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Abstract

This thesis presents work done investigating methods for constructing patterns on the nanometer
scale. Various methods of nanolithography using atomic force microscopes (AFMs) are
investigated. The use of AFMs beybtheir imaging capabilities is demonstrated in various
experiments involving nanografting and surface electrochemical modification. The use of an AFM

to manipulate a monolayer of thiols deposited on a gold substrate via nanografting is shown in our
work to enable chemical modification of the surface of the substrate by varying the composition
of the monolayer deposited on it. This leads to the selective deposition of various polymers on the
patterned areas. Conditions for enhancing the selective depaditiva selfassembled polymers

are studied. Such conditions include the types of polymers used and the pH of the polyelectrolyte
solutions used for polymer deposition. Another method of nanolithography is investigated which
involves the electrochemical miification of a monolayer of silanes deposited on a silicon
substrate. By applying a potential difference and maintaining the humidity of the ambient
environment at a certain level we manage to change the chemical properties of select areas of the
silane nonolayer and thus manage to establish selective deposition of polymers and gold
nanoparticles on the patterned areas. Parameters involved in the patterning process using surface
electrochemical modification, such as humidity levels, are investigated. &tteidques

established are then used to construct circuit elements such as wires.
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Figure (3.4): The laser beam reflected from the back of the cantilever holding the AFM tip is
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modes of operation for an AFM. Contact mode where a constant distance is maintained between
the AFM tip and the surface and adjustments are made to the system to maintain that distance. The
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Figure (3.10):Dimension lcon® is an AFM system that offers great nanoscale manipulation tools.

It is equipped with a closddop scanner offering great precision for repositioning the tip on the
Figure (3.11):(a): A probe holder that can be used with a MultiMode® system. After the tip is
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Figure (3.14):Nanoshaving is a process in which ay&aforce is applied to the AFM tip while it

is in contact with the surface being imaged. Once the force crosses a certain limit, molecules from
the underlying monol ayer are forced out of pl e
Figure (3.15): The first step in the nanografting process is to bring the AFM tip into contact with

the surface and the monolayer deposited on it in a liquid medium containing a different chemical
than the one deposited on substrate. For this initial contact, the AFM isrbeiimgthe imaging
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out of their place. The empty places in thenolayer will be occupied by different molecules from

the ambient solutionééééeééeéeéééeéeéeéeéeéeéecée
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50 X 50 nni. (b) A 3-D rendition of the topographimap collected by the AFM during imaging.

(c) Height profile of the grafted patterns. The height difference between the grafted areas and the
background is 8.8 A which is consistent with the theoretical value for the difference in the length
between the dins for GoS in the background andi6S in the grafted patches. (d) and (e)
Molecular resolution images obtained using an AFM of an area of 5 X 5 nm2 from the matrix of
CoS and the grafted patch C18S respectivelyéeé
Figure (3.17): The immobilization of single strand DNA molecules is carried out by using AFM

based nanografting. The next step is to allow cDNA modified proteins to attach to the immobilized
single strand DNA mol ecul esééééececeecéeééééééeececece
Figure (3.18): A schemé#c diagram showing the process of immobilizing-BIV in patches in

a background of ethylene glycol terminated alkylthiol followed by allowing-@nW IgG
combined with height measurement histograms f
Figure (3.19):Steps of surface electrochemical modification using an atomic force microscope.(9)

(a) Functionalization of a silicon substrate with octadecyl trichlorosilane (OTS). This silane is
terminated with methyl functional group. (b) Using the AFM probe to oxidizeSAM (by

applying negative potential to the AFM tip betweénV and-10 V results in changing the
functional group into a carboxylic group represented here by X. (c) One of the experiments carried
was to allow OTS to bind with the functionalized patteiR = CH2 and n = 9. R becomes y as the

OTS binds with the oxidized pattern. (d) Another variation of the experiment is to allow is to allow

117 undecyl tricholorosilane (UTS) to bind with the oxidized patterns. (e) Another variation of

the experiment s to have positively charged gold nanoparticles attach to the oxidized
patternséééeéeéeéecéeceéeécceeéeéeéeéeéeéeéeéeéee. 10
Figure (3.20): A schematic diagram of naraxidation process used to construct a silicon dioxide
mask on the silicon sub sétééaétcebbécebéecbéecbéecéleléze

Figure (3.21):(a) The substrate used with 100 nm silicon layer on top of a 150 nm silicon dioxide
layer. (b) Carrying out the naraxidation process produces a silicon dioxide mask on the silicon

layer. (c) Removing the unmasked siliclaryer using wet etching. (d) An HF bath is used to

remove the silicon dioxide maskéééeéeééeeéeéeeéée
Figure (3.22): A scanning electron microscope image of the resulting construction. The gap
bet ween the electrode i s 31 nméeéeéeeé ebébé élélé3é é é é
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Figure (3.23):(a) Using a voltage difference of 10 V between the AFM tip and a layer of silicon

on holding the tip at10 V while the substrate is grounded oxidizes the silicon and produces a
silicon dioxide layer in the patterned areas. Follgthis by an HF bath etches away the oxidized

squares and leaves the rest of the substrate intact resultifiyy pra@erns in the silicon substrate.
(b)Acrosssecti onal view of the depth profile of 1t
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Figure (4.5): Excessive forces apptieto the AFM tip caused an indentation of the gold layer
deposited on the substrate. (a) A Height image of gold sample after the gold removal. The tip
scanning direction was from the top to the bottom. As the tip removed the gold from the surface

of the saple it piled it up near the end of its scanning range.-@)&ndition of the topographic

i mage coll ected while the AFM is imagingeéeeéeeéeece
Figure (4.6): XPS results for samples with monolayers ofMWUD supposedly deposited on it.

