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Fabricaing and measing sub5 nanometer featurebrings to light several
pressing issues ifuture semiconductorindustry manufacturingand dimensional
metrology.This dissertation presentdeasibleprocess to create nanostructures using
scanning probewith applications m dimensional metrology and namanufacturing
processesUsing thelattices paci ng of a c¢cryst al as th
sub 5 nm critical dimensionreference standards can be created with atomic scale
dimensional control.

This technique relie®n atomically sharp tips to provid®bust imaging and
patterning (nanolithography) capabilitie$Ve have developed acomprehensive
procesgo routinely producéiigh quality scanning tunneling microscope (STM) .tips
The quality of STM tips are a criticdctor in achieving reproducible patternirfy.

modified electrochemical etching method has been used to create sharp tips with

u



preferred apex geometrfdy using afield ion microscopeKIM), tip surfaces have

been cleaned by field evaporation. Finally, herial ultra-high-vacuum UHYV)
process is implemented to stabilize the atoms on the tip apex for improved
performance. The process is also found to be capable of restructuring the apex to
regain atomic resolution when tips fail during imaging or patterning

Silicon (100) samples with pigatterred micrometesize fiducial marks are
used 8 templates in this technigu€he fiducial marks are used as 2D references to
relocate the tip scanned area and the lithographic patterns. Large adlipiffat
reconstruted (100) surfaces are obtained a#ievet chemical cleaning process aand
high temperature annealing process. Afiterhigh temperature annealing process, we
observed reproducible stégrrace patterns formed on surfaces due to the fiducial
marks. A kiretic MonteCarlo simulation was used to study quantitatively the
evolution of surface morphology under the influence of fiducial marks. Some of the
key aspects, such dke electromigration effect and step permeability have been
extensively studied.

Hydrogenpassivatedsilicon (100) reconstructedurfacesare used to create
nanopatterns byselective depassivation lithography. pimized depassivation
procedurs enable us tdabricate patterngrom the microscale to the atomic scale
consistentlyusing an UHVSTM. To preserve and later enhance the nanopatterns,
SiO, hard etch maskmarks are formed by oxidizing the patterngsing ambient
humidity or gaseous oxygeA reactive ion etchingRIE) processs used to further
enhance the aspect ratio @fidized nanoptternsso that they can be served Z3

nanostructures on silicon surfaces.
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Chapter 1Overview

1.1 Introduction

1.11 Development ofSemiconductor I ndustry

During its short history, thesemiconductor industry ras gone through
extraordinarilyrapid development.The semiconductoiindustry can be traced back to
1904, the time whenlohn Ambrose Fleming invented the diodé that time, vacuum
tubeswere used to detect radio signalsater on, these electronic dewscdrove the
expansion of radio broadcasting, television, radar, telephone networks, analog and digital
computers, and industrial process conthol1947, William ShockleyJohn Bardeerand
Walter Brattainat Bell Labs created the first transistor, whiobostedhe developmentf
semiconductor industry and soon &®e the key component in all modern electronics

A transistor is a semiconductor device used to amplify and switch electronic signals
As one of the greatest inventions in"2@entury, aransstoris the fundamental building
block of modern electronic deviceBhe firsttransistorwas madef germanium, but due
to the germaniuids impurity problem and its sensitivity temperaturgscientists staed
to use silicon to fabricate transistors. Tt silicon transistor was produced by Texas
Instruments in 19541n 196Q thefirst metatoxide-semiconductor fieleffect transistor

(MOSFET) transistor was built by Kahng and Atalla at Bell Lampare with



vacuum tubes, transistors last muclmder, consume less power, are smaller, more
efficient, more reliable, and muciheaper

For many years, transistors were made as individual electronic components and were
connected to other electronic components (resistors, capacitors, inductors, deopes, e
boards to make an electronic circuit. However, it did not take long before the limits of
this circuit construction technique were reached. Circuits based on individual transistors
became too large and too difficult to assemble. There were simplgnémy electronic
components to deal with. To make the circeist less and provide better performance,
one needed to pack the transistors closer and closer together.

In 1958 and 1959, Jack KilBwat Texas Instruments and Robert NdyaeFairchild
Camea, came up with a solution to the problem of large numbers of components, and the
integrated circui(IC) was developed. Instead of making transistorsimnene, several
transistors could be made at the same time, on the same piece of semiconductdy. Not o
transistors, but other electric components such as resistors, capacitors and diodes could be
made by the same process with the same materials.

The integration of large numbers of tiny transistors into a small chip was an
enormous improvement over the anual assembly of circuits using electronic
components. The integrated circuit's mass production capability, reliability, and building
block approach to circuit design ensured the rapid adoption of standardized ICs in place
of designs using discrete trasisirs.

In 1965 Gordon Moore observed that silicon transistors were undergoing a continual
process of scaling downward, an observation which was later codified as Moore's law

which suggests that the number of transistors that can be fitted onto a chgsdaudry



two years. Since his observatjdransistor minimum feature sizes have decreased from
10 micrometers to th@2 nm range in 200.

Nowadayswith the development of nanofabrication techngjue CPU chipwith
billions of transistors can be fabriedtin a stateof-the-art fabricationfacility. Complex
fabrication techniques, such as immersion lithograpimg extremeultraviolet (EUV)
lithography® have beenutilized to produce devices with smaller featurafowing
individual chips to contain moreransistors thaeverbefore. On the other hanithere are
also considerable effortto make semiconductor devices such @sFET’ and 3D
transistos® that consume less energy and become more effectilsm, new materials,
such as Silicon onnsulator (SOI) wafes® and highk material$® are being used in
semiconductor industry to improve the performamaording to the trend targets listed
by the International Technology Roadmap for Semiconductors (ITR®E feature size
of atransistor will shrink to &nm in 2016by using conversional fabrication methods
However after that there is no proven method to manufacture smaller devices.

Clearly, itbecomesa pressing issut® develop anew fabrication method to shrink
feature size further in the near futuréence,the biggest challengen the semiconductor
device manufacturings to develop entirely nevabrication technigue with sub 10 nm
resolution on critical dimensioto meet the requirements of the coming dec&ilece
most of thesdabricatiors are applied in nanometer scale, omeedsto understandhe
concept of nanotechnologind some other related subjects such as hanometioédgre

we go into this field.



1.1.2 History of Nanotechnology

The term "nanotechnology" was first defined by Norio Taokgtf of the Tokyo
Science University in 1974 as follows: ™Natechnology' mainly consists of the
processing of, separation, consolidation, and deformation of materials by one atom or one
molecule."Since that timethe definition of nanotechnology hasngeally been extended
to include features as large as 100 nm.

In history, te first mention of some of the distinguishing concepts in
nanotechnologgppeared in a lettén 1867 by James Clerk Maxwelh Maxwellés 1871
book titledTheory of Heatheconcaved a thoughexperiment as a way of furthering the
understanding of the second law, and that experimenkwa® w nMaawgll's Demon.

In 2007, David Leigh® created a nanodevicthat successfullyperformed a real
experiment based on the thoughperimat by Maxwell.

During the 20th centurythere have been many significant developments in
characterizing nanomaterials and related phenonmetiee field of interface and colloid
science. Richard Adolf Zsigmondisedan ultramicroscopeavhich applies the das field
methodto observe and measuparticles with sizes much less thdre wavelengthof
light. He made a detailed study oblloidal gold and other nanomaterials with sizes down
to 10 nm and less. Zsigmondyas the first who used nanometekplicitly for
characterizing particle sizén his book}* he determinedt as 1/1,000,000 of millimeter
andhe developed the first system classification based on particle size in the nanometer
range.In the 1920s, Irving Langmuir and Katharine B. Blodgett introdubedconcept of
a monolayer, a layer of material one molecule thigkich has beemvidely used in

surface sciencandbiology. Based on the concept of the monolayer, mapglications,



such as antreflective glass and biological membrankave been inveed. In tle early
1950s, Derjaguin and Abrikosova conducted the first measurement of surfacéJorces.

On December 29, 1959 at Calteétichard Feynmagave a talkThere's Plenty of
Room at the Bottom4t an American Physical Society meetffiieynman desibed a
process by which the ability to manipulate individual atoms and molecules might be
developed, using one set of precise tools to build and operate another proportionally
smaller set, so on down to the needed scale. In the course of this, hescaliad,issues
would arise from the changing magnitude of various physical phenomena: gravity would
become less important, surface tension and Van der Waals attraction would become more
important, etc. This basic idea appears feasiale] multiple assembt processes
enhances it with parallelism to produce a useful quantity of end products.

Nanotechnology and nanosciengegressed in an unprecedented manner in the
early 1980s with the birtbf cluster science anithe invention of the scanning tunneling
microscope (STM)Introduction of cluster sciended to the discovery of fullerenes in
1985 and the carbon nanotubes a few years [alerinvention of STM made major
breakthrough in the understanding of the structural composition of various materials.
IBM researcher Daald Eigler'’ was the first to manipulate atoms usimgSTM in 1989.

In the experiment, hesed35 xenon atomso spell out the IBM logaat ~4 degrees

Kelvin.



Figure 1.1: First successful atoms manipulation by using a low temperatureSUHM. The A1 BMo
made by 35 Xenon atoms (marked as blue dots in the image) on a nickel subswateDdn Eigleret
al.')

Generally, two main approaches are used in nanotechnology to fabricate
nanodeices namely thdétop-downd and thefbottomupd The fitop-downd approachis
the continuing reduction ithe critical dimensions of current or conventional technology.
In the semiconductorindustry, experts inveatl many methods to approach the
nanoscalesich as photdithography® immersionlithography, and EUV lithography.
Continued improvements in lithography have resulted in line widshsmall ad5 nm.*°
On the other hand, tHdottomupd approach, (also callediolecular nanotechnolodyis
an attempto reach te atomiclimit of fabrication to build devicesuch as nanowiréy
and molecular electroniésby directly assembling atomglthough this approach is
potentiallysuitable for producing devices in parallel and much cheaper than tdewep
apprach, it is still in its infang. In the next decadd, is expected thaadvanes in the

top-downbranch ofhanotechnology will continue to lead the industry.

0 ¢



1.1.3 DimensionaNanometrology

Control of the critical dimensions isne of the most importantfactors in
nanotechnologyThe dimensions of a typical nanosystem vary from 10 nm to a few
hundred nm. The ability to msure feature positions or critical dimensions to-sub
nanometer accuracy is a pressing issue in many cwgtgg manufacturing
environnents. In semiconductor manufacturing, the gabtgth dimensions need to be
measuredccurately td nm for devices that are oD4m in size, as stated the ITRS??

The need for sti00 nm reference standards and methods for making submicron
measurementsvith tolerances approaching atomic size will become more and more
demanding as the industry continues to reduce the dimensions of critical features.

Nanometrology is thecience of measurement at the nanoscale. Nanometrology has
a crucial role produng nanomaterials and devices with a high degree of accuracy and
reliability in nanomanufacturing. Nanometrology includes length or sizasurements
(where dimensions are typically given in nanormsetad the measurement uncertaisty
often less than 1nm) awell as measurement of force, mass, electrical and other
properties Nanotechnologies,however defined, cannot progress independently of
progress in nanometrology

The challenge in dimensional nanometrology is to develop or create new
measurementechnique and standards to meet the needs of-geweration advanced
manufacturing, which will rely on nanometer scale materials and technologies. In order to
build future devices atom by atom, it will first be necessary to measure devices atom by

atom. To be abt to measure or determine the parametefsnanostructures and



nanomaterialsvarious techniqueand instruments, such a&Ray Diffraction (XRD),
Transmission Electron Microscopy (TEM), High Resolution Transmission Electron
Microscopy (HRTEM), Atomic Fore Microscopy (AFM), Scanning Electron
Microscopy (SEM) and Scanning Tunneling Microscopy (S;TAi¢ usedo measure and

determine nanostructuresth specific features.

1.2 Goals and Motivation

Because of theunprecedentedievelopment of nanotechnologyin the last two
decadesthe need for metrology toolat the nanoscale and atomic scale basome
increasingly clear. &ngth metrology tools are necessary to facilitate manufacturing of
those new nanodevicdsy controlling the critical dimensionsThe devebpment of
dimensional nanoscale and atomic scale metrology should also follow the pace of the
nandechnology.

To develop and promote measurement standards tecithology to enhance
productivity, facilitate trade and improve the quality b€, the Nation& Institute of
Standards and Technology (NIST) hasnchedhe AtomBased Dimensional Metrology
(ABDM) Project®to develop a new, comgnensive approach to dimensional metrology
using the atom spacing of a crThegD admicas t he
scale structures will be made on hydrogemnminatedsilicon substrates to meet the
requirementof dimensional metrologyThis work also represents an important advance
in developing robust and repeatable processes for controlled patterning atothic
scale, which can be combined with many current nanofabrication technologies, such as

Atomically Precise Manufacturing (APM) amaolecular imprinting.



The main motivation for ik thesisis to address the isssi@at the sub 10 nm and
atomic scaleand to develop nexgenerationtools for dimensional metrologwt these
length scalesin order to accomplish this task, it is necessary to develop ngetbod
fabricate 3D nanartifacts whichcan be measured and traced directly to the intrinsic
crystal latice. In orderto usethese artifacts as reference standaitiss necessaryo
develop a method which catransfer them to other measurement systemsth
dimensions known at the nanometer scale

The methods develegd as a part of ththesiswill provide atomic precision in three
dimensions with programmable tojpwn control.They could be utilized tsolve the
fundamental limitation of the manufacture of new devices such as quantum dots, qubits,
Nanoelectromechanical SystenEMS) oscillators and biomechl devices with atomic
precision.We are collaborating with Zyvex Labs (Dalld®xas) and several universities
in the Atomically Precise Manufacturing Consortium (APMC) to develop this

revolutionary technique.

1.3 Methodology

There exist a wide rangd techniques for fabricaton on the submicrometerlength
scale, from sophisticated lithographic methttdd& that hae their origins in the
semiconductor industry to more recent materials and chemical advances that rely on self
organization®*'?® However, for sull0 nm length scales the technologies that are
currently being used prove inadequate as there is new setllehges. Hence, the area is
still in its infancy and there is a lot of room for researchers to test their techniques and

optimize the conditions to be able to bring this to the manufacturing level. Atewak



lithography is expected to emerge and enabtew class of nanotechnology devices over
time, but the nanofabrication techniques are expected to face integration and cost issues.
The patterningat this scale is of great importance to attain higher integration density for
semiconductor devices.

The major problem for all the conventional techniques, such as photo and electron
beamlithography, is that they do not have sufficient resolution at the length scale of sub
10 nm?*?” Perhaps the only alternative is to use an atomically sharp tip to pattertonan
atomic scale features by exploiting various prshmple interactions. A method
proposed in the early 199006s to achieve at
an STM to pattern a resist layer on the silicon surfate.this technique a S(100)
surface is passivated with a 1 atom thick hydrogen layer where the hydrogen atoms serve
as a resist on the surface analogous to conventional lithography. Then a highly confined
electron beam from an STM tip is used under certain bias/current cosdite
selectively desorb, in ultraigh vacuum (UHV), hydrogen atoms from the resist, thereby
exposing the silicon surface below.

Although the experiments were performed almost two decades ago, there has not
been much progress in terms of technologicaliegjons. By following the concept of
the experimentsid out in the 199060s, one can <Ccome
precision nanopatterns which can then be used for déliceation. Developing stable
and sharp STM probes (tipsyvhich is essetial to write and image patterns, and
producingan atomically flat working template are two of the major challenges to realize

a routine patterning and device fabrication. Bdomically precise fabrication, these
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challenges need to be addressed so tleagan atomic scale control on the probes as

well as the sample surface.

1.3.1Preparation of Atomically Sharp STM Probes

As a main component of STM, probes (sharp tips) play a major role in atomic
resolution imaging and atomically precise manipulatidr8TM relies on electron
tunneling between the tipnd a biased surface in very close proximity where the
electronic orbitals overlaprhe probe andhe sample need to be conductive (at least
semiconducting. As the tip is rastescanned over the sample,M @ Tan generate images
representing thelectronic state density on teamplesurface With sharper probes, one
can substantially improve thquality of the images, and hence, thdres been
considerable interest the fabrication of sharp tips.

Tip fabrication includes the electrochemical etcharglin situ cleaningprocedures
for making consistent atomically sharp tips amditu regeneration of atomic sharpness
after every process stepo achieve APMSTM tips have to be identical and invariant
during the process. This is an issue that has neverdmeprehensivelpddressed before
since the idea of APM itself did not existtil recently

There are many factors that contribute to the performance of thetig$Kor this
particular applicationsuchas the liféime of the tip (how lag can we keep the tunneling
point), chemical properties, mechanical propere¢s The material used for the tip must
be very hard in order to avodeformationand erosion of the tip during imagiramd
patterning Theshape and chemical composition of the tip apex are important factors that

influence the STM image resolution and the quality of nanopattetn®ll STM
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measurements demand good electrical conductivity of the tipgsten(W) wire is
widely used to fabricat8 TM tips, and other materials, suchpkegtinum (Pt), iridium (Ir),
or evengold (Au), also can be used as STM tips.

For different tip materials, thereparatiormethods varySome of common methods
for producing sharp tipare dectrolytic polishing/etcing, chemical polishing/etchint
ion milling,*! cathode sputtering® whisker growth®*** vapor® electre® or electron
beant’ depositedflame polishing®® mechanical shapinmethods such asil-stone hand
polishing*® cutting *° machining** fragmenting*? bashig** and ombinations of the
abovemethods.

The first step towards making a sharp probe for STM is by electrochemical etching.
Electrochemical etching is an etching process using chemiealsancd by a diret
electric current to remove material layers from a metallic wire. The chemical process that
takes place at the liquidir interface removes the surface layers in a way to produce a
conical shank with a sharp terminatitn.

Guise et al. have reported an ettrochemical etching dreqif procedure to
reproduciblyfabricateW tips with ~ 5 nmradius?** The W wire is immersed in a droplet
of KOH solution (etchant) held bgn iridium loop (~ 1 cm diameter) A voltage is
applied between the tip and the loop scot ttee tip isthe anode and the loop ithe
cathodeThe tungsten wire is etched in two steps. In the first step (coarse) etching, a DC
voltage (typically 3V) is applied between the electrodes using 2M KOH etchant solution.
In the second step (fine etching) DCvoltage of 0.5 V is applied using a 0.1 M KOH

solution as the etchant.
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Sharp Wtips can easily be preparexk situ by electrochemical etching but are
naturally covered by a dense oxide layer. This will drastically change the conductivity of
the tip and malk it difficult to establish a stable tunneling current. The tunneling
characteristics no longer correspond to vacuum junctibns,instead to the thin
insulating layer which will change the quantum states involved in tunnéisget al*®
suggestd thetungsten oxide can be removed by treatment with hydrofluoric (HF) acid.
Tungsten oxide is soluble in Hiwhereas metal tungsten is inert to HF.

In situ methodgthatinclude sputtering, ion milling, electron bombardmett, can
be used not only itip surface cleaning but also tip sharpeniSgansoret al*®, and
Janssen and Jon&have shown that an electpolished tungsten tip can be sharpened
by sputtering of the tip by neon ions. The tip radius was brought down fromni®® 20
nm using thisprocess. Neon is considered ideally suitable for this process as it has an
atomic mass which is large enough to produce an appreciable sputtering rate. They
control the neon pressure and sputtering current to achieve a desired tip radius. The tip
was bridly annealed at 200€ before sputtering. Vasilet al*® have developed a novel
technique to fabricate tips for STM high aspect ratio imaging applications. The technique
involves focused ion beam milling on an etched tip.

