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SUMMARY

This thesis presents andveéops a systematic approach ThermoChemical
NanoLithography (TCNL). TCNL is acanningprobe microscope based lithographic
technique which uses a localized temperature prtafileduce chemical transformations.

The intent of this work is to extend our understanding of TCNL to be able to model and
control chemical reactions taking place at the rsoale.

We break this work up into four parts. The first part adapts a chekieetics
model to predict and explain some of TCN
parameters, we gain insight into how TCNL can be used to control surface chemical
reactions. The second part of this work focuses on studyihgsurfacereactions As
part of this, we use fluorescent microscopy to quaniié/ chemical transformatipand
after successfully verifying the adapted chemical kinetics modegpply the model to
control the chemical transformation process and demonstrate expeeisiondown to
the submicron length scales.

Having verified the chemical kinetics model for surface reactiomes look to
extend the model beyond surface effects and study the penetration of the reaction into the
substrate. We also develop analysis femg other TCNL induced material property
changes to measure different aspects of th
the last part of this work focuses on parallelization of TCNL. We demonstratesoaleo

resolution can be extended to miplke tips simultaneously.

Xvii



CHAPTER 1

INTRODUCTION

1.1 Introduction

Micro and nandithographic techniques are quintessential to everyday life and in
many research fields. Lithographic techniques make possible circuits for computer and
microchip$1], they make possible the parallelization of medical diagii@sesnd they
control the fundamental interactions between materials and the envir¢B#ntAs
research has tended towards nanotechnfidgynanaclithographic techniques are
becoming particularly important; natithographic techniques have been used to
introduced band gaps in graphene rahbong6] and for the development of protein
nancarray$7]. A fundamental chahge to these micro and nascale applications is
the need to strategically and intentionally position molecules in an organized fashion.

For the most part, lithographic techniques have been developed to fulfill a need or
a particular requirement; softdography, for example, was developed as an alternative to
photolithography for a variety of different materials and surf@es While many
techniques have been developed, one of the characteristics tlaakiisy in many
lithographic techniques is the ability to introduce different levels of molecular
concentrations; many are binary in nature. There are already many research fields which
would benefit from a systematic technique which can control sucfaweentrations. For
example, controlled variations in concentration (hereto referred as gradients) of the
protein laminin have directed axonal groy@i(Q]; chemical gradients have also induced
droplet motion against gravity because of the controlled variations in surface[@dergy
12]. Controlled variations in a surfaceds
environment. Hydrophobic aterials have shown transitions to supgdrophobic

regimes as a result of increased surface rougf8)els}. Electronic heat sinks are often

t



designed with corrugated ridges to allow for more cooling from the increased surface

aregl4]. This latter example widd be particular valuable to implement for nananics

since this would protect narszale devices from overheating, prolonging their lifetimes.
Surface design is essential to many nano and rsicate applications because

they control the foundations @nin some case the intrinsic properties of devices.

Lithographic techniques fill these needs to alter both topography and chémisi{6)].

Lacking, however, is a technique capable of controlling these variations (hereto referred

as chemical and topographic gradients) down to the-seale. The focus of this thesis

is to overcome these limitationssing the promising technique Therr@emical

Nanolithography. In the rest of this chapter, we review many state of the art lithographic

techniques, and we focus on their advantages, disadvantages, and limitations as they

relate to gradient patterning. hTe chapt er concludes with a

potential to create chemical gradients, and finally we outline how we will systematically

go about doing thig theremaindeof this thesis.

1.2 Lit hographic techniques

1.2.1Microcontact printing

Microcorntact printing is a lithographic technique which uses a stamp to pattern
area$8]. Usually the stamp is formed out of an elastomeric material, such as Poly
dimethyl siloxane (PDM$7]; the standard procedures are showRigurel.2.1, where
first a mold is filled with urcured elastomeric material. The uncured polymer fills the
mold, and after the stamp is cured and released, the mold imprint remaives solid
elastomer. After incubating the stamp with chemical materials, such as proteins, DNA,
or organic molecules, the stamp transfers the materials to a target surface. The key
advantage to microcontact printing is the hggeed and higthroughput patterningg];

there is also a vast amount of literature on the diverse materials that have been



transferreftl8-21], as well as the number of substrates with which this technique has
been used. One of the disadvantages is that roamtact printing requires new molds
and new stamps whenever different pattern sizes and shapes are needed.

Typically, this techique is used for micrgcale patterning, but there are
modifications, such as using elastomeric materials with higher elastic coeffi2i=Rg},
allowing for ~100 nm scale devices to be printéthe later is sometimes referred to as
nanccontact printing.

For the most part, the technique is binary; however, there has been some research
dedicated to making chemical gradients by using stamps with variable thi@dess
These specialized stamps are infused with a chemical molecule (such as an alkanethiol).
When the stamp is brought into contact with a surface (for example gold), molecules at
the stampsubstrate interface covalently attach to the surface. As time elapses, the
molecules in the stamp diffuse and attach to the substrate, and a chemical {pad®ent
analogous to the stamps variable thickness. Results with alkanethiols have shown
variable chemical concentrations over distances of ~10 mm, but given the ratios between
the length and heights, it would be difficult to extend this technique dowretmicre

scales.

@ 5

- = o /_— Protein

Y / ® ®
Liquid /
prepolymer A Elastomeric stamp
I

B )

I ]
Silicon master

* Cure polymer

: monolayer
[

Substrate

Elastomeric stamp

Figure 1.2.1( a) Schematic for ¢€CP. [IR ©2000iJohnh e d wi
Wil ey and Sons. ( b) Exampl e of DNA patter
from [18] ©2007 John Wiley and Sons.



1.2.2Light Based Lithographies

Light based lithographies are orpriesent throughout research and industrial
application§25]. In particular, photolitographic techniques are generally robust, fast,
and mass scalable, hence their ubiquity particularly in -semilucting industries.
Typically, they employ positive or negative resists to protect patterned areas from wet
and dry etch based techniques. spite being diffraction limited, resist based
photolithographies have achieved nanometer scales by employing materials with high
indices of refraction and two photon dependent materials to narrow the diffraction
limit[26-27].

Other light based techniques are also available. Qicpkar note is a technique
known as laseassisted adsorption by photobleaching (LAFRP28], which uses light
to induce radical excited states which readhvsurface bound molecul&9]. This
technique has demonstrated an impressivityalbd pattern chemical gradients such as
those seen ifrigure1.2.2. The technique is relatively easy to implement, but is limited
by a combination of diffusion and the diffraction limit down to about a micron. The
ability to introduce spatial light nttulators and digitally controlled micmmirror devices

makes this technique attractive for high speed pattern prodigfijon



@ (b).,,

®vF 5@ @ | Pasivate with BSA

Qloss suppart
Rinse with PBS, add
biotin-4-fluorescein

@, bl ducrescen

by B e %
Ui et e Expose through
e photomask

iz

Rinse with PBS,
add streptavidin

I‘z;ﬂepkm'dmhmﬂ
s S S

Completed protein

8! 988 | pattem

Figure 1.2.2 (a) Schematic showing phoesxtivated chemical reactions in LAPAP.
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1.2.3Micro -Fluidics

Micro-fluidic devices are viable lithographic technique with the ability to create
chemical gradients; usually micfluidic patterning is used to create spatial
gradientf31], but the technique has been applied to produce surface grftignts
Usually different concentrations of intended molecules are flowough different
connected configurations of AYO sHoarped f |
1.2.3, to create controlled spatial chemical concentrations. The diverse forms made,
however, are on several hundred microns to millimeters wide, andethaique is
limited in its ability to fabricate complex patterns since onlp patterns are currently

available rather than-D.
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1.2.4Electron BeamLithography

Though primaly developed for the sergonducting industify2], Electron beam
lithograply (E-Beam) has also been used to pattern subdiBat88] and is well known
for its high resolution from the focused electron beam. The resolution is nanhoheter
by the electron beam, but rather by the interaction of the electrons with the rfaterial
34]. Materials that scatter electrons more tend to have lower resolutions. Generally the
resolutims are sutd00 nm and in some cases have been shown to go down to 5

10nn{35-36]. Typically for nanepattening, Ebeam will use different forms of electron



sensitive resists and uses techniques similar to photolithography to pattefB7a88hs

The disadvantage is the time, expense, and the high vacuum assoitlattdeanj35|.

1.2.5Nano-shaving/Nanaegrafting

Nanografting and nanshaving are similar techniques, which use a stiff AFM
cantilever to scratch molecules off a surface, which is usually a self assembled monolayer
(SAM)[39-4(Q]. Figurel.2.4 shows a schematic and example. With the plowed area now
exposing a different chemistry than the unscathed area, different molecule types can be
site-specifically attached. This technique can be performed in a sokdiaining the
secondary molecule (nafgvafting), or else molecules are attached serial to patterning
(nanashaving). The resolution varies slightly from about 100 nm-16 Bm depending
on the radius of curvature of the tip and the interactions battheetip and surfa¢a5,
4Q].

Both processes are rathegagssive in nature, and usually require a large loading
force to chemically break bonds and remove molecules from the surface. One of the
advantages to this technique is that because the removal force is so large, the same probe
can image the sample wighlower contact load (or even in AC mode).

Other forms of this technique have used oscillating AFM tips to remove
molecules from a surfap#l]. By using actuated tips, different flexure modes can write
or rewrite patterned areas. This particular adaptation has been shown to have resolutions

down to 50 nm.



(@) ) (b)

éU?UVVV%
( ’0’0 o’o’o 050,

o3etetede,
'0 LULELLN

e 7
Z Nanoshaving and
- ] . .
g Vesicle Fusion -

[ 50 100 150 0 100 200 300 0 100 200 300
distance / nm distance /nm distance / nm

Figure 1.2.4(a) Schematic of nanoshaving. Reprinted with permission [B&n©2008
American Chemical Society. (b) Example of bound ngradt patterned DNA patterns.
Reprinted with permission frof@0] ©2002 American Chemical Society.

1.2.6 Electric and ConductiveSPM techniques

Some SPM based techniques use localized electric fields amhtsuto pattern
substrates with a conductive SPM probe. Eleokidation techniques chemically reduce
substrates to introduce chemically varying substrates such as those sEmjuren
1.2.942-43]. A similar techniquet4] has demortsated chemical gradients, but the

speed (~50 nm/s) associated with this particular application is fairly slow. In general

electrecc he mi c al techniques are slow (~10 em/ s)

25 nm.
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Figure 1.2.5Schematic showing at&ro-conduction based lithography. Reprinted with
permission fronj42] ©2004 American Chemical Society.

1.2.7Dip-Pen Nanolithography

Dip-Pen Nanolithography (BN) is another SPM based technique, which uses an
inked AFM tip to patt B3 (seedgursels2®). Wypidallyita nk o
insure that the ink stays on the tip, the SPM probe needs toeb@aally modified. A
number of diverse molecules have been patterned on a variety of Juiadés47);
however, with each new molecule a new chemistry modification is req@dBedWhile
the technique has been shown to achieve ~1ptgmtypical resolutions are stD0
nm[45]. The technique is limited by fluid transport rates and as a result it is a fairly slow
SPM lithography (typical speeds are ~1 um/s or slower). By increasing dwell time (>1
min), different spot sizes can be reliablpmeduced. One of the disadvantages to DPN is
the inability to image the patterned areas without replacing the SPM tip; moreover, tip

surface contact needs to be broken in between patterned areas.
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Figure 1.2.6(a) Schematic of DPN. Reprinted with persms from[45 ©1999 AAAS
(b) Example of DPN pattern made. Reprinted with permission f&OHh©2006 John
Wiley and Sons.

1.2.8Thermal\Thermomechanical Lithography

Thermomechanical lithography uses a seomducting thermal cantilever to
induce indents into a substrate. Thermal cantilevers are designed so that if biased with a
voltage, the heat generattdk om t he di ssi pated power raise
to several hundred degr¢g3]. When brought into contact with a polymer substrate and
heated, an indentation can form if the temperature exceeds the glass transition
temperature (thermo) and a large enough load isieabfmechanicalpb2]. Different
loading forces and temperatures change the interaction and the re§b8jitiomnA
schematic is shown in figufegurel1.2.7 a.

Though initially the focus was on finding a new medium to increase data
storaggs4], the technique has grown to include patterning resists with extraordinary
resolution (=10 nm) and extraordinary detail, such as3tBereproduction of Mount
Matterhorij55] (Figurel1.2.7 b). Thermal techniques can usually be run at high speeds
(~1-10 mm/s)56]. One of the main drawbacks to any thermal #remomechanical

lithography is the fact that the thermal tips are easily contamitat&@]. There are
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several ways around this such as using diamond coa@dipand using a modified

version of thermal lithograplp§6].

(b)

(c)

Figure 1.2.7 (a) Schematic showing thermomechanical lithography. Reprinted with
permission from[52] ©2002 IEEE (b) Example of @ patterning. Reprinted with
permission fronj55] © 2010 AAAS

1.2.9Thermal Dip-Pen Nanolithography

Thermal DipPen Nanolithography (tDPN) combines thermal cantilevers with
DPN; by coating a thermal cantilever with a solid ink, the thermal cantilever can be
heated to melthe solid ink (thermal) and subsequently write the liquid ink (DBN)
Cooling the tip solidifies the ink and this ability removes the continuous contact issue
associated with DPN; however, one disadvantage is that depending eubitteate
properties, the cooling can take several mirfé@s The technique has been shown to
achieve resolutions down to ~100 nm. If the ink is doped with -panticles, the

capillary forces result in nargarticle alignment as seenhigurel.2.§63].
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Figure 1.2.8Schematic of tDPN. Reprinted with permasifrom[63] ©2009 American

Chemical Society.

1.2.10ThermoChemical Nanolithography

ThermoChemical Nanolithography (TCNL) uses a localized temperature profile

to induce chemical transformation on a substrate.