Thetst showed that the thiols were not binding

Figure (4.7): AFM nanoshaving of a monolayer ofCctdecanethiol deposited on a gold
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Figure (4.8):Nanoshaving of Octanethiobd e posi t ed on gol déééééeéeéeéeécé
Figure (4.9): (a) Successful shaving of a square area of a monolayerMtULL deposited on a

gold substrate. The tilting in the square is due to drifting in the AFM scanner. (b) Height profile

of the shaved area. Theidjet difference was 1 nm which is in agreement with the theoretical

value proposed for the size of the-MIUD chain. The arrows indicate the edges of the shaved
areaéeéeéeéeéeécceeéeéeéeéeéeéeéeéeceeceéeeée. . 130
Figure (4.10): Nanografting process (a) The inltinaging is done using a very small force to
minimize the effects of imaging on the deposited monolayer 9fiD. (b) When we increase

the force applied by the AFM tip on the surface it starts removing some of-&/DImolecules

and they are replaced 16-MHDA molecules from solution. The replacement, also, allows the

new thiol to assemble on the surface in one step instead of the usual two step process. (c) A final
scan is performed with minimal force to image the modification that takes place surfioee of

the slideééeééeecééecéeéecééeceeéecééceéecéeéeeéels
Figure (4.11):(a) A height 2D image of a grafted square 500 nm X 500 nm eMHDA onto a
background of :MUD. (b)) A3D rendi ti on of the grafted squar
Figure (4.12):(a)The imageshows 4 grafted squares ofBDA of size 500 nm X 500 nm can

be visibly seen against the background ofMUD in a height image performed by AFM. The

squares are indicated by the circles placed on the image. (b): A cross sectional measurement of the
height profile of the structure shows that the height difference between the background and the
grafted areas is around 0.6 nm on average corresponding to the expected length difference between
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the structure of the background and the active patches. Thesandicate the edges of the step
representing the grafted area. The vertical bars indicate one of the points where height
measurements have been performedéééééééceeececé
Figure (4.13):(a) A zoomed in image of one of the WGIHDA squares graféin an 11i MUD
background. (b) A cross sectional measurement of the height profile of the grafted squdre of 16
MHDA. The arrows indicate the edges of the step corresponding to the grafted square. The vertical
bars correspond to one of the points at whict he aver age height was mea
Figure (4.14): The results of the LbL deposition of PAH and PCBS at pH~5 on squares of 16
Mercaptohexadecanoic acid grafted into a background-Mdrtaptoundecanol. (a) Immediately

after grafting (b) After depdting 2 bilayers. (c) After depositing 4 bilayers. (d) After depositing

6 bilayers. The black arrows point at the edg
Figure (4.15): The results of the LbL deposition of PAH and PCBS at pH~5.5 on squares of 16
Mercapohexadecanoic acid grafted into a background eé¥igéicaptoundecanol. (a) Immediately

after grafting (b) After depositing 2 bilayers. (c) After depositing 4 bilayers. (d) After depositing

6 bilayersééeééeééeéecéeéeéeeéeéeéeéeéeéeéeceeccée.
Figure (4.16): A graphical representation of the relationship between the thickness of a single
bilayer of PAH/PCBS and the pH of the PCBS solution. The PAH solution was held at pH 7
through out the experiment éééééééceceeceéeeééécee
Figure (4.17):(a) Squares of fferent sizes of 181HDA grafted into a background of AIUD

and then covered with 4 bilayers of PAH/PCBS at pH ~ 7. We can clearly notice the visible
difference in height between the smaller squares of size 200 nm and the bigger squares of sizes
500 nm, lum and 3 um. The polymers deposited in thicker films on the smaller squares as opposed

to the larger ones. The larger squares were on average 3.5 nm high (for the total of 4 bilayers
deposited) while the smaller (200nm) squares were on average 4.3 nnfohighbilayers
deposited. (b) Height profile of the top row
Figure (4.18):(a) A closer look at the patters of-MHDA grafted into 13aMUD and covered

with 4 bilayers of PAH/PCBS the difference between the larger squaréiseasimhaller ones is till

visible. (b) A cross sectional view of the height profile is shown for the lower row. The sizes of

the squares shown in the image are 3 um X 3 pm, 1 pm X 1 pm, 500 nm X 500 nm, and 200 nm

X 200 nméeééeéeéecéeecéeceéeéeéeéeéeéeéeécecessecel
Figure (4.19):(a) Two rows of squares of MHDA grafted into a background of AIUD and

covered with 4 bilayers of PAH/PCBS. (b) Cross sectional view of the heights of the polymer
layers deposited on patterned areas. We can see that the polymegsitaggréhicker layers on

the smaller squares. (c) For comparison, a cross sectional view is taken of the second row of
squares of equal sizes. The height of the polymer layers remains the same on average on these
Figure (4.20):(a) AFM height image of two different sizes of squares 500 nm and 200 nm covered

by 4 bialyers of PAH/PCBS using layby-layer deposition at pH 5.5. (b) Cressctional height
measurement of the 500 nm X 500 nm squares. (c) Crosswsetisght measurement of the 200

nm X 200 nm squareséeéeééeééééécceeceéeéeééeéeceececeé
Figure (4.21): A graphical representation of the comparison between the single bilayer thickness

of PAH/ PCBS as a function of pH for dil48f er ent
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Figure (4.22): (a) Topographic image of the patterns ofMBIA grafted onto a background of

11-MUD. The squares were made in sizes of 5 ym, 2 um, 1 pm, 500 nm, 200, nm, 100 nm, and

50 nm. (b) Friction images of the patterns. The darker areas rephéag®eat friction. Imaging is

done in ethanol éééeéééecéééeeééecéeéeecééeceéecéecceté
Figure (4.23):(a) A topographic map of the patterned area eMtA grafted onto a background

of 11-MUD showing where the height profile measurements were taken. (b) Heidiie pro
measurements for one of the patterned areas. The height profile measurement combined with
roughness measurements yield a height difference of 0.55 nm on average between the background
and the grafted patch. This height corresponds to the heightedifierin the chain length
difference between the MUD molecule in the background matrix and theMBDA molecule

in the grafted areaéeéeéééeéeéeéeéeéeéeéecéeccee
Figure (4.24): (a) Image of a 5 um square after 2 bilayers of PAH/PAA at pH 9/9 wepsiteqp

on it. The height profile is barely noticeable. Roughness measurements indicate a height difference

on the order of 0.7 nm. The change in the morphology of the entire surface including both the
background and the patterned areas indicate that the@s deposited on both the background

and the patterned square. (b) Height profile image where the markers indicate the edges of the
sqguar e. No height difference is observabl e he
Figure (4.25):Friction image of the 2 bilayers desited on the square in Figure (4.24). The lack

of any distinction in the friction between the background and the patterned square indicates the
polymers are depositing everywhere on the surface. We can also see the difference in the
morphology of the bagtound compared to the case of a gold surface functionalized with 11
MUD confirming the deposition of the polymer
Figure (4.26): After depositing 10 bilayers of PAH/PAA at pH9/9. The patterns have completely
disappeared.tlis clear that in this case that the polymers have deposited on the entire
surfaceééééeécééeecééeecéeecééeecéeecééecéeeceeéeeceée. . 15
Figure (4.27):(a) Height image after depositing 2 bilayers of PAH/PAA at pH levels of 7/7. (b)