Larsonet al.***° demonstrated shaening of atom probe specimen tips by-fmam
milling. This process has a better control otfex thermal field process terms of the
amount of material removed. Although there is a considerable sharpening of the
specimens, artifacts occur durirtige ion milling process such as the introduction of
defects, the production of irregular specimen shapes, and the production of slight ridges

on the specimen surface. Zhang and egve also observed that, for an ion milling
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time of 40 min, the tip radius i®duced from 250m to 20 nm and the cone angle is
reduced from 35° to 25°.

Other approachedhave been tried to creasomically sharp tips. For example,
carbon nanotubesattached to at tungsten tigre a very good candidate for STM
use>24°3°43>%¢ panpsithg foreign atoms onto the tip suréacan also fabricatsingle
atom tips(SATs). HansWemeret al®” showed that a tip with a single atom termination
can be formed with the deposition & atom onto a W (111) trimer base tpATs can
be produced by eld@moplating a thin layer of a noble metal on a(fM1) surface and
subsequent heat treatment in URfV.

Rezeqet al*®

used chemically etchepolycrystalline tungsten tgpto makesingle
atoms tips by field assisted etching of the tip using nitrogen. Nitrisgadsorbed on the
tungsten surfagdeading to the dissociation of;Mn the tungsten surface followed by a
diffusion of atomicnitrogen into theop atomic layer of W. This causes a protrusion of
the W atoms from the surfacereating sites with increaddield intensityso thatatoms
are removed spontaneously by field evaporation. This process takes place on the shank
and proceeds with the removal of shank atoms. The tip gets sharper in the, @odess
single atom tips can be generat&tkeld ion microgopy observations clearly showed
single atom termination at the apex.

We used the electrochemical etching method to create sharp tips (radii are about 50
nm) in theexperimentsWe assembled faeld ion microscope (FIM)ntegrated into UHV
system to provid in situ W (100) and W (111) tip cleaning and sharpenil¢e

developed dip fabrication process toreateatomically sharp tips witlobust imaging

and writing (nanolithography) capabilities
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1.32 Atomically Flat Silicon Surface Preparation

Another chdlenge is tocreateatomically flat surfaces as the substredgicon is
widely usedbecauset is a good semiconductaompare to other materialsaat high
temperature It can be easilypatternedand forms a good semiconductor/dielectric
interfacewhengrown in afurnace Because it has so many advantagiison replacel
germaniumand became the mamaterial and substratdf mostsemiconductodevices
such as transistars

Highly pure (99.9999% purity) singlerystal silicon can beobtainedby usingthe
Czochralski proces¥.During the process, dopant elements suchaasn, phosphorus,
andarseniccan be added into it to creatdype or ptype semiconductors wittlifferent
resistiviies Later the silicon crystak sliced and polished to form waferdsually the
silicon crystal is cut atertainangles, which arknown ascrystal orientationsto achieve
wafers with special surface orientatioff$ie most common orientations are (111) and
(100) directios. Orientation isvery important becausesilicon is a highly anisotropic
material. Wafers with different orientationsave different physical propertiesiuch as
electronic propertiesfo u n g 6 s , sudataiténsian, and chemical properties such as
crystalstructura) atomdiffusion rate, etching ratete

As a metalloid elemenh group IVA, silicon has a structure similéw carbon and
germanium Silicon has a cubic latticetructureknown as the diamond cubic crystal
structure(shown in Figurel.2), andthe lattice constant osilicon is 0.543 nmA bulk
silicon atom is conneet to four nearest neighbor atoms witlovalentbonds.As for

those surface atoms, since they could not form enough covalent bonds, there are several
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dangling bonds leftBecause of these dangling bonds, surface atoms become very
reactive.Also, these dangling dnds become very important while we are dealing with
thesilicon surface and surface atoms.

Although an oriented Si wafeii.é. (100) or (111)has a nearly perfedtat surface
the surfaces not actually flat at the aioic level. Becausef thetoleranceof the cutting
tool, the wafer cannotbe cut perfectly parallel to lowéndex crystal planes (i.e. (100),
(111), (110) planes)the smallderivation from paralleis generallycalled the miscut
angle. Because of the roig angle, the surface cannot maintain the perfect lavaex
crystal planes over long distanéeading to what is known aséacinal surfacé whi ch i s
close to but not flat low-index plane.On the microscopic scale, \acinal surfaceis
composed of geries of terraces and stepberefore vicinal surfaces are also known as

stepped surfaces.

N A N A NN

Figurel.2: (a) The structure of ailicon unit cell. Every single Si atom (red) is connedfour surrounding
atoms with covalent bonds (white sticKhe red trianglemarkedthe (111) plandias shown in (h)and (c)
representshe (100) plane.
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The miscut angleof a wafer can be determined by-ray diffraction Figure 1.3
shows the miscuangleat theatomic scale. The average step width of terrdass e
estimated by the simple expresstan d = h/l once the miscut angle has been measured,
whered andh are the miscut angle and the step height, respectValinal surfaces play
a very important rolan surface reconstruction, stsgep interaction, stace energy,

kinks and defectsIThe effect of vicinal surfacesill be discusedlater in this thesis.

1, Average terrace
width

(©) Macroscopic
view of surface

ste _edgeterrace

— Crystal planes
.....--"'""'.—.--_

Figure 1.3: Schematic diagrams of the terrace and step structure of the Si (111) and Si (100) gajfaces.

the Si (111) vicinal surface, (b) the 30Q) vicinal surface, and (c) the macroscopic view of surf&cem
B. J. Gibbon®)

For amacroscopiwiew, a silicon wafer surface is flat after undergopaishing
However, he surface maycontain small silicon fragments, trace metals, or even grease
Sometimeseven microscopic cracks or defectse presentThere are severahethods
reported in the literaturesuch as plasma cleaning or sputtering, wet chemical etching,

and high temperature annealing to clean and fabrsiiten samplesA comprénensive
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fabrication process needs to be developed to clean and fabricate sdiopieswith
atomically flatsurface

Plasma etching, which includes sputtefihgnd plasma cleanin®,is generally
considered a gooi situ cleaningmethod for many applicatis to remove contamings
from silicon surface. However, the surface roughness in@esigeificantly after the
proces$* After cleaning, athermalprocessing in UHMs required to produce a clean
(contaminatiorfree) and atomically smootBurfacerevealng the intrinsic lattice of
silicon (100) surface

Wet chemical etching, such as KOH or NHetching, is very popular in silicon
wafer cleaning andiabrication. Research and manufacturing related to silicon devices,
circuits, and systems ofterely on thewet-chemical etching of silicon wafer&ince
silicon is a higly anisotropic material, thechemical etching speed on different
orientations isdifferent® For example, theetching speedsf 55% KOH onthe (110)
surface is 500 times faster thantbe (111) surface at 85C.°° Becausef the preferential
etching dynamics, we are able to create large atomically flat (111) &tfatewever,
only pyramidstructure arecreate after appliedhe KOH etchanion the (100) surfac®
Hence we limit theex situ chemical methods only to clean the surfatéhe thick oxide
and other contamination layers that may be present.

The process ofwet chemical etching contains several steps to remove organic
contaminantsmetallic particles and oxide layersCommon acids, such as,$0,, HCI
and HNQ, are used here to clean the surfawganHF or diluted HF or buffered HF has
beenapplied to remove surface oxid&. hydrogen terminated surface can be obtained

aftertreaing by HF. Althougha hydrogen layer can protesiliconin ambient conditions,
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water molecules can penetrate it and ddhe surfac&® Also, the dissolvedoxygen in
solution can attack silicoimmediatelyand roughen the surfaé®After the etching
process, someesidie may still beon the surface asontaminats and cause surface
defectsat the atomic level. To reduce the effect of chemicals and provide a more
controllablemethod to get repeatable and robust atomic flat surfacepméinethe wet
chemical etcing and high temperature annealing method to modify silicon samples.

The tigh temperature annealing metfdd?is not suitable for any semiconductor
device fabricationcurrently becausethe device structuras expected to belestroyed
beyond a certaitemperature. Above that temperature, the structures atomic arrangement
cannot be retainedecause of increased diffusiddoweverthis methodis suitable for
our approach as there is no post annealing once the patterns are written on the surface. In
fact, theinitial UHV high temperature processing is necessary to reachaaly because
it leads to a completdesorptionof the thermal oxide, diffusion of contaminants like
carbon into the bulk, and to a completely flat surf@céew micrometersjlue to the hig
mobility of the silicon atoms on the surfadée hightemperature@nnealing processan
be carried out in various environments other than UHNert gases such as nitrogen,
argon, or hydrogen also can be dige smoothsilicon wafer surface during high
temperatureprocessing® Around 500C to 550C, hydrocarborncontaminats can be
desorbed from the sampléand a 80C°C silicon dioxide desorbed from the surfaée
After flashing the sample to 120C, aflat silicon surface can be achieved.

At certaintemmperaturs (800°C - 1000°C), silicon and carbon caorm SiC,’® which
can pin on the surface and letm a macroscopic roughneds.is necessary to take

precautions during thkigh temperatur@rocessing to avoid the favorable temperatures
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for SiC formation Some metal ions, such as Fe, Ni, caro affect the reconstruction

surface andihduce lots of defects ahesurface’’

(a)

Figure 1.4: The Si (111) and (100yeconstructedsurface (a) A schematic picture of the Si (111) 7x7
reconstructed surfac@rom K. Takayanaget al’®). (b) The corresponding STM image taken from our
UHV STM. (c) The top view of the Si (100) 2x1 reconstructed surfacév]iyepresent § Da, s and I
steps, respectivelyFfom D. J. Chad?) (d) An STM image of the Si (10@x1 reconstructed surface.

Atomically flat siliconreconstructedsurfaces areverified by the STM after high
temperature procesg. Due to the differece inthe structures of Si (111) and (100)
surface, thereconstructiorpatterns are differer{es slown in Figure 1.4) The Si (100)

surfaceforms alternahg terraces withlx2 and %1 dimer rows to reduce the surface
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energy?® The formation of dimerslsoresulsin a surface of filled and empty ron®n

the other handhe Si (111) surface, by comparisoexhibits a much more complex
reconstructionAt low temperaturesthe Si (111) surfaceforms a 2x1 reconstructidtt
(which is different from the (10e8x1 reconstructionand at temperatures above 200
this structure converts irreversibly to a more caogbed 7x7 dimemdatomstacking
fault (DAS) reconstructiorf? In addition, a disordered 1x1 structure is aiegd at
temperatures above 83D, which can be converted back to the 7x7 reconstruction by
slow cooling A number of similar DAS reconstructionsveaalso been observed on Si
(111) in norequilibrium conditions in a (2n+1y (2n+1) patternsuch as5x5 and 9x9

reconstruction&®

1.3.3Surface M odification/Patterning

Silicon reconstructedurface can be used e template to perform nanofabrication
after it has been properly treateth the fitop-downd approach, drogenterminated

silicon surface®*>8¢

can be used as a very gosdbstrateNot only can they provide
longrange atomically ordered surfacbut alsothey are found to beresistantto
contamination and oxidation under ambient environmental condifitfisUnder the
protection of hydrogen atoms, silicon surfaces remain atomically flat after beingeelxpo
to ambientconditions for several houf4® That will be very useful when weansport
samplesutsideUHV conditions
Using atomic hydrogen, the surface can be passivated by filling in the dangling

bonds. Atomically resolved patterns can be fabritdgselectivelydesorling H atoms

on silicon surface by breaking th8i-H bond under high energy electron beahhe

exposed silicon atoms in the depassivated &@ae dangling bondsnd are more
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reactive compackto the rest of thesurface atomshielded by H atoms.As a next step
other materials, such as disilane.&),®° oxygen (Q),?® can be introduakto enhance
the nanopatterns or transfer them onto the substatiey are selectively reacting to the
exposed atoms.

UHV-STM is the best todb create hydrogen depassivasdtcon nanopatternsthe
UHV environmentcan maintain the surface clean for hou3M is capable of sub
nanometeresolution of the surfacand can be used to manipulate single atohwo
different working modesre used to create patterns withfferent features.The hgh-
voltage emission mode can depassivate laagEa with high writing speel.® Finer
patternsdown to the atomic scatean be achieved by applyinige low-voltage respance
mode?*

The UHV-STM based fabrication does have drawbasksh as smalkcan size
(usually smaller than 1@m) andlow writing speedseveral nm/sgc Ambientscanning
probe microscopes (SPMan bea reasonableeplacementAn ambient AFM can scan
100x100um? size and write patterns with 10rys using a different techniqu&@here is a
watermeniscudormed betweelthe tipand the sampldue tothe moisturan air, with a
bias voltageoxide patternscan written on the samp{é®® Therefore, the featursize has
been limitedby the size of the water menisciesides SPMg focusedlaserbeans have
also been used to induce oxidation of the hydrogen passivated silicon stftfaces

The glicon surfacealso forms an ideal substrate for nucleation and nanasteuc
formation due to its morphologse 6 d ot sudleatedson S and are found to
be aresensitive to the strain field of the substrdtélhe strain distributioncan be

controlledon silicon surfaes® " By using molecular beam epitaxy (MBE) growth
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equipment, the deposil materials can fon &@ot (up to aboutl00 nm) with self
ordering®

In the Abottomupd approachselfassembly fabrication technigs are using on the
modified silicon substratedzor example, the seHissembly blockcopolymer, PSh-
PMMA % canbe usedo form nanometesize patterns osilicon surfacesBy controling
the ratio ofpolymerized monomerand the opolymerizationtemper#ure, nangatterns
with different structures can be creat8dmeof these patterns have sul) nm features.

The Si (110}16x2 surfacecan be used as the substratewhichto grow a highly
integrated silicon nanowire mesh?® That silicon nanowire network @n serve as a
versatile nanotemplate for nanofabricatiofhe unique Si X11)7x7 reconstruction
surfacecanalsobe used as templatefor deposiion of Group Ill metals, suchs Ga®°

TI,*** and Al*%?to form monodispersed nanostructures

1.3.43D Nanostructures Fabrication

3D structures can be fabricated using different materslsh as0,*® NHz %
PH; 1% disilane and digermarf@ The CVD process can also be used pattern

metalleS , 106

on silicon surface too. After the fabrication, the height of those
nanastructure is aboutl. nm, which is not sufficient for the requirement of our praject
To increase the height of these nanostructureppssible solution is to build
materials on the nanopatterri®r example, nanopatterrean be filled by disilane or
digermane on the sample surfaameelevated temperaturdhe nanostructuresire also

covered by hydrogen atoms, which can be desorbed by BiMalternatéy usng

hydrogendepassivation and disilankepositionprocesses on the surface, the height of the
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nanostructures can Isebstantiallyincreased. However, this methoetjuiresa lot of time
to fabricate even one 3Btructure;it also requires stringent stability to pamin atomic
precisionlithographyseverakimes on exactly the same location

At this time, it seems that the onlfgasible method which can enhance the
nanostructures is the Reactive lon Etching (RIE) process. RIEe processis an
anisotropic etching teclmlogy which can be used teelectivelyetch different materials.
After the nanopatternsave been oxidized artden formednto an oxide layerthey can
be used as hard mask in RIE etchiAfier the RIE processsilicon will be etched away,
and the nanagterns will be remaininddy controlling the composition of etching gases,
etching power and expose time, it is possible to create nanostruetitheslesired

vertical dimension

1.3.5PresetFiducial M arks

Once nanstructures have been fabricated,becomes a realistic challenge to find
thosestructureausingdifferent facilities. I1té worse thardinding a needlein a haystaci
if no referencemarks areon the sample surfacePreset referencewhich recognize the
nanopattersneed to be established the surface.

Micrometer size features can be createca @i surface usingonventional optical
lithography Thesefeatures cannot be considered as fiducial marks unless they survive

after the annealing processakamuraet al®’

investigated the evolutioaf 2-em-deep
gratings with different pitches ranging from 0.8 to 4&n on Si(001) surfaces by

annealing at 110€ under UHV conditionsThe results show that the gratidgsllapse
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time increases witthe grating period, and presumalilye problem can be ov@me by
carefully designed fiducial marks.

S. Tanakeet al!*®applied gratings on Si (001) surface to create large flat terrace
during hightemperature annealin@ther patterns, suchs holes® stripeS® andmesg**°
etc. havealso been added on the silicon surfaces to studyeth@ution of the surface
morphology.But none of them have been successfully used as references.

The fiducial marks that we designed contain scgjacicles, lines, etg¢.varying
from 15em to 50em. After the annealing process, the fiducial marks carebegnized
by a longdistancemicroscopgInfinity K2/SC) attached on the STM chamb&he STM
tip location with respect to the fiducial markan be recored through a CCD camera.
The pidures taken by the CCD camera can be used to identify the location of the
nanostructures after the RIE process.

Besides locang the nanostructures, the fiducial mak® also found to influence
the evolution of surface morphology during the annealinggass The surfaces of the
cells in the patterned area transformedhéarly identical surface structures with large
atomically flat surface¢2 - 10 em in width). Hence,the silicon surface with fiducial
marksturned out to ban ideal place for the nanolithograptyA kinetic MonteCarlo
(KMC) simulation is introduced to understand the step flow and bunching prdtess.

details will bediscussedater in this thesis.
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1.4 Outline of the Dissertation

This thesisdescribes the development ofnew manufacturingmethodthat can
fabricate sublO nm size features by using STMnd also provides atomiescale 3D
structuresvhich are sudblefor dimensionametrology

The outline of thighesisis as follows:

In chapter2 the UHV systemdesignwill be described. ManyHV toolshave been
designed and built intdhe UHV systemto meet the requirements of sample preparation
and fabricationA comprehensivérander system has been establishedfacilitate the
transfer of tips and sampleacross the chambers without compromising the UHV
integrity.

Chapter3 discusses th&TM tips fabrication processedhe atomically sharp tips
have been created after electrochehetchingfield ion microscopy (FIM) cleaning and
thermal annealing. The fabrication details will be discusaed the fabrication result
will be compared with some other shai fabrication methods.

Chapter4 deals withmodification of the Si (100)substrate, fabricatioof fiducial
marks and the high-temperature annealing proce3se Si (100) substrate hdmeen
patterned witHfiducial marks under beam lithography. A standard procedure has been
developed to clean and fabricate the Si (100) retcocted surfaceSymmetric step
terrace patterns with wide atomicaflat regions created on treurfaceduring the high
temperature process. The effect of the fiducial marks will be discussed.

In chapter5, akinetic MonteCarlo (KMC) simulationis usel to simulate some of
the aspects of the surface morphology after annealing. Surface morphology is strongly

affected by fiducial marks in the experiments. The simulation may help us to understand
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the surface evolution with the presence of fiducial markghvban help us to optimize
the geometry and dimensions of the patterns for idealtstegce structure for our
projects.