The technique has been used to

functionalize substrates to attach proteins or convert to other functional [g4ups

reduction of graphene oxifg5], reduction & graphene fluoride to graphd6e€],

crystallization of ceramic

materi§g?7], changing hydrophobic

materials to

hydrophilid68-69], and for the transformation of a precursor film inteeantconducting

organic polymgi7Q]. Other variants of the technique include using thermal cantilevers to

induce retreDiels-Alder[71] reactions and depolyenizatiorj56, 72] of organic polymer

fil ms; t hese

variant s

i ntr odu ctare. c hvdhiieg e s

typically TCNL employs the thermal cantilevers previously discussed, other forms have

used small wires to produce the same €&t The resolution is substrate dependent,

but ranges from ~10 nm up to ~100 nm. Researchers have shown that TCNL can be done

at high speeds (~ 1 mm{8%, 68]. Since TCNL is based on temperature dependent

phenomenon, it is posde to control the relative amount of chemical transformation

taking place by tuning the temperaf{&é.
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All of the mentioned lithographic techniques are summarized in Table 1.2.1; the
resolutions some advantages and disadvantages are listed there as well. Though only a

few are reviewed here, there are vast numbers of lithographic tecHiig:8ék
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Table 1.2.1Comparison of Lithographic Techniques

e CP

E-Beam

Nanc
shaving/Nane
grafting
Electro
oxidation
Lithography
DPN

Thermal
Lithography

tDPN

TCNL

Advantage

Fast, Parallel

Photolithography Fast, Parallel,

Tunable

e FIl ui di c Fast, Parallel

High Resolution

High Resolution

High Resolution

High Resolution

High Resolution,
Speed

Write/Read
Capabilities

High Resolution,
Speed

Disadvantage
Rigid
Diffraction
Limited

Rigid

Cost, Time,
Vaccuum

Aggressive
technique

Slow

Slow

Tip Contamination

Slow

Tip Contamination

Resolution

~1001
eEm
~10 nml
eEm

~1mm

~5 nm

5-100 nm

25 nm

10 nm

10 nm

100 nm

~10-100
nm
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1.3Chemical and Topographic Gradients

While there is no direct answer or evidence as to which technique is the best,
certain standards have been suggested. Many of the listed techniques fulilloom
these suggested niches, but most fail in some area or another. In practice, the best
technique is the one that fits an applications needs. For examplescaacstudies
would probably avoid light based techniques, and focus more on a SPM based
lithography or Ebeam.

The challenge proposed in the introduction was to develop a technique capable of
creating controlled chemical and topographic gradients on thestah® to the micro
scale. The only lithographic technique which has shown promisestgrdand control a
surfaceds chemical and topographic morphol
NanoLithography. There exists some preliminary evidence to suggest that TCNL can
fabricate chemical gradief6, 70], but until recentl{58], a systematic approach was
lacking. The next section givesret experimental evidence to prove that TCNL is
capable of creating chemical gradients; surface topographic gradients will be left to a

later chapter.

1.3.1ThermoChemical Nanolithography: Evidence of Chemical Gradients

As previously described, TCNL isl@hographic technique which uses a thermal
cantilever to induce chemical transformations at a surface. The details of these thermal
cantilevers are reviewed in chapter 3, but their most important feature is the ability to
locally heat across several lirad degred¢81]. When lought into contact with a
substrate, a heated cantilever induces a temperature profile in the substrate as depicted in

Figurel.3.1. The input of thermal energy causes a thermally driven chemical reaction.
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(b)

Figure 1.3.1Schematic of a thermal cantikvinducing a local temperature profile. The
profile spreada) laterally and(b) into the substrate.

Although this technique has been used for a number of material substrates, the
ability to createcontinuouschemical gradients is demonstrated omexrrally activated
polymer  substrate. The  polymer, poly((tetrahydropyra:2-yl N-(2-
methacryloxyethyl)carbamatep-(methyl 4 (3-methacryloyloxypropoxy)cinnamaté))
has a protected functional amine group. When heated, the protection group dissociates
from the surface, leaving an exposed reactive amine to which molecules with
complimentary chemistries can be sifgecifically bound. Proteins, DNA, and other
biomolecules have been attached to these localized amin¢6dfeaBhese amines have
also been chemically transformed into other functional groups such as carboxyl or
maleimide§64]. To test the ability to create gradients on this polymer substrate, a
t her mal cantilever 1s brought into contact
temperature is controlled as a function of position, such as the experiment show
figure 1.3.2. When the sample is labeled with a fluorescent dye, areas with greater
concentrations of amines result in a greater amount of fluorescent dye binding. The
bright fluorescent signal seen in figure 1.3.2 at the high temperature aresponds to
more bound amines, while the dimmer signal results from the low temperature areas.

This pattern provides evidence that TCNL can make chemical gradients, but without a

'Synthesized by Professor Seth R. Mar der 6s
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systematic study, the need to control and extend this process to othemlsaed

substrates remains unanswered.
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Figure 1.3.2(a) Experimental setup to verify the ability to create chemical gradients with
TCNL. The left rectangle is written starting with a high temperature at the top and
finishing with a low temperature #ie bottom; the middle starts with a high temperature

at the bottom and finishes with a low temperature on the top; the right rectangle is a
superposition of the two(b) Fluorescently labeled pattern corresponding to (&) Plot

of the intensity sigal versus distance of the left rectangle. The directiondisated by

the arrow in (a).The change in the intensity signal is indicative that TCNL is capable of
patterning chemicajradients.

The goal of this thesis is to develop a systematic apprta create and design

controlled chemical gradients with TCNL. While so far, we have only discussed
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preliminary evidence with chemical gradients, we exploit TCNL to create topographic
gradients with precisions down to the nawale. A chemical kinets model is
employed to predict the transformation taking place at a substrate. Once an approach has
been established, systematic protocols will be developed to produce desired chemical
gradients and topographic gradients. Finally with the goal of makangechnique high
throughput and fast, some of this work will be dedicated to discussing parallelization of
TCNL using arrays of thermal cantilevers. The long term impact of this work is ability to
generalize the methods and techniques discussed ty &ppbther materials and
substrates.

The remainder of this study is broken down into five chapters. Chapter two
reviews and discusses the mathematics of coupling chemical kinetics with TCNL.
Chapter three experimentally verifies the results derivetiapter two, and applies these
results to controllably varying chemical concentrations. While chapter three focuses on
surface effects, chapter four shifts this focus to how the chemical kinetics penetrates into
the sample. Chapter 5 discusses paralhizaand finally chapter 6 concludes with a
discussion of areas of ongoing research and possible applications for the works developed

in this work.
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CHAPTER 2

CHEMICAL KINETICS MO DEL

2. 1 Introduction/Motivation

Modern fabrication processes have pave@ tlway for advancements in
technology and in research. These advancements have been particularly apparent in
semiconducting and electronic device manufacturing and miniaturization. Prevalent
among the fabrication methods are photolithographic techniqugsh as the name
suggests uses light (photo) to crosslink pkresists sitespecifically (lithographyf26,

82]. Sincephotolithography is light based, it is diffraction limited, but interestingly, this
limitation has not prevented fabrication engineers from extending photolithography to
nanoscale sized devici&3]. It is not so much that these scientists and engineers have
broken the laws of optics, but rather have used the laws to their advantage. For example,
in photolithography, material scientists have developed-tiiglectric materials tallow
fabrication engineers to tune the diffraction limit to meet their rjé@s The added

value of high dielectric constants comes from understanding and deriving the limitations
from the wave theory of light. Other improvements, such as studying which materials
enhance two phon-absorption, have aided in micromachiningD3objects with
light[84]. Much as wave theory provided the fundamental principles to allow researchers
and enginess to push the limits of phofpatterning to near any si&5|, it stands to
reason that any technique will be open to substantial improvement once the fundamental
principles have been derived and validated. This chapter is dedicated to writing and
deriving the principles governing ThermoChemical Nanolithography (TCNL) with the
motivation of understanding TCNL to develop a novel approach for patterning controlled

chemical concentrations with high resolution.
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2.2 Chemical Kinetics Model

Understanding thaffCNL induces a localized chemical transformation at a
substrate, it is reasonable to view this technique through the lens of chemical kinetics, the
study of chemical reactions. While TCNL has been performed on a multitude of
substrates, we focus on a mbdeirface, which will be used to measure a relative
chemical concentration with the help of fluorescent microscopy as explained in chapter 3.
Our choice for this study is a spin casted organic polymer filly((tetrahydropyra+2-
yl N-(2-methacryloxyethlycarbamatelo-(methyl 4(3-
methacryloyloxypropoxy)cinnamatg))the synthesis and surface preparation protocols
are well described elsewh@s8, 64]. The polymer and polymer substrate were
synthesized in Professor Seth R. Mar der 0s
Briefly, it has been synthesized to have a protected functional group, and when thermally
activated, the protection group dissociates from the polymer, leaving behind an exposed
functional group. The reaction dynamics are showhigure2.2.1, where the left hand
side shows the protected polymer and the right hand side shows the thermzie@ct

deprotected polymer with exposedactiveamine$64).

A
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- Cc-C H H—C-C " Cc-C H
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9
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Figure 2.2.1Thermal reaction for the Cinnamate Polymer
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This trarsformation from the protected, nonfunctional group to an exposed, active

functional amine is described as a chemical reaction:

A
R—P

(2.2.1)
whereR is the reactant, the protected polymer, &rid the final product, the deprotected
polymer. Based on the likely deprotection mechapéln this reaction should act
similarly to a first order chemical kinetics reaction. The rate equation for thim@o
goes as:

d[P] _
dt

k[R] = k([P.,.]1—[P])

(2.2.2)
where [P] is the product concentratiopR] is the reactant concentratio[#,,.] is the
maximal product concentration (in this case the maximal density of deprotected amines),
andk is the reation rate. The reaction rake s defined using the Arrhenius formula:

k= .ﬁle%%
(2.2.3)

where4 is the temperature independent Arrhenius conskard,the activation energ®
is the gas constant, affdis the temperature. Chemicall§, is the energy barrier to
cause the chemical transformation; more specifically, the activation energy has been
associated with the energy difference between the reactant and an intermediate
specief86-87]. A represents the maximal rate of reaction, The literature suggests that
there are other variant&, such as the Arrhenius coefficient having Td/>
dependend88]. Often, these other forms fo# are intended for bimolecular
reactiong89], collision based reactiof&5], or reactions spanning a large tengpere
rang¢88] . Moreover, for narrow temperature range consistent with this work, there are

very minor differences in the final values, and simulatioms which temperature

dependent Arrhenius values were used, show negligible differences. It suffices for the
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intent of this work to use a temperature independent Arrhenius constant. The values for
E,and A come from ThermoGravomérAnalysis (TGAf and are given by 134 + 32
kd/mo[58] and 1.7x18 s [°¥ respectively. Note that sinckis so large, the correct
order of magnitude is sufficient (for more details, see Sl of refef@8i¢e

The solution to eq. 2 at a constant temperature is:

-E
Py ey e
tot

(2.2.4)
This equation applies to instances in which the temperature is time independent (not

changing in time).

2.2.1 Static Tip Solution

When a thermal tip is brought into contact with thébstrate and heated, the
surface locally heats until it reaches a static temperature pr@i(&,;,), where
¥ = (x,v,z) is the spatial coordinate, argl= (x, v, z)is the coordinate describing the
tip position. The time scale for this heatingshbeen suggested to be about [Piis A
quick calculation based on the time dependent heat equation computes a lower bound for
the times scales. A typical organic polymer has a specificdapacity C~1kJ-Kg K™
and a thermal conductivity, k~1W-hK™; the length scale is ~20 nm. For these values,
the associated heat equation time scale goes*asl0The discrepancy between the
literature values and this computed value probably arise®m the fact that the
referencf@1] may be including cantilever heating tirseales, which are also about 1
pug 92, and that air conduction for the above calculations are ignored. The near

instantaneous equilibrium time scale acts as a lower bound, since given the length scales

*‘Measurements performed in Professor Seth
Technology
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and the calculated time scatbe hyperbolic heat equati®3] is more appropriate. For

this work, since we focus mostly on effects taking @lan time scales below both
limitations, we ignore the time dependence of the temperature profile. Assuming the
static profile is instantaneously reached, the static solution for a tip in contact with a
substrate is:

-Hg
['P:l =1— -kt — 1 — E—A-t-aR'T:--"-"EI-

[Proe]

(2.2.5)
wheret, is the tp dwell time. Wanting to gain some insight into how eq. 2.2.5 evolves
and changes with various parameters, we leave the discussion of the temperature profile
form until a later section of this chapter, and we will work with & thodel temperature
profile. To find a reasonable temperature profile, the surface temperature should
approach room temperature and should attain a peak at the point of contact (here the
point of contact isc, = 0). Since our attempt is to learn how the reaction evolves, o

reasonable temperature profile that meets these criteria is given by:

| x|

r=T,+ [Tmak - To)E_T
(2.2.6)
whereT,..; is the peak temperature, and lambda is a decay length. Plugging this form
into eq 2.2.5, there are three parameters to tune: dwell time peak temperature
(Tyeax), and decay length (lambda). Each parameter is discussed separately, and all

simulations were done in Matlab to couple eq. 2.2.5 with eq. 2.2.6. Only one parameter

is varied for each simulation.

Time Variation

Figure 2.2.2 shows that for a fixed decay length (lambda = 100 nm) and peak
temperature I,..;, =250°C), longer dwell times increase the concentration of the final

product; as seen from the inset, the Full Width at Half Maximum (FWHM) also increases
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with dwel time. Physically, as time elapses the chance of a reaction increases; this
manifests in two different ways: the percent transformation increases everywhere up to a
maximum and the FWHM continues to increase even beyond the max percent
transformation.