A height image illustrating where theeight profile is being measured. (c) Height profile of one

of the patterned squares. The average height
Figure (4.28): (a) Height image after depositing 6 bilayers of PAH/PAA at pH levels 7/7. (b)
Height imagendicating where the height profile is being measured. (c) Height profile for one of

the patterned squares. The average for the height of these patterns is 9.5 nm. It is observable from
the change in the surface of the entire sample that polymers aretidepeserywhere but with
stronger affinity to depositing on the patter
Figure (4.29): Imaging after depositing 10 bilayers of PAH/PAA at pH 7/7 resulted in the
polymers depositing everywhere on the sample including the basidjemd the patterned patches

to the extent of | osing the patterns compl ete
Figure (4.30): (a) Height image after depositing 2 bilayers of PAH/PAA at pH levels 9/3. (b)
Height image indicating where the height profile is being ek (c) Height profile for one of

the patterned squares. The average for the he
Figure (4.31): (a) Height image after depositing 6 bilayers of PAH/PAA at pH levels 9/3. (b)
Height image indicating where the bt profile is being measured. (c) Height profile for one of

the patterned square. The average for the hei
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Figure (4.32):A height image after depositing 10 bilayers of PAH/PAA at pH 9/3reveals the loss

of the patern due to the depositing of the polymer layers on the entire sample including the
background and the patterned squareéééeeeeeee
Figure (4.33): (a) Height image after depositing 2 bilayers of PAH/PAA at pH levels 9/7. (b)

Height image indiating where the height profile is being measured. (c) Height profile for one of

the patterned square. The average for the hei
Figure (4.34): (a) Height image after depositing 6 bilayers of PAH/PAA at pH levels (8)7

Height image indicating where the height profile is being measured. (c) Height profile for one of
the patterned square. The average for the hei
Figure (4.35):A height image after depositing 10 bilayers &H/PAA at pH 9/7reveals the loss

of the pattern due to the depositing of the polymer layers on the entire sample including the
background and the patterned squareéééééeeééece:
Figure (4.36):(a) Height image after depositing 2 bilayers of PR8S at pH levels 7/3. (b) Height

image indicating where the height profile is being measured. (c) Height profile for one of the
patterned square. The average for the height ¢
Figure (4.37):(a) Height image after depiting 6 bilayers of PAH/PSS at pH levels 7/3. (b) Height

image indicating where the height profile is being measured. (c) Height profile for one of the
patterned squares. The average for the height
Figure (4.38): (a) Height image after depositing 10 bilayers of PAH/PSS at pH levels 7/3. (b)
Height image indicating where the height profile is being measured. (c) Height profile for one of
the patterned squares. The aver age éféeer. 1t6lt6e he
Figure (4.39):(a) The measured thickness of 2 bilayers of PAH/PAA deposited on patterned areas

for a matrix of pH values for the PAH and the PAA solutions. (b) The measured thickness for 6
bilayers of PAH/PAA deposited on the same patternedsaieawn in (a) at the same matrix of

values of pH for both electrolytes. (c) The measured values for the thickness of 10 bilayers of
PAH/PAA. The zero values refer to the inability to distinguish the patterns from the background

due to polymer layersdegos i ng everywhere on the sampl eéééé
Figure (4.40):(a) The measured thickness of 2 bilayers of PAH/PSS deposited on patterned areas

for three values of pH for the PAH while the PAA solution was held at pH 3. (b) The measured
thickness for @ilayers of PAH/PSS deposited on the same patterned areas shown in (a) at the
same matrix of values of pH for both electrolytes. (c) The measured values for the thickness of 10
bilayers of PAH/PSS. The zero values refer to the inability to distinguispaiiterns from the
background due to polymer | ayers depositing e
Figure (4.41): Friction images of patterning samples after depositing 2 bilayers of polymers on

them. (a) PAH/PAA at 9/9 (b) PAH/PAA at 3/9 (c) PAH/PAA 9/7 (d) PAH/PAA at 7/3 (e)

PAH/PSS at 3/3 (f) PAH/PAA at 3/3 (g) PAH/PSS at 7/3 (h) PAH/PAA at 9/3 (i) PAH/PAA at 7/7

(j) PAH/ PAA at 3/ 7 (k) PAH/ PSS at 9/3 (I) PAH.
Figure (4.42): (a) and (b) Height image of patterned squtesthe deposition of 2 bilayers of

PAH/ PCBS at pH 7/ 5. (c)and (d) Friction i1 mage:
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Chapter 5

Figure (5.1): Chlorodimethyloctadecylsilane with two methyl groups and a chlorine atom attached
tothesi i con atom and a methyl group as a functior
Figure (5.2): (Mercaptopropyl)trimethoxysilane with three methoxy groups attached to the silicon
atom and a sul fur atom at the functional grouyg
Figure (5.3): Aminopropyl(diethoxy)methylsilane with two ethoxy groups and a methyl group
attached to the silicon atom and an amine fun:
Figure (5.4): The photolithography mask design. The mask had six sites for constructing wires

and transistorchannels between macroscopic electrodes. The design was done using
Figure (5.5): The photolithography mask used to make the testing pads for the nanostructures. It

is a soda | i me 40 c hthecsmallestndimension @n thesnsmsk leing 85 wi t |
Figure (5.6): The cleanroom facility at Virginia Tech is a 1900 sq foot class 100 facility equipped

with all equipment needed for a wide range of semiconductorffabre i cati on process
Figure (5.7): The Karl Suss MA6 mask aligner located in the cleanroom at Virginia Tech. It was

used to expose the wafers using our mask for fabricating testing leads for the nanostructures of our
experiment eéééeeééeceéeeéeéceceécebecbeceeéeeecéeeclo0

Figure (5.8): Kurt-Lesker PVD ebeam evaporator Located at the cleanroom facility at Virginia

Tech. This evaporator was used in the metallization step of the testing leads fabrication
processééeeéeéeecéeéeeceéeeceéeecéeecéeéeecéeecéeéeecée. . 19
Figure (5.9: One of the substrates after evaporating titanium on it in a-PMD ebeam
evaporation chamber ééééeéeéééééécceceecéeéeééééeceeecce
Figure (5.10): A wafer after metallization and l#ff. The process was carried out in Virginia
Techds cleanroomééeeéecececeeceeeceéeéeeééee. 195