In chapter 6ye develope@ procedure to fabricate the hydrogen passivat¢tio0)
reconstructed surfac&éhe effect of hydrogen gaivation will bediscussedNanopatterns
have been created by using two modes in UBIWM. After oxidizing in ambient
humidity and oxygen gas, nanopattertiansform to hard marks for the Reactilm

Etching (RIE) process which will further enhance nariepas.
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Chapter 2System Design and Experiment Facilities Setup

To study the motion of silicon surface atoms and manipulem requires a clean
surface for asufficiently long durationjt must be kept at extremely low pressures. An
atomically fat, contaminatiorfree silicon (100) surfaces an essential requiremefur
atomically precise manufacturing. At a pressure of® Ibrr, approximatelyone
monolayerof residual gass formedon the sample surfacevery second? A base
pressure in the range0™° Torr is necessary to give a reasonable length of time for
experiments before thsurface is ontaminatedby adsorbatesAn ultra-high-vacuum
(UHV) system with the capability of processing samples and tgsused for atomic
resolution imaging and faicating nanometer sized patterns. The existing system was
greatly modiied by redesigning and adding several components to suit the experiments

described in this thesis.

2.1 Ultra -high-vacuum (UHV) System

UHV is the vacuumangecharacterizedy presstes lower than 210° Torr. To
achievethat pressure levelmultiple pumpsneed to beusedin orderto reduce the
pressure from atmosphere to UHV. The systemsists oflifferent chambers connected

by gate valve. The layout of the major UHV components athis system isshown in
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Figure 2.1.The basic UHVsystemincludesthe load lock chamber, the transfer chamber
and the main chambeBesides thse, twochambersa customfield ion microscopy
(FIM) chamber anda commercialscanningtunneling microscopy (SW) chamber, are
attached to thenain system to perform the analysis and fabrication of tips and samples.
Tips can be imaged and cleaned in the FIM chamber and trangfesiadito the heating
stage in the main chamber for further thermal procesSmgeother devices, such as the
low-energy electron diffraction (LEEDguger electron spectroscogi&ES), Hydrogen

flux cracker,pyrolytic boronnitride (PBN) heater, anaxygen heater are integrated into

the system.Furthermore, acomprehensiveransfer sygm, which includes multiple
transfer rods, linear and rotanyanipulators and wobble sticks, has been establisteed
facilitate the transfer of tips and sample across the chambers without compromising the
UHYV integrity. These components are critical t@ tprojects and a considerable amount

of time was spent for these modifications and hence they are described briefly in this

chapter

2.2 Components of the UHVSystem

Since my experiments are focusauatomic scale fabricatiorit, is essential that all
the processing be carried out a UHV environment.Hence,a UHV system with the
ability of in situ fabrication and analysis is necesy for the experimentsFor this
purpose, the systemiistegrated with mangnalytical and processing todts ensure the
cleanliness and ultimately thgerformancefor atomic scale imaging and lithography

Each of thesénolsusedin the experiments will belescribedn this chapter
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Figure 2.1: A diagram of the UHV systefa) load lock chambei(b) transfer chambefc) main chamber,
(d) FIM chamber, ane) STM chamber.

2.2.1Load L ock Chamber

Theload lock chamber is designed for quick and easy sample entry from atmosphere
to vacuum and vice vers8amplesand tips are manted onto the transporter the load
lock chanber via the quiclaccess doorThe transporteis atiched on magnetic drive 1
(as shown irFigure 2.1). Two pumps, a roughing pungmd a turbo pump, amtached
on the chamber, and the chan@sesperating pressure is2x10° Torr. For compatibility
purposes, the design of transfer section is

devices, sucls thesample holdes and tip holdes.
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| have also sed the load lock chamber for oxidation experiments by installing a
custom, inhouse fabricatetemperature antrolled oxidization set up.hE oxidization set
up is shown irFigure2.2. This is used to oxidize the nanopatterns created in the STM in
order toconvert themnto masks for further etchin@he detailed oxidation process will

be discussed in chapter 6.

Figure 2.2:Sample oxidization in load lock chambwith a high-temperature quartz lamJhe yellow
rectangilar piece shown in the picture is the teijde of the sample holdefhe smallorangepiece within
the sample holdesia Si sample. Thguartzlampappears as a big yelloswil in the picture.

2.2.2The Transfer Chamber

Althoughthe transfer chambeloes not have anpstrumentatiorandis not directly

related toexperimentsit is a very importantpart of thetransfersystem.The pressure of
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the transfer chamber, as well as the FIM chamber, is comtimjlean ion pump and an
auxiliary titanium sublimation pumprhe pressurein both chambers anmaintainedat
2x10° Torr and are mondredby two hotfilamention gauges

Whena sample holder arrived the transfer chamber, the transpoidenoved onto
magnetic drive Zthe sequence is shown in Figure 2Qce the pressure of thensfer
chamber dropback t02x10° Torr, the gate valve between the transfer chambertiae

main chamber opaand the samplgoesinto the UHV environment

Figure 2.3:A set of diagramshowinghow the transportealong wth the sample holdeis transfered from
magneticdrive 1 to magneticdrive 2 (a) The sample holder is carriephto the transfer chamber by a
transferfork attached at the end afagnetic drive 1(b) the other forkapproacksthe sample holdeand
thenlocksontoit; (c) drive 1 is ratacted after théransportehas been transferred.

As for tip transfer, its accomplishedn betweerthe transfeand the FIMchambes.
The topside of the tip holder has beerhangd from stainless ste& Kovar (a nicket
cobalt ferrous alloy)which is magnetic. Then the tip holdés taken out by a rary-
linear manipulatorwith small magnetsafter transfer it into thisection (as shown in
Figure 2.4. Thenthe manipulator will rotate 180 degrees to match the position of the
magneticdrive 3. The magret, which is attached at the end of tiragneticdrive 3 can
hold the tip andecue it (the sequence shown inFigure 2.5). Later on, the tip will be

transferredo the FIM chamber with magnetic drive 3.
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Figure 2.4:A rotarylinear manipulator vth magnetsgrabs the tip holder and releaseét from the
transporter(a) The tip holder is approaching to the gkeds (in purple color). (b)The gratber attacles to
the tip holder. (chedrive 1 is retracted after the tip holder has been transferred.

| L /

Figure 2.5:A set of diagramshowing the tigransferringbetween the manipulator and the magnetic drive
3. (a) The manipulatorrotates 180° to match he position of the ceramic rodé) the tip is attractedby a
magnet in the ceramic rode; (betip is transferred to the rode.

2.2.3The Main Chamber

The main chamber is equipped with a commercial he@trigron pyrolytic boron
nitride (PBN) heater) which can perform direct (radiative) heating by using the PBN
heating element and resistive heatfbhy passing current through the sample), for sample
and tip processing.A low-energy electron diffraction (LEEDjdger electron
spectroscopy (AES) systelocated in thechamberallows in situ analysis of the sample
surface conditionA residualgasanalyzr (RGA) is used to monitor the background gas
species in the chamber. A wataoled hydrogen cracker and a tungsten hot filament are

alsoinstalled on the chamber with a hydrogen gas inlet. An ion pump and a titanium
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sublimation pump maintain the basegsure at:410"° Torr, which is monitored by a hot

filament vacuum gauge and a cold cathode gauge.

PBN Heater

The PBN heaters a central element for sampgpegeparation, tip annealing, and
hydrogen passivation experiments. It is attached on a swing arah wan rotate 360
degrees inside the main chamb®ith the swing arm, the sample can be rotated to
certainangles tomate withother devices, such as LEED atie hydrogen crackeas
requiredduring experimentsA rotary-linear manipulator with a trarsf head can grab
the sample holder and tip holder from the magnetic drive 2. These holders (with samples
or tip) will then be transferred ontbeé molybdenum annealing stage of the heater made

for annealing(The sequence is shown in Figure 2.6)

Figure 2.6: lllustration of sample holderansferringfrom the transporter to the PBN heater stdgg A
transfer heada black device with a goldesolor jaw)graks the sample holder on magnetic drive(l2) the
transfer headotatescounterclockwise 90 to match the position of the heatér) the sample holdeafter
bingloaded on the heater

A DC power supplycan provide variable current through the saeplfter ithas
been loaded othe stageThe PBNheatercan usedo radidively heatthe sample holer
or the tip holderas requiredThe temperaturef the sample can be monitored after we

rotate the heater to face the observation window by an infrared pyroaterirared
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optical pyrometer (range 500 - 3000°C, +10°C erro) is used to monitor the swle
temperature during the high temperature procéssecondpyrometer (range 28C -
1000C, +2°C erro) is used to measursampletemperatures (-300°C) before the

hydrogen passivation process.

LEED/AES System

A LEED/AES system was added to the mamamber to study the reconstruction of
silicon surface and the procedure of yogen passivation. THRPECTRALEEDsystem
is a combination of LEED and AE&. surfaceanalysistool, LEED is a technique for the
determination of the surface structure of criyst@a materialsby impingement of a
collimated beam of low energy electrons @0 eV) and observation of diffracted
electrons as spots on a fluorescent screen. It can be used to qualitatively determine the
symmetry of surface structure by analyzing tiféattion patterns. | have used LEED to
identify the surface structures of Si (100) and Si (100) Peconstructionas they
produce distinctly different LEED patter$ is also possible to use LEED to perform

situ diagnostics while the sample anneglprocedure is processir(&ee Figure 2.7 (a))

Hydrogen Cracker and Hot TungstenFilament

After thermal annealingthe silicon surface needto be passivated by atomic
hydrogen. The traditional method is to fill hydrogen gas at a certain pressurereshd a
hot tungsten filamenplaced in front of the sample will crack hydrogen molecules and

form atomic hydrogenThe sample iskept close to the filamenand highly reactive
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atomic hydrogen forsSi-H bond and passivat¢he surface. This method is calldte
backfill method and is shan in Figure2.7 (b).

One can also gedn H-flux from Atomic Hydrogen Sourcéprovided by Tectra,
http://www.tectra.de)oy thermally dissociating hydrogen in a fine tungsten capillary
heated by electron bombardment (thermalrbgen cracker). The molecular hydrogen is
crackedto atomic hydrogen aftdsouncing along the hot walls of the tungsten capillary.
As opposed tahe back filled method, thisnethod can provide very high cracking
efficiency, as the hydrogen is dissociat@dhin the inlet capillary itself. A aomic
hydrogen flux also can be used forsitu, damage free cleaning of residual oxygen prior

to sample coating or analys{&s shown in Figure 2.7 (c))

Figure 2.7: lllustration of thefunctioningof the roary manipulator (a) During the annealing procesthe
sample can be rotated toward to tHeED system before being analyzgh) the sample can be rotated
toward ahot tungsten filamertb performthe badfill hydrogen passivatioexperiment(c) the samfe can
also be rotated toward tgydrogen crackeio perform theH-flux passivatiorexperiment

Residual Gas Aalyzer (RGA)

During high temperature proc&sg, manyadsorbed gases, such asG{ CQ, will
be releaseffom sample, thuscreaing the totalpressureSome of them can react with
silicon at certain temperature and re-contaminate thesurface For example,
hydrocarbos can react with silicon at 960G - 1000°C to form SiCleavingthe surface

unusable One should monitor the pressure of hydrocambaduring the experiment to
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reduce the chanag forming SiC. The RGA system is used to monitor the quality of the

vacuum and detect traces of impurities in vacuum systems.

2.2.4The FIM Chamber

Field ion microscopy is a technique for imaging and modifyiimg apex of a tip
with atomic resolution. In FIM, positively charged gas ions generated by the process of
field ionization are used to produce images of the atoms on the surface of a solid
specimen. The field ion image provides an atomic resolution vieteosurface of the
specimen and is used to characterize the features present in the microstructure. The image
is a convolution of both crystallographic and microstructural information. Successive
atomic layers of material may be ionized and removed fr@specimen surface by the
process of field evaporation. This enables the tdiemnsional structure of the material
to be imaged in atomic detajAs shown in Figure 2.8)

Poralized gas atom Microchannel plate

phar screen

Figure 2.8: a schematjictureof an FIM (From NIMS/ Magnetic Materials Uriit)
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By using FIM, not only can we get informatiaboutthe tips apex, but the tip can
also be cleanednder high electric fieldThe detas of FIM application will be discussed

in chapte3.

2.2.5The STM Chamber

The STM chamber is the heart of this syt and is used not only for imaging
silicon (100) X1 reconstruad surfacesand hydrogen passivatetirfacesput also for
fabrication of atomiescale nanostructure$Ve use a commercialariabletemperature
scanning tunneling microscop@micron VT-STM) in the system. An ion puap is
attached oto this chamber to maintain the UHV conditicemd a metal gate valve
isolates the STM chamber from the main chantheing the sample annealing process
The working pressure of this chambelid0%° - 2x10%° Torr.

The components adhe STM include scanning tip, sample, piezoelectric controlled
height and x y scanner, coarse sanripip control, vibration isolation system, and the
control software and electronics. kig 2.9 shows the schematic view of a STM.NTs
based on quantum mechanical tunneling that occurs when the tip is sufficiently close to a
biased sample surface (less than a nanometer). The tip is approatttesshtaple until it
detects a preset tunneling current. This is done with the help eked@bdck loop
controlled by the SCALA PRO software supplied by the vendor. In the tunneling range,
the scanning piezo is used to raster scan the surface always maintaining the preset
tunneling current. While scanning, the piezo has to move the tip in-theection

(perpendicular to the sample) to maintain constant tunneling current as a consequence of

38



the topography of the sample. Thenotion of the piezo can be reded as a function of

x and y cordinates and is a fair representation of the topograpthesample.

c’—l‘ Control voltages for piezotube
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Figure 2.9: a schematic picture of an STRom the IAP/TU Wien STM Gallefy?

Maintaining the tip positiorwith respect to the sample, scanning the sample and
acquiring the data is computer controlled. The computer may also be used for enhancing
the image with the help of image processsugh as plane fit and-2 FFT as well as
performing quantitative measuments.More importantly, two modes, constant height
mode and constant current mode, camsed for imaging the sample constant height
mode, the verticalposition of the tip is not changed, equivalent to a slow or disabled
feedbackThis leads to an iage made of current changes over the surface, which can be

related to charge densitin constant current mode, feedback electronics adjust the height
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by a voltage to the piezoelectric height control mechanifhns leads to a height
variation and thus te image comes from the tip topography across the sample and gives
a constant charge density surfacaus vertical displacement of the scanner (feedback
signal) reflects surface topograpHy.

In addition to scanning across the sample, information on guotr@hic structure at
a given location in the sample can be obtained by sweeping voltage and measuring
current at a specific location. This type of measurement is called scanning tunneling
spectroscopy (STS) and typically results in a plot of the locasityeof states as a
function of energy within the sample.

As the tunnel current is extremely sensitive to the tip sample distance, proper
vibration isolation is imperative for proper operation and obtaining reliable resutiar
system, the whole systeis1 supported by four pillars (as shownFigure 2.1) which are
standing on @oncreteair table.The air table is located in the basement of the lab and is
isolated (gas suspensiorffom the floor for maximum redudion of vibration effecs.
Additionally, an eddy currentwibration isolationsystemis alsoutilized onour Omicron

STM.

The Sample Holder
To avoid sample contaminatipnhe sample holder is madef molybdenumand
titanium It can hold a sample with dimensionsx9.5 mnf and pass variable curren

through the sample
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The Tip Holder
The tip holder is placed in the tip cage and secured by a key hole anthla
magnet.A metal tip can benountedinto the center hole of a tip holder and secured by

crimping the tip holder.
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Chapter 3STM Probes Harication

3.1STM Probes

As a scanning probe, the tip is a central aspect of the whole project, because the
performance of the tip directly influences the quality of imaging as well as lithography.
Hence, one of the major focuses of the research eff@ttavalevelop a procedure that
would improve the yield and the consistency of performance of the Sipse tip
performancewas one of the togoncerns, considerable time and effort was spent in
optimizing tip fabrication and processing methods that cdiabihg provide quality
atomic resolution images

For atomic precision lithography, the tip radius should be on the order of atomic
dimensions. An ideal tip for performing lithography on the-$Qbhm scale is a single
atom tip (SAT) that can remainvariant throughout the experiment. It is well known that
the final atomiescale end form of the tip is extremely vulnerable and undergoes
spontaneous changes, because of the high electric field and having to scan extremely
close to sample surface. It has bebaesved from experience over the past few years that
an invariant tip has remained more of a conceptual goal than a practical achievement.
However, it was possible to develop a procedure that can reliably produce tips that
provide atomic resolution images.

To create high quality STM tips with robust imaging and writing (nanolithography)

capability,| developeda processing procedure for tipased orelectrochemical etching
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of polycrystalline tungsten. A tungseten
produce a sharp tip of sufficigpt small radius (less than 5@m). Following
electrochemical etchingcanning electron microscpSEM)was used to verifthetip®
shape.Tips with optimum shape(short shank and small apex radii) &r@nsferred into

FIM to clean andsharpa by field evaporation and to produitee atomicstructure of the

tip apex.This is followed bythermal anneaig of the tip which permitatoms athe apex

to move around and settle dowmthe most stable position®etails of theSTM tip
fabrication process will be presented in ttiwpter, alog with fabrication resultsAt the

chapter end, some novel SAT fabrication methods will be mentioned.

3.2Tungsten (W) Atomic Sharp Tip Preparation Procedure

As an important component did STM, tips play a major role in atomic resolution
imaging and atomically precise manipulatfdnSTM performance relies on electron
tunneling between the tignd a biased, atomically flat sample surface. AB®M and
APM projects are not viable without having robust atomically sharp tips. Therefore
reproducible preparation of atomically sharp tips is one okélyeaspectso achieve our
goals.

We developed aomprehensive methad routinely produce atomidsl sharp tips
First, a modified electrochemical etching method has been used to create sharp tips with
preferredapex geometry.lnstead of regular chemical cleaning, tip surfaces have been
cleaned by field evaporatiarsingan FIM. By carefully controlliig thefield evaporation
process, the tip cameterminated by a single atorRinally, a thermal processtabilizes

the atoms othe tip apexenhanmg the performance of the tip.
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3.2.1Electrochemical Etching Process

The electrochemicatchingmethod isone of the most popular methodspimduce
sharptips. Most tip fabrication techniquesseelectrochemicaétching as the first step to
modify the metal wire to end upvith a conical shank and a shampint. One must keep in
mind that,ashas been reporé“ one can fabricate atomically sharp tips by using only
electrochemical etching. Howevaei, is hard toroutindy achieve atomic resolution
imaging without adding an annealing proce3$ie parameters and pcedures, such as
appliedvoltage AC, DC or pulse) anetching stepsopestep or twestep etchinggare
optimized,to meet different requirements. Foptimal usein STM, the tip requires a
rapid decrease in diameter over a short distaa@ebustprotruson (atomic)at the end
of the tipis requiredo producenvariant, atomic resolution images

The method developed for the wodescribed herénvolves a twestep electro
chemical etching procedure, namely coarse elgumtishing and fine micrgolishing
By using a variabl®C power supply the tipbés etching
its shank shape. Different etchants are used for different tip materials. For W tip etching,

KOH is usedwhile calcium chloride (CaG) is use@ as an etchant for Rtivire.
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CoarseElectro-polishing Process

The following procedure describes the coarse elguitishing process.

1. Apply a high voltage (3@ 35 V) to the Wor Pt/Irwire, and then dip the wire
into 3N KOH forfew second to remove contamination frothewire surface.

