile strength ofKevlar. There
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is thus the potential to integrate mechanical. eleclricaI. electmmagnctic and chcmical cle­

ments using one material. 2D localized dcposition or polyaniline has alrcady hccn achievcd

[82]. Experimenting with the three dimensional deposiùon or polyaniline is a prinrity l'or

future work.

Finally, instrumentation must beset up and, in some cases, techniques de\'clnped tn eval-

uate the material properties of micro-structures, including tensile strength, mndulus of clas­

ticity, hardness, life cycle, electromagnetic absorption and conductivity. Accurate resul\s

will orten demand precise fabrication. Tests can be complemented by structural investiga­

tions. Electron microscopy and x-ray crystallography can reveal crystal structure, grain size

and dislocation density, for example.

7.5 Underlying Mechanisms

In order to understand the limitations of SCMED and to improve its performance it is

important to determine the relative contributions of the various mechan!sms involved in

electrodeposition. In particular, it would be valuable to determine the mechanism of rate

enhancement. The current hypothesis is that rate enhancement is duc to convection induced

by vigorous hydrogen release. Several factors make the study of a plating solution such as

sulfamate difficult. Standard electrochcmical testing procedures simplify analysis by using

relatively low concentrations of reactants to eliminate migration elTecl~ and to allow the

approximation that ion activity changes linearly with concentration. Electroplating solu­

tions, on the other hand, arc highly concentrated to permit maximum CUITent density. Crys­

tallization and evolution of bubbles further complicatc analysis. In short, it is diiTicult to

analyze electroplating and forming solutions under plating conditions. A thorough set of

experiments needs to be devised which can distinguish the effects of each transport mecha­

nism and those of electrode kinetics. A numerical model of the system would help predict

the behaviors characteristics of the various mechanisms.
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As diseussed in Chapter 3, when tip dimensions are rcduced, diffusion rates increase.

This may enahle high deposition rates 10 he achieved at potentials where buhble formation

does not oeeur. The formation of hubblcs likely roughens the deposit and may induec cm­

hrilllemcnl as hydrogen diffuses into erystal disloca'jons [116].

Further experimentation should also he donc to quantify the potential dcpendcnce of de­

position rate and deposit quality. Knowledge oftip size and geometry (Seetion 7.1) should

allow deposition prome and tip geometry to be relatcd.

7.6 Machining and Alterations
SCMED need not be restricted to a dcposition mode. A fundamental feature of electro­

chemistry is that elcctrical potential can be varied to alter reaction kinetics and even reverse

the reaction direction. The electrochemical potential can be set such that material is etehed.

SCMED is then a material deposition and removal proeess, and corrections or additions ean

he made. The ability to etch could be particularly valuable to separate deposits l'rom the sub­

strate.

7.7 A Micro-Fabrication Centre
SCMED is the key technology in a micro-fabrication centre being assembled in lan

Hunter's laboratory. Other technologies in the centre include excimer and infra-red laser

maehining, glass, quartz and ceramic electrochemical machining, and wire eleetrical dis­

charge machining. Manipulation and assembly are to be achieved using a micro-fabrication

robot (MFR-l) and photon momentum. The goal is to create a centre capable of micro-de­

positing metals and polymers, micro-machining virtually ail materials, and manipulating

micro-structures such that MEMS can be constructed rapidly and effectively.
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Conclusion

The concept of loealizeù electrochemical ùeposition has heen ùemnnstrateù allli nickel

micro-structures built. Elcctroùeposition is spati:ùly eonstraineù by limiLing the extent of

the electric fielù which in tum localizes the deposil.. Polyerystalline nickel is eleelrmlepns­

ited at rates two orders of magnituùe l'aster than those of eonventional electroforming. lhe

rate enhancementlikely the result oflocal conveclion inùuceù by vigorous huhble formation.

Fabricated structures include a multi-coiled helical spring and a lOOflm high. IOfUll diame­

tercolumn. X-ray diffmction indicates that the material ùeposited is poly-cryslalline nickel.

while a measurement of the spring constant demonstrates that the moùulus of ehlsticily cor­

responds to that of bulk polycrystalline nickel.

SCMED is capable of producing three dimensional structures at mpid deposition raIes.

It has yet to meet the two other design objectives of sub-micrometer rcsolution anù the ùe­

position of a variety of materials. However, results l'rom two dimensional selective electro­

deposition processes suggest that the three dimensional electro-depositÎon and etching of

metals and conducting polymers with sub-micrometer spatial rcsolution is feasiblc. Pros­

pects for achieving the design objectives, and thereby overcoming the serious limitations of

current fabrication technology, arc promising.
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