Developing intuition with dwell time provides the background to understand how
writing speed affects TCNL. As will be demonstrated in a subsequent section, there is
not a perfect correspondence between the speed and inverse dwell time because of the
increased complexity resulting from the tip motion; however, the analogy between
inverse time and speed suffices to gain insight. For exariglee2.2.2 also shows that
to span from 0.01 to 0.99 percent transformation, the dwell time scales span from 15 ps
to 6.9 ms; this is 3 orders of magnitude in time scales. Prematurely, we expect that in
order to span from 0.01 to 0.99 percent transformation at a fixed temperature, the speed

will span 3 orders of magnitude.
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Figure 2.2.2Time Dependence of eq. H2with eq. 2.2.6

Temperature Variation

Figure2.2.3 shows several different peak temperature profiles (543 K, 523 K, 503
K, 493 K, 468K, and 433 K) at a fixed dwell time of 6.9 ms and a fixed decay length of
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100 nm. As the temperature increases, prodoacentration also increases; looking
back at eq. 2.2.3, the reaction rétghas a temperature dependence akin to a Boltzmann
factor, and it is indeed related to the probability that a reaction will [B&jur Higher
temperatures increase the probability of reaction, and this mathematically manifests as an
increase in the reaction rate. The ability to tune the reaction rates with temperature is
tantamount to controlling the extent of a localized reaction, and we expisit t
dependence in chapter 3 to create controlled concentration profiles.

One of the key differences between time and temperature is the scale to achieve
the same results. To span most of the product range@®0}, for temperature requires
about 433K-543K; whereas, for the same product range, time requikrdlers of
magnitude. The scale differences arise from the fact that time alters the reaction rate
linearly, whereas temperature affects the reaction rate through a Boltzmann exponential
factor. As the thermal energy approaches the activation energy, there is a rapid turnover
in the reactionds probability; this | eads

activates the reaction.
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Figure 2.2.3Temperature Dependence of eq. 2.2.5 wih2.2.6
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Decay Length

Figure2.2.4 shows four different decay lengths (1 nm, 10 nm, 100 nm, and 1000
nm), along with the associated temperature decay profile. The solid lines represent the
percent transformation, while the scatter plot is the tempergitwfile. The peak
temperature and the dwell time are fixed (523 K and 6.9 ms). As expected, the maximum
probability never changedrigure2.2.4 illustrates that as the temperature profile decays,
the products concentration decays at a much fastethatethe original profile. The
FWHM of the transformation is the intersection of the dashed (red) line with the solid
lines; as can be seen, the FWHM values are significantly smaller than the associated
decay lengths. This difference in FWHM and delesgth arises from the final product
concentration profile being the composition of a decaying function with a decaying
profile. Assuming an exponentially decaying temperature, the percent transformation
functional form shows an exponential of an expoaérdf an exponential. The first
exponential is from the static solution to the first order chemical kinetics equation (eq
2.2.4); the second arises from the Arrhenius equation (eq. 2.2.3); the third arises from the
temperature profile choice. Previousiywas hypothesized that the high resolution from
TCNL results from the rapidly decaying temperature pri@8g but this is only part of
the story. The sharp resolutions in TCNL result from the coupling between the chemical
kinetics and the decaying profile.

The physical realization of variable decay lengths comes the different ratios
bet ween the substrate and the silicon tips
substrate conductivity versus tip conductivity results in a greater decay length, whereas a
greater tip conductivity results in a smaller agdtengthi94]. While there are no redsl
about varying substrate conductivity in this thesis, this type of study offers ample
potential for studying materials effects, especially when Aaytr films are considered

since they can artificially cause smaller decay lengths
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While resolution isnot one of the optimized components for this work, based on

the discussion from these 3 sections, tuning resolution involves a hodgepodge of effects

t hat

ncl

ude ti me,

temperatur e,

and

t he

complexities, cheal kinetics plays a central role in determining the overall outcome.

Figure 2.2.4Decay length dependence of eq. 2.2.5 with eq. 2.2.6
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2.2.2 Effects of Multiple Points

Having discussed the different tunable parameters, it is instructiegaimine

001 01 1 10

100

[6)]
o

250

= N
[4)] o
o [=]

o
o
Temperature (°C)

1000

how multiple TCNL treated points interact with one another. It is clear Figore2.2.2

to 2.2.4, that if two points of contact are far enough apart, they have a negligible effect on

each other. Bringing the two points closer until there is\arlap between the product

profiles introduces secondary effects. Taking each point to be a separate event and using

eq. 2.2.5, the first contact point introduces a product profile concentration as:

_'EIJ.

i’

[Pl] — 1—E_A'fd'9 "
[Pec:]
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where x4is the point of contact fothe first event. The remaining percentage of un

reacted substrafé?], is written as:

—Hp
F Bk
R{To+(Tpean-Ta)e™ % |
[R] _ pAtge I, orlip o J
[Peoe]
(2.2.8)
[Rlrepresents the substratebs spati al di stri
interact. The product concentration from seeond event is:
-Eg -Eg
i/ i ) _h—xdn i/ ) ) Jx—xﬂﬂ
[Pz] e R'IIT':'-FI.TFE“-;{_TD-"IE Fl | e R'IITD+I-TFE“-;{_TD-'IE A _I|I
=g d® 1—e d¥
[Peo]
(2.2.9)

wherezx, is the contact point of the second event. Combing eq. 2.2.7 and 2.2.9, the final

product concentration for the substrate is:

(7] _ [P | [P)]
[Peoe]  [Peoe]l  [Pec]

—Ea —Eq
To—xa] ._II -
F .'I

R [ To+(Tpear ~To)s™

(2.2.10)
Eq. 2.2.10 demonstrates how two separate points of contact interaceagi other.
Figure 2.2.5 shows the interaction between two points of contact (decay length of 100
nm, Tpeak Of 523 K, ty of 6.9 ms); the red and blue curves represent the product
concentration for the individual events, and the black curve is the ita&hction
between both events occurring. There is an overlap region between the two events,
corresponding to the interaction between the two events. While for any exponential
decaying profile, there is always some overlap, the effects become negtigdaethe

points are separated by a large distance. The inset shows the difference between the
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interacting events and individual, norteracting events; the fact that the difference is
measurably noizero demonstrates that the interaction between tlatghe substrate is
nota convolution of events except at large distances. The true nature is akin to a Markov

process.
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Figure 2.2.5Interaction between two contact points described in eq. 2.2.10

2.2.3 Extension to a Moving Tip

The previous seion showed that two nearby points of contact interact with each
other. If a tip is in motion, there should be a compact mathematical relationship between
the temperature profile and the product concentration. Assuming an instantaneous
temperature profilethe temperature profile moves along the substrate simultaneously
with the tip. As seen from the perspective of an individual point, the point is locally
subjected to an initial temperatullg, after an infinitesimal time step later (Deitg, the
same point is now subject to temperatlydor another infinitesimal time step (Deit3).

Using the same approach developed in the previous section, the final percent product

concentration after both time steps is

29



.- —Hg —Egq
—A-( _"LrD-EH':'TD' +_"Lr._-aR':-T )

17,

[P...]
(2.2.11)

Continuing this process for time steps (Deifta Delta t3, ---) and the subsequent

temperaturesly, T3, --+), the final product concentration is given by:

=l

2 -E,
[Pf] gy E—A-EJ:_‘L:J--ER'I-TJI’I g E—A"F'ER'E'T:'L‘:I}
[Peoe]

dt

(2.2.12)
where the final integral coméom assuming infinitesimal time steps. Finally, assuming

a constant speed, eg. 2.2.12 can beritten as:

(2.2.13)
wherev is the motion of the tipx,r epr esent s the tipbs m®mositioc
represats the point of interest.

While only 1:D expressions are examined here, similar results can be derived for
2 or 3D. More complex formulas for different circumstances are derived from the
analysis suggested in this and the previous section.

Eq. 2.2.13$ the starting point for understanding TCNL. As will be discussed in a
subsequent section, there is great uncertainty in the determining the exadudipd
temperature profile. Despite these difficulties, there is a lot to be gained however from
assunmg a temperature profile to learn how different parameters alter the technique.
Using the same decaying exponential profile (eq. 2.2.6) with a decay length of 100 nm,
eq. 2.2.13 is plotted iRigure2 . 2. 6 for four differemk, speed
1 mm/ s) . Looking at a fixed speed (10 em
temperature is an-Shaped curve; this-§hape results from the increased reaction rate

from an increased temperature. This simulation agrees with the previous section
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discussion of how temperature affects the static tip situation. At low (high) temperatures
less (more) of the substrate undergoes the chemical transformation. While at higher
temperatures there is a plateau in product concentration resulting fromitiheefactant

concentration, negligible amounts of the polymer transform at low enough temperatures.

1.00
— 1um/s

g 10 um/s
= — 100 pm/s
20-75 F— 1 mm/s
S
17}
E 0.50 }
-
=
g 0.25}
O]
o

0.00 = ) .

100 200 300 400

Peak Temperature (°C)

Figure 2.2.6Plot of 2.2.13 with decay length of 200 nm

Effects of Speed on TCNL

Mirroring the discussion of varying dwell time, simulations dfedent speed
conditions are shown iRigure2.2.6. The signature-&irve typical to bounded growth
equations is still present for all speeds, but the curves shift to the right with increasing
speed. Comparing speed to inverse dwell time and mimickengiscussion in the dwell
time section, allows us to conclude that for faster (slower) speeds, less (more) of the
polymer undergoes the chemical transformation.

To see how speed evolves as a function of polymer transformation, eq. 2.2.13 can be re

written as:

A 1
" In(1—Pr) In(1-Pr)

v
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(2.2.14)

-Eg

where ¢ = [efT*e¥dx_ and Pr = [P]/[P.,.] is the percent transformation. Eq.
2.2.14 still maintains the temperature dependence throught thegiable, but using a
referencePr,., at reference speet,.,, differentspeeds can be computed as a function

of percent transformation:

111[1 — P'rmf)
In(1— Pr)

V= Vpp
(2.2.15)
The interesting thing about eq. 2.2.15 is that it removes the complications of knowing an
exact temperature profile, and replaces it with an experimentally determined reference
percent transformation. We leave it to chapter three to discuss the limitations and
difficulties in determining an exa&i,.. .

Eq. 2.2.15 is plotted for a reference speed (10 um/s) with a reference percent
transformation (0.99) irFigure 2.2.7. Thevariants of eq. 2.2.15 for higher order
reactions (¥ and 3 order) are also shown iRigure2.2.7. Interestingly, to span the
percent transformation of 0.01 to 0.99, a first order reaction requires about 3 orders of
magnitude for speed, whereas a secorder and a third order reaction requires about 5
and 7 orders of magnitude respectively. The differences in the speed range provide a nice
physical basis for determining whether a substrate patterned with TCNL is a first, second,
or third order reactin.

There is also a rather esoteric relationship between speed and the order of

reaction; taking aPr,..=0.9, the computed speed for Br =0.99 follows the

relationship:

__ Vrer
p=__ref
10m14 1

(2.2.16)
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where n is the order of reactiofrigure2.2.7andeq..22 . 16 t el | us that a
order of reaction increases, the corresponding reaction becomes more immune to changes
in speed. Therefore, higher order reactions are therefore better candidates for reliable

high-speed TCNL patterning, since they éess affected by speed.
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Figure 2.2.7Plot of eq. 2.2.15 and higher order variants; the reference speed is 10 pm/s
and the reference transformation percentage is 0.99

2.3 Expanding to the Surface and -®

Eq. 2.2.13 provides the probability foretithemical transformation for a single
point in space. To expand this equation to a surfacelsface, consider a volume of
space which has been discretized into small pockets Repae 2.3.1 for a 2D
schematic). EqQ. 2.2.13 describes the probgbitir each point, and a sum over the

probability in the space of interest computes the number of sites undergoing the entire

-3

i

reaction:

(2.3.1)
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WhereN is the number of sites that have undergone the reaéinig the probability 6
transformation at sité, and the summation is over available sites in the volume of

interest.

Pr \Pr, |\Pr,\Pr, |Pr,|Pry|Pr,|Pr, |Pr, |Pr

1 2 3 4 5 6 7 8 9 10}

Pr \Pr \Pr APr \Pr \Pr JPr \Pr \Pr [Pr,

11, 12| 1. 14| 15 16 17] 18] 19§ 204
Pr, \Pr \Pr )P, |\Pr.APr,\Pr \Pr,Pr JPr._| D} AV
Pr \Pr\Pr.\Pr. \Pr.Pr. JPr Pr. APr. IPr

31 32 33 34 35 36 37 38 39 4

pr \Pr Pr Pr \Pr dPr.dPr Pr JPr JPr,

41 42 4. 44 45§ 46 47 48] 49 504

Figure 2.3.1Schematic for eq. 2.3.1

Dividing N by the total number of available reactive sites gives:

N X Pr, X Pr
Nmt Nmt Ez’ 1

(2.3.2)
WhereN, . is the total number of available sites. Finally, since each site occupies a fixed

volume, deltéV’, the above can be-kritten as:

N X Pro-AV _ X Pr-AV [ [[Prdxdyd:z
N.,. N,_.-AV XAV  [[[dxdyd:z

tot tot

(2.3.3)
Where the integral comes from assuming a continuous distribution of reactive sites. Here
x and yare in the plane of the surface and z is normal to the surface. To compute the

effect on a local region of a surface, the z integration can be ignored:

N _f_rFded}r
Ntot_ .r.rdx'i}’

(2.3.4)
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For this work, we ignore the-iptegration since our patterning technique (Bégure
2.3.2), places consecutive ziag lines close to one another (<125/2 nm~FWHM for the

polymer substrate). This allows us to proceed with using equations 2.2.15.

Surface Patterning

>
}125 nm

X

Figure 2.3.2Rastering image to pattern a substrate

For 3D body effects, the-dependenceannotbe ignored, and it will be further

discussed in chapter 4.