2. Immerse one end of W wire, approximatelyoZ3 mm, into the 3\ KOH, then
apply a sufficientDC voltage 7 V to 10 V dependhg on the concentration of
etchants and the diameter of wWijrend begin coarse polishinGhe power
applied voltagdas automatically stopped btghe power supply once the pass
current is less than the saoint value. (For Pt/Ir wire, the electrolyte is 35%
saturated CaGl)

3. Following the coarse etching process, the tip is dipp¢a dristilled ©I) water
andisopropaol alternatelyfor a few seconds to remove contamination. The tip
is thenplaced under an optical microscope for further evaluation.

Fine Micro-polishing Process

4. Use 0.5N KOH solution for W tip fine etching (for Pt/Ir tip, use 1/3 saturated
CaCl solution). A loop of inert metal wire contains the electrolyte solution and
serves as an electrode. A edienensional micromanipulat@s shown in igure
3.1 is used to ranipulatethe loop of liquid as the observer views the process
through the optical microscepat 758 magnification.

5. Immerse the etched tip in DI water for about 30 seconds, and tham ap#cal
microscope t@valuatehe sharpness of the tip.

6. Further evaluation of tip structure thenperformed in an SEM before load

the tip into the vaaum chamber.
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Figure 3.1: Finemicro-polishing apparatus for tip sharpening and resharpening. Insert A depicts
longitudinal polishing andinsert B @picts side polishingFfom A. J. Melme®)

The fine electrpolishing process can be used to modify the shape ofniijsa
micromanipulator.Figure 3.2 shows the mechanism tfo fine polishing procedures
front polishing and rear polishingront polishing generally increases the tip cone angle

and decreases thength rear polishingcandecrease the cone angle.

Schematic Front-Polishing Schematic Rear-Polishing

—
—l] | ] i
Electrolyte ———————mm Tip
Voltage ON < 1
Voltage ON ——————— Only during « 2
Only during - § <+— Move _<
3

Forward Move

Figure 3.2: Schematic diagram of frofolishing and reapolishing.

46



By using this method, the geometythe end of the tican be manipulate, and
severaltips may be producedwithin a short tine. Following examinatiorby SEM, the

besttips are selectednd used furthan thefabrication procesgAs shown in Figure 3.3)

— 100 y ——

ul HELIOS

100 pm

Figure3.3: SEM images of etched W tips using (a) Heealishing and (c) fronpolishing processes. (b) and

(d) are he high magnification images of these two tips, respectividig.diameterof the tip (a) apex is
about 50 nmThe dark area (circled) shown on image (d) was due to the effect of high energy electron
beam.

3.2.2Tip Cleaning andCharacterization with in situ Field lon Microscopy (FIM)

In the FIM experiments, thend point of thespecimen tip igrucial Helium (He)

gas is generally used for imaging in field ion microscdpjre t i po6s apex radi
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as small as possible to create a high field (a s f volts per nanometer) émable
field desorption or field evaporation. The electrochemical etched tip as shown in Figure
3.3 is an ideal candidate féield evaporatiorfor producing SAT.The FIM process can
alsobe used tanvestigate the spatialrsicture ofthe tip apex. By carefully controlling
the voltage on the tjpt is possible to create a tip apsih a trimeror even a single atom
termination.
PolycrystallineW tips areprimarily used as the specimens. The base pressure of the
FIM chambetis 3x10° Torr.
1. Cool the tipto about-170°C with liquid nitrogen. Introduce helium gas until the
pressure reaches#0° Torr.
2. Gradually increase th voltage until the FIM imageppeas (see Figure 3.5)
3. Slightly adjusting the tip voltage to removent&l atoms one by one.
4. Check the structure dhetip apexby using field emission methodgeverse
bias voltage on tip)
As we have an FIM station integrated to the UHV system, the tigbealirectly
transferred intatherchambes without recontaminatin. Also, a damaged tip can be-re

sharpenedsing the sam&chniquedescribed above

3.2.3Tip Annealing Process

After FIM processing, the tip is transferred from the FIM chambeth& main
chamber and loaded tinthe PBN heating stage. The distancevken the tip and the
PBN heater is approximately 2 mm. During the annealing, the tempeddtthhe PBN

heater is about 120G, as monitored by an infrared pyrometer. Although there is no
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direct means of measuring the temperature at the end of theigiposgsible to estimate
that the temperature during therbnute aneal could reach as high as 1060

We foundthat the performance of tregomically sharp tipsan be further improved
by a subsequernnealing proces#&lthough singleatom tips carbe poducedusing the
FIM, the lifetime of the tip is relatively short (few tens of hours) due to the unstable
geometry of the tip apexWe have worked withone of our collaborators, H. Chat
University of Texas atDallas by providing the experimetdetails for modeling the
reconstruction of the tip apetomsupon annealinglt suggestedhat thermal annealing
can organize the apex atoms into electronically more stableonfigurations which
naturally extend the lifetime of the tip'*® The effectof thermal anealing will be

discussed later in this chapter.

3.3Results andDiscussion

3.3.1Comparison between DC and ACElectrochemical Etching

By using electrochemical etching one ataintips with different shaps ranging
from avery thin shank, needlée structure to a very wide conical structure. A tip with a
long, gradual taper to the apex will be a very goaddidateor FIM, but it will be very
vulnerable during the process of STM imaginihe drop-off etching techniques
thereforeapplied athis sageto make tips wittshort shanks so s increase théfetime
of the tips

DC voltage causes much less ggneration at the specimen surface compared to

AC and thusenables more localization of the electropolishing actiimtgz.omparisonAC
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etchingtendsto perform a selective etching to remove material becausé#fefent local
parameters, suclas crystallographic orientation, composition and microstructure.
However, AC etchingcan createnumerousasperities onthe tip surface, and those
featuresmay be very unstable and lead to spontaneous tip changes during the operation of
the STM.Therefore,in our twastep etching technique, DC etchingeisiployed ashe

first step to create desired tip structure with a smooth suéackeAC sveepis employed

laterto modify the very end of the tip to insure that it has an atomically sharp protrusion

to serve as stabletunneling point.

3.3.2Tip ShapeExamined Through SEM

Becausethe radii of welletched tips ardodow the resolution limit ofan optical
microscopean SEMis used t@xamine the quality of the tigince theSEM can provide
highly magnified imagesvith good depth of focygheoverallgeometry of theip shank
can be checked with SENDften, tip shankshave either chemical contamimig, surfae
cracking, ormnunstableend those tips ardiscare&eddimmediately During its operation as
an STM probethetip will passback and forth thousands of timiesextreme proximity
to the sample surfacéf the shank of a tip is too thin, it migbausemechanicalnoise
during scanningAlso, a thin shankanincrease the chaa of fractuiing thetip. Through
experiencea tip with a shorteand widershank is usually more stable and has a longer
lifetime. By optimizing voltages and current eoff values,tips with desiredgeometry
can be produced

After coarseobservation of thesharpenedip apexusing SEM however we found

that the electron beam isften too powerful (see Figure 3.3 (d)Whena high energy
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electron beanis focused directly onto the eml of the tip, theip will becomedeformed
and evendamaged.Therefore theradius of tipscan only beestimate and further
examinationmust becarried outusing FIM. Following SEM analysis the high quality
tips (as shown irFigure 3.4) with awide shankand small apex radius (less thanrs)
are ready to go through the next procddsing these screenedips, one carroutinely

obtainatomically resolved Si (100) 2x&constructionmages.

. |mag @[ HV [ocur [ WD | HFW | 1um
50 000 x| 5.00 KV |43 pA|6.1 mm 2.54 ym HELIOS

Figure 3.4: SEM images of electraghical etched W (110) tip (left) and Pt/Ir tip (right).

3.3.3Tip Characterization and Cleaning by FIM

FIM'*is a very powerful tool taletermire the spatial atonic structure ofa test
specimenin FIM, at the very end athetip, the electric field anbe as strong as several
tens ofvolts per nanometeln this process,hie tip is cooled down to liquid nitrogen
temperature (78 K)}elium gas atoms contact thip and bsetheir thermal energy in a
series ofcollisions on the tip surface. At a créial digance from the tipthe gaseous
atomsbecomeionized by the high positive field near the tip. &Ipositively charged

heliumgasatoms have a trajectory away from the tip along the field liaeslingon an
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imagingassembly consisting of a micro channedtpland a phosphor screen. Thera is
continuous beam of ions that originates from each of the atomic locations on the tip
which producesbright spots @ the phosphorscreenthat representa true stereographic
projection of the atomic arrangement of the &ipex.Through modeling*®the pattern
typically revealghe spatial atomic structure of the apex.
FIM is used not onlyto determine spatiastructure ofthet i p6s apex but
assist irthe tip fabrication process in many wasdescribedchext
1. lonization and removal of contamination, adsdedayers, oxide, etc. from the
apex region of the specimen, producing an atomically clean surface for
examination.
2. Smoothing of protrusions and asperities, resulting in a regular, smoothly curved
specimen endorm.
3. Controlled removal of successive atomic layers of material, allowing

investigation of threelimensional features of the specimen on the atomic scale.

Figure 3.5: FIM image of a W (110) tip (left) and a W (111) tip (right)
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By adjusting the voltage, the electric field can be controlledetoovethe oxide
layer and atomicscale chemical residue$rom the surface. Tk result 5 a smoother
surface and redudenumber of udesied protrusionsBy applyingyet higher voltags, W
atoms can be desorbed from the &pd stablesymmetricatomic patterngas shown in
Figure 3.5)are formedafter a short timewith careful adjushent ofthe electricfield on
the tip®s apex, it is possible to control teeaporatiorrate ofW surface soms. As shown
in Figure 3.6, central atoms can be desorbed one by ohienately resulting ima single

atomremainng on the apex.

Figure 3.6: Sequence of atoms evagiim on a W (111) tip. Imaging voltage 1.7 kV, He presswE0f
Torr.

3.3.4Thermal Annealing

Although FIM can produce a atomicallysharp tip the apex atoms can-egrange
during imaging compromising the stability. Frothe feedback of the STM expaents,
the lifetime and thestability of atomically sharp tips increaseshormouslyafter the
thermal annealinglhe idea of thermal annealirgs implemented here wdsrivedfrom

1.12% simulated theevolution of

similar experimens on noble metal$!®H. Choi et a
atomicconfigurationsat the end of the tigrheydemonstrated thdhermal annealing can
organizethe atomsanto electronically stableonfigurations which naturallyextend the

lifetime of the tip.The results of the simulations are giverkigure 3.7.
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Figure 3.7: MD simulation of W tip apex structure before and after the annealing processorbitald
density of statefor the apex W atoms configuration is calculated for both cases and plotted. It is seen that
there isa strong d orbital peakfter annealingThis could be very favorable for tunneling and improving

the resolution of STM images. Th& 2" and 3" layers of the tip are marked as blue, yellow and gray dots,
respectively(From H. Choiet al?%

3.3.5Tip Repairing (Rejuvenation)

Although the performance anifletime of tips improved a lot after our fabrication
process,ips become dull or blunt after several hundred hours of scanning and writing
(nanopatterning)Repaiing these hunt tipsis a challenge in our projecBy carefully
operatingthe FIM to remove atoms at the end of the tip followed by the thermal

annealingtips can be repairefetailedrepairing procedusecan be found in 3.4.1.

3.4 Novel Fabrication Methods for Atomically Sharp Tip

Thereare several fabrication methodich may meet APM requiremésr>+'#?
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123 etching, noble atom depositon,®® and Field-Directed Sputter

Field assisted MNtip
SharpeningFDSS}**can also crea atomically sharp tipsin our laboratory, wenly
compared the fabrication methods fibeld assisted M etched tips and nobiatom

deposition tips in FIM experiments and compgitée results with ourmpreviously

described results.

3.4.1Field AssistedN, Etching Tip

Analogous to electrochemical etching, nitrogen etcliag be used aan in situ
FIM methodto sharpen the tips. Previous studies of nitrod&n gasandtungsten tips
show that nitrogenreactiors occurin a low electric field, where it canpenetrate the
ionizing barrier*>'%° After adsorption on th&V surface, nitrogemolecules break under
the electric field and form nitrogestoms, and those atoms diffuse into the top atomic
layer of the W tip. This causes protrusion tiie W atoms and leadto an enhanced
electric fieldaround those protrusionshichisthenadequate to ionize and evaporate the
protruding W atoms?

In our experiments, we applied the Btching process on single crystal W (111
wires as well For the N, etched tips, the initial shape of the tip is not very important.
Because ofhe extremelyhigh electric fieldat the tip apex, the shank of the tip will be
slowly etchedaway bythe nitrogen atoms. During theNetching processf the bias
voltage on the tip is kept constatite removal of atoms from the periphery of the apex
sharpenghe tip, which consequently enhances the field orafiex to a point where the
apex atoms begin to fielevaporateTo avoid the evaporation akntral doms, the bias

voltage must be reducedo below the evaporation valuén this experiment, the N
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etching lasted®0 minutes, anthe N, pressure wasaintaired at 5x10° Torr. The bias
voltagewas slowly reduced tapproximately 1 kV tgrotect tte tip apex.

The shank etching effect can be verified by checkivgtip structure before and
after N, etchingusing SEM. By comparing SEM images (as shownFigure 3.8), one
finds that N, has etched aonsiderable amoumf material away during the expaents
and thediameterof the shankadincreased fronrabout100 nm to about250 nm, which
implied thatthe tip ould be etched away several micrometers during the experiifent.
subsequent FIM patterniffare 3.9) shows the spatial structure of the(\.1) tip apex.
Only afew W atoms remaiat the very end of the ti&oe v e n i ihitialaconditiop 0 s
is not excellent, by using this method the tip can be modifiethelectric fieldto form a
muchimprovedstructure

Since the original tip structe is not a keyconcern this method can be used to
repair blunt W (111) tipsA bluntW (111) tip with a grain boundary was subjectedhe
N, etching proces@rigure3.10 left image).After one and a half hogrtheapex of the tip
becomesharper andharper, and there are fewaraporatd atoms Finally, after careful
control of the voltagea very sharp tip (Fgure 3.10 right) can be formedvith a similar

spatial structuréo thatshown in kgure3.9.
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Figure 38: SEM image (abeforeand (b afteretched by Nin FIM

Figure 39: Comparison of simulated FIM images with experimental res@sW (111) FIM image
obtained in our experiment; (b) simulated image of the tip apex; (c) and (d) are the geometry structrues in
corresponding to the (a) patte
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Figure 310: Left: before N etching,imaging at 7.6 kV, He pressure®” Torr. Right: after N etching,
imaging at 2.2 kV, He pressureB° Torr, N, pressure 810" Torr. Etching voltagel.5 kV, etchingtime
~1 hour

N,-etched W tipgsemain preserved ivery good condition eveafterexposireto the
ambient environmentAn SAT was removed from theacuum chamber and exposed to
air foroneday after N etching.The tip apex wawvell preseved after exposure as can be

seen from FIM image&eeFigure 3.1).

Figure 3.1: FIM image afteexposure to aiimaging voltagel.9 kV.
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However,N,-tched W(111)tips do not perfornconsistedy during STM operation.
We sispected that after Netching, a@ungsten nitride (W layer formed at the tip apex,
which could strongly affect tunneling conditions during STM operation. More

experiments will need to be carried out to furtimeestigatethis method.

3.4.2Noble Atom DepositedTips

The concept ohobleatom deposition is based on the finding of Madewl!?’An
ultrathin Pd, Pt, Au, Ir or Rh film grown on a {€11) surface can undergo massive
reconstruction upon annealing to form theeged pyramids with (211) facethie to a
decrease in surface energy anisotropy as the metal flms are adsorbed on(ithe) W
surface. SAT€an beproduced by electroplating a thin layer of a noble metal on(a1\)
surface and subsequent heat treatment in EfHRhe singleatom apexcan be easily
recovered by annealing the tifhus he SAT can be regenerated with the same atomic
stacking as the original pyramidal tip.

Although Pd/W and Ir/W tips from Zyvex Labwere examined,the FIM
experments were notonsideredsuccessful.To examine the reconstruction of foreign
atoms on W tips, we systematically heghttips from 600C to 900°C with 50°C
incremens. FIM imagesweretaken between every step, and wiereextremely cautious
not to field ewaporate the Pd atoms off the tip while operatimg FIM. Both FIM and
field emission microscopy (FEM) images verified that no SWEse formed in the

experiments. (As shown in Figure 3)1
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Figure3.12: (left) Field lon Image of a Pd/W tip, Imaging at 4.8 kV, ptessuredx10° Torr. (right) Field
Emission Image

3.4.3Field-Directed Sputter Sharpening (FDSS)Yips

Sputteringis commonly used foetchingin semiconductordevice fabrication A
focusel ion beam (FIB), as an example, can be used to sharpen tips by bombarding inert
gas atms in a beam to remove material. Most of those sputtering techniques cannot
provide atomically sharp tips due to the sputtering, anisotropic etching and daintilage
surface. In the FDSS process, on the other hand, the tip itself is biased with positive bias
voltage; a sefsputtering mechanism can effectively create atomically sharp tips.
Analogous tothe tip in FIM, the end of the tip is subjected to a strong elefitiid.
Whenanion beam bombards a tip which has high positive electric field at the apex, the
ions arerepelledfrom the apex and hit the shank of the By.adjusting the bias voltage
of ion beam and the tip, thehomogeneouslectric field at the endf the tipwill deflect
ions from the apex regime, thus sharpenihg tip Figure 3.13 shows a schematic

diagram ofthe FDSS process. Argon (Ar) plasma has been createdaaleratedby an
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electric field with a positive 1.8 kV bias. A positive biastagke of 800 V is also applied
on the tip to creatan electric field to protect the end of the tifsfter 20- 30 minutes

sputtering, the ti@® apex has been shown to be smaller than 5 nm.

800V/1800V V, = 0.444

Figure3.13: A schematialiagram of FDS®rocessfrom S. W. Schmchel?)

One of ourcollaborators Joe Lydingusedthis technique on W tips with lzafnium
diboride (HfB,) coating*?® HfB, is an ultrahigh temperature ceramiwhich has
relatively high thermal and electricabnductivities.Because of its hardnesan HfB -
coated W tip can last a long time in STM experiments. Those tips with radii less than

1nm are the ideal tips for tipased nanofabrication.
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3.5 Summary

Atomically sharp tips can be routinely obtained gsiur fabrication method. In the
two-step electrochemical etching process, DC voltage has been agiynliegthe coarse
etching to create sharp tips with short and wide shahk voltage is used to modify the
tip apex and create a stable tunneling pwirthe fine etching.

The FIM process is used to remove the oxide layer on the tip apex and create
atomically sharp tips. The following thermal annealing process allows the atoms on the
apex to form a more stable geometry through reconstruction.

After our fabrication processhe tips may remain in good working condition for
several hundred hours of scannidgomically sharptip performanceis validated by

STM imaging, andhe yieldof atomically precise tipis over 80%.
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Chapter 4Controlled Formatiomf Atomically Flat Surface on Si

(100)surfaces

4.1 Introduction

Preparing clean, atomically ordered, flat surfaces is a crucial requirement for atom
based lithography, manufacturing and metrology. Controlling the dynamics of atomic
steps on silicon sumtes and producing atomically flat wide terraces has gained
unprecedented importance due to the demands in making finer 1[Dapakt2rns over
larger areas for the manufacturing of semiconductor devices. ‘d@hkr integration of
atomically controlled maostructures is another main goal ofpgdcess technology which
requires atomic scale control on steprace morphology at the wafer scH&=° Self
assembly of steperrace patterns with the ability to control the terrace width has become
a necessity foatomically precise manufacturinteeds to have narsrale templates on
which novel atomic structures can be btil:*> One common preparation processvist
chemical preparation plus annealing in UHV at high temperdatrereate silicon
surfaceswith atomically flat terraces and atomic steps, which can then be used for nano
lithography and nantabrication processes.