Figure (5.11): One of the circuits designed for testing the nanostructures investigated in our

| abééééeéeéeéeéecéceéeceéeecceeéeéeéeéeéeéeéeée. 196
Figure (5.12): (a) The height image of two different patterns grafted of 3
aminopropyl(diethoy)methylsilane into a background of chlorodimethyloctadecylsilane. We can

see that there is no visible difference in height. (b) A friction image of the two different patterns
where the effect of having two different functional groups is visible. (c) Ascsectional plot of

the height image for the patterned areaseéeéeée
Figure(5.13): A square grafted of aminopropyl(diethoxy)methylsilane onto a background of
chlorodimethyloctadecylsilane after being dipped in a gold nanoparticleosolutif or 3 hour s
Figure (5.14):(a) A wire constructed between two electrodes. The image is taken after depositing

30 bilayers of gold nanoparticles and PAH on the sample using LbL method. (b) A cross sectional
image for the wire. The arrows on the grapdlicate the rise in the height profile representing the

area where the wire is formed. The wire is 0.5 pm long and 0.5 um wide. The wire is around 5

nm high. Given that the electrodes are around 50 nm high it is hard to see the wire in the

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Figure (5.15):(a) The height image of the grafted squares @h€captopropyl)trimethoxysilane

in background of chlorodimethyloctadecylsilane. (b) Deflection Error image of the same spot as
(a)éééeecééeceeééeceéeecééeeceéeecéeeceéeeeééceece. 201

Figure (5.16): A square of (mercaptopropyl)trimethoxysilane in background of
chlorodimethyloctadecylsilane after it has been dipped in gold nanoparticles for 3 hours under
constant agitation. We can see that gold nanoparticles have aggregéted@ited square in the

top |l eft corner. We can also see that gold nar
Figure (5.17):(a) Height image of square of (mercaptopropyl)trimethoxysilane in background of
chlorodimethyloctadecylsilane afteepbsiting 55 bilayers of gold nanoparticles and PAH. (b) A
zoomed in image on the square in (a)éééeeééceecéc
Figure (5.18):Image of three wires grafted of mercaptosilane into a background of chlorosilane

after dipping in gold nanoparticlesdthen depositing 30 bilayers of PAH and gold nanoparticles

in an alternating manner. Two wires on the right out of the three show very little adsorption of
nanoparticles. The wire on the left shows better adsorption density for the gold nanoparticles and

the polymer layers. However, we can see strong nonselective adsorption of gold nanopatrticles and
PAH | ayers on the backgroundéééeéééeééeeééeéeéee
Figure (5.19): (a) The height image of grafting wires of (mercaptopropyl)trimethoxysilane in
backgraind of chlorodimethyloctadecylsilane after depositing 30 bilayers of gold nanoparticles

and PAH on the wires. (b) Friction images of the same spot depicted in (a) where we notice the
change in the functional group in the grafted areas is very visible iini¢ckion image as opposed

to the height i mage where it is barely visibl
Figure (5.20):(a) Patterning a wire between the two electrodes in the 500 nm gap between them

by grafting (mercaptopropyltrimethoxysilane in backgrouncclibrodimethyloctadecylsilane

and then depositing gold nanoparticles on the grafted areas for 3 hours under constant agitation

led to the establishment of a connection between the two electrodes. (b) A deflection error image

for the wire. (c) A cross st@onal view of the height profile of the wire. The arrows on the cross

section indicate the beginning of the height difference representing the height of the wire. The
height on average was found to be 8 nm. There is observed nonselective depositiah of gol
nanoparticles around the electrodeéééécéééécééé
Figure (5.21): The results of grafting (mercaptopropyl)trimethoxysilane in background of
chlorodimethyloctadecylsilane again between the electrodes in the narrow 500 nm gap and using
layerby-l ayer deposition to alternately deposit 3¢
Figure (5.22):(a) :The height image of a monolayer of chlorodimethyloctadecylsilane after being
oxidized. No noticeable differences in height between the backgrowhithe patterned areas are
observable at all, as expected. (b) The same frame depicted in (a) where the friction on the
monolayer is assessed during the imaging and we can clearly see the effect of the change in the
chemi stry of the f uncétéiécentaelé égeréccrépeeééeeééeedé&

Figure (5.23): (a) The effect of injecting too much current into the surface of the sample is to

cause the silane monolayer to dissolve and to cause the freshly exposed layer of Si to oxidize to

an extent where it becomes higher thas surrounding background. (b) If the voltage difference
between the tip and the surface of the sample is kept under 8 V the functional group of the silane
monol ayer changes while keeping the silane mol
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Figure (5.24): Supplying12V of potential difference between the AFM tip and the surface led to

the injection of a large current into the surface of the sample melting the silane monolayer and
oxidizing the underlying Si | ayer to cause th
Figure (5.25):(a) The height image for a wire (b) Friction image for the same wire where notice

that we can see the wire in the friction image but not in the height image (c) Zoomed in height
image on the wire (d) Zoomed in friction image of the wirdsWire was intended to be 50 nm
wide. Due to the meniscal water droplet it enct
Figure (5.26):(a) The height image for a wire (b) Friction image for the same wire where notice

that we can see the wire in the frictionage but not in the height image (c) Zoomed in height

image on the wire (d) Zoomed in friction image of the wire. This wire was intended to be 50 nm

wi de. Due to the minuscule water droplet it e
Figure (5.27):(a) The height image for a wire (b) Friction image for the same wire where notice

that we can see the wire in the friction image but not in the height image (c) Zoomed in height
image on the wire. (d) Zoomed in friction image of the wire. This wire was intéodszl50 nm

wide. Due to the minuscule water droplet it el
Figure (5.28):(a) The height image for a wire (b) Friction image for the same wire where notice

that we can see the wire in the friction image but not iméight image. The square is due to the

tip retaining charge while imaging leading to the oxidization of the imaged area (c) Zoomed in
height image on the wire. (d) Zoomed in friction image of the wire. This wire was intended to be

50 nm wide. Duetotheimmnuscul e water droplet it ended up
Figure (5.29):(a) The height image for a wire (b) Friction image for the same wire where notice

that we can see the wire in the friction image but not in the height image. (c) Zoomed tn heigh
image on the wire. (d) Zoomed in friction image of the wire. This wire was intended to be 50 nm

wi de. Due to the minuscule water droplet it e
Figure (5.30): A graph showing the relationship between the relativenitiity in which
electrochemical modification of silane monolayers is carried out and the resulting line width..219
Figure (5.31): (a) Height images of the patterned areas. There is no noticeable height difference
between the patterned squares and the lbackg. (b) A friction image of the patterned areas.