2. 4 Discussion of the Assumed Temperature Profile

The exact form for the temperature profile is incredibly difficult to compute.
There is limited evidence to suggest that the heat equiatils down to these length
scalef95]. There are some works which assume the heat equation holds,tdut of
boundary conditions are ignored, such as convective c¢®bhgcalling into question
whether tle results show the validity of the heat equation. Solutions to the heat equation
are boundary condition dependent and because eémutinuum effects in the tip, these
conditions are a feat to compute. Given the length scales, the Boltzmann Transport
equation for the phonon distribution provides a more accurate sdl@on Moreover,
the literature agrees the main form of conduction is through tf@8giandwhile this is
undoubtedly true, computing this effect on the temperature profile is also difficult and
mostly done with Monte Carlo simulatid@8] . There are also other effects to consider

here, such as the glass transition temperature andelssitic behaviof$2].

35



Since there is uncertainty in the temperature profile, we make an approximation based on
some previously attained results. The assumed profile will be the same one used
throughout this chapter, spécally the form in eq. 2.2.6. The motivation for this profile
comes from the fact that if the static heat equation holds, the Laplacian form demands an
exponential decay. Previous results suggest that it is possible to attain a 12 nm resolution
movingat 2 mm/s on a similar polymer substfé®, and we use this resuti determine

the decay |l ength. Assuming the tipbds r ad
associated with this speed is 20 nm/(2 mm/s) ~10 ps. Plugging this into eq. 2.2.4, the
computed temperature is about 650 K to attain 99% conversion. Wsngstthe peak
temperature in eq 2.2.6 and substituting this temperature profile into eq 2.2.13,
comparisons of different decay lengths (1 nm, 20nm, 50 nm, 100nm, 1000nm) shows that
a decay length of 100 nm was closest to the 12 nm resolution at 1 nive/sise this

form for our temperature profile throughout this work.

2.5 Final Word

The intent of this chapter was to help develop the intuition and some of the basic
mat h, chemistry, and physics for TCNLOs g
kinetics nodel and working with a temperature profiles, it was shown how different
parameters (decay lengths, peak temperature, and time scales) affect the mechanisms.
The analytical methods necessary for predicting how more complicated situations will
react weralemonstrated. The model and results discussed in this section will be used for

the remaining chapters.
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CHAPTER 3
EXPERIMENTAL MODELIN G OF SURFACE REACTIONS WITH

TCNL

3.1 Introduction

ThermoChemical NanoLithography is a naseale lithographic techniquihat
combines thermally activated chemical transformations with a spatially localized
temperature profile induced by a thermal cantilever. Researchers have patterned with
TCNL to site specifically attach proteins and other biomolefodgsreduce graphene
oxide to grapherjé5], convert hydrophobic maials to hydrophili69], crystallize
ceramic materia[67], and to pattern sersonducting organic polymdigd]. While
theseworks have demonstrated the impressive range of materials suitable for TCNL,
there has been little attempt to quantify and model the technique. Even though there is
much to gain from describing TCNL with a chemical kinetics model, it is equally
important to verify and prove the assumptions and equations experimentally.

Chapter 2 was dedicated to developing the chemical kinetics model describing the
transformation taking place at the -S8prface interface; the next two chapters are
dedicated to experiméad verification of the equations derived in chapter 2. The key
differences between this chapter and the next is that here we focus on surface effects,
ignoring the heat penetration into the sample. To study only surface effects, we couple
the previouslydescribed thermally activated polymer with a flourophore and fluorescent
microscopy; because of the polymer substrate is crosslinked, the fluorophore should only
attach at or very near the surface. Using this method, the basic principles derived in
chaper 2 will be verified, and then we apply the model to design patterns with controlled
chemical concentration variations. We start with a brief review of the electric and

mechanical properties of the thermal cantilevers.
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3.2 Review of Thermal Cantilevers

The thermal cantilevers used throughout this work have an integrated heater built
above the tip; when biased with a voltage, these-semducting cantilevers heat due to
resistive heating. While there is ample literature on the thermal and electrictipopé
thermal cantilevef92, 100-107, the basic concepts, terms, and properties are reviewed
in this sectio . All tips used in this work were

lab at University of lllinois at Urban@hampaign

3.2.1 Thermal Cantilevers: Fabrication and Design

The cantilevers are fabricated with ion implantation methods to introduce
cortrasting doping levels. The cantilevers are etched from a silicon wafer; the wafer
comes with a native doping concentration of abodf An®. The legs are ion implanted
with high doping levels (Phosphorousitype 13° /cm®) causing them to be highly
conductive, and the integrated heater region above the tip is doped with low levéls (10
10'%cm®) (seeFigure3.2.1]100]. While the doped legs are highly coutive, the heater
region is more resistive, and as a result of this doping contrast most of the electric power
(~90%) is dissipated in the low doped red®l). This influx of energy results in the
localized heating of the low doped region; because of this localized heatinigwthe
doped region is referred to as the heater. Finally, the tips are sharpened with an oxidation

procedure, described in the literafl@3.
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Figure 3.2.1(a) Graph of thermal cantilever resistance versus power dissipated across the
cantilever; 90% of the power dissipated in the heater region. (b) SEM image of a
thermal cantilever. Ima@i&04 reprinted with copyright permission © 2008 Taylor and
Francis

The fabricated cantilevers have a reported stiffness el1Q/h. The resonant
frequency is approximately 600 kHz;the length and thickness are ~150 pm and 600 nm
respectivelj92, 105. The tip height is ~1.5 um, and the raliaf curvature is ~20
nm[92]. The mechanical properties are important since they can tune different thermo

electrical properties, such as thermal constri¢liod).

3.2.2 Electronic Properties

The heater region digmtes most of the power because of the doping contrast. As
in most metals, the resistance in the silicon tip has a positive temperature cofdftient
because ofhe increased scattering from phorfd@€]. Above a certain temperature, the
temperatee coefficient switches to negative values because the increased temperature
causes the intrinsic carriers to dominate condufti@n; the temperature, at which this
switch occurs, is commonly referred to as the thermal runaway. Measurements with
Raman Spectroscopy revehht the thermal runaway occurs at about-680 °C in the
heater regiof92]. Raman spectroscopy also shows that the integrated heater temperature

is linear in botkcantilever resistance and dissipated power and because of the consistency
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of the thermal runaway temperature, both the resistance and power can be used to
estimate the heater temperature to about 10% accuracy.

The temperature at the tgurface interfacesireported to be less than the heater
region; this results from thermal transport down the tip andceabinuum effects.
Depending on the thermal properties of the substrate, thsultigirate interface
temperature is ~06 . 1 o f t he h eematue;rmore thgrmadlynconsluctivee mp
surfaces typically have a lower efficiency (~0.1 for Grapf@@j¢ while substrates with
a lower thermal conductivity have higher values {@.8 for organic substratg, 10§).

This loss is referred to as the tip efficie[yg.

3.3 ThermoChemical NanoLithography: Temperature Dependence

The polymer substrate is the same one detailed in chapter 2. The chemical
strucure of the polymer, poly((tetrahydropyra+2-yl N-(2-
methacryloxyethyl)carbamatep-(methyl 4(3-methacryloyloxypropoxy)cinnamaté)is
shown againFigure 3.3.1; for convenience in this chapter, we refer to the spin case
polymer substrate as the polymerpmlymer substrate. The polymer was synthesize by
Professor Set h R. Marder 6s | ab at Geor gi e
chemical preparation of the polymer is described else\Wrda09, but some key
features are discussed here.

The polymer has a protected functional amine group; when heated, the protection
group dissociates, leaving behind a&axposed functional group to which various
complementary chemistries can be attaf®4d The dissociated groups (gaseous CO2
and dihydropyran) are volatile enoutitat more than likely they diffuse aw&y]. To
ensure the pol ymer Ssubstrate structure re
temperature is increased with an increased UV induced -krdssg between the

pol ymer 6s cinpdmate side chains
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Figure 3.3.1Chemical structure of polymer

3.3.1 Methods and Descriptin of Experiments

A typical experiment to tFrgare3.3Rdhywheremodel 6
an array of squares tests the validity of the chemical kinetics model; each square is
written at a fixed heater temperature. The numbers indicate tyabaés for power
dissipated across the cantilever. As explained in section 3.2.2, the power dissipated
across the cantilever is approximately linear to the heater temperature, and so the heater
temperature in each square is maintained through a comigetdivack system which
monitors and adjusts the power dissipated across the tip. The minimum change in power
is limited by Johnson Shot no[4€1, 11(. Figure3.3.2b shows the polymer before it is
patterned. Because of the spimating and thorough cleaning, the polymer surface is flat
and smooth. After the patterning, noticeable changes in the topographg c&en in
Figure 3.3.2c. At higher temperatures, the surface starts to show an enhanced
topographic change, specifically a drop in the surface height caused by the material loss
from the chemical transformation. At lower temperatures, there is lessah&iss since
as we will discuss less of the polymer undergoes the chemical transformation. The

correlation between the height and temperature is fairly difficult to accurately reproduce
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for this polymer; as a result, we focus on surface effects. ake the change in
topography as qualitative evidence that the polymer has undergone a transformation. Z

penetration and-B conversion are discussed in the next chapter.

(a).(b).(C).‘ ZO'Onm
-30.0 nm
Figure 3.3.2(a) Typical experiment to test the chemical kinetics model. Tebats

indicate typical dissipated powers for these experiments. (b) AFM image of the polymer
substrate prior to patterning. (c) AFM image of the pattern detailed in (a).

While AFM measurements are suggestive that TCNL has induced some form of
change fluorescent microscopy will serguantitatively verify the chemical nature of the
transformation. By attaching an amine reactive fluorophore, the presence of a localized
fluorescent signal both confirms the existence of exposed amines and provides a
medanism to analyze how temperature affects the TCNL process. Fluorescent
microscopy is an effective method for semuiantitatively analyzing chemical
concentrations since the emission intensity is linearly proportional to the concefitration
Other methodssuch as XPS or Friction Force Microscof®FM), allow for a similar

analysis to be done, but each has its drawback. XPS, for example, is tedious and would

% Special care needs to be taki® quantitatively use fluorescent microscopy because
fluorescence can exhibit ndimearity in concentration, such as quenching.
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be difficult to demonstrate designing patt¢irid]; analysis of FFM signals would be
difficult since there may not be a linear relationship between the friction measurement
and the concentration (there is also the interaction between topograghie friction
measurements which may alter the reslts)]. Fluorescent microscopy provides an
efficient, straightforward method to quéwing chemical concentrations.
After the patterns are made, a fluorophore (here {10igyht 633, 25 nM in DMSO), is
used to label the patterned areas. The bound dye concentration relates to the exposed
amine concentration. In areas with a greater cdraton of exposed amines, more dye
attaches. When imaged with fluorescent microscopy, areas with a more dye emit with a
greater intensity and this produces a brighter signal. Dimmer signals correspond to less
dye and lower concentrations of exposed &sin

The dye concentration is kept low to reduce effects from quenching resulting from
closely packed dye molecules and to insure an approximately linear relationship between
the bound molecules and the amine concentration. This former effect is a known
phenomenon, variations of which are used in other microscopy techniques, such as
FRET113114. The latter comes from the fact that the concentration of exposed amines
may be substantial enough that steric hindrance between dye molecules prevents
proportional labeling of the amine concentration. Reducing the dye concentration
alleviates this issue because the dye concentration will be proportional to the amine
concentration at low concentrations. This last fact comes treating the reaction between
the dye and the exposed amines as an equilibrium equation:

_ [D]-[54]
2 [D —5A4]

(3.3.1)

where[P] i s the fluorophor e{%4] isthd aoricéenation ofo n c e n

exposed surface amines, ¢id— SA4] is the surface concentration of bound fluorophore.

By maintaining a low dye concentration and assuming the amount of dye golution
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is much greater than the bound dye concentration, the number of attached dyes should
approximately be proportional to the amine concentration.

The fluorescently labeled and imaged pattern corresponding to the sample in
Figure 3.3.2 is shown irFigure 3.3.3. The orientation is the same as the experimental
setup inFigure 3.3.2. We observe that qualitatively there is agreement between the
chemical kinetics model and the fluorescent signal. For higher temperatures, the intensity
signal is brigher versus the lower temperature patterns; this increased signal results from
a greater fluorescent dye presence which indicates a greater concentration of exposed
amines. Lower temperatures have less dye, and therefore indicate a lower concentration
of amnes. The last row also shows the intensity levels start to level off and form the

same plateau, consistent with the trend seéiigare2.2.6.

Figure 3.3.3Fluorescent image from the experiment showRigure3.3.2
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To compare this result withhé model, there is a standard proceflLit§ to
follow; Fig 3.3.4 shows the steps. Briefly, first a background image is taken to correct
for any uneven illumination resulting from the fluorescent lamp source; this background
divides the raw data image to pumeé an even illumination field. Next the intensity
levels for each square are measured; in order to avoid edge issues, the measurements
must be inscribed in each <S$sgqgaaee, %08 EX
concentric square was used; thispmrtrayed inFigure 3.3.4c with the inscribed cyan
square. To correct for nespecific binding and for standard noise from images, the
intensity levels of unpatterned areas were measured. Finally the relative intensity levels

were calculated using thelfowing formula:

I I

I __‘measured = ‘background
rel I -1
plateaou hackground

(3.3.2)
wherel,; is the relative intensity levels of the square intengifV,..-«z IS the measured
flattened intensity of the patterned squalg..izrouna 1S the average background
intensity resulting from noespecifc binding and noise in the cameng;,;..,, IS the

average intensity of the plateau region fFagure3.3.3 it is the average intensity of the

squares in the bottom row).
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(b)

Figure 3.3.4(a) Theoretical fluorescent image measured with an uneleninlation

field. (b) Theoretical background image indicating the uneven illumination field. (c)
Corrected fluorescent image resulting from dividing (a) by (b). The cyan square indicates
an inscribed to measure a squares intensity level.