Although hgh temperature annealing is one of the methods to produce atomically

flat terraces this method could nofrovide surface with cotrolled stepterrace
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morphology As the formationof terraces by step dynamics at high temperatures is
dictated bythe energies of thesurfaces and the miscut angle, there is almost no
reproducibility reported in the stdprrace patterns obtained in symlocesses. Several
parameters that play into the dynamics and evolution of atomic step patterns include:
temperaturE®, which gives mobility to the atoms, adsorption of Si atoms resulting from
sublimation, and the influence of the electric field due tovtlitage applied to drive the
specimen heating current causing electigration of atoms. The mechanical surface
stress due to sample clamping etc. has also been shown to influence the atomic step

patterns on the samp'&'

Fiducial Marks

It is possible toguide and control the sefirganization of atomic scale steps by
artificially patterning the surface witimicro-scale pattern®?**® These micro-scale
patternsprovide boundaries for atomidynamic processes dng high temperature
processingthus ordered terraces can be formed within these patterns

From a practical point of vievthese micrescalepatterns ar@ central aspect of the
sampleand subsequent application since teeyweas 2D references on saces.During
the nanolithographyrocessit is very important to rdocate the lithographic patterns
written on the surface using tools other than the STM whesg were written. It is
almost impossible to fcate these patterns unless there are ovgnized ceordinates
on the sample. These fiducial marfmicro-scale patternsare ideally suited for this
purpose since they withstand high temperapuoeessing and are still visible by optical

microscopes. This is an important result of this thesis.
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As shown in Figure 4.1, a photomask was designed and fabricated with 25 um and
50 um square patterns in two different orientations (regular square and 45 degree cross).
After the patterns are transferred into the sample surface, the width of the treacihes c
measured by an SEM. The average trench widths of the square patterns and 45 degree

squares are 1.35 ym and 1.82 pum, respectively.

i

,
1

mag @] HV |cur | WD | HFW | —————— 100 ym —————
500 x 15.00kV |43 pA|4.4 mm | 254 ym HELIOS

Figure 4.1: SEM images of the fiducial marks sample. (a) The overview of the surface; (b) a closer view of
25 pm coss (trench); (c) a closer view of 50 um box (trench).

The work presentedhere describesthe preparatiorof silicon surfaces via high
temperature processing. This chapgefocugd on theformation of reproducible step
terrace patterns by high temperatyprocessing of Si (100) samples with microscopic
etch patternsDuring high temperature processing, silicon surfaces are known to display
large mass transport due to sublimation, diffusion etc. Surfaces tend to evolve into steps
and terraces. Atoms on tiséeps are more susceptible to thermal fluctuations and hence

the step motion is a key to the nanostructure evolution. It is therefore necessary to find
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the optimum parameters of annealing to produce atomioedlgred wide silicon surfaces.

4.2 Sample Peparation

Silicon wafers serveas the substrasdor microelectronic deviceand they undergo
many process steps such as etchindeposition of various materials, and
photolithographic patternindgn our experiments, silicon watewerepre-patterred under
theelectronbeam lithography process in order to create reproducibldesteqe patterns
following high temperature annealingWafers were acquired from Virginia
Semiconductor Http://www.virginiasemi.cor) and the specifications ailested in the
appendix A.

A photomask was designeahd fabricatedvith 25 pum and 50 um squamatternsn
two different orientationsThe patterns weréransferredbn a boron doped P type Si (100)
(x0.25) substrate (0.01 ohvwm to 0.02ohmcm) using a standard lithographic etching
procedure The resulting patternsontain twostructure: onewith plateas separatedy
trenchesthe other ighe &eversé pattern, vith flat areas separated tines (valls). The
dimensions ofrenches and linesreabout 1 um in depth and height respectively, and
about 2 um wide as shown in kig 4.2 (a). The samples are cut into rectangular pieces
with dimensions 9x2.5 mfmand cleaned usinghemical cleaning (modified®RCA +
Piranha) procedures befe loading into the UHV chamber for high temperature
annealing.The atomically flat reconstructed surfaie formed after gprocedure that
includesflash heating and successiaenealing. Figure 4.2 (b) shows an optical image of

the sample with fiducial arks after the annealing process.
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Figure 4.2: Optical images ofSi sample with fiducial marks(a) Before annealing (b) After 24 hours
annealingThe visible diagonal features on the outer cells on the left and the right are step bunches.
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4.2.1Silicon Sample Cleaning Procedure

A polishedcommercialsilicon waferhasgonethrough many processeascluding
melting, cutting, angolishing. It cancontain small silicon fragments, trace metals, or
even greasandsometimesevenmicroscopic cracks or defecfter havingbeencleaned
and inspectedy the manufacturerIn addition the wafer surfacemay be coveredby
residual photoresist materialafter the photolithography processherefore, it is
necessaryo meticulouslycleansilicon wafersbeforeloading them irto the UHV system
for the annealing process.

The first step is to remove residual phoésist,greasecontamination etc. HPLC

gradeisopropanols used here to dissolve those contaminants

Cleaning Procedure:

Samplewas rinsedvith DI water (182 MW-cm resistivity in an ultrasonic batfor
5 minutes This was followed by a rinsen isoprofrol in an ultrasonic batlior 10
minutes The sample is then rinsed again usingater in an ultrasonic bath fanother
5 minutes.

A cleaning methodievelgped by the Radio Corporation of America (RCA) in 1965
is widely used for siliconThefirst part of thismethod(called SG1, where SC stands for
Standard Clean) is performed withl:5 solution of NEHOH (ammonium hydroxide) +
H,0, (hydrogen peroxide) + #D (DI water) at 75r 8C0°C for 10 minutesThis treatment
results in the formation of a thin silicon dioxide layer (abonotri on the silicon surface,
along with a certain degree of metallic contamination (notably Iron) that shall be

removed in subsequesteps. This is followed by a DI water baifhe second step is a
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short immersion in a 1:50 solution of HRydrogen fluoride} H,O at 25C, in order to
remove the thin oxide layer and some fraction of ionic contamin@hesthird and last
step (called 8-2) is performed with a 1:1:5 solution of H@lydrochloric acigl+ H,O, +
H,O at 75 or 80C for 10 minutes. This treatment effectively removes the remaining
traces of metallic (ionic) contaminants.
Aside fromRCA cleaning, scientistsavedeveloped othemethods such ake Caro
clean, isopropyl alcohol (IPA) rinse, hydrofluoric ackdF)/ammonium fluoride NH4F)
clean hydrochloric acid (HCI) clean, and combinations of the above metioodsaore
effectivecleaning
The Piranha solution(a mixture ofH,SO, and H,0O,) is used frequently in the
microclectronics industry to clean photoresist residue from silicon wafaespiranha
solution is extremely effective in remiog organicresidues especially carbohydrates.
Also, because of the high acidity of suiitiacid, the piranha solution can dissotvace
metals metal oxides, and carbonates.
In a subsequent cleaning stage combined botithe Piranha cleaning with RCA
cleaningin the following order
1. Sample is immersenh a 2:1 solution of HSQO, (concentragd sulfuric acid) and
H,0O, (hydrogen peroxiddpr 15 minutes

2. Sample isinsed with DI water in an ultrasonic bath for 5 minutes.

3. Sample is immerseth a 1:1:5 solution of NHOH (ammonium hydroxide) +
H,0O; (hydrogen peroxide) + #D (DI water) at 75 or 8 for 20 minutes.

4. Sample isinsed with DI water in an ultrasonic bath for 5 minutes.

5. Sample is immerseid a 1:50 solution of HEhydrogen fluoride)}+ H,O at room
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temperature for 5 minutes.

6. Sample isinsal in DI water and blow ded with ultra-high purty nitrogen and
loacedinto the vacuum chamber.

Following the cleaning procedurghe sample isloaded into the vacuuraystem

Then we start the sample thermal annealing procedure.

4.2.2SampleAnnealing

The thermal annealingrocedure is perfored in an ultra-high-vacuum (UHV)
environmentwhere surface oxidecanbe dssociatél and desorbeffom the Sisample
surface at 808 900°C. Moreover, contaminantdiffuse into the bulk silicon and the
sample surface reconstrustto a lower surface energy configuiah. This process
producesa flat, atomically orderedilicon (100) %1 reconstructed surface. This method
requiresa UHV environmentwith a pressure below 18 Torr. Experimenal data
show thathe preseceof Fe** and Nf* will induce a differentkind of reconstructiorand
createdefecs on the sample surfac&€’ Above 800C, residwal hydrocarbon anreactwith
silicon and formsilicon carbide(SiC), which will drastically increase surface roughness

and chagethe surfacemorphologyirreversibly 4"

Procedure:

The annealing procedure was developed basediteraturé® and a series of
experiments to optimize the paramet&t& carried outelaborate experimental studies in
order to optimize the parametdor samples with fiducial marks as there are anfgw

reports on similar topg The following is a procedure that svadeveloped inour
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laboratory and was followed throughout for all the samples in all experiments presented

in the thesis.

1. Sampleis degassely direct heatingit ~650°C over 12 hours.

2. Sampleis thermally tashed from 600°C to 1250°C. The temperature is \eered
if the pressur@nside the vacuurnhamber exceadlx10° Torr. The procedurés
repeatedintil the sample can be maintained 250°C over 30 seconds.

3. Sample is coledrapidly from 1250C to 1030C in few seconds.

4. Sample is aneaédat 1030C for 24 hours.

5. The temperatures reduced rapidlyrom 1030°C to 900°C, and cooled down to
room temperature at a rate of approximagetz/sec

6. After annealing, the sample is transferred itite STM to assess thsurface

reconstruction.

The sampledmperature isneasuredvith an infrared pyrometer(Minolta Cyclops

153)with an uncertainty of 3.

4.3 Results and Discussion

The summary analysi®f the surface is accomplishedth an ambientAFM, and

detaiked surfaceexamination at the atomgzaleis performed wh our OmicronSTM.

4.3.1Evaluation of Surface M orphology after Annealing Using AFM

For samples with fiducial marks, the preparation procedure has been optimized by

systematically varying the annealing temperaturecdurdtion(4 hoursi 18 hours) after
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the initial 1200C flash heating The samples were then examines situ using an
intermittentcontactmode ambient atomic force mascope (AFM) (Veeco Metrology

in a controlled temperature (21.0°C = 0.1°C), humidity (45% + 5%), and clean air (class
1000) environment. The samples were stored in a controlled environment lvelmig
transporédfrom the UHV facility to the ambient AFM.

Figure4.3 shows the change depth of therenchegqfiducial marks)on the 25um
patternsafter the high temperature pess. Figure4.3 (a)(f) show the change of the
surface morphology, and the plotkigure 4.3 (g) showsthe accumulatedheating effect.
First, the sample was flashed at 12680for 10to 15seconds tesemove oxide and other
attachmentsThe flashing procgs was repeated three times for 15 seconds and 25
seconds, rgeectively. Finally, the samplevas annealed at 108C for 6 hours and 24
hours, respectively Even after 24 hours annealingne ould clearly recognizethe
fiducial marksclearly (Figure4.2 (b)).

For the fiducial marks with lineshefeaturessurvive48 hoursof 1030°C annealing.
As shown inFigure 4.4, the patternseparatedvith lines evolved inta nearlyidentical
stepterrace structure after annealing

During the flashing and annealingages, the depth of trenchess significanty
reduced from 1 m to few hundred nanometers (as shownFigure 4.3 (g)), which
indicaies a large masgransportduring the high temperature procegdter a careful
examiration ofthe surface morphologyllowing a simple flash, versus a flash followed
by prolonged annealingve suggestwo different mass transpomechanismssdirecty

resuling fromthe heating procedure
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0 10-15 Sec 3times 10-15 3 times 25 sec Annealed at annealed at
sec 1050C -6 hours 1050C -24 hours

Figure 4.3: Sequence of the evolution of the depth of the fiducial markder different annealing
conditions AFM images show the deforming of fiducial marka) Initial structure of fiducial markgb)
after 10 seconds flashing at 1280 (c) after 3 times 10 15 seconds flashing at 12%1) (d) after 3 tmes
25 seconds fldsng at 1250C; (e) after 6 hours annealing at 1080 (f) after 24 hours annealing at
105CC. (g) The average depth of fiducial marks measured by AFM at each condition abowaunit in
pm.
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Figure 4.4: AFM images of posannealing reversed patterr{lines), (a) 25 m squarepatternswith
identicalstepterracestructuresand (b) 25 n crosspatterns

During the flashing stage, the decrease in the trench depth is due to sublimation
effects. The areawithin the patterns has transformed into a symimébrmationof step
terrace patterns. The stegrrace morphology isery repeatable across various cells in
the patterned area. Tiheorphology achieved is an outcome of the kineticsdhaes the
surface to a minimum surfa@mergy configuration®® (As shown inFigure4.5 (b))

On the other hand, the surfaceorphology is totally different after extended
annealingFigure4.5 (e)), and theresultingdecrease of trenches is caused by the adatoms
filled into trenches. e driving forceof those adatomis the electromigration force due
to the electric current used to resistively heat the sample. For short annealing times, on
the order of minutes, the effect of electromigration is not very prominent; however, the
effect becomes substantial with extended ating times of several houri this case,
the adatoms are supplied from the step edges of the lower terrace and the wide terraces
tend tobroaden furthéf’, andthe growth of those terracesuld be verysimilar to the

step flow growth.
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Figure4.5: High temperature process of two samples with same 28rpss trench patterns. (a) and (d) are
the SEM micrographs of two samples before annealing. The rés ahages were taken by an AF{)
surface morphology within a 25 perossafter 3 timesl0 - 15 seconds flashing at 1280 (c) shows
mound and pit structures were formed after flash anrfealis the surface morphology after 18 hours
anneal. In comparison with (c), (f) shows large flat terraces formed within those boxes.

A series ofexperments has been carried out to understand the effect of the
electromigration on samples with fiducial marks whitsesample has beesubjected to
the annealing process. Aftsix hours of anneahg, the sample was taken out and
examing by an AFM to reca the surface topographyhe ample was subjected to
another 18 hours anneal, followed by an ARdexamiration of the suface, and images
are shown in igure4.6.

Figure4.6 shows the time effect evolution of the trencdasng growth During the
anneahg process, the silicomaterialflows into trenches fronplateaus which fifeeds 0
the trenches and reducéhe trench heightin the meantime, théateral size of the

plateausdecreass After a 6 houranneal, flat terraces with step pairiti§s> formed on
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plateausas well as on the bottom of trenchédter a 24 hour anneal, trenches which
contain large atomically flat terraces becomedbminantpatterns orthe surface, while
the plateaus shink or evendisappearedh the 25 um crosspatterns Step paimg is seen
within the trenchesAs for thefiducial marks with lines, largatonically flat terracesare
found toform only at the base of the trench@hown inFigure 4.4 (a)). Within this area,

one can easily recognize large flat terraces; some of ¢bafd beas wide as 10 pm.

Figure 4.6: Evolution of the surface morphology under the influence etéctromigration (a) SEM
micrograph of the 2%m cross patterns, (b) and (c) are corresponding AFM images after 6 and 18 hours
annealing, respeigely. (d) SEM micrograph of the 2Bm square patterns, (e) and (f) are corresponding
AFM images after 6 and 24 hours annealing, respectively.

We have been able tobtain large atomically flat terracethat are createdn
sampls with fiducial marks by ugsg a high temperature annealing procéa& have also

observe that it is possible to control the step and terrace patterns by optimizing the size
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and shape of individual cells created by the fiducial markeseidenticalatomically flat
terracesare ickaltemplate for nanolithography

We have found thahe size othe preset patterns is anothenportantparameter in
the evolition of then surface morphologyPost annealing analys{Eigure 4.4 and4.6)
shows thatthe trenches and lines act pisining sitesand boundaies during the surface
evolution. With increased size dfells beyond a threshoJdhe boundary conditionsire
observedhotto beeffective in organizing the steprrace patterndVhenthe pattern size
increass to 50 um, theterracesbecome irregular (as shown Kigure 4.7 (a) compare
with the terraces in 2fm patterns figure 4.6(c)). Although the stface formed large
atomically flat terraceseparatedy step bunchedue toelectromigration, theshapeof
the terraces becomes irregyland the surfacgtructurelooks similar to theareawithout
fiducial marks (Figure 4.7(b)). This indicates that the fiducial marks become less
effective in onstrainng the sample to small enough aréaet creae very similar step
terrace patterns.

We have observed thdiducial markswith smaller cells ofterdisappear aftethe
high temperature process. Elanal*° studied the decay of individual 3rubox shape
structures afterflashing. The decay rate of thetructureat 1150C - 1200C is

approximately one layer per secontlakamuraet al’

investigated the evolution of
those linesWalls) with differentpitch valuesannealed at 110C. The evolution ofthe
surface morphologyeliesmore onthe mass tansportmechanisnthansublimation.Also,
the collapse time of gratings will significaytincrease with grating period. In our

experiment, the 1am patterns lines partiallgisappearedfter24 hoursanneal.
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Figure 47: AFM images of (a) 5um crosspatterns with trenches, and (b) steprace structures outside
the fiducialmarksafter24 hoursannealingln image (a), several step bunches formed within the cross box,
which roughen the surface.

K

4.3.2Evaluation of Surface Morphology after Annealing Using STM

After the annealing process samplefaces can be quickly examined using LEED.
A typical patterncorresponding to axA reconstructed surface shown inFigure 4.8.
The surfaceis further analyzed usingSTM. The surface atoms form XA and k2
alternatng dimersto reduce the number of dangling bonds, and the sequence of those
dimersform orthogonal dimer rows on terracé$The 2x1 dimerrows thatare parallel
to the step edge(Sa step) formthe terraces X, and X2 dimer rows which are
perpendicular to the step edd&s step) formtheterraces §.

Defectdensityand thetopography ofreconstructedurfacearetwo critical factors
that determine the quality dhe Si (100)reconstructedcurface.The defects ormimer
rows can diredy affect the hydrogepassivationrand depassivatiorprocessDimer row
defect can be causeeitherby surface atm sublimation or contaminatiomcreasinghe

annealing tim& and/or decreasintpe coolingratehas been reported to reduce tiedect
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densityon Si (100). As shan in Figure 4.9 (b), a bwer surfacedefect densitycanbe

achievel by increasingheannealing time.

Figure 49: Si (100}2x1 surface(a) surface contains lots of defects after flashing process then cold down
to room temperature; (lgefect density reduced after inase annealing time to 24 hours.

Surface topographyon the micrometer scale is yet anothecritical factor that
determineghe suitability of a sample for atomic scale manufacturithough thisdoes

not directly affect thenanofabricatiorprocesdocally, it becomes critically important if
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one has to fabricate several such patterns over an extendeé&iguea4.10 showstwo
types of typical surface topograplon the sample surfaces with fiducial marks, step

pairing andstep bunchesfter high temperate processg.