Darker colors indicate higher friction. (c) A zoom@dheight image of some of the patterns. (d)

A zoomed in friction image of the patterns. The patterns were supposed to be squares of 50 nm
sides but de to the meniscal water droplet, they lost the square shape and are 120 nm in the widest
part of their irregular shapesééeééécéeéeRr®écéeécéce
Figure (5.32): (a) Height image of squares patterned on the silanes by using electrochemical
surface moditation. There is no noticeable height difference. (b) A friction image of the squares

in (a). These patterns were supposed to be 50 nm on each side but due to the water meniscus, they

|l ost the square shape and are now 266.28m i n t
Figure (5.33):(a) The height image of patterned areas using electrochemical surface modification

doe at 70% relative humidity. No difference is observed in the height between the patterned area
and the background. (b): A friction image of pattamg&). The small squares were patterned to

be 50 nm on the side. Due to the meniscal water droplet, they are at 500 nm wide at the widest part
of their irregular shapeéééééééécécéeeéeéeerrééécecece
Figure (5.34): Height image of the two wires that weebricated by using a seeding technique

on areas patterned using electrochemical modification of the surface. The increase in the density
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of deposited gold particles is visible in the image. The resistance measurement for this construction
was 86 MYééa&&a&dcécecéceéeéeéeéeéeéeéeeé.e.227

Figure (5.35): Three wires grafted using the nanografting technique and utilizing the Nanoman®
automated nanolithography mode on the AFM. The wires are very thin compared to the ones
patterned using surface chemical modifion. Unfortunately, there was no success in depositing

gol d nanoparticles on themééééeeeeeéééécececeeece
Figure (5.36): Nonspecific binding of gold particles to the entire surface remains a problem for
constructing nanowires using nanogratftiddfter we dipped the samples in colloidal gold
nanoparticle solution we noticed that the gold nanoparticles have deposited on the entire sample.
As the AFM tip scans the surface while we are imaging the patterns we constructed we noticed
that it is shavinggome of the weakly adsorbed gold nanoparticles from the surface. This can be
seen in the above image as a lighter color square right underneath the tip marking the area which
was scanned by the AFMéééeéeéecééeéecéeéeeeéeéeéetéd
Figure (5.37): Two areas obelective deposition for gold nanoparticles and reduced gold atoms
constituting two wires. We can see gold particles depositing on the background but in such a

manner that did not cause any electric conduc
Chapter 6

Figure (6.1): (a,b) Four bilayers of PAH/PCBS is deposited on the gold and then an area of 5 um

X 5 um is pushed down and then an area of 3 um X 3 um is pulled up in the center. (c,d) in the
same square we pull up an area of 4 um X 4 um. (e,f) Iegheer of the previous square we go

back to push down an area of 2 Om X 2 Omééééé
Figure (6.2): (a) Two bilayers of PAH/PAA were deposited on gold and then an area of 3 um X

3 um was pushed down using imaging in contact mode with ddvigh applied to the tip. (b) The

same area of 3 um X 3 um was pulled up revealing a restoration of the thickness of the two bilayers
due to mechanical swellingéééécéeeeééééééeeceecece
Figure (6.3):(a) An area covered by 3 bilayers of PAH/PCB@rdbeing pulled up using an AFM

tip on which we deposited multilayers of polymers. (b) An area of 3 bilayers of polymer that was
shaved off using a new AFM tipééeééeééecéééeéeéeée
Figure (6.4): (a): After shaving a 3 um X 3 um area the polymertitaylers were submerged in

DI water at pH~10.0 for 20 minutes. (b) A height cross section of (a). (c) The same shaved area

at pH~7.0. (d) A height cross section of (c). (e) The same shaved area at pH~4.0. (f) A height

cross section of (e). () Thesaménaved area at pH~ 1.0. (h) Heic
Figure (6.5): Changes in the thickness of 2 bilayers of PAH/PAA that were deposited at pH 7.0
as a response to the bilayers being i mmersed
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CHAPTER 1

INTRODUCTION

IN1959 Richard Feynman delivered a speech to
Room at T hHe spBke,tintwhaneny consider to be therth of nanotechology, about
ithe problem of manipul ati ng “mthisspeech Fayroman i n g
cleverly touched on some of the issues that would face such anefifanta few decadesAmong

the issuesnentionedn the spechis the fact thatlassical physical laws do not still appisen

we scale down the dimensions of the systéhizhysical laws and phenomeaie quite different

at the molecular and atomic level. Indeed these have been the two challasggugs facip

efforts to miniaturize circuits.

The interest in miniaturizing circuits and individual circuit elements has beenportanttopic

of investigation in physics and electronics fecddes. The drive to develop experimental methods
for making circuit eéments smaller and then finding ways of making such methods commercially
available can be understood to be due to various reasonse Tri@ude the primary goab
increase the number of circuit elements that can fit on g aHigh can in turn improvehe
performance of the cps in terms of processing spepdwer consumption, power dissipation, and
the cost of manufacturing such high performance devisgempts to achieve this goaking
various methodbdavehad to deal witHundamentally different fpenomena and limitations. The
methods exploretiavespanned several techniques sucplastolithography, Xray lithography,

and various scanning probe lithography techniquesother trendbeing explored for the
miniaturization ofcircuits is to try to bud them from molecular congments. This last approach

is known as molecular electronics. Successful endeavors in molecular electronics have managed

1

t



to constructnolecular diode rectifiers from molecular layéfs®: @ ® Other attempts have been
successful in constructing molecular wiiesattemptgo provide connections between molecular
devices ©® Studies ofthe conductive preerties of carbon nanotubes have béeneemploying

them asmolecular wires between quanar electrode®:  Among the promising trends in
molecular electronics is the use @drbon nanotubes as field effect transistors. Such a trend
depends on the robustness of the carbon nanotubes and their chemical inerthess among a host of

other desirable characteristics makihgm a excellentandidate in the miniaturization effofts.