The relatie intensity levels are compared against the corresponding relative

version of eq. 2.2.13:

(3.3.3)
whereT,.., is the peak temperature (K, is room temperature (K), lambda is the decay
length (100 nm)T,.... is the peak tempature (K) for the square with the maximum
heater temperature in the plateau. The peak temperature is calculated through:

Toear = To T 1- (Theater — To)

(3.3.4)
where eta is the efficiency parameter discussed previousif, and is the heater
temperature. A reliable methddr computingT;,..:. iS described in the literat &,
92].

To fit the model with the relative intensjtyeta andE, are taken as fitting

parameters. Eta is load dependent and varies from tip to tip depending on the size and
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radius of curvature; the calculatighd6-118 for E, from TGA showed a significant
range and TGA comparisons to data are fairly sensitive to small chandggas(see
supplementary materials of referefif}). Figure3.3.5 shows good agreement between
the model and the experiment. This result confirms that a chemical kinetics models the

technique, and will provide the basis for spatially controlling chemical reactions with

TCNL.
Peak Temperature (°C)
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Figure 3.3.5Compar son of the insetds measured int

Figure 3.3.4) with the chemical kinetics model (eq. 3.3.3). There is good agreement
between the experiment and the model.

Two key assumptions embedded in eq. 3.3.3 are the form dietheerature
profile and neglecting the polymer motion resulting from heating. In chapter 2, the
temperature profile choice is discussed at length, and the final profile choice comes from
matching some previous experimental results with a given decaleprafie latter issue
is justified because the glass transition temperature is increased through the enhanced
crosslinking between polymer components. It is noteworthy, however, that research has
suggested that organic thin films show a decreased géasstion temperature from bulk

materia119-12(. The differences are often small.
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This model works up to temperatures below the polymer glass transition and
demmposition temperatures. If higher temperatures are applied, the labeled polymer
starts to show a measured decreased in intensity signal, followed by a significant drop off
in signal. The first effect is probably from a combination of the glass tramsitio
temperature effects and some polymer decomposition. The second drop off can be
attributed solely to the polymer decomposition since AFM measurements indicate a

height difference in the patterned areas consistent with the film thickness.

3.3.2 ThermoChenical NanoLithography: Speed Dependence

To test the dependence on speed, two experiments were designed. The first
experiment follows the same procedures as in the previous section but with four versions
of the patterns each at different spe¢dd & m/ s, 10 em/ s, 100 &em
labeling and quantification are the same, and the result is shotigure 3.3.6. The
same Sshaped curve is seen for all four speeds, but there is a corresponding shift of the
curve to the right for increaseg@eds. This shift comes from the fact that faster speeds
expose the polymer to the temperature profile for less time, resulting in a decreased rate

of reaction. This shift is also predicted and discussed in chapfteyr€2.2.6).
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Figure 3.3.6Comparison of the model with four different speeds (1 pm/s, 10 um/s, 100
pum/s, 1 mm/s). The results show the curves shift to the right as predicted in chapter 2.

The second experiment fixes the heater temperature and varies the speed across
approximatey four orders of magnitude. The experiment and results are shdviguire
3.3.7. As the speed increases, the relative percent of transformation decreases. The
model predicts an exponential decay with respect to inverse velocity, and the measured

data fts this prediction well.
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Figure 3.3.7(a) Experimental setup in which the temperature is fixed, but the speed is
varied across 3 orders of magnitude. (b) Fluorescently labeled image corresponding to
the experiment in (a). (c) Comparison of the mead fluorescent intensity to the
chemical kinetics model with a fixed temperature and varying speed.

Figure 3.3.7 shows that for a fixed temperature, in order for speed to span the
chemical transformation6s r angeofspeedpgea 0oXxi ma
needed. This agrees with the predictions made in chapter 2, and interestingly, this speed
dependence provides more credence to a first order chemical kinetics model being
applied to this chemical transformation. As discussed in chaptes 2h#mical kinetics
model predicts that"® and 3 order reactions require a greater range in the speed (5
orders of magnitude for"? and more than 7 for%order); if the polymer were not a first
order reaction, it would exhibit a different range peed than the observed range.

The key assumption for these experiments is that the temperature profile minimally
changes at different speeds. We justified this with our own calculations in chapter 2,

which showed the temperature profile should reach cstaquilibrium near
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instantaneously; additionally, other temperature profile time scale calcujatiprase
below the time scales associated with the tip radius and speeds up to ~10 mm/s.
The results shown in this section are the basis for using speed to control chemical

reactions as will be discussed in a subsequent section.

3.3.3 Controlling Chemical Reactions with Temperature

In section 3.3.2, it was shown how to model TCNL with chemicaktica
assuming a fixed speed and variable temperature. In this section, the model is applied to
control the relative chemical transformation and produce intended chemical concentration
gradient profiles at fixed speeds. The basic procedures are outlirfedure 3.3.8,
where the starting point is a calibration curve to find the fitting parameters et@, and
these are measured through the methods suggested in section 3.3.2. The designed pattern
(here a linear gradient) is translated into @ygcale, which relates each intensity value to
a percent transformation (i.e. from about 0 to 1). Coupling eq, 3.3.3 with the measured
E_ backs out the peak temperature field for a given relative concentration, and a new map
detailing the peaktemperature is drawn. Using eq. 3.3.4 with the measured eta
determinesTy,...., (Step not shown), and using the methods described in the literature,
Th.arer translates into a power map. Spatial distribution of the power controls the
chemical cacentration profiles to produce the initial design. Other parameters, such as

load and speed, should be the same as those used to niasnidecta.
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Figure 3.3.8 Schematic explaining how to create controlled chemical concentration
profiles with TCNL.
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An example of one set of designed patterns is showriguare 3.3.9. The three
designed forms vary between 0.2 and 0.8 relative values, and they have three different
forms: a sinusoid, a linear canoip, and a cubic carrabp. There e also a set of
squares written off to the side which act as a normalizing intensity value. After being
patterned, the sample is labeled with a fluorescent dye and same procedures for flattening
and computing the relative intensity values described quely are used to
guantitatively compare the fluorescent results with the intended profile. The results,
shown inFigure3.3.9d, compare well with the intended profiles, and variations along the
profiles are smooth and measureable. This result verlimscoupling TCNL with a

chemical kinetics model can design and create controlled chemical concentration profiles.
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Figure 3.3.9 (a) Userdefined concentration profile. (b) Map describing the power
distribution as a function of position. This is dbh&d by following the procedures
displayed inFigure 3.3.8 (c) Fluorescent image corresponding to the pattern defined in
(@ and (b). (d) Plots comparing the udefined (intended) concentration profiles
against the experimentally measured values sego).i
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Typical results show about al®% percent deviation from the intended profiles;
the reason for this deviation can be attributed to the fact that there may be some small
difference in film thickness from the calibration step to the designed patté@ires film
thickness affects the peak temperature (eta) because the underlying substrates thermal
properties (here silicon) start to manifest at thin films. The deviations can also be
attributed to the normalization value; if this is off by a small amhaunan affect the
range of the relative concentration results. The deviations in the normalization values
likely arise from slight variations in film thickness and shot noise in the thermal
cantilevers.

The results shown iRigure3.3.9 demonstrate trability to control concentration
profiles in 2D. Figure 3.3.10 show the ability to extend this inteD2concentration
profiles. In these cases, two images are converted from a grey scale imageDto a 2
spatial power map. Instead of having the tip mometinuously across the substrate, the
tip remains at a pixel for a fixed period of time with the power being set by the spatial

power map. Instead of using eq. 3.3.3, a static version backs out the peak temperature:

_—Ea
Pr=1-— e'-‘l'fd'ERT““;"

(3.3.5)
where Pr is the gey scale value and; is the fixed dwell time (here 50 ms). There
should be some difference between the two methods, but since the intent is to show
approximate control in-B, this suffices. Figure 3.3.10 shows the results of two images,
daVi n dviona sisascaled downto ~38 4 CFamch a 4 4reptica 8fAnse m
A d a nRoge and Driftwood The pixel spacing is about 125 nm which is optimal for

fluorescent microscopy (otherwise diffraction would blur the image too fpachl this

* An excellent example of this is given in chapter 4
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125 nm spacing is also about the FWHM nuead on this polymer substrate (see section

3.3.4).

(b)

Figure 3.3.10(a) (Left) OriginalMona Lisai ma g e ; ( Ri g Hteproduct®®of x 40
the Mona Lisa(commonly referred to as thdini Lisa). (b) (Left) Rose and Driftwood

1932, photograph by AnskA&dams,copyright 2012 The Ansel Adams Publishing Rights
Trust. ( Ri dteproductiod oRose and Dritwood

The results shown in this section demonstrate the ability to use TCNL for
designing and creating controlled variations in the chalmioncentration by tuning
temperature. The assumptions made for producing these patterns are the same as in
section 3.3.1. Interestingly, the techniques and methods described in this section can be
applied to other molecules, such as proteins or DNAgver, there are differences. For
example, to account for differences in binding and packing densities, the first step

calibration curve needs to be done with the final attached molecule.
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3.3.4 Resolution Measurements

The Full Width at Half Maximum (FWMI) determines the length scales down to
which control holds, an&igure3.3.11 shows the FWHM measurements of several lines
at different temperatures. The measurements were made with an AFM using Friction
Force Microscopy (FFM); FFM is capable of detegtichanges in surface chemistry
because the capillary interactions between the tip and substrate are enhanced or
diminished depending on the surface hydrophiljdity2, 121]. In particular, amine
exposed areas are more hydrophilic thdre tprotected polymgt09, and the

corresponding FFM measurements show areemsxd interaction in the patterned areas.
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Figure 3.3.11(a) Friction measurement of consecutive TCNL patterned lines spaced by
125 nm. Cyan square indicates the average profile shown in (c); scale bar (red) is 1 pum.
(b) FWHM measured with FFM fordes written at different powers. (c) Profile showing

a smooth variation of the friction signal over a topographically flat area. The friction
shows a measureable change over distance of 20 nm.

The measured resolution is about 150 nm, which is latigen previously

reported on the same substf&#®. The difference may arise from the film thickness:
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previously the films were up to 150 nm thick and the filmsdulor this work were ~50

70 nm thick. The measurement styles were also different. Previously, bound proteins

were used as the standard, but because of packing densities and efficiency loss from the

multiple layers of chemistry to attach the protein, thsolution could artificially be

increased FFM is a more intimate method that will exhibit a higher sensitivity.
Figure3.3.11a shows an experiment in which the two different temperatures were

written at a spacing of 125 nm. As can be seeRigure 3.3.11c, the friction profile

shows a measureable change over distances of ~20 nm. This represents the lowest bound

down to which TCNL controlled reactions work. The flat region over which the friction

is measured indicates that the measurements are witheut having the friction

convolve with the local topography.

3.3.5 Controlling Chemical Reactions with Speed

The previous section demonstrated how to control chemical concentrations by
tuning temperature; this section is dedicated to showing comtrotleemical
concentrations realized using a spatially varying speed. The procedures for doing this are
similar to those for temperature, and the main difference is the governing equation, which
for speed is given by:

ln[l — F'T,,Ef}

VT Vrer In(1— Pr)

(3.3.6)

wherev is the céculated speedPr,.r is a measured reference percent transformation
done at fixed temperature and a reference spggd, and Pr is the variable percent

transformation.

> By resolution, we mean resolving power; increased resolution refersdller lengths.
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The first step is to select values r,.-and av,.,. The optimal choice is a
Pr...~ 0.50, as will be explained later. The valueior, can be any reasonable value,
the value used here is 10 um/s. A calibration plot similar to the one discussed in section
3.3.1 with the slectedr,., determines the eta arij values. The power needed for the
peak temperature for the selectex}is computed, and using the eq. 3.3.6, the spatial
distribution of speed is computed as a functiofiraf

The results of one experiment are shownrigure3.3.12. The functional forms
shown are a sinusoid, a line, and a dtetion; the intensity normalization values are
not shown. A quantitative comparison between the experimentally measured results and
the intended profiles shows good agreement. The changes in the profile are both

measureable and fairly smooth.
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Figure 3.3.12 Experimental results showing controlled changes in chemical
concentrations using variable speed. The plots indicate gg@raent between the
userdefined profiles and the experimentally measured values.

There are some differences between the intended and measured profiles. Some of
these differences arise from the same difficulties discussed in the temperature control
section, such as film thickness. Most of the differences, however, come from having an
inexact Pr,.rvalue. Recalling thafr,, is a selectedneasuredvalue, Figure 3.3.13
shows how a small deviation in the actual valuePiy - can ripple into deviations from
the intended profile. For this reason, the optimal choiceAs, g somewhere between
0.2-0.8; at too smalPr,..- values or a value too close to 1, errors are amplified because

of the nature of eq. 3.3.6T'he green scatter plot curve is the intended profile. The black

indicates a theoretical curve where the meas8rgg: is 0.5 but the actudir,.. is 0.55.
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The blue curve is the theoretical output for situations in which the meaBz«gds 0.01
but the actuaPr,., is 0.035. Finally the red curve is the theoretical output for situations
in which the measuréi,..- is 0.99 but the actuelir,.r is 0.965. The results seen in

Figure 3.3.13 show that the diffence between the intended curve and the theoretical

measured curve is minimized foPg,-of 0.5.
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Figure 3.3.13Plots showing how errors can be amplified in eq. 3.3.6. See text for
details.

While Figure3.312 shows variations in only[}, eq. 3.3.6 could be used to create
2-D profiles; however, this would be rather difficult, since secondary effects such as
acceleration and timing would need to be taken into account. Another option would be to
use a static form of the equation as dan¢hie temperature case; however, the intent of
this section is to show that speed can be used control the surface reactiBiggireo

3.3.12 suffices for this purpose.