300nm
A

Figure 410: Si (100) surface topography. (&teppairingand(b) step bunching

Previaus studies havealso demonstrated the possibility of producing shege
terraces up to several tens of microns by annealing patterned surfatenievimeter

d.1% our work is centered

scale feature¥”® In comparison to the worky Tanakaet
around preparing templates to realize the two essential requirenier building
atomicallyprecise structuremamely, (1) the ability to control the stegrrace patterns at

the atomiescale and (2) the need telozate these structures /patterns in tools other than
those used to fabricate them. The samples nedthte dimensionally stable fiducial
marks that can withstand high temperature UHV processing and should be optically
visible after transferring to other measurement tools. The fiducial marks (prepared for re

location of the nanofabrication site) worked tar @advantage also in organizing the step

terrace patterns on the surfaddthough it is not our main experimental goal, we have
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obtained nominally 13 micrometers of step free terraddéowever, the experimental
efforts presented in the thesis are focusetdenon engineering steps and terraces in each
cell defined by the fiducial marks emablenearly identical patterns.

The ability to produce repeatable, large terrace patterns over the entire wafer in the
presence of fiducial marks while maintaining theligbto control the terrace width

presents new possibilities to meet atomically precise manufacturing iéeds.

Surface Contamination

Thesamplegoesthrough multiple annealingtepsduring theentire praess To get a
high qualitycleansurface withfewer defecs or vacanies one needs tmake sure that
the vacuumlevel is better than 120™° Torr. During thefirst instanceof flash heating
(1200°C), the pressuream increase to as high axl0® Torr due tothe outgassing of
variousgasspeciesnto the chamberAt temperaturs around900°C, hydrocarbos can
react with surfaceilicon atoms and form largpyramidalshape SiC structureswhich
will substantiallyincrease the surface roughnesshemicromete size rang (as shown
in Figure4.11 (a)). An RGAis used to detect those trace materials and monitor the partial
presure of themExtreme precaution is takeo teduce the chance system angample
contaminabn.

Anotherpontentid contaminationis nickel, which is a constituent of stainless steel
Usually itis a consequence aontactingthe sample with stainless ste®lof thermal
diffusion of nickel from the sample holder téhe sample surfacéuring aannealingA
small amount of Ni contaminatiadrasticallychanges the .00)reconstructed structure

and createsplit-off dimers @s shown inFigure 4.11 (b)).*** After annealing, iproduces
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the 2n recorstruced structure Teflontweezeramust be usetb handlesilicon samples.
In addition, he sample holder neesito bedissembledand cleandin orderto removethe

deposited materials after it has been usegty two or three times

Figure 4.1: S (100) surface morphology witlvariescontaminates. {&Silicon surface with SiGbig bright
dots) (b) Ni induced Si (100) reconstruction surfadéter contaminated by Ni, 2xreconstructed structure
formed.

Effect of Bad Tips

Besidescontaminatiorthat causesurface problems, STM tips can affect the quality
of the imagesby providing false signals For examplewhen the tunnelingunction
becomesunstablethe image resolutiois compromised considerablyn some cases, two
tunneling junctions cabe activesimultaneouslywhich isreferred toasa fidouble tip.
Figure 4.12 is an extremeexample ofa fidouble tim image. All thefeaturesnear step

edges, such as%nd $ steps, dimer rows and surface defects, have been doubled.
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Figure 4.2: Si (100}2x1 surface image underfdouble tip.

4.4 Summary

The customdesigned fiducial markémicroscalepattern$ have been fabricated on
Si (100) waferaisingthe Ebeam lithography proces&FM data showed that the fiducial
marks survived after the high temperature process, and the average height of the fiducial
marks reduced 200 to 3@n in one minute 200°C flashing. The height of the fiducial
marks reduce@nother400 to 500nm in the following 24 burs 1050C annealing.The
fiducial marks are visible using a conventional optical microscope and balp to
relocate nanoscale featufebricated on thatomically flat terraces.

During the prolonged annealing process, the evolution of the surface morphology is
dominated by the electromigration effect caused bydihectcurrent resistive heating
By engineeringhe size of fiducial marks,earlyidenticd, large atomically flat, terraces

separatedy the fiducial marks are formed on the surfate.be able to control the
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surfacemorphologyand get the ideal template for nanofabrication, the patterrsismédd

be 20- 40 um, and thadepth need® be ateast Jum.
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Chapter 5:Controlof SurfaceMorphology: A Kinetic Monte

Carlo Simulation

The remarkableevolution ofthe Si (100) surface morphology at high annealing
temperature was observed using AFMs described inhe previous chaptekVith the
preence of fiducial marks, the surface morphology dseamatically changed in
comparison tahose without fiducial mark€Over time, we have learned to controhe
evolution of step and terrace patternsvayying thegeometries and the dimensiarfghe
fiducial marks.In fact nearlyidentical patterns with large (several microns) atomic flat
terraces have been fabricated in our experimiehiEhe wide atomic flat terraces with
fiducial marks are very importanbrf nanopatterning and pattern looatin the APM
project.

To emable use assubstrate for APM and future nanofabrication, it is necessary to
engineer the fiducial marks to fabricate various patterns with distinct features which can
be recognized by othémstruments, such am optical microscop@®r AFM. There are a
multitude of parameters that determine the evolution of the step and terrace patterns, such
as the geometry and dimension of the fiducial marks, etch depth of the lines and the
trenches, and # annealing temperature and duration. A systematic experimental
variation of these parameters to optimizeghecess parametefsr the desired end result
would be extremely timeonsuming.To gain abetter understanding of the sample

surface morphologywslution after high temperature annealinghe presence of various
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fiducial marks, it is essential to constrictmodelthat can represenand simulatethe
experimental conditions

In this chapter, &inetic Monte Carlo(KMC) simulation has beedevelopé usinga
solid-onsolid (SOS) model to represent the evolution of the surface with and without the
fiducial marks.We then develop anddiscuss a quantitativexplanationof the surface
morphology. The simulation will help us to furthewur understanding fothe surface
evolution after high temperature prodegs The data indicatéhatin the future we will
be able tadevelop advanced fiducial marks which eolveto more favorable patterns

for the APM project and ABDM project.

5.1 Evolution of Si (100)Surface Morphology

At the microscale, crystallinsilicon surfaces exhibit two distinct structures: a
smooth or flat surface and a rougpiirface. A low temperature, silicoaurface atoms are
perfectly aligned in a smootifatomically fla) plane. Wherthe temperature exceeds
critical temperature 4, whichis known aghe roughenindgransitiontemperaturgthe step
free energy per length vanished and the surface rougberssalline surfacesbecome
rough andundergo a rougheninmansition**>*** Abovethe oughening temperature, the
surface fluctuates strongly and the notioha crystalline plane becomes difficult to
define.The transition is very gradual, so that locafligfrom images is not possible.

Onareal crystal surface, due to the miscut andle,durface canndite maintained
atomially flat over long distan@and consequentlysiepped surfacies formed which
is alsoknown asa vicinal surface.The boundaries betweethe terraces arsteps.Such

stepsplay an important role in allowing growt#ind sublimation processés occur at
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very small supersaturation&.The step density is related to the miscut angle, which is
normally <0.5 in theexperimentsdetailedinformationon Si (100) wafes can be found
in appendix A) During themanufacturingorocesshigh step densities may occur during
growth or as a result of nanofabrication process&e the fiducial marks in our
experiments

Figure5.1 shows the movement aflatomson the surfaceAt zero temperature, all
atoms are bound on the surfacel darm atomically flat planesiVhenthe temperature
rises some of thendetachfrom step edges, thus fonmg adatoms orthe surface A kink
site is formed on the step edge during the detachment préGekssites are the corner
sites on a nostraight sigle stepand they can also be created by cuttmgsurface with
an azimuttal miscut angleThese adatoms can move on the surface and form different
structureswith different mass transport mechanisis. adatom can diffuse from esite
to anotherOr it can attach to a step or cross ovekNthen two adatoms meet, they can
potentiallyform a nucleus, which may either grow to a stable-timensional island by
attachment of further diffusing adatoms or decay by detachment of afodasom
evaporation mayappenat high temperature, armbndensatiomleposition ispossiblein
some processes such as molecular beam epitaxy (MBE) and chemical vapor deposition
(CVvD).

To be able to understand the evolutiorsititon surfacemorphology it is necessary
to choosean appropriateapproach to investigate the surface morpholddyere are
different levels of approachmicroscopic, mesoscopic, and continuum approaches.
Different theoretical models can be used for the study of the surface properties and

evolution. The mcroscopic approach, such as molecular dynam{s4D) or kinetic
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Monte Carlo(KMC), is focused on each possible atomic configuration on the sutface.
this regime, structural evolution involves collective behavior strongly influenced by
finite-size effectsoccurring at the atomic scal&he movements of single atontan be
combinedto form somecontinuum phenomenauch asnass transparsurface evolution
etc. Therefore, it is possible to understand and predudtlarge structural changes after

combining atomic scale transpadoehavios.

Figure 5.1: Schematiaepresentatiorof different adatoms moving mechanism: an adatom can (a) form
from a step, (b) diffuse on the terrace, (c) attach to a step, (d) cross over a step, (e) form a nucleus with
another datom, (f) attach to an island, (g) detach from an island, (h) evaporate from the surface, and (i)
been deposited on the surface.

A major challengeof the microscopic approach is ttescribesvery aspect of atomic
motion with microscopic energieso fit with a real surface.A full and accurate
understanding of all the relevant atomic interactioith steps remains a challenge. It
requires a large computational effort to interpret pretlict the large scale evolution of
structures in a macroscopic systeionethelessthis approach is widely used and is a

powerful source of physical insight?*®
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A mesoscopic approacivhichisk nown as t he nfiocdoghidsobegru u m
provento bea very powerful approact*’ Indeed, evolution of surface morphology can
be recognized by the motion of the steps, which is implicitly connected to the atomic
motion via the attachment and detachment of atoms at the edges of th&lstep®tion
of a step can be consideredeansequence of interactions between surface asisyss,
and terracesand the result of the step motions causes the evolutiotheturface
morphologyfrom amacroscopigoint of view.

The continuum approach has beethiad powerful tool to describe the large scale
evolution of the surface, especiaipove the rougheningansition temperature. Instead
of treating individual atomic configurations, this approach tkesurface slope othe
step density as a variable. Hence, the continuum surface approach is not adequate for
describing surface morphay in detail below theoughening temperature.

During high temperature annealing, the Si (111) surface undergoes mass transfer,
and step pairinf® and step bunchirft§’ appear on the surfac&tep pairing and step
bunching are currentinduced instabilitiesduring the evolution of surfaceluring a
resistive heatingLatyshevet al*®first recognized and quantified this effect on Si (111)
in 1989 After resistivdy heaing a Si (111)surface withsmall miscut angl€<1°), they
observed thdransition betweertlosely packed step bunchaad a uniform step train
under different heating temperatsrén the case of stepp direction of DC current, step
bunching occursnithe ranges 1050°C - 1200°C and >132€C. In the c&e of stepdown
current directionpunching occursn temperature range 8502CLO0°C and 1200°G

1300°C (see Figure 5.2).
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Figure 5.2: curreninduced step bunching formation on Si (111) surfaces under different temperature
ranges.

Although thereare many interesting phenomemelated tothe Si (111) surface as
well asmanytheoreticalexplanationsabout them, our experiments are faatien the Si
(100) surfaceNot only isthe Si (00) surface technologicalljnuch more important in
microelectronic deiee fabrication, but also its uniquex2 dimer row reconstruction
could be useth dimensional metrology as the fundamerfiggbmic ruleo .

Onthe Si (100) surface, similar currenduced effect were found during resistive
heating of the sample®® Later, a comprehensive investigation on Si (100) has been
provided by T. Doiet al!**by using the reflection electron microscope (RENhe
studies indicated thalhere are two domains withx2 and %2 dimer rowson the Si (100)
surface.The directionof the heahg current dictates the dominant terrace, either 2x1
terraceT A (with a stepup currentor a 1x2 terracdg (with a stepdown current). When
the heatig temperature is lower than 9@) step pairing occurkr both stepup and
stepdown current directionAt temperature between 9D and 1000C, the steps

accumulateand stebunchesareformed on the surfacét is also shown thahe width of
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the majority domainbemmes narrowdue to theevaporationof Si atomsat temperature
between 100TC and 1100C. At temperatureabove 1150C, mosaic domainare formed
on the surface due to the evaporation of Si atoms.

Thereis muchtheoreticalwork regarding the domain conversion mechanism and
step bunching formation. Stoyarfé¥first used the theory of Burton, Cabaeand Fank
(BCF)***to explain the domain conversion phenomena in terms of two combined effects:
the anisotropic diffusion rate of atoms on different domains dhd effect of
electromigration>® Silicon atomswere deposited®*to analyze Si atom diffusion dahe
(100) surface The experiments revealed thihe acatom diffusion orthe (100) surface
along the direction of dimer rows is much faster than perpendicular to tBdrer
experiment§>*® performed at elevad temperature shadthat the diffusing species on
the Si (100) surface is more likely to Iz addimer, STM experiments cleanlgcorded
the diffusion of Si surface addimets’ The anisotropic diffusion process has been
observed through atotmacking STM at temperatue of 128C. Theoretical
simulation$®®* based on adatoms alsonfirmedthe anisotropic diffusion effect.

The other effect is thelectromigratioreffect. When a crystal is subjected to electric
current,surface atomdlrift due tothe fact ttat either atoms carry a real charge (and so
experience a force from the applied field) and/or they are pushed by transferred
momentum from the charge carrierstie metal or semiconductor to the mobile atoms.
This phenomenon is called electromigrationuridg thermal annealing, Si adatoms or
addimersacquire a nethargeandtheir motionis affected by the electric field which is
applied across the sampfé.

Besides those two effects mentioned above, many ttiesfer mechanisms, such

91



as adatonstep interaction and stegpep interaction, can also affect the surface
morphology. In some cases, atom evaporatiocamdensation needs be taken into
account tanterpretthe surface evolutiorBome of tlese mechaisms will be introduced

into the simulation program, and the effects of them will be discussed later.

5.2KMC Simulation of the Evolution of Si (100)Surface Morphology

Before introduwcing the simulation model, 1 would like to quickly review our
experimeial observatios of the evolution othe Si (100) surfaceAfter a prolongedhigh
temperature annealing process, identical micromaterd atomially flat terracesare
formed within thepatternedfiducial marks areaaé shown inFigure 4.6). Compaing
with the regular Si (100) samplsurface, it was concluded that the surfagelutionis
constrained within the boundaries defined by thefabeicated etch patternBue to the
effect of electromigrationnearly identical atomic stegrrace patternsan beobtained
across the largsecale cells defined by the fiducial mafkes shown inFigure4.4).

In Figures 4.6 (c) and (f), Gshape patterns are formed on the surfaelerhigh
magnification imagingf one of those patterns using STM, large atathycflat terraces
can be recognized iRigure 5.3. The majority domain is coveredith 2x1 dimer rows.
Step pairingis clearly seen in the imagelown inFigure 5.3. Smallvacancyislands can
also be seen on the flsrracs, which indicateghat sublimation ofSi atomsis also
occurringduring the annealing process. The growth of patterns within the fiducial marks
(as shown inFigure 4.6) suggest a possible growth mechanism similar stepflow
growth. The important finding is that th&hape of thetep terrae patterns is defined by

the pattern andtructure of fiducial marks.

92



Figure 5.3: High resolution image of the samples acquired using STM. (a) shows a large area scan with
coupling of adjacent steps. (b) is an atomic resolution image taken on a 50x&fearshown in (a).

5.2.1Surface Structure Representation

To be able to represent the surface morpholaggurately a welkthoughtout
comprehensive model neetbsbeestablishedn the beginningAs was mentioned before,
two types of models can be udehere:a simple atonit model (solid-on-solid (SOS)
model) anda step continuum modeAlthough thestepcontinuummodel has provetb
bea very powerful model, it may nbe suitablein our particularcase Sincethe fiducial
marks on the surfaceonstitue a very high step densitgt the etched part of tteurface,
it becomes very complicaleto set up the initial conditiondMoreover, thismethod
requiresinformation such as step flow ratewhich are difficult to measurdérom the
experiments.

The simuldion program in this thesis is similar to that of S&fAn SOS model has
been built inthe KMC simulation algorithmDetails of the initial condition of the model

and ®me key algorithms ardiscussedelow The Matlab code used for the simulation
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itselfis listed in the appendix B for reference.

Solid-on-Solid (SOS) Model

Silicon hasan fcc atomic structurevith (100) surface atoms packéd a square
shape On the (100) surface, an adatom has 4 nearest neigMibes1diffusion occurs
an atom can diffus on the surfacen four directions.Hence,it is very natural and
convenient to create a square lattice SOS model to perform the simulation.

terrace adatom

vacancy fsland adatom island v

=1
X

yacancy J-ll'
) ) i+1
kink =

g]ep —
step adatom

Figure5.4: A schematic picture of theurface structuren SOSmodel. from M. Gieseft?)

In the SOS moddlas $iown in Figure 5.4)the surface is represented bgquare
lattice of positions (X y;) spanned in the-y plane, with atoms in latticpositions
represented by cubeBhe third dimension is measured by the heighatheach position
(Xi, ). In the SG model, only surface atoms are tak#&o account, i.e. there is only one

h; value for each position {xy;), thusforbiddingoverhangs and bubbles.

Periodic Boundary Conditions
Periodicboundary conditiongre often used the KMC simulationto effedively

represent a large system by modeling a small re§Miren an object (aube inan SOS
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model) crosses ovame edgeof the simulation areait reappears on the opposédge

with the sameproperties The boundary conditions in my model were chosen to
accommodate surfaces of anbitrary miscut angle.As illustrated in Kure 5.5, the

model assumed that the surface is equally occupied by the A and B terraces (in gray and
green lines), and gray vertical lines and greernizontallines represent thex2 and X1

dimer rows. The terrace width W is given by the polar miscut angle, while the azimuthal
miscut angldJdetermines the population of the kinks on each &eth x andy direction

are set to have helical boundary conditisnsthat the center square in Figurg &n be

used in the finitesize KMC simulation. The detailed boundary conditions cafoiyed n

appendixB.

Sampling in KMC Simulation

Qualitatively, there are two type$ samplingsn KMC simulations'®? The first type
(simplesampling randomlyvisits all individual sites(cubes in my SOS model) based on
the same probability of being chosekfter a site has been chosen, depending on the
location of the site, a subsequent probabliged attempt is used to determine the
occurrence of one of the events illustrated in Figure 5.1. The events include adatom
diffusion, attachment, detachment, or nombe resulting state of that site is stored and
used in later attemptistead of sampling all sitethe second sampling type focused
on those sites, such as adatoms and atoms on step edges, which might change state in the
next attempt. Then a randomumber is used to calculate which site will be the next to
activate and then changes that siteds stat

In general, the first algorithm msasyto implement, but it may not be very efficient
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when dealing with a surface where majority comgnts are inactivated sites (fewer step

edges). Manyttemptswill be invalid. The second algorithnequires significantly more

bookkeepinghan the first, but is often much fastbr. our simulation, the activate sites

include step edges and adatomsthim later stageof simulation, the number of adatoms

canbe surprisinglyarge Basel on these consideratioribe first algorithmis usedn the

simulatiors.