(9).(10

In this dissertation we discus$forts atdeveloping a method for fabricating circuit elements on

the nanometer scale. The methodhagedeveloped depends essentially on usingtami force
microscope (AFM) as a patterning tool. The AFM is used tepamonolayers of seissembled
materials on various substrates. The patterning takes place via two different techniques. The first
methodis known as nanograftidg? 1?3 The second mode of patterning is electrochemical
surface modification using an AES-®5) With these techniques, one can lay out patterns on a
surface as charged templates and thenassiémble a variety of nanomaterials of arbitrary
thickness onto thegemplates using laydry-layer depositionWe esablish in this dissertation a
comparison betweethis rew method of circuit element fabrication and other available methods
used in constructing circuits and circuit elements. The comparisons establishaexkdmaine

aspects of the fabrication processes such as the smallest sizes achievable using each method, the
ease of use for each of the methods, and the appropriate uses of each of the methods in varied

applicationsand demands in the fields of electranic



1.1Lithography

Lithography in its most general foratands for techniques used in transferring patterns from one
substrate to the oth&" The origin of the word means stone writing. Some of the oldest forms
date back to 3000 B. & The forms of lihography we are concerned with in the field of

electronics and nanteetronicsare primarilyphotolithography and scanning probe lithography.
1.1.1 Photolithography

Photolithography is a process of transferring a pattern ugatigal means from a mask to a
subgrate for etching. Photolithography was invented in 1855 by the French chemist, engineer and
photographer Alphonse Louis Poitevin. Poitevin discovered that exposing ag&ab gum
mixture to light changes its chemical properties. Exposing such a mitduight hardens the
mixture in proportion to the exposure time. The exposed parts of the mixture become water
insoluble. Using such a technique provided the basis for better quality photographs and
blueprints?® The modern process of photolithaghy depends on the same principles of
photosensitivity of certain chemicals and their becoming soluble or insoluble after being exposed
to light.?5-® Coating a silicorsubstrate witltertain types of materiali&r examplepoly(methyl
methacrylateYPMMA), as aphotoresist and exposing the material to ultraviolet light of certain
wavelengths breaks dowsonds within the polymeand renders it soluble in certainpgs of
solvents This casds known as a positive photoresiBieveloping the exposed lsstrates in the
appropriate developer solutions etches away the layer of photoresist that was exposed to the UV
light. This procedure allows for ffilner processing of the silicaubstrates in multitudeof ways.

A similar result is achieved by using agagive resist where the exposed parts of the photoresist

become insoluble in the developer solutidng to crosslinkingThe versatility of this technique



and its enormous throughput due to the paralletgssing nature of the technique make it a
cornersone ofthe semiconductor industry. Howeyeaeveral limitations onhis process exist
making it difficult to extendor much furtheminiaturization ofcircuits. The major limiting factor

is the fact that once the smallest dimensions of the circuit metarts olhanometeslimit we run

into interference effects from the light sources used in the photolithography.
1.1.2 ScanningProbe Lithography

Using scanning probes such scanning tunneling microscopes (STM) and atomic force microscopes
(AFM) for patterningand manipulating surfaces asstrong, promising and versatile tool in the
world of nanoelectronicsThe main focus of this dissertationasnovel form ofatomic force

microscope based lithography.
1.1.2.1Atomic Force Microscopes

The AFMis an imaging device #t relies on the atomic force interactions between asmeall,

sharp tip which has an average diameter of a few nanometedsthe surface of the scanned
sample Monitoring the reflection of a laser beam from the back of the AFM tip allows a feedback
system to monitor changes in how the tipdeflecteddue to interactions with the surface. The
observed changes in the reflected beam are then utilized by a feedback sgstarulttihe motion

of the AFM tipto maintaineithera constant distanaar force to the scanned surface constant
oscillation amplitude of the tip depending on which mode of operation of theigEkployed

A detailed discussion of the principles of operation of the AFM and the different modes of its
operation will follow in Chagr 3 of this dissertation. The uses of AFMs and scanning tools have
by far exceeded their straightforward use in imaging decadel$’agbe two main techniques in

which we use the AFM in AFMbased nanolithography are nanografting and surface electro



chemcal modification.Nanograftingdepends omapplying a large force tthe AFMtip such that
thisforce shaves oSome othe molecules that existed asanolayerdeposited on the substrate
Shaving the monolayer molecaléakes place in the presenceanfambient solutionn the liquid
cell of the AFMso that the shaved molecuke®replaced by another species of molecules from
the ambient solutianThe new moleculeshichhave been graftedtmthe background monolayer
are chosen based on their termifuadctional group to change the chemistry of the surfiadbe
horizontal direction parallel to the surfade thesecond modethe AFM is used to chemically
modify the chemistry othe surface irtertainchoserpatterns. This is done by applying potehtia
differences between the AFM tip and the monolayer deposited on the surfec@otential
differences are used to either reduce or oxidize the monolByeroxidized or reduced parts of
the surface establish patterns of different chemical propertiesthigabackgrounds they are
imbedded in.After the patterning is doneghe designed patternget mvered with different
materials to construct traesired circuielements. Among the materials usdor this deposition
process arpolymers, gold nanopartideand charged carbon nanotul#dkof these materials are

deposited on the patterned areas in the form ofassémbled layers

1.2 SeltAssembled Monolayers

SeltassembledhonolayergSAMs) are very thin layerthat are ainglemolecule thickdeposited

on surfaces from vapor or liquid phases. In the work reported in this dissenatianilize this
method of deposition for various types of molecules. In the case of depositing monolayers as
backgrounds on the substrates we deposit thiol monolayerddsuistrates, silane monolayers

on silicon substrates and polymer multilayers on the patterned surfaces.asé\kharacterized
mainly bythe autonomous manner in which the molecules arrange themselves desigeated

surfaces in organized formgth precisely controlled thicknessThe mechanism by which each
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of these deposits on the surface differs between the different cases. In the case of depositing thiols
on gold the attachment of the molecules deaonithe interaction between the head groughef
moleculewith the gold substratén the case of thioJshese head groups contain sulfur atoms. Due

to the strong affinity of sulfur to attach to gold these head groups attach themselves very well to
the gdd surface forming a monolayer tfiols on the gold substrate. In the case of silarles
attachment to the surface is achieved usifg@-Si bond between the head group of the silanes
containing silicon atoms and the substrathich is consistsof silicon. In the case of polymer

layers depositon on the patterned areas achieved primarily via electrostatic interactions
between the patterned areas of the substrates and the electrically charged polymeFighams.