3.3.6 Comparison of Temperature and Speed

Figure 3.3.9 and 3.3.12 show two differentethods for controlling chemical

reactions, and while it is instructive to ask which is better, there is no easy response to

6C



this. Both have their advantages and disadvantalgigsire 3.3.14 shows the result of a
comparison between temperature controlfgatterns and speed controlled patterns.
Because the results are so similar, there is little conclusion to draw about which is better.
The key advantage to temperature, however, is that it is easier to impleDeaan2plex
patterning; the key advantager speed is that the large working range for speed (3 order

of magnitude) could lead to a reduction in error if the input speed is off.
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Figure 3.3.14Comparison of fixed temperature versus fix speed designed patterns. (a)
Fluorescent image with fixegtmperature on the left and fixed speed on the right. The
normalization factor is not shown. (b) Plots of the intensity signals versus intended (solid
line).

3.4 Final Word

This chapter was dedicated to proving and verifying the model derived itechap
2. In addition, the model was applied to control chemical reactions by varying
temperature and speed. The results showed good agreement, and while some effects
were ignored, this shows that the chemical kinetics model describes most of the observed
and intended chemical changes taking place at the polymer substrate. The truly powerful

aspect about the methods and techniques developed in this section is that they are not

61



limited to using fluorescent microscopy to measure a change in a substratathbut r
they can be generalized to other physical or chemical properties such as the change in
conductivity of graphene oxide to reduced grapf@sle Another example is described
in chapter 4, where because of the chemical transformation taking place, there is a

measureable physical change taking place as well.
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CHAPTER 4

EXTENSION OF TCNL TO 3D

4.1 Introduction

Previous works have shown thaCNL induces chemical transformations on a
substrate. In chapter 3, we showed that temperature and speed can tune the amount of
reaction at the surface. The ability to tune surface reactions down to neascaéno
sizes and with such accuracy holds pariior a number of different research fields (see
chapter 6 for examples). In reality, the chemical reactions driven by TCNL are not
limited to the surface, but rather occur ibJecause the temperature profile penetrates
into the surface. The transfoations from TCNL extend not only along the surface but
also into the body of the substrate. The penetration of the TCNL reaction into the sample
(hereto referred as the-dependence) undoubtedly leaves behind a measurable and
detectable effect. For exgle, TCNL has been used to reduce graphene deridbres
66]; the results have shown an increase in the conductivity of the patterned areas. This
reduction convision, however, measures not just the surface transformation, but also the
z-dependence of TCNL (in graphene for example, there are a few layers of material).

Chapter 3 focuses on describing and modeling how TCNL can be used to control
reactions; becausee attached fluorescent molecules to exposed surface amines, our
measurements were confined to the surfaces and we did not develop a systematic
approach to detect body effects. In reality, an understandingBheffécts of TCNL is
guintessential for o#tr applications that extend beyond surface patterning-Bb 3
lithography55-56] or controlling ferroelectric properties with TCNa7, 122-123.
Chapter 3 was also limited in that we relied on quantitative fluorescent microscopy to
analyze and verify the chemical kinetio®del, but most materials that have been used in

conjunction do not always exhibit physical or chemical manifestations of TCNL induced
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transformations that are easily converted to fluorescent microscopy. It would be useful to
develop a technique to extenthe results from chapter 3 to other material
transformations. The goal of this chapter is 4fwoiol: 1) to go beyond surface only
effects and examine thedependence of TCNL and 2) to develop a method to expand
our analysis from relying on fluorescentamascopy. The first goal is motivated by the

drive to understand and predict the effects of the TCNL process on substrates, such as
graphene oxide/reduced graphene. The second goal expands the chemical kinetics model
and predictions to other materials ialh exhibit different physical or chemical
manifestations from TCNL induced reactions.

To accomplish these goals, a different organic polymer is introduced: a -poly(p
phenylene vinylene) (PPM)recursor, known as polyxylene tetrahydrothiophenium
chloride)(PXT). PPV is a sengonducting polymer which was first introduced as an
organic polymer alternative for light emitting diodes (LER&¥]. The conversion of
PXT to PPV has been demonstrated down to about 7[¥CGhnusing TCNL, and
processing the polymer substrate can reduce this even further down to abouf590 nm
What makes the trafemation process from the precursor film to PPV attractive as a
candidate for studying-B effects is that the transformation leaves behind a measurable
and quantitative change in the materials photoluminescence, and because the films have a
certain thickiess, the intensity of photoluminescence depends on how far the reaction
penetrates into the sample.

This chapter is organized into four parts. The first part expands the chemical
kinetics model developed in chapter 2 to compare surface effects witkddpendence.

The second part discusses the transformation of the precursor film to PPV. The third part
semiquantitatively shows how PPV changes as a function of heater temperature, and we
show that one of the physical manifestations of the chemicaftnamation is a change

in the surface topography. We exploit this relationship in the last section to produce

64



topographic gradients and to make a very rough approximation about the temperature

profileds decay |l ength into the sampl e.

4.2 Simulations of Clemical Kinetics in 3D

In chapter 2, an equation for TCNL induced transformations was derived for the
body transformation given as:

Py — N — IIIFT(I:}’,E]dId}’dz
roa Neo: J [ [dxdydz

(4.2.1)

where Pry,4, is the probability that the volume of interest undergoes the chemical

reaction, ancPr is the spatial probability a single point undergoes the reactfnis

given by:

A BiTlx, | xvzEl]
_A T AT xg |xpzl]
F‘T‘(Ir}’:zj =1—e v~ e el

(4.2.2)
As explained in chapter 2, we ignore thaligection dependence since the distance
between consecutive lines is on the order of or smaller thafAhéM. We also ignore

the x dependence because we avoid edge éffedtsith these assumptions, eq. 4.2.1

reduces to:
Pryos, = N [Prdz _ [ Pr(z)dz
N, [dz L
(4.2.3)
wherel is the film thickness, anBr(z) is now given:
Priz)=1-— e_g"raﬂ%:mdx”
(4.2.4)
® This is not the same as ignoring théntegral. x,i s an i ntegr al over
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Eq. 4.2.3 is complicated since it reliesalily on knowing the temperature profile. As
discussed in chapter 2, the temperature profile is difficult to compute; furthermore, even
with an analytic form for the temperature profile, closed analytic forms for equation 4.2.3
are not easily computedinstead computational forms are needed, and for simulations
done below, we break theitegral into uniform, discrete layers, and replace the above

with:

(4.2.5)
where the summation is over the different layers, Nrsl the number of layersTo gain
insight to how equation 4.2.5 depends on speed and z decay lengths, a temperature profile
will be assumed:
T = (T —7,)e T2
(4.2.6)
where lambda is the x decay length and Lambda is-tezay length.

There are three regimes to consider: Lambda equal to IthetHickness (L),
Lambda greater than the film thickness, and Lambda less than the film thickness. For
these simulations, the film thickness is 50 nanometers, and each layer is assumed to be a
nanometer thick.

Figure4.2.1 shows the simulations of the fage and body transformations for
three different -decay lengths (50 nm, 100 nm, and 25 nm) and a fixed lambda (100 nm)
for four different speeds (1 um/s, 10 um/s, 100 um/s, 1 mm/s). The first thing to note is
that universally across these simulatioastér speeds show the same shift in the curve to
the right that was predicted and experimentally verified in chapters 2 and 3. To
understand how the filméds body transfor ms,
familiar, and since we have developed itbn in chapter 2 and experimental evidence in

chapter 3 for surface reactions, we use the surface transformation as a frame of reference.
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Conceptually, there is a difference between the two because as is explicitly stated in eq.
4.2.5, body effects inate not just a single layer, but multiple layers. But as we will

show, we can think of the body transformation not as a continuous structure, but as a set
of Iayers undergoing an effective fisurface
dependenbn the zdecay length.

In all three cases, peak temperature required for anytriviel percent
transformation value is greater than the peak temperature for thessaiaeepercent
transformati on. For exampl e, dace pér€ent e m/ s ,
transformation of 0.50 is about 190°C, while the body transformation requires a peak
temperature of about 480°C, 300°C, and 240°C-ftecay lengths of 25 nm, 50 nm, and
100 nm respectively. Physically this comes from the decay of the tatapee profile
through the 50 nm thick film, and in order for the chemical transformation to occur some
distance into the film, the peak temperature must be increased to compensate for this

decay.
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Figure 4.2.1(a) Simulation of the surface transformation a decay length (lambda) of
100 nm for four different speeds. Simulations at four different speed for the body
transformation for three differentdecay lengths: (b) Lambda = 50 nm, (c¢) Lambda =
100 nm, (d) Lambda = 25 nm. The assumed film thickiss8 nm.

The discrepancies between the body and surface transformation temperatures start
to dwindle as the-decay length (Lambda) increases. This is demonstrat&igure
4.2.2, where a simulateddecay length of 400 nm is shown. The differertoetsveen in
the temperature ranges are minimal in comparison to those for short decay lengths, such

as those shown iRigure4.2.1d.
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Figure 4.2.2Simulation showing that at largerdecay lengths (Lambda = 400 nm), the
body transformataroqe s sttampser atour everrl ap
transformation temperature range.

If Lambda is decreased to the approximate spacing between layers, the conversion
of individual layers can be observedtigure 4.2.3 shows the simulation for adecay
length of1 nm; this decay length match the spacing between layers. The conversion of
each layer is labeled in the figure; each layer follows aur8e, but over different
temperature ranges. ThecB8rve becomes exaggerated with increasing layer, the
exaggeratedorms account for why at shortdecay lengths (such as 25 nmHRigure
4.2.1d), the Surve starts to skew from the sharp curves seen for lardecay lengths.
We can approximate the required peak temperature for each layer by accounting for the
decayof t he temperature profile. For exampl
0.50 occurs at about 190°C, or about 170°C above room temperature, for the surface. For
the same percent transformation, the second layer requires a peak temperature of
appoximately:

170°C
—— ~ 460°C

‘,‘.‘JEEJ{N

above room temperature (or 480°C), and the third layer needs about:

170°C

'
k —
pea a2

R 1250°C
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above room temperature.
The above calculations based Bigure4.2.3 can be generalized to approximate

any zdecay length to:

(_Tsu:—'fﬂcs - TG)ME_E]:‘L
(.Tbad}' - Tﬂ)

(4.2.7)

where TuracelS the approximate pd temperature at which the surface undergoes 0.50
percent transformation analyis the approximate peak temperature for which the body
undergoes 0.50 percent transformation. Comparisons of eq. 4.3.7 with the discussion for
Figure4.2.1 show good agreeent.

Figure 4.2.1:4.2.3 and eq. 4.2.7 tell us that what affects the conversion of the
body is not the decay length, but the ratio between film thickness anetldeay length.
Eq. 4.2.7 could also be used in reverse to determine an approxirdataylength

associated with a given material.
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Figure 4.2.3 Simulation showing that at smalldecay lengths (Lambda = 1 nm),
activation of individual layers can be observed.
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Finally, there may arise situations in which the transformation of the @rtiran
z cannot occur; this happens because the peak temperature range is outside of the
operating range of the thermal cantilever, or the material starts to undergo decomposition
at the necessary peak temperatures. To overcome these limitations, \spged)
continuously can provide a useful expression to estimate the decay length into the
sample. If we continue to assume an exponentially decaying temperature profile, there

we can make an approximation based on eq. 4.2.4. We show thisvioiyimg eq 4.2.4

as:
_keppla)
Pr(z)=1—e v
(4.2.8)
wherek, ;- (z) is given by:
—-E
keprl(z) = _[ns’*""'--'f':ﬂfn|Ef]I dx,
(4.2.9)

Figure 4.2.4 shows plots of computédl,-(z) for different decay lengthsk(;:(z) is
represented as circles) and a fixed peak temperature of 22Q9¢(z) seems to follow

an exponential decay, approximated by:

(4.2.10)
where kappa is a new effective decay length, iané related to the peak temperature
through the Arrhenius equation. Fits using eq. 4.2.10 are shown disguie4.2.4 as
solid lines for diferent zdecay lengths.

The relationship in eq. 4.2.10 is significant for two reasons. The first is that for a
given peak temperature, the ratio between the effective decay length andldbayz
length for different zZdecay lengths is approximately ctarst (seeFigure4.2.4b). The

ratiobébs value is dependent on the peak t
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ranges of ~12@20°C, the ratio varies very little (as seen from the insétgare4.2.4b,

about 913). This narrow range for the i@tan give us an approximation for thelecay

length.
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Figure 4.2.4(a) Simulations (circles) and fits (lines) kf;;(z) based on eq. 4.26 and eq.
4.2.9 for six different @ecay lengths (Lambda = 25 nm, 50 nm, 100 nm, 150 nm, 200
nm, and 500m). (b) Comparisons of thedecay length (Lambda) to the effective decay
length (kappa) for the same six Lambda decay lengths in (a). Inset shows how this ratio
change for a fix Lambda of 100 nm and varigig. .

The second reason that.eg2.10 is important comes from combining eq. 4.2.3,
eg. 4.2.8, and eq. 4.2.10. Appendix A shows the derivation, eq. 4.2.11 gives an analytic

form for the probability:

k L k L k k
Pr = (Ei (—”e'i) +1n (—“ e‘E) — Ei (—“) —In (—”)) =
ih gk gk ih L
(4.2.11)
WhereEi(x) is the exponential integifdl25-126], given by:

ICE—I

Ei[x:]=£ —dx
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4.3 Conversion of PXT to PPV

We use the transformation of a PPV precursor film to PPV to demonstrate some
of the predictions made in the previous section. Rewdawehis section are some of the

properties of PPV; substrate preparation is also discussed.

4.3.1 Chemical Transformation and Properties of PPV

The chemical transformation for PXT to PPV ha®raised in a number of
studies The chemical transformatios shown inFigure4.3.1a. PXT conversion to PPV
has been demonstrated with near field UV lithography mefh@ds but instead, we rely
on the thermal cleavage of the tetrahydrothiophene (THT) to fornortdenic semi
conducting polymer. According to the literature, this material follows a first order
reaction (see supplemental information of refergs@¢. The Arrhenius constant, A, is

given by 1.67*10717 1/s and the activation energy is measured to be 128 kJ/mol.