;

IS
H||Il||l||||||||

L

I‘I ”|||||||||||||

IHHHHIIHm._

uullll

il

Figure 55: lllustration of theperiodicboundary conditions used in the simulati@ray vertcal lines and
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5.2.2Surface Atom Movement Algorithm

A square SOS model with the lattice constant (and the step haight)is used to
interpret the Si (100) surfaclelical boundary conditions were used in the betandy-
directions to accommodate surfaces of an arbitrary miscut angle. As shdwgune 5.5,
the lower right corner of the square is the highest position in this SOS model. Because of
the negligible azimuthal miscut angle, we considered the-dcsiem direction
approxmately parallel to thg-axis.

In the model, an adatom can only interact with the nearestidtaral neighbors,
thusall long rang interactiors are neglectedWe forbid twedimensional nucleation in
the simulation, i.e. therareno interactions (attraion or repulsion) between adatonis.
prevent step overlappinfpr even touching)after every single attempt on a random
position, the height difference between that positionifdur nearest neighbors is less
than 2. One needs to keep in mind thiis will not affect the initial step overlapping
situation at the fiducial mark¥/e neglect long range stespepinteraction;also there is
no adatorrevaporatioror deposition in the simulation.

During the simulationsurfaceatoms areandomlydetachd from the step edgesnd
become adatomsa accordance with predefinesite-specificdetachmentates.Diffusion
probabiltiesof adatoms alagpthe x-axis andy-axisare calculated based on the diffusion
barrier and electromigration effeédatoms can attd to step edges with the designated
attachment rates, or they can cross over step edges when step edges become permeable
(adatoms capass through stepvithout been trapped).

A general statistical equatioR = (1+exp ¢E / ksT))* is used to generate the

probabilities of alltypes of conditions mentioned abowde usedseveralparameters to
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determine theyE, thus to obtain the detachment rates and the diffysioipabilities The

kink effect is used to determine tladtachment/detachment rateése energybarrier of
adatom anisotropic diffusion and the curremduced -electromigration force are
combined to give the adatoms diffusion rates; ang#rmeability factor (also related to

the EhrlichSchwoebel barrier) is also used in the simulation to anallgee step
instability. Some of these parameters such as the electromigration force and the
permeability factor cannot be obtained explicitly from experiments. The model was
designed with fully adjustable parameters by comparison to experiment. The details a

discussed later in this section.

Anisotropic Diffusion Rate

Due to the2x1 dimerrow reconstruction the orientation of the dimer rows
alternates from onderrace to the other, and the resulting vicinal surfabews
anisotropic propertes during atonnc diffusion. It has beenobservedthat at low
temperature, instead of adatoms, addimers are diffush the surfac&’ At high
temperature, there is no evidence of any particular species (adatoms or adthaters)
undergo diffusion. However, an anisotropic diffusion phenomenom&as observed in
both case. Here, fiadparticl®, which representsas a lattice position in SOS model, is
used to represeanadatom addimeror surface atom.

Roland and Gilmer usethe empirical StillingeiVeber potential to model the
silicon atoms™ From the energy map, they calculated the energy barrief, of
0.670.04 eV for adatom diffusn along the dimer rows, and an energy her of E, =

0.76t0.04 eV for adatom diffusn across the dimer rows. The diffusipnobability on
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different terraces can be defined as
Py= (1+exp Ey/ keT))™ (5.1)

Po = (1+exp Ey / keT))™ (5.2)

Current-induced Electromigration
During thermal annealing, surfagearticles become positively charged due to
ionization and their motionin all four directionsis affectedby the electric field. A

compensabn energyE.,r need to be added to formula (5.1) and (5.2).

—_—
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diffusion direction Terrace B. Preferred
Current
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Figure 5.6: Definition of diffusion possibilies on different directions.X and y axes are labeled in the
schematic picture, and a stdpwn current is passing through the surface. The big green dot appears on the
terrace A (), where dimer rows are parallel withe step (®). The big blue dot appears on ttegraceB

(Tg), where dimer rows are perpenticular with the stey).(S

As shown inFigure 5.6, for the adparticles on terrace AA)T the diffusion rate is
fast in xdirection.In the presence of an electgarrent(DC) on surface, the diffusion
probabiliies ofthegreen dotn all four directions on £ can be written as:

Py. = Pg-curr = (1+exp € -Ecur) / ke T))*  (5.3)
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Pe. = Py = (1+exp Ey/ keT))™ (5.4)
Py+ = Po+curr = (1+exp € +Ecur) / ksT))*  (5.5)
Pur = Py = (1+exp Ey/ keT))™ (5.6)
As for the blue dotthe diffusion rate is fast ithe y-direction on terrace B g). So
the diffusionprobabilities on § are
Py. = Pyrcur = (1+exp (Ey-Ecur) [ keT))™  (5.7)
Py. = Py = (1+exp Ey / ksT))™* (5.8)
Py+ = Pirscurr = (1+exp (Ey+Ecur) / keT))*  (5.9)

Pw = Py = (1+exp E, / keT))™? (5.10)

The Effect of Step Permeability

While an adatonis moving on the surface, it may attacha steplf the kink density
along the step is higlthe attachmentto the stepusually reaches a kink position to
solidify. The adatoms crossing the step without solidification are neglitghtythusthe
step is called impermeab{aontranspareitOn the other handf the kink density along
the step is low, adatoms attachito a straight part of the step may not reach a kink
position and will leave the step without solidification. ttie number of the adatoms
crossing the step without solidification is not negligible, shep is called permeable
(partially transparent

Figure 5.7 demonstrates the adatstep processes when there is step permeability.
An adatom can pass the permeable step without being incorporated, as shown in Figure
5.7(g) and (i). Otherwise, the adatom will stop and solidify on the step (Figure 5.7(h)).

In the SOS model, thiacorporationprocess can be determinedthg solidification
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probability.

Ps = (1+exp (Esiey E) / keT))™, (5.11)
where Egep is the increment of the step energy aBdis the energy gained by
solidification (attachmat). Following the calculation by Ch&dj the step formation
energies ar& (Sp) = (0.01+0.01)/a (eVandE (Sg) = (0.15+0.03)/a (eV), where a=3.85

A is the 1x1 surface lattice constant
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Figure 5.7: adatomstep interaction considered in the KMC simulation. (a) a atomsrfrelin a kink to
become an adatom, it can appeartlwa(b) lower terrace or (c) upper terradéhe adatom can (d) diffuse
on the surface, or move toward a stepnfrée) lower terrace or (f) upper terrade. the case ofn
impermeablestep the adatom will (h) solidify after it attaelon the stepln the case of step permeable,
the adatom can (g) climb up to the upper terrace, or (i) move down to the lower.terrace

Ehrlich-Schwoebel (ES) Effect

When an adatorfrom an upper terrace jumps to a lower terracegquiresmore
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energy to cross the step compare with the diffugnargy on the single terracéhe
energydifferenceis known as the ES barri€¥'** Generaly, due to the ES effect, the
adatom on the upper terrace needs to overcome an additional energy barrier to reach the
lower terrace (step down) because of the extra potential energy between the upper and

lower terrace.

Figure5.8: The ES barrier effect othe stepedge.The energy barrier for adatoms diffusion is marked as
E.. When an adatom is moving to the step edge from upper terrace, it requires a higher gnesgy E
overcome the energy barrier at the step edge. The energy barrieolld be les if the adatom is from
lower terrace(From H. C. Jeongt al’®)

Roland and Gilméf® simulated the barrier energies when a silicon atom appesach
a step edgeWhen an adatom approaches a step edge, the activation energies will be
different depending othe diffusion direction (upper or lower terrace) and type of step
(Sa or S step, shown in Figure 5.6). At they Step edge, the activation energy for
moving from the upper terrace is 0.50 eV, while moving from the lower terrace is 0.38 eV
At the $ stepedge, the activation energy for moving from the upper terrace is 0.76 eV,

while for moving from the lower terrace itis 1.0 eV.

Other Effects
In order to achieve reasonable computational timesdiwmensional nucleation and

atomsublimation are neglected the programSteps overlapping aadso forbidde.
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A table lists all the parameters that | used in the KMC simulation. Some of those
parameters values are from literatures, some values are from experimental observation or
estimation. All values are adjtable in the program. (Please see appendix B for detailed
information)

Table 5.1: Input parameters used in the KMC simulation.

Parameter Value Note [reference]
E/ 0.67 eV [15q
Eo 0.76 eV [159
Electromigration energy,
Eour 0.18 eV estimated
T 1273 K Annealing temperature
kg 8.617343x10 eV/K Boltzmann constant
Detachment | 4™, nis the number of the neare| Adatom formation probability|
coefficient® neighbors on the lower step. estimated
Attachment | 4™ nis the number of the neare Adatom solidification
coefficient’ neighbors on same level. probability, estimated
. The probability of an adaton
Permeability 0.2 :
factor® : cross over a step edge wotit

solidification, estimated

& The detachment coefficieny&acndepends on the number of adjacent atd@gsacnS expén), wheren is
the number of adjacent atoms. The bas€df.c,can be adjusted to increase/decrease the effect of kink
sites.In the simulation, the base is 4.

b The detachment coefficient.foc, depends on the number of adjacent atdBag., S exp(-4), wheren
is the number of adjacent atonhs.the simulation, the base is 4.

¢ The energies E,, E and Es are not considere@xplicitly but their values will determine the
permeability factor.

5.3KMC Simulation Results on Si (100purface

The main goal of the simulation is to understand the surface morphaueghtion

with fiducial markspresent duringesistive heating
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5.31 Simulation without Fiducial Marks

After prolonged high temperature annealinghe Si (100) vicinal surface is
composed obeveralstepbunches and paired steps running between step bdfofass
shown inFigure 5.9 (b)). This effect isknown as curreninduced step bunchinghe first
stepin developingthe simulation is to reproducthe kinetic instabilitiesof the surface

morphology observed experimentally after extended anneal{Ag shown inFigure

5.9(a))

Figure 5.9: (@) a snap shot of the sinated surface morphology via KMC simulatiocolors terraces
indicate the height difference, the height of terraces increases from red Yo(t)wee image of Si (100)
surface morphology taken by an ambient ARfter extended annealing.

We start from the bast model only with the assumption that the diffusion is
anisotropic due to the combined effect of the structure of dimer rows and the
electromigration effect. lis also assumed that tilsteps are permeabte atoms The
model isinitiatedwith 128x128pixels (atoms)and contains 16 uniforiparallelsteps as
shown in Figures.10. The total number of attempts is set510°. Since the wafer that
we are using has a very smaflimuthal miscut anglé<1.50), the effect of the azimuthal

angle is very ndgible and is not considered in the simulatidrne electromigration
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effect has been implemented eéither the y+ (stepup diffusion) or the y- (stepdown
diffusion) direction The diffusion coefficients in four directions are proportional to the
adatom dfusion probabilities (calculated usingquations(5.3) 7 (5.10)) in four
directions. In order to increase the simulation efficiency, the total diffusion coefficients
have been normalized so that the sum of diffusion coefficients of-difasting adatm

is equal to one.

Within a few cycles of thesimulation,individual steps gepaired on the surface.
Figure 5.10 (a) and (b)represent snap shots of the simulation reSultanisotropic
diffusion. The dotted green line represents the step corresporwitig tB terrace, and
the A terrace can be recognized by the steps with red dotted red lines. The surface is
covered mainly by B terraces in the case of -skeywn drifting (due to the
electromigration effectf® whereas for the stepp drifting the A terracés the dominant
terrace, as shown in Figures (a) and (b) respectively.

The computer code is written in a way such that, the stepdown diffusion
direction {-), adatomson the B terrace can move fasterthe y- direction. They will
attach to the stepdge B asthey arrive. This results in a fastegrowth rate ofthe B
terracein comparison to thé terraceand hence, thB terrace willtry to overgrowan A
terrace.Since overhangs are forbidden in the SOS mode,step cannot cross over the
other®®*"° Eventually, step B and A wilbe pairedand the surface will be mainly
comprised oB terraceswhere the dimer rows are perpendicular to the etigie For the
case of the stepp diffusion, a similar argument can be applied. Buthis casethe
surface \ill be primarily covered by the\ terrace, where the dimer rows are parallel to

theedge
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Figure5.10: Snap shots of theurface structure with drift in the (a) stdpwn and the (b) stepp directions

after a few cycles of the simulation. The @dttgreen line represents the step corresponding to the B
terrace, and A terrace can be recognized by the step with red dotted red line. (c) and (d) represent the
simulation results in the later stages with the stewn and the stepp directions, respeetly.

In the later staggeas shown in Figure 5.10 (c) and (sffep bunching occurs on both
stepup and stepdowndrifting directions.The density of step bunching is higher with the
stepdown simulation result (shown #gure 5.10(c)) compard with the stepup result
(Figure 5.10 (d))

The simulation resudtindicatethe formation of step bunching psobablydue to the
step permeabilityatherthanthe ES effect. Natoret al. explained the formation of step

bunches with stedown driving force basedon the extended BCF theoty! They
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considered the drifting effect caused by the external driving force, the anisotropic
diffusion coefficient, and the stegiep repulsion to descrilibe surface evolution from
step pairing to step bunching. With the stgpdriving force the step bunches do not
appeairin their simulation results even withe ES effect This does not agree with the
experiments.

The classic BCF mode is established basedstepflow growth where adatom
detachment can beeglected; adatomshich appear on the surface are mainignf
external material sources instead of the detachment from step edges. Such a high density
flux of adatoms can strongly affect the rate of step motion. The adagprbarrier (ES
effect) becomes very important inis caseFigure5.11 briefly explains the formation of
step bunching under the ES effasthen the ES barrier is sufficiently high on the upper
terrace (as shown in Figure 5.1))(adatons approaching from the upper terraces can be
neglected; thus, th&teps can only absorb adatoms from the lower terraces. The speed of
step movement is proportional to the size of the lower terrace; the wider the terrace, the
more adatoms present on the surface. Thus, the step moves faster due to more adatom
attachment (igure 5.11(b)). After a period of time, no further step bunching can occur,
as described in Figure 5.11 (cdHowever, another surface instability, named the
meanderingnstability, can occur on the-R surfacé’?for conditions opposite to that for
bunchinginstability. Onthe other handfor a negative ES barrier (as shownFigure
5.11 (d)), the speed of step movement is proportional to the size of the upper terrace.

Steps can stack up (Figure 5.11 (e)) and eventually form step bunches (Figure 5.11(f)).



ES barrier: inverse ES barrier:
(a) upward current (d) downward current

v v
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Figure5.11: Thedevelopmenhof the surface morphologguring stegflow growth with anES barrier.(a)
ES barrier appears on the upper terradeES barrier appears on ttewver terrace (FromJ . My séti vel ek

al.'™¥

In our experimentshecausehere ae no external material sourcesl, the adatons
arefrom step edge Since the total number of adatoms is much Essompare with the
stepflow growth condition, the rate of stepotionwill be greatly reducedAlso, the rate
is affected by thesurfaceatom detachment ratewhich can be very high due to the
electromigration force.

Considerthe case wheran adatom approaches fraower terraceand attachsto
the stepin two consecutive attemptf the detachment rate is high enough due to the
electiomigration effect, or thgeometricalocation effect (attached on a flat step instead
of a kink), this atom can escape from the step and become an adatonAagfamtime,
it can appearon either the lower or upper terrace, which purely depends on the
probabilities Eventually thisadatom may move tan upper terraceln this case, the
adatomundergoeshreeprocessesattachment, detachmemind thera move up, to cross
over a step, which is very similar compéte the permeable step condition, buthwa

lower escape rat&imilar argumerd can be applied with the presence of an ES barrier.
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The higher the ES barrier, the lower the detachment thtes steps become less
permeablé’®

In the classical model the steps are impermeable, and the ES lsamemportant
factor. However, instead of using ES barrier directly, we are using an empirical
Opermeability factoré that depends on the
density of adatoms around the steps will become higher. The highydehadatoms can
accelerate (moving toward the step) or decelerate (moving away from the step) the rate of
step motion. Eventually step bunches will be formed at places having high step densities.
The results are shown in Figure 5.10 (c) and (d), whigdhlitatively agrees with our
experimental results.

T. Zhaoet al!™also considered theffect ofelectomigration and permeability on Si
(100) surfacesusing a 1D discrethopping model, and thenderived the boundary
conditions withina continuum sharptgp model. They found that both the kinetic
coefficients and permeability rate can be negative when diffusion is faster near the step
than onterraces They also found thad stepbunching instability can happen with both

stepdown and stequp currents on ipermeable steps.

5.3.2Simulation with Fiducial Marks

Next, we introduced fiducial marks into the program by assignijngalues of
positive 32 pixels (or negative 32 pixels) to create the wall pattern (or trench pattern).
This can be recognized in Figasr 5.12 (a) and (b). As illustrated in Figure 5.12 (a), a
wall model contains 384%384 pixels and 32 steps. The green and red bands represent

different terraces with 1x2 and 2x1 dimer rows. The width of the walls is initialized as



32. However, to satisfy éhperiodic boundary conditions, the width of the walls on the
bottom and the top is set as 16. The size of basins between those walls is 160x160. A
similar trench fiducial marks model is shown in Figure 5.12 (b) which contains 384x384
pixels, 32 steps, 3pixels wide trenches, and size 160x160 plateaus. However, those
trenches are discontinued and the length of them is 128 pixels.

Instead of directly using Figure 5.12 (a) and (b) to run KMC simulation, we used a
guarter model based on these two figureseidgom the simulation. First, it requires too
much computation time if we simulate such a large model with too many pixels
(384x384 pixels at here). Secondly, the Figure 5.12 (a) contains four basins, which is the
smallest periodic element of the wall fal marks. We can shrink the simulation size
while we maintain the periodic boundary conditions (also valid for the trench model).

As shown in Figure 5.12 (c) and (d), the simulation pixel counts are changed to
192x192 in order to evaluate the size effetthe fiducial marks. The model contains 16
uni form parall él staepps vwbalsh@apreda@daen@h) has
in the simulation region. The total number of attempts is setkd’1

As | mentioned above, the simulation results of Figdté2(c) and (d) can be used
to interpretsurface evolutioron a larger sale due to theeriodicboundary conditions.

For instance, we camerge 4 identical 192192 pixel simuldbn results into one
384x384 pixelsize structure to represent the evolutiorttaf surface morphology on a
bigger viewthat makes it easier to seetpattern After mergng the simulated results
under various simulation conditions, we obtain the fiducial marks sample surface

morphology, which are shown in Figure 5.13i(4y).
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Figure5.12: SOS models with fiducial marks (a) walls and (b) ¢tees. Model (a) contains 38384 pixels

and 32 stepsThe green and red bands represent the different terraces with 1x2 and 2x1 dim@hews
terrace on the left side is higher than the right side height of walls is 32, and the width is also 32,
exeept the walls on the bottom and the top, which is 16. Model (b) has similar configurations, except with
discontinued trenche§he length of these discontinued trenches is 128. Model (c) and (d) represent a
quarter of (a) and (b), respectively.