(1.1) below shows a schematic diagram for a monolayer attached to a substrate

< Tail group

Backbone chain group

< Head group
Substrate §
N

Figure (1.1): A schematic diagram of a monolayer of molecules attach
the surface of a substrate. The head group contains an atom or a molg
with affinity for binding with the surface of the substrdf®.Reprinted
with permission from: Rogers, Pennathur, and Adams, Nanotechnolo
Understanding Small Systems, 2nd Edition CRC Pres$, 2011




One of the goals of this work is tiemonstrate the various steps taken towards being able to build
nanowires and transistansing sefassemblyThe first step demonstrated isdesign and execute

a process to accomplisselective deposition of pymer layersand other nanomaterialsn
designated patterned aredsis first step is then followed by several steps aimed at selecting

different materials suited for building circuit elements to be deposited using selective deposition.

1.3Document Organization

This chapter is followed bthe literature review o€hapter 2in which we discuss some of the

major trends in the world of nanoelectronics and the various methods used to fabricate nanoscale
circuit elements. The methods discussed include photoidpbg, Xray lithography,and
scanningprobe lithographyand we primarily focus on AFM based lithography techniqlres.
Chapter3, we discuss in depth the experimental details of the methods and equipment used in our
work. The discussion covergolymers, AFM systems and techniques, thiols, silanes and

nanoparticles used in our work.

In Chapter 4we describe thér st stage of thevork wherewe use goleplated glass slidabatwe
cover with a monolayer oftinchargedthiols. Nanogr&ing is then performed ro the thiol
monolayerin a liquid environment containing a solution of a different thmlreplace the
backgroundhiol deposited on the surface with another one thus establishing a pattsrsting

of molecules terminated witthargedgroupswithin anunchargedackgroundThe next step is to
use Layeiby-Layer deposition of polyet#rolytes to selectively deposit polymer multilayers on
the patterned areas. This allowed us to sthéynature of this guided deposition process and to
examine the factoraffecting itsuch apH levels and deposition timeBhe efforts from the first

stage culminated in establishing a repeatable technique for nanografting and selective deposition



of multilayers of polymersThe technique developed alalbows us a high dege of control on

the thickness of the layers deposited and the sizes of the patterns they form.

In chapter Swe describéhe second stage of teork wherewe extendthe proceduréo silicon
substrates covered by a monolayer of sildfé8 The silares are then patterned usihgo
different methods. The first method is the saki®/ based nanograftingnethod we used in the

first stage. The second method is themical surface modification methdd.this latter method

the applied potential differendeetween the AFM and the surface of the moyeieof silanes

causes the functional groups at the end of the silane chains to change to a different desired
functional group.The change in the chemical properties of the patterned areas of the silane
monolaye establishes a pattern. The designed patterns are then used to guide the deposition of
polymers, gold nanoparticles and charged carbon nanoflibesxtensiorto silicon substrates is

an essential step since our goal is to build circuit elements. Gitemients constructed by Layer
by-Layer deposition on a conductive background such as gold presenwarkableoptiondue

to theinterference of the conductive substrate with device performblsagy slicon as a substrate

on which the devices can beilbyprovides a solution for this due to gemiconducting property

The second stage ldd the development of a technique to construct nanowireseviaadths

ranged between 20500 nm. The seond stage of the project, alabowed us to develop an
appoach that could be uséd construct transistors on the nanometer scale and to integrate the

nanometer scale circuit elements with standard cleanroom technology.

In Chapter 6ve discuss mechanical means of swelling and deswelling polymer multitaytrs
AFM tip. The effortsin this dissertatiohed to the discovery of a new method to mechanically
swell and deswell polymer multilayers antb find a direct method to studiie already known

effect of changing pH levels on the thickaes$ polymer multilayers®.



In Chapter 7 we present a discussion of the results achieved in this dissertation and an overview
of future work currently under way and possible directions in which the project could be expanded

using different conjugated polymers and nanomaiteri
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Chapter 2

Literature Review

2.1Introduction and historical background

Printing as anethod of transferring patterns from one substrate to the other has been known since
3000 B. C The survivingevidenceshows thatri Mesopotamia and ancient Egypblds of

carved stones were used to transfer patterns into soft materiadsetikéay. The form of printing

that shares a common principle addoresembles, in essence, the methods utilized in this work

is known as lithography and was invenied796A. D.® Lithography, which comes from a Greek
origin where lithos means stone and grapimeeans to write, is a form of printing that depends on
transferring a pattern from an etched stone to paper. It was invented by German actor and writer
Alois Senefeldef? The method depended on painting a pattern with wax or feteosurface of

a piece of limestone. After thathe surface of the stone was exposed to a corrosivéhatetched

away the parts of the stone that were not covered with wax. This developed a topographic pattern
on the surface of the stone which was used later to prirdgrigal picture on papé? Figure

(2.1) below shows an example of an image produced by using lithographic methods.
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Figure (2.1)William L. BretonResidence of Wagtgton in High Street, Philaddgohn
Fanning Watson, Annals of Philadelphia (1830), opp. p®3§Rwlic Domain). Wikipedia]
http://en.wikipedia.org/wiki/Lithography#mediaviewer/File:PhiladelphiaPresidentsHou

In modern day technologyjthography has played a key role ine development and later
flourishing d the semiconductor industgs we know it todayThe various types of lithography

used in semiconductdabrication will be discussed shortlyOne of the main trends in the
electronics industry and research is the interaatireased miniaturization afl possible elements

of a circuit forreasonghat includemproved computational capabilities and power consumption
Such a trend has led to grestvancedn the methods used to manufacture circuit elements.
Developments are constantly being achieveldath lithographic methods and materials used in
making circuit elements. One of the main frontiers for developing new lithographic techniques is
the smallest size of a circuit element that can be produdesl advances towards smaller and
smaller circuitelements also brings up a few issues concerning the fabrication methods needed to
achieve this goal. Along with the examination of the fabrication methods comes the search for

alternative approaches to nanoelectronics as some of the mainstream methofis deacental
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limitations In what follows in this chaptemwe discuss some of thaifferent approaches to
nanoelectronics. These approaches sparentmethods that are used in circuit manufacturing
andother new and novel techniques. For each of thesca® examinedevices that have been
manufactured using these methods and exathi@strengths and weaknessafsthe different

methodsas weapproach smaller and smaller sizes for the circuit elements.
2.2 Technique®f lithography