"These are also the values used in the simulations in section 4.2
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Figure 4.3.1(a) Chemical transformation of PXT to PPV. (b) Excitation (solid line) and
Emission (dashed line) of PBV

There are several ways to detect that the transformation has occurred. Since PPV
is a photoluminescent material and PXT is mag, can use fluorescent microscopy to
detect the transformation. The excitation/emission spectrum of PPV is shduguie
4.3.1b. For this work we use an excitation source centered around a wavelength of 480
nm and an emission filter centered around B35

Raman spectroscopy can also be used to detect the transformation of the precursor
film to PPV. Measurement madehigure4.3.2a agree with previous observations: PPV
patterns show an increased response at the 1680(peak as well as in increasethe
1180 cni* pea70]. There exist methods to quantitatively analyze Raman sjda8ls

however, for this particular material, it is unclear whether these approaches Rigjpire

® Reprinted from Chemical Physics Letter, Vol 34y, S.H., Bjorklund, T.G., and
Bardeen, C. JTemperaturaependent exciton dynamics in polygpenylene vinylene)
measured by femtosecond transient spectros&i®; Copyright (2001), with permission
from Elsevier
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4.3.2b shows the photoluminescent signal from a patterned PXT film; this imege w
taken before Raman measuremerfsgure 4.3.2c shows the same pattern after Raman
measurements. There is a noticeable change in the pattern, and based on these results, we
observe that Raman measurements are potentially invasive and need furtheis.analy
Careful treatment should make quantitative measurements possible, but these are beyond
the scope and intention of this thesis. Instead, we rely on photoluminescent
measurements and make the assumption that the fluorescent signal is linearly
proportonal to the concentration of PPV. We justify this assumption by working with
thin films (<300 nm) coupled with the fact that photoluminescence signhals have been
observed to be approximately linear at low concentration regimes (at higher
concentrations theshow nonrlinear effectd)129. We also discuss how to deal with

situations in which the photoluminescence signal is nonlinear to the concentration of

PPV.
(a) — (b) Before Raman
1500 } — PPV
> 1200 ¢ "
< .
> 900
@ (c) After Raman
& 600
£
300

0 boewidys N i
1000 1200 1400 1600 1800
Wavenumber (cm')

Figure 4.3.2(a) Rama measurements indicated an increase in the 1180acm 1600

cm* peaks; this indicates the transformation from PXT to PPV. (b) Fluorescent image of
PPV patterns before Raman measurements. (c) Fluorescent image of the same PPV
pattern after Raman meaement. The circled region indicates the invasive nature of the
Raman probing laser.
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4.3.2 Film Preparation

Silicon substrates were cut into 1 in by 1 in squarBslect samples were
sonicated for 30 minutes each in a 5 % (v/v) solution of Méffdetergent in deionized
(DI) water, DI water, and ethanolThese samples were then rinsed with ethanol and
dried under a flow of nitrogenAll samples were then immersed in Piranha &ulfuric
acid:hydrogerperoxide) for 30 minutes with a subsequent 30 minute immersion in DI
water. Samples were then washed with DI water followed by ethanol and dried under a
flow of nitrogen. The freshly cleaned samples were-spated at different speeds with a
25 % (ppv precursoname here) in water solution to achieve the desired thicknelsses.
the case of samples for Raman measurements, PPV precursor wasasieop and
allowed to dry under ambient conditions. The best results were from film thickness of
about 106300 nm whech were obtained from spinning speeds of-826 RPM using an

acceleration value of 330 rpm.

4.4 Measurements of PXT/PPV Transformation

To test how the photoluminescence varied withstipface temperature, two sets
of squares were patterned onthe R c ur s or . One set was writ
ot her was written at 10 em/ s. The heater
increased from ~100°C to 550°C across the array in temperature steps of ~ 20°C. The

experiment is depicted Figure 4.4.1a.
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Figure 4.4.1 (a) Experimental schematic for the measuring the change in the

photoluminescence signal with changing heater temperature.

pat

terns written

at

1

em/ s,

Red squares indicate
whil e bbeue squ

of the pattern corresponding to the experiment in (a). (c)-§aamtitative measurements
of the signals in (b). (d) Zoomed in versionFigure4.2.1 (d) to indicate that the at low
peak temperatures, the data forms agree. (Lambda = 25 nm, filmeabksck 50 nm).

Figure4.4.1b shows the corresponding photoluminescent signal for the described

experiment. Qualitatively, we observe that the signal increases with heater temperature

for both speeds; this agrees with previous relsidfsas well as the predictismrmade in

section 4.2. The squares written at slower speeds show an enhanced photoluminescent
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response as compared to their higher speed counterparts. This agrees with the shift of the
S-curve to the right as mentioned in section 4.2.

Semiquantitativemeasurements are shownhkigure4.4.1c. The processing is
similar to that discussed in chapter 3. Background images corrected for any uneven
illumination. The key difference between the analysis here and that done in chapter 3 is
that our plotted intesities,!, are not normalized, but instead are given by:

I=1

measurad

- *rbrzckgmund
(4.4.1)

where I,....rsc IS the average intensity of a square &pgy rune IS @n average

background intensity levels. The normalization factor was removed to prevent any

miscorception that a 1 value represented full conversion. Herepresents more than

just the surface effects we measured in chapter 3, but also the effects of the entire body

since the zresolution of the microscope is larger than the film theden(even methods

such as TIRF or confocal microscopy will not work for these film thicknesses around 100

nm[130-131)).

The plots shown ifrigure4.4.1c siow that as the heat temperature increases, the
photoluminescent signal increases slowly at first, and then it appears to increase at an
approximately linear rate at a heater temperature of about 400°C. At first glance, these
trends do not seem to agredghnthe discussion in section 4.2; however, close inspection
of Figure4.4.1d, which is a zoomed in version Eijure 4.2.1d, shows that for small
peak temperatures, the simulations are similar to those seigure 4.4.1c. These
results are suggestivtbat the temperature profile is not penetrating far enough into the
sample to transform the entire film.

The results shown ifigure4.4.1 are suggestive that a chemical kinetics model
applies, but in order to provide additional evidence, we want to sitloevr predictions
made in section 4.2 are also true. One of the key observations reported in section 4.2 is

that the surface undergoes the transformation before the film body does. In chapter 3, we
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di scussed how FFM can deemstyt Speclically,cFEMis i n a
capable of detecting changes in hydrophilicity/nydrophobicity because of the change in
capillary forces at the tipubstrate interfa¢@12 121]. Comparisons of the pursor

chemi cal st r bemicalstrecture suggesPthve o sorcis more hydrophilic

than PPV. FFM should be able to detect this change, and by its very nature as a surface
technique, it would only measure the sur:
experiment in which thdeater temperature was varied across an array of squares is
shown inFigure 4.4.2. While the exact relationship between the measured friction
signals and the concentration of PPV to PXT is not known, certain things should be
expected. At low concentratis of PPV the friction signal should be approximately the

same as the precursor film; at higher temperatures, once the local surface has been fully
converted, the friction signals should level off to measure a fixed PPV only signal.
Figure4.4.2 shows howhe friction signal varies with heater temperature; the trend in the

FFM agrees with our discussed prediction in the friction signal. At lower temperatures,

the friction signal is not much different than the precursor, while at higher temperatures,
the mtterns show a contrast in the friction signal from the substrate. Plots of the friction
signal versus heater temperature show that the friction signals plateau above a heater
temperature of 400°€While the data is noisy, we interpret the leveling ffiredication

that thesurfacehas fully undergone the reaction.

*This heater temperature should netdonfused with the previous heater temperature of
400°C for Figure 4.4.1; these experiments were done on separate films and with different
tips.
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Figure 4.4.2 (a) Friction measurement for a series of squares written at heater
temperatures of ~150°C up to ~550°C. (b) Plots of the friction signal versus heater
temperature seen in (a)Above 400°C the friction signal is seen to level off; this is
indicative the surface transformation has completely taken place. (c) Plot of the
fluorescence signal for the pattern in (a). The signal continues to increase pass the 400°C

heater temperatar this suggests the body has not undergone the complete
transformation, while the surface has.

Comparing the results against the patt e
the signal is still increasing past a heater temperature of 4G0§Gré 4.4.2c). This

suggests that the entire film has not undergone the reaction, but the surface has.
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AFM measurements also indicate that when the precursor undergoes the
transformation to PPV from a localized temperature profile, the patterned areas show a
reproducible change in the surface topograpkigure4.4.3 shows an example in which
an array of squares at increasing temperatures was thermally pattéfigede 4.4.3a
shows that for low temperatures, the drop in topography is smaller when compared to th
drop at higher temperatures. The measured depth drop in topography ranges for this
sample from about 2 nm to about 30 nm. While it is tempting to relate the change in
topography to the loss of the side group from the chemical reaction, there is ¢to dire
evidence to prove that this is the only cause of the change in topography. This change in
topography has been observed previously, and it is suggested in the literature that this
drop may come from polymer confinemigg8] or from the loss of water and the THT
side chaifb9, 132. This shrinking results from the polymer being able to closely pack
on itself. It is likely thatthe drop in topography results from a combination of loss of

side group and polymer shrinking.
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Figure 4.4.3 (a) AFM measurements of squares patterned into PPV. The heater
temperature range is;¥160°C (lower right) up to z5~550 °C (upper left). (b)
Fluorescence signal of the pattern in (a). (c) Comparison of the change in PPV height
(depth) (a) versus the intensity signal in (b). The two are approximately linear.

Figure4.4.3b shows the fluorescent images of the patterned areas, and again, we
observe the intensity increasing with heater temperature. There are similar trends
between the change in topography and the change in intensity: as the heater temperature
goes up, the resulting change is amplified. Plotting the two values against each othe
reveals a close to linear relationship between the measured depth profile and the intensity
signal. To compare the two signals, the surface height is measured with an inscribed

square and the difference is averaged between unpatterned to the le# agtttbf the
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square. The averaging is done to reduce possible artifact introduced from the large scan
range of the imad@é33134]. The intensity signals undgy the same processing as
described above. The relationship between the topography change and the intensity
signal is close to linear as seerfFigure4.4.3c.

The above analysis suggests the change in height is linear to the
photoluminescence, and becawge have assumed the photoluminescence is linear to the
chemical change, this implies that the change in height to be linear with the chemical
transformation. By measuring the change in topography to the something comparable to
the change in PPV conceation, we have essentially measured another physically
parameter with which we can gauge the reaction process. For other systems, the
relationship between the new parameter and the reaction need not necessarily be linear,
but as long as there is a measile or theoretically computed relationship between the
concentration and a measureable parameter, the analysis developed in this and the

previous chapters hold.

4.5 Using Topography to Demonstrate Extensions of TCNL

One of the goals we set out for thisapker was to use other physical parameters
to measure the chemical kinetics model. FFM measurements and the correlation between
the height and the intensity demonstrate two techniques which show measureable
changes in the substrate chemistry. In padiGulFFM measured qualitatively
demonstrated the full conversion of the surface chemistry, while topographic measured
the effect through the entire filmFigure 4.4.3 related the topography changes to the
photoluminescence, and since our assumption wasptihatoluminescence is linearly
related to the concentration of PPV, we can now assume the height is also linear to the
PPV concentration. If other measurements indicate that photoluminescence followed
some other functional dependence on PPV concentrdltierheight could still be used as

a gauge for the reaction by composing the FAP\dtoluminescence dependence with the
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linear relationship between height and photoluminescence. This section takes advantage
of the observed linear heighhotoluminescenceelationship and the new linear PPV
reaction to height relationship to demons

control down to the nanscale and 2) to approximate theecay length.

4.5.1 NaneScale Control

The results shown in chapter 3 farface reactions show a nice predictable way
to create and design patterns. As mentioned in chapter 3, we could not reproducibly alter
topographic variations in the cinnamate polymer, and therefore we relied on fluorescent
microscopy to analyze our dat&luorescent microscopy, however, is diffraction limited,
and because of this limitation, it is tough to scale the relationships down to theaadeo
without resorting to supeesolution techniqué$30, 135. For example, even though the
pixels for theMona Lisadepiction are spaced by 125 nm, for our current setup, there is
no easyway to show that the model accurately predicted each pixel or if the point spread
functiof136 of the microscope effectively averaged the pixels to produce an
approximately correct image.

PPV overcomes this requirement because the reproducible relationship between
the change in height and the photoluminescence allows us to gndothe diffraction
limit by measuring the substrate with an AFM. An example of the improved imaging
quality is shown inFigure4.5.1 where another reproduction of tdena Lisadown to
~30 um x 40 um is shown in PPV. The two key differences betweemeghisduction
and the previous is that this is achieved empirically (hence why we show applied voltage
instead of power), and rather than a pixel by pixel fabrication, the images seen here are
fabricated with the tip moving continuousl¥zigure4.5.2b shws the fluorescent image;
the results show a similar diffraction limited reproduction of Mana Lisato that seen
in Figure3.3.10. Figure4.5.1c shows the corresponding AFM image, and the extra detail

not present in the fluorescent image can be setnthe higher resolution AFM image.
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This result demonstrates that control of the chemical transformation continues down to
the nanescale (here the pixel resolution is ~78nmirigure 4.5.1d shows the FFM
measurement of the same pattern; this result ig gnalitatively, and should not be
interpreted quantitatively as we did with the squares because the rapidly varying

topography prevents the friction signal 0s
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(@) Applied Voltage 14V (b) Fluorescent Image

9V

() AFM Topography (@ AFM Friction Force

5nm — 0mV

L -15 nm -11 mV

Figure 45.1( a) Spati al distribution of applied
reproduction of thévlona Lis'a (b) Fluorescent image of the patterned PPV. (c) AFM

image of the patterned PXT/PPV film. Diffraction in (b) limits our ability to see the
added detds. (d) FFM measurements that qualitatively detail the reproduction.
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To push the Iimits of this, a digume | er v
4.5.2. The pixel spacing was ~60 nm, and the topography reveals the same amount of
detail as seen ifkigure 4.5.1. The fluorescent image seen in Figure 4.5.2b, however,

suffers further from diffraction, and thMona Lisa blurs more, though it is still

decipherable.