Figures5.13 (a) and (b) show the stelpwndrifting results with walls and trenches.
Although step pairings seenon the surface, there are no large flat terraces formed under
these conditions. As for the step drifting shown in Figure 5.13 (dhesewalls, which
are perpendiculato the drifting direction deformed and created step bunching after the
simulation.Large flat terraces appeared between the step bunahdthe side wall. In
Figure 5.B (d), ordered step pairing formed ftihe trenchesduring the smulation. The
simulationresults in Figures 53l(c) and (dyesemble very closely trexperimerdl data

(Figures 5.3 (e) and (f)) Thesnapshot images from the simulati®uggest a method to
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form ordered terraceby applying a step up direction curremthich will be verified in

future experimerst

(contiei on next page)

~<———  Driftdirection
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Figure5.13: (a)(d) stow KMC simulation results with fiducial marksnd the simulation size is 38384
pixels. (a) andk) are the resultsf wall and trenclpatterrs with the stepdown drifting conditions.d) and
(d) are the resultsf wall andtrench pattern with the stegp drifting conditions. The simulation results (c)
and (d) are very close to the AFM data (e) wall and (f) trgratterns

We also simulated the patterns shown iguifes 5.12 (a) and (h)however, many
features shown in Figuse.12 (a) and (b) are reded to halfscale(the size has been
reduced to 192192, the width of walls/trenches has been decreased to 16, and the size of
basins/plateaus has been reduced &880 As shown in Figure 5.14, it becomgsite
difficult to recognize those patterns aftel0° attempts.

This likely implies that the size of fiducial marks is also important, ashaee
confirmed with experiments (in4.3.1). If the boxes (fiducial marks) are too small
(<15x15 pm?) or too thin (<1um), they may not survivéhe prolonged highemperature

annealing.
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Figure 5.14:(a) and b) are the resultsf wall and trenchpatterrs with the stepdown drifting conditions.
(c) and (d) are the resultsf wall andtrench pattern with the stegp drifting conditions.The simulation
size is 198192 pixels.

5.4 Summary and Discussion

By carrying out KMC simulatiosy we have studied the currenbduced step

instabilities on surfacewith fiducial marks By introducingreasonablateppermeability
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alongwith ananisotropic diffusion coefficierdue to thecurrentinducedmigration step
pairing and step bunching ocaum boththe stepup and stejglown diffusion directioa

The computational time of the KMC simulation becomes a critical issue when we
simulated the surface evolution with fiducial marks. To achieve reasonable computational
time, many parameters have bedther adjusted or have not been considered by
assumption, which may be important in determining the final surface morphology. For
example, the number of pixels (atoms) has been compromised so that the computational

time of one simulation can be accompédghwithin approximately 24 hours using a

desktop (lnterE CoreE 2 Quad CPU Q6600 @ 2

to simulate the evolution of fiducial marks on a more realistic scale, the computational
time will be enormously increased. Although tivagoration effect has been neglected in

the simulation, one can recognize some vacancy islands in the experiment (see Figure
5.3), which are due to sublimation. These islands can keep growing if the sublimation
effect is stronger, or they might disappdahe adatom density is high.

However, by choosing the primary parameters from our experiments, the simulation
produced results that are in fairly good qualitative agreement with the experimental data.
The simulation results suggested that relatively ldogees are better in terms of
surviving the annealing process and creating wide, atomically flat terraces as confirmed
by experimental observations. In summary, the results of the simulations are adequate
and served the purpose for optimizing the geomeatd/dimensions of the fiducial patters

for producing optimum templates for atomic scale lithography.
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Chapter 6 Nanostructuringpn Si (100) Surface

Nanostructuring on the Si (100) surface has potential applications in the area of nano
manufacturing # providing standardized nanostructures with resolution extending down
to sub10 nm region. The key advantage of this lithographic technique is the ability to
pattern sudlO nm structures over a large area with a Higbughput and lovcost.
Therefore, ittan be pursued as a manufactgriechnology at the nanoscale.

The process involves is passivation of Si (100) surface by atomic hydrogen and
subsequent selective depassivation using an STM probe. The exposed silicon atoms in the
depassivated area are ithexidized, and the sample is removed from the UHV chamber
and subjected to RIE etching. The oxide patterns serve as masks during the RIE process.
The aspect ratios can be considerably enhanced using this method. Details of these

processes and results aliecussed in the followg sections.

6.1 Hydrogen Passivation

6.1.1 Procedure

The sample igransfered into the main chanberfor hydrogen passivatioafter the
reconstruatd silicon surface has beeanalyzedby STM. Hydrogen molecules are

cracked eitheby a commercialhydrogen crackefH-flux) or by a hot W filament

116



(backfill) to form atommic hydrogenwhich is highly reactive. The atomic hydrogerwill

passivate thesilicon (100) %1 suface by the formation of Si-H bonds(as shown in

Figure 6.1)
H H H H
\S' S', \s S', H \s S'/ \s S'/
— |— Sl + |I— 3l |— 3l
< \\\\\\ | | ,,”” < \\\\\\ //,,” S 2 si \ W ""I/ si \\\\\\ I///,, si
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Figure6.1: Schematic picture of hydrogen passivation process. After cracked by the hydrogen cracker or
the hot W filament, atomic hydrogen can react with surface Si atoms and terminate those dangling bonds
(shown as blue ellipses).

In this experiment ultra high purity hydrogen gas (99.9999%8 used for
passivationA molecular sieveurifier and a liquidnitrogen cold trap arasedto further
clean the hydrogen gas beforastintroducedinto the main chamberA cold cathode
vacuum gaugés used to measurbéd pressurbéecauseonventionaBayardAlpert (BA)
ion gauges do not function properfjue tothe high reactivity of hydrogen atoms
Separate experiments were carried out usiognamercialhydrogen cracker aralhot W
filament

It is necessary to cleamda sample surface before the passivatiorcgse The
sampleis flash annealeat 1200°C to remove all the adsorbates or contaminatidhgn
the sample temperatuiie rapidly decreased to 900. After this, the temperaturés
dropped at aate of approxinmately 2 °C/sec urtil the passivation temperature is reached
The hydrogen passivation temperatures for the hydrogen cracker and hot filament
passivation ar870°C and300°C, respectively.

The hydrogen crackecontainsa fine tungsten capillarwhich is surounded by a

tungsten coilThe capillaryis heated by electron bombardmemid molecular hydrogen



is Acracked to form atomic hydrogen aftemultiple collisionsalong the hot wallsA
watercooled copper jacket is attached at the end of the crackeintmize radiated heat
and outgassingluring the operationThe ion pump is opened during the passivation
processand the fresh Fatom flux created by the cracker is peuito the sampleThe
operationpressure is 5x10° Torr, and it is monitored by theotd cathode gauge

Thehot W filamentpassivation procedure is as follaws

1. Close the gate valve between the main chamber and the ion pump.

2. Introduce the hydrogen gas into ttfeambeyand stop when the pressure gauge
reading stabilizeat 1x10° Torr.

3. Turn off the vacuum gaugend turn orthe W filament maintainthe filament
temperatureat 1800C - 2000°C for 10 minutes In the meantime, rotate the
heating stagéo let the sample face the filament.

4. Pump outthe hydrogen gas througthe ionpump. Turn offthe W filament,
lower the sample temperature to room temperatamd, thenturn on the cold
cathode vacuum gauge.

5. Transfer the sample the STM chamber after the main chamisaracuumhas

recoves.

Si (100) surface passivation results using the hydrogacker and the W filament are
shown in Figure 6.2Both are able to passivate tQE00) surfacevith a small amount of

defects and/or contamination.
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Figure6.2: H-passivated Si (10x1 surfaceobtained bytwo method: @ H-crackerand(b) W filamert.

6.1.2 Results and Discussion

A Si (100}2x1 surface atorhas an exposed dangling bond whietm be passivated
by exposure ttnydrogen atomsA hydrogenterminatedsilicon surface cabe preservd
reasonablyclean(from residual gas adsorptiom) UHV for a longtime and serveasa
main componenbdr substraten nanolithography. Thuthe passivation quality dhe Si
(100) surface is a critical famt in the entire fabrication processThe passivation is
affected bythe sample temperature and the kinetnergy of hydrogen atomdydrogen
atoms may bounce sevetahes after touching thesilicon surface beforéhey combine
with silicon surface atomshesebonded hydrogen atoms may even diffuse to nearby
vacancies Hence, it is necessary to adjushe passivationapparatusto optimize the
guality of apassivated Si (100) surface.

The operating conditions and efficiencies the Hcracker and Wfilament are

different because of the difference in design and geomdtmg commercialhydrogen
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cracker is venefficientin creaing H-atom flux at very low pressus¢<1x10°® Torr). To
achievegood hydrogen passivatiorihe Si sample is heated to370°C and exposgto
the atomic hydrogen beam for 3 minutd$e Hatom flux density and sample exposure
time are dtical parametersThe quality of passivationdepends on the concentration of

hydrogen atoms, sample temperature, sample exposure time, and vacuum conditions.

Figure 6.3: Unsuccessful passivation results taken froydrogen crackerin the STMimage (3, the
surface is full of dangling bonds, which are showing in STM as white dots. These white dots are small
compare with bright dots in image (b), and they are not totally random. It is possible to see a short range
order.In image (b), besides well pagated dimers, irregular bright dots also are sitting on the surface.

Insufficientexposure time or lolydrogen pressumesults in failure to passivate, as
shown in Figure 6.3 (a)n either case th&i (100) surface will be undepassivated
containingunsaturated dangling bondSomparel with well-passivatedsurfaceatoms,
the dangling bonds from unpassivatedrface atoms can easily overlap with the
electronicorbital ofa close proximity STMip. These are depicted the STM images.3
(a) typically as bright dotsContaminationin the hydrogensupplyline is another major
problem Those contamim@s cango into the vacuum system withe hydrogen flux and

then attachto the surface andnterfere withthe passivation proces§he mntaminants
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can be oberved after the passivation progesgspearing akargewhite fiblob in Figure
6.3 (b). In order tareduce tis contamination, the hydrogen linerisutinely pumpedby a
turbo molecular pump to 5x10° Torr; then fresh hydrogen gas is filled and usethin
experimentThis is repeated every time before the experiment.

In the case othe hot W filament, wherthe operatingtemperature is- 2000°C, it
can automatiglly decomposaearbyhydrogen molecules he hot W filament produces
a cloud of atomidwydragen in contrast tthe atomidhydrogen bearfrom the commercial
cracker Hence,the directon of the W filament is not important, while the distance
between the sample and filament is criticdlso due tothe lower efficiency of the
filament the operatig pressureof hydrogen gas and the passivation times are higher.
The passivationpressure is increased from5x10° Torr to ~ 5x10° Torr, and the
passivation time isncreased from 3 minutes tt0 minutesas compare with the H
cracker.

Figure 6.4 (a) slowsanunderpassivatedurface with dangling bonds, which is very
similar to theFigure 63 (a). During the operation, the filament temperatunay be
higher than 200TC. If the distance between the sample and the filament is less than 1
inch, the sampléemperature can significantly incredsg50°C to 100°C, which in turn
will have a direct impact on the passivation efficiency. Figu# (6) shows the
passivation resultef a hightemperature W filament (> 2000). The dimer rows are
covered by relatiig larger white fiblobsd compare with the dangling bonds (smaller

dots) suggesting that the surfaseontaminated with some unknownresges.
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Figure 6.4: Unsuccessful passivation results taken fidhfilament Dangling bondsan be recognizeth
the STM image(a). Thebigger white blobshown in image (byould besomecontaminats.

In order to reduce this heating effect, we lowetlee sample temperature to 2C0
for the W filament process. As a result, the passivation results improved substantially
after reducing the sample temperature and additional work showed that flushing the
hydrogen gas line for every individual passivation experiment helped agasslhown

in Figure 65).
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Figure 6.5: Hpassivated Si (108x1 surface using W filament eft reduced the saple temperature to
270¢°C and flushed the hydrogen gas line. (a) and (b) are the STM images taken from different samples.
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6.2 Nanopatterning by Hydrogen Depassivation

STM tip-based nanofabricatios a potential technique which has trepability to
controllably manufacturenanostructures that approach the atomic scaéle first
successfuSTM nanofabricatiorby oxidationwas demonstrated by J. Dagata in 190
where they demonstrated tpaterning process ambient conditiondy an STM on a
passivated Si (111) samplevith the presence of moisturéhe oxide patterns were
formed within the water meniscus between the tip and s8frid featureswith a few
hundred of nanometer sizeverefabricated ora Si surfaceThis method reliesiot only
on thetunneling current andthe biasvoltage of the STM but also on the ambient
humidity. Although ambient SPM can manufacture nanopatterns ona hydrogen
passivated silicon surface, it is not possible to createl@ubm size features or
nanodevices withouhaving detailed control of theambient condition To get better
control of the environment and fabricate much fipatterns,it is suggested the8TM
nanolithographymay be carried out iWHV environment where the moisture layer on
the surface can be controlled.

UHV-STM nanolithographyhas been establisheahdremarkableresults have been

achieved by J. Lydingt al®

Theyfirst demonstrated UHASTM nanopatterning oaH-

Si (100) reconstructed surfageand nanoscale features were obtained walnious
patterning conditions Further investigatiofi® revealed wo hydrogen desorption
mechanismscorrespondingto two regimes of bias voltage. The direct electronic

excitation mechanism can be applied in the tbgts regime (6.5 V), where the silicon

hydrogen bond cabe excited fom the(l bonding state to thé&* antibonding stateag
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shown inFigure 6.6 (a)). In the lowbiasregime € 6.5 V), depassivation occurs viae
multiple-electron vibrational heating mechanismhere the silicon-hydrogen bond is

repeatedly excited by multiple leenergy electrons until its ultimately breaks (as

shown inFigure 6.6 (b)).
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Figure 6.6: H-depassivabn mechanisms(a) demonstrates the direct electronic excitation mecharfism.
excite SiH bond fromthelst at e tstate, & ligh voliatle (> 6.5 V) need to be applied. The STM
image (b) demonstrates thrultiple-electron vibration mechanisnMultiple low-energy electrons can

gradu?ﬁ[ly excite the il bond until it beaks (Figure (a)from G. C. Abel’, andFigure (b)from M. C.
Hersant’.)

By varying theappliedbiasvoltage in two different regimes, pattemih different
sizescan beobtainedto meet the reqeemens of APM. The hydrogen depassivatidoy
thedirect electroniexcitationmechanism at high voltage depends only onthineshold
voltage of 6.5 VIt is possible to depassivaddarge area in a short timesing this methad
Hence, relatively largestructures such as reference lines, transistorspase can be
fabricated bythis mechanismFigure 6.7 (a) shows a depassivated 2@D0 nnf area
created by raster scanningusing this method On the other hand, very fine
patterns/structures can be deshbytaking advantage adhe multipleelectron vibration

mechanismwhere thdine width can be as smadls 1 nm. Three parallel lines have been
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fabricated using the multiplelectron vibration mechanisn(Figure 6.7 (b)). The
linewidth is about two dimemows (about 1.5 nh The linewidthcan be as small ame

dimer row, whichs thesmallest achievable definition for a line

Figure 6.7: Nanopatterning results under different mechani@nshows the depassivation result using

high-bias depassivatiomethod. The STM was operated in the scanning mode with 7 Vv, 0.1 nA and
400nm/secln the STM imagelf), the STM wasprogrammedo create nanopatterns with 4.5V, 2.5 nA and

10nm/sec.

6.2.1 Lowbias Voltage Depassivation

Hydrogen desorption in the letias regime is a very attractive and feasible method
to fabricate nanodevices with features smaller than 10 Mwh.only it provide high
precision desorption on Si surface, but also with programnsaiftearenanometer size
controllable patterns can be matimder the threshold voltage, the hydrogen desorption
yield mainly depends on two parameters: the tunneling current and the scanning speed.
Needless to mention, it is always assumed that we us¢oarically sharp tipvhich is
crucialin this desorption qocess. In the multiptelectron vibrational heating mechanism,

a large number of electrons liite surfaceatoms tobreak SiH bonds.So the desorption
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yield is proportionalto the dosage of electrons per unit aaed is measured in units of
C/cm?® This may be quantified by the followiregjuation:
Q/L = (I x t)/ (v x t) = l/v (NnA/Inm/s) = 1C * I/v (Clcm) (6.1)
| andv are the tunneling curremt nA and writing speeth nm/s
Whenwe usethe lowbias regme desorption process, the electron dosing rate is set
between 18 - 10% C/lcm to successfully desorb hydrogen atoms. When writing
complicated nanopattermgth multiple features, such as a pattern array, the total writing
length will be significanty increased.lt makes the nanopatterning process very time
consuming. Moreover, the creep othe piezo tube may cause distorions in the
nanopatternd.ong writing times will also increase the chanceaéip changédue to the
tip-surface interactionAccordng to equation(6.1), to keep the same dosing rate with
faster writing speed, a possitddternativeis to increase the bias current. Buhigher
bias current also increastt®e chancef afitip ¢ h a nbgause the distanbetweenthe
tip and surface igloser.A very carefulapproachneeds to bedoptedto increase the
hydrogen desorptioyield for presering the tipsharpness
To find thestableworking parameters of the STM tipsspecially in the multiple

electron vibrational heating mechanism, natigpas need to beritten under different

writing parameters, simatwe can compare thguality of the nanopatterns and choose
the best working parametek§e programmed our STM dbatit canwrite a series of test
lines optimizing various writing pararegs In Figure6.8 (a), ten test linewith different

bias currerd (from 1.5 nAto 2.4 nAwith 0.1 nA increment) areritten on the surface.
As can be seen frothe desorption resul{setof lines), depassivation parametef4 V,

2.2 nA and 2 nm/seare the best and aosed to creatthe parallel line pattern shown in
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Figure6.8: (a) Depassivated lines created at bias voltage 4 V, curre@ 4 1A, writing speed 2 nnés

high quality lines are created under 2 nA2td nA. (b) Depassivated parallel lines with bias voltage 4 V,
current 2.2 nA, writing speed 2 nm/sec. The bright area in the center is the result after depassivation. (c)
same bias conditions, the writing speed has been increased to 5 nm/sec to rechiegdtiunbe effect.
Individual lines can be recognized after depassivation.



Figure 6.8 (b). Becausepiezocreep, the pattern was distort@ad ultimatelylooked likea
flat parallelogram witha bright area in the center. To @fghe creeping effect, ather
patterning is attempted with a higher writing speed, 5 emia this case, th@arallel
lines can be recognized individua(lgsshown inFigure 6.8 (c)).

Recently, another lowias voltage hydrogen desorption modeferred to as the
coherent rasnantelectron scattering model, has bassedby Soukiassiaret al*"®to
explain the lowbias depassivation mechanisnmstead of tens of electrons to
vibrationaly heat SiH bond,the new model suggests a tvatectron process to break the
Si-H bond.Although thedetails of the lowbias depassivation process a known, a
large numberof electrons(in both mechaniss) need to belosed on every single -Gi
bond to break the bond and create high quality nanopatit¢omgthelesswe found that
there is nosignificant changen depassivatioffor the bias voltage rangingfrom 4 V to
5.5 V. Inthe hydrogen depassivation process, the bias current and writing speed are the
most important variables tetermineghe hydrogen desorption result.

After tesing various writing conditions, wéavefound a set of parameters which
provide us repeatable depassivation restigure 6.9 shows thedepassivatiorresults
through two tips. These patterns wesegitten under 4.5 V, 2.5 nA and 5 nm/sec

conditions
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Figure 69: ( aNIST@ (b) PMLband(c) AJMDdbhave been written dtias voltage 4.5 V, current 2.5 nA,
writing speed 5 nm/sec.

6.2.2 High-bias Voltage Depassivation

The highbias depassivation process equally important asthe lowbias












































































