5.0 nm (b)

20.0 nm

Figure452( a) AFM i mage showing ~20 MenaLisain33 &m
PXT/PPV film (Mina Lisa 2.0). (b) Fluorescent image corresponding to the pattern in

(a). Diffraction makes the image look blurry as compared with the high resolution AFM
image.

The pixel resolution (~60 nm) shown frigure 4.5.2 is slightly lower than
previously measured FWHM of lines (=70 nm). Since the sample preparation was
different for these two studies, a series of lines were written at different heater

temperatures (sdégure4.5.3). The measured resolutions are slightly above 60 nm, and
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agres with previous results. The measured FWHM suggest that ¥drma Lisawere
shrunk even further, one would expect to start seeing the topography imag€iglwe

4.5.2 is approaching those length scales, and it would be instructive to know ifgtie len
scales for blurring are different from the FWHM. This type of study could suggest that
the FWHM is not an appropriate measure for the resolution, but we leave this for future

work.
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Figure 4.5.3Measurements of FWHM of lines made in PXT/PPV fieh AFM image of
lines at different temperatures. (b) Measurements of the FWHM as a function of power
and heater temperature.

4.5.2 ZDependence

Figure4.4.1 andFigure4.4.3 show that the depth and photoluminescent signals
continue to increase with ingasing temperature. The results from section 4.2 are
suggestive that under appropriate conditions aour8e should manifest. Those
conditions are that the peak surface temperature reaches a high enough temperature to
penetrate through the entire thiglas to thermally induce a chemical reaction throughout

the film. The thermal cantilevers, however, have certain limitations; for example their
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optimal working range is below the thermal runaway (~6J&1) Clearly the heater
temperature cannot reach temperatures of 2000°€ theamelting temperature of silicon

is about 1500°(137]; as a result, the tipurface interface temperatures cannot approach
those values (recall that the-Bprface temperature is less than the heater tempg&gure
10§ as described in chapter 3 section 3.2.2). The limitations on the thermal cantilever
may hinder the ability to induce the reaction throughout the entire film.

It is instructive to wader to which depths the reaction does penetrate. The
relationships developed in section 4.2 can at least suggest an approximate answer;
specifically, using the relationship developed for theezay length and the effective
decay length from eq. 4.2.1@deq. 4.2.11 Figure4.5.4a shows the experimental setup
for measuring the-decay length. Each rectangle is run at a fixed temperature, and as the
tip continues up the patt erFigured.b.dbeshowsithedbs s p
resulting AFMimage corresponding to the experimenFigure4.5.4a. The topographic
profiles show that at low speeds, the change in topography is greater than at fast speeds.
This relationship agrees with the chemical kinetics model and the results seen in section
4.2. Figure4.5.4c shows the corresponding plot of the fluorescent image (shown as an
inset) of the patterned PPV. The signals indicate the same trend discussed for the drop in

height.

89



(a) (c)

0.8

103 um/s
EH AO-G
1 pm/s >
Lo04
)
2
b [
® 2m - £02
0.0
_10 nm 1 I 1 1 1
0 5 10 15 20 25 30
Distance (um)
(d) Speed (um/s)
1 10 102 10°
1.00 r r
= » Experiment
2 TN — Model
T0.75} “EAKs
< R
S RECNY
S0.50} "h; AR
S e
o025} BN ,J, o
) P YA e gy
& SRAR
000 1 1 " i 1 3
0 5 10 15 20 25 30

Distance (um)

Figure 4.5.4(a) Schematic showing an experiment in which the hdataperature is
kept constant and the speed is varied as a function of position. (b) AFM image
corresponding to the experiment in (a). (c) Plot of the fluorescent signal of the
PXT/PPV pattern. (d) Fit of eq. 4.2.11 with experimental results in (be rmeasured
effective decay length is ~3.0; we approximate the temperature decay length as ~40 nm.

Comparing the fluorescent image with eq. 4.2.11 is difficult since diffraction
makes edge detection difficult. Instead, the AFM data will act as atstsince edge

detection will not be such an issue. The normalized values are compared against a

normalizedversion of eq. 4.2.11. The normalized depth values come from:

H:"'El! = |H*przrrar'n - Hsurfrzca|

whereH,..; is the absolute relative depty ... iS the profileof the pattern (red line in

Figure 4.5.4b), and.,.f... IS the average profile of the surface (average of the blue
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lines in fig 4.5.4b). Finally, the absolute depth values are normalized by the maximal
depth value.

Figure4.5.4d shows the comparisbetween the measured AFM profiles and eq.
4.2.11. The measured effective decay length is about 3 (2.96). Assuming the decay
length is approximately 13 times larger than the effective decay length, the temperature
decay length in the-direction is appreimately ~40 nm . Given that the film thickness is
about 100 nm for this substrate, in order for the transformation to fully penetrate through
the entire sample, the peak temperature range needs to scale up to approximately 2500°C!
This is well beyond th optimal working range of the thermal cantilevers. This result
suggests that the reason we never obtained the-twlh& is that the temperature decays
too rapidly into the sample. This result, however, needs to be taken with some care. The
fits from eq. 4.2.11 are not that good, but this result does at least agree with our
previously discussed experimental results. This is agoomg study, but the fact that the
approximate ecay length is also near the measured FWHM hints that at least thds valu

is in the same range as the lateral decay.

4.6Final Word

In this chapter, we set out to extend TCNL beyond the limitations of measuring
surface reactions and started to make some observations on the penetration of the
chemical reaction into the sahe. We strived to define a methodical way to relate a
physical manifestation of a chemical reaction into quantitative information about the
chemical transformation rather than rely directly on fluorescence. Even though we
assumed that the photoluminesce signal of PPV is linearly proportional to the PPV
concentration, we described how to overcome any complications introduced if this
assumption failed after some point. We also showed a unique method for creating
topographic gradients and demonstratedtm| down to the nanscale. The long term

impacts of this chapter are describing the translation from one physically measureable
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parameter to a chemical concentration and using that new relationship to show other

features of TCNL and the chemical kilzstmodel.

92



CHAPTER 5

PARALLELIZATION OF T CNL

5.1 Introduction

Essential to the development of any lithographic technique for research and
industrial applications is the ability to implement hidinoughput patterning. In
particular, SPM techniques hagarnered significant focus and have made impressive
advancements towards parallelization; parallelization here refers to any process which
implements simultaneously use of multiple SPM probes with a single instrument. The
emphasis on parallelization of BIPtechniques derives from the fact that many SPM
techniques are capable of achieving nraaale resolutions but many are sj@@§|.

Parallelization of SPM techniques, howevetroduces two major complications:
the ability to read and to write. Traditionally, AFM techniques use an optical feedback
for measuring surface properties, but parallelizing optical feedback would be tedious and
grow in complexity with larger numbersf tips in use. A number of unique and
interesting solutions have been developed to remove traditional optical feedback
requirement; such solutions have included complementary metal oxideseduicting
(CMOS) technologies employing piezesistive/strar effect§139-14Q, interferometric
optical measurementsd]], or thermal interactions betweenthermal cantilever and a
substratfs3]. There have also been some attempts to controlidludl cantilever z
actuation through contrasting thermal expansion coeffijiph®s an effect often

referred to in the literature as therborphic effect’.

19The bimorphic effect also appears in the thermal cantilever used in TCNL, but in a
less controlled manner
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While many techniques havecused on reading and measuring surfaces, the
ability to parallel write is relatively infantile in its development compared with the
advancements made for single tips. There have been limited attempts for SPM based
patterning parallelization. Paralledition of 50 tips produced 100 Mipatterned areas
with electreoxidizing lines in a silicon substrafiet3d. DipPen Nanolithography (DPN)
has employed the use of both passive and active cantilever arrays, which use the
bimorphic effect to lift individual tips off the substrftd4]. The DPN community has
also introduced 55,000 parallel cantilevers to pattern substrates down to[B0l.nm
Thermaemechanical lithography is of particular fame because of the IBM millipede,
where near 1000 cantilevers were brought into contact wplolymer substrate and
actively used to indent a surface with high resolytéh The fAmillipedeo
limited to patterning, but also extended to gimg; moreover, that work introduced a
cheaper alternative to the traditional expensive pgeamndi52].

This chapter is dedicated to the description anglementation of thermal
cantilever arrays for TCNL parallelization. The focus is more on the implementation, as
opposed to the more exact treatment in previous chapters. As with all SPM techniques,
parallelization of TCNL still requires the ability toag and write; the ability to read is
well described for thermal cantilevers throughout the literature, but it is briefly reviewed
and demonstrated here. Most of this chapter, however, is focused on parallelization of

TCNL patterning.

5. 2 Description of Thermal Arrays

The thermal arrays are composed of 5 tips as seen in Figure 5.2.1. All arrays
were fabricated by the Professor Wi lliam
Urbana Champaign. For convenience, the tips are numbédrededch tip$ individually
addressable which means that tip 1 can be heated to one temperature whife difes 2

each maintained at different, unique temperatures. The electronic and thermal responses
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of the tips are the same as those described in chapter 3 f@gle cantilever. Since the
arrays are manufactured simultaneously and under the same conditions, the thermal

runaway point is similar for all five cantilevéisly.

(a) (b)

Tip1 Tip2 Tip3 Tp4d Tpd

Figure 5.2.1(a) Optical image of thermal cantilever array with numbering. (b) Schematic
showing a thermal cantilevarray inducing a temperature profile in a substrate.

5.3 Leveling

Arrays present an additional challenge not present with a single cantilever:
leveling. With multiple tips, it is important to ensure all the tips are brought into contact
with the surfae simultaneously. By measuring the interaction between the thermal tips
and a substrate, the arrays can externally be aligned with a substrate. To demonstrate

these thermal interactions, we start with a single tip.

5.3.1 Interaction between a Thermal Tipand a Substrate

Analogous to other AFM modes, thermal cantilevers interact more with a
substrate as distance between the tip and substrate decreases. For thermal cantilevers,
some of interactions result from the increased air conduction between theveariéigs
and the substrate. As the gap between the tip and substrate decreases, there is a greater
fl ux of heat out of t he t her mal cantil e\

temperature to go down (her et dseffeetfsevellr ed t ¢
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reported91, 146. The substrate induced cooling leads to a measureable change in the
therma | cantileveros electronic properties si
(see discussion in chapter 3). Although there have been other suggested routes, we
measure this electronic change thrvwokgh the
An example and schematic are displayed in Figure 5.3.1. Figure 5.3.1a shows a force
displacement cury@477 and t he <cantileverés change 1in
position. The resistance monotonically decreases as the tip elppsoeontact with the

substrate; Figure 5.3.1b and ¢ show a schematic of this process. Far from the substrate,
there is less heat transfer between the cantilever and the substrate, resulting in a higher
temperature; these higher temperatures cause a lagstance. As the tip is lowered,
there is a greater heat flux out o f t he
temperature and a lower resistgddes|. Once contact is reached between the tip and the
substrate (as indicated through the blue falisplacement curve), the inset to Figure

5.3.1 indicates that the resistance continues to decrease monotonically, but at a slower
rate. It is likely that tre comes from the fact that even though the tip is in contact with

the surface, the cantilever |l egs stil]l app

increased bending and the elastic response of the Jud&ce
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Figure 5.3.1(a) Resistance measurement as a thermal tip is brought into contact with a
surface; also shown in blue is the optical measured force displacement curve. (b) and (c)
Schematics showing that at far diste from a substrate (a) the thermal cantilever
transfers less heat than close to the surface (b).

5.3.2 Array Leveling

Coupling the Acoolingo effect with a |
optical leveling mount was integrated with the AFMtilt the substrate in order to level
the tips. The cooling effect indicates and measures which tips first contact the substrate;
iterative adjustments of the leveling mount align the tips with the substrate. An example
is shown in Figure 5.3.2, wherp tl first reaches contact with the surface first (Figure
5.3.2a). After an adjusting the leveling mount, as indicated, all five tips are
approximatelyin contact at the same time (Figure 5.3.2b). Variations in tip heights and
cantilever bending prevemerfect alignment between the tips and the surface, and so a

working range is about 26800 nm for all tips to be in contact simultaneously.
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Figure 5.3.2Resi st ance measurements of i ndi vi dué
distance. (a) Measurement aschematic showing misalignment between the thermal
cantilever array and the substrate. (b) Measurement and schematic showing all five tips in
contact with the substrate near simultaneously after indicated correction made (a).

5.4 Thermal Patterning with Arrays

Having resolved issues with leveling, we return to parallelization of TCNL.
Figure 5.4.1 and 5.4.2 show two examples of patterns made in the sarmrdeBrsOr
(poly( p-xylene tetrahydrothiophenium chloride)) described in chapter 4. ForeFigur
5.4.1, all five tips were brought into contact with the substrate simultaneously and
patterned the same 3 by 3 array of pentagons at increasing temperatures. In agreement
with the results shown and described in chapter 4, the corresponding fluorescent

measurements suggest the conversion from theymsor film to the semtonducting
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PPV polymer. As the temperature increases, so too does the photoluminescence of the
PPV. Figure 5.4.1a, shows a Raman spectroscopy measurement of an array patterned
area fluorescence inset); the increased signal in the 116D cnt and 15801600 cnt*

wavenumber range are indicative of the chemical transfornj@afpn

Figure 5.4.1Thermal patterning in a PRptecursor film made with thermal cantilever
array. (a) Raman measurengirtdicating the transformation from precursor to PPV. (b)
Fluorescent image of pentagon PPV patterns made with thermal array. (c}irZoom

version of patterns from (b).
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