Constructing circuit compeents is accomplished via various methods of lithpQy in the
semiconductor industryhe following is a short discussion of some of the most commonly used

methods
2.2.1 Photolithography

Photolithography is a process of transferring a pattern ugatigal means from a mask to a
substrate for etching?hotolithography was invented 11855 by the French chemigingineer and
photographerAlphonse Louis PoitevinPoitevin discovered that exposing a fegallat gum
mixture to light changes its chemical propesti&€xposing such a mixture to light hardens the
mixture in proportion to the exposure time. The exposed parts of the mixture become water
insoluble. Using such a technique provided the basis for better quality photographs and
blueprints®® The modernprocess of photolithographysed in the semiconductor industry
depends othe same principles of photosensitivity of certain chemicals and their becoming soluble

or insoluble after being exposed to light"

The first step in the modern photolithogtap process ileaning a substrate of silicoithe
cleaning process exposes silicon layers by etching away silicon dioxide layers and other organic
and inorganic materials fnothe surface of the substrate.
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After the cleaning stefhe substrate is coveatavith a photoresist material. The photoresist is a
substance that is sensitive to light and chartgehemical properties agstexposed to ultraviolet
radiation in this specific type of photolithograptyigure (22) shows a generalcekeme for

photolthography alignment and exposure.

LR Bght
e . <
{3} Exppame {b} Devd opment

Figure (2.2): (a) The basic process of exposing a substrate covered with a photoresist
light and then developing it. (b) Developingexposed substraté? Reprinted with
permissionfromf Lat LbX ! o { wL ¢ | w! *!-@rdd Nandlithdgrdphyx
¢ SOKYAIljdzSad FYyR ¢KSANI ! LILX AOFGA2Y&EET 9V ]

The case in which the exposed regions become soluble is called positive photoresist and the
counterpartn which the exposed parts become insolublealled negative photoresist. After the
substrates are coveradgth a layer of the photoresist material of chaiseng the process of spin
coating the substrates are baked for a very short period of time toaffiegcess solvents and
harderthe photoresisf) The next step is to expose the substratedttaviolet (UV) light through

a photomaskMasks for photolithographic processag made out of material that is transparent
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to UV light. The most commonly used materialaisodalime substratdhen on this substrate
electron otion beam lithography is useditaplement a patterthatultimately we need to transfer
to the silicon substrate. The part of the mask that is designed to alhsddly tlight is made of
copper Different photoresists are designed to be simesio different wavelengths theUV light
range Once the substrates are egpdto the UV light the photoresist can be ddoped using
solventsthat dissolvesither the exposed or the nerposedarts of the photoresidepending
on the type of photoresist usede exposed parts can eitherdmduble in the photoresist solvent
or can become insoluble. Matesalised as photoresists includelymethyl methacrylate)
(PMMA), poly(methyl glutarimide) (PMGI), andhenol formaldehyde resin (DNQ/Novolac). The
chemical procss by which the positive sesst DNQbecoms soluble in thedevelopers is shown in

Figure (23) below.

PhOTOl\blS Figure (2.3): The main
hv reaction of a DNQ
‘|‘ N positive photoresist

when exposed to light.

diazonaphthaquinone ( DQ a carbene ) )
The formation of an acid
““2 contraction leads to an increased
solubility in a
0 COOH yina
C hydration water/base mixture of a
' (52 [Eqj .
+ HO0 developert [Faw use]:
http://www.microchem.
a ketens indene carboxylic acid (ICA) com/Tech

LithoTerms.htm
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Once this step is donthe substrates are ready to be processadaniety of waysSuch a process
leaves the substrate ready for building dumtive wire connections, seoauinductorchannels
insulating regions andther devicecomponentsAmong the factors making photolithography a
very powerful tool in the commercial scale production of semiconductor devices is the massive
capability for parallel proessing. Billions of @nsistor componentsan be produced
simultaneously in a few seconds using available cleanroom equipment at any production facility.
This reduces the cost per bit for the produced devices. On the otheralsawe proceed in
investigating thepossibilitiesof 3-D circuitry and nanoscale electronics, we will into some of

the limitations of photolithography. Among the prominent limitatisrtte smallest size thatrca

be produced using photolithographyhe smallest sizes for the features that can beugexlis

limited by thewavelengthsthe optical systems uséaor the exposure, and the smallest size that
can be put on the maskhe effects of these factors can be understood in the context of the method
of alignment and exposure used in photolithogyagimere are three main ways of exposure used

in this type of lithography. The first type is what is known as contact lithography. In this mode
the mask comestiophysical contact with the photoresist covered subsirais.ensures that any
limitationsdue to diffraction effects are eliminated. In this mode, theoretically spedkenfymit

on the smallest feature producible is the smallest feature achievable on thédlowasker,this
approach has an intrinsproblem that repeated contact betweenphetoresist coating and the
mask leaves residue on the mask and cleaning is required every single time the mask is used and
this causes the quality of the mask to deteriorate over time. Among the other factors affecting the
success of this method is howatfland clean the substrate is. Any dust particles or discrepancies
with how flat the surface is leads to gaps between the mask and the substrate opening the door to

other limiting effects such as diffraction effec@ontact photolithography is thus notedsin
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semiconductor mass productidrhe second type of alignment and exposure in photolithography
is what is known as proximity printing. In this type of exposargery small gaps maintained
between the mask and thabstrateThe following equation q@videsa measure on the smallest

feature producible usingroximity printing®*
Wmind &(g * &) (1)

whereg i s the gap between the mask and the subst
used for UV exposure of the photoresite problem of maintaining a constant gap betwhen t

mask and the substrate presents a challenge in this type of lithography. This is ussatlybgau

the dependence anmechanical design to maintain such precision over a very short distance for

the gap and the flatness of the substrate. The third ofq@entingwhich is the foundation of the
semiconductor industig known as projection printing. In this mqodke separation of the mask

and sibstrate is a considerable onermally around 0.5 m. At such a separatemgeystem of lenses

is usually usedo produce aeducedprojection of the mask on the substrd&mure @.4) below

shows a schematic of the three different types of printing in photolithography

Mﬂﬂﬂi "

(b} Proximity printing {c} Prajection priniing

Figure (2.4): Different types of photolithography. (a): @ohprinting where the mask
comes into physical contact with the substrate. (b): Proximity printing where there is
very small gap maintained between the mask and the substrate. (c) Projection printir
where the distance between the mask and the sub&riatincreased to the order of 0.5
m and optical components are used to provide shrinking of the mask pattern on the
substrate!®™® Reproduced with permission fronP[MPIN, A., SRITURAVANICH, W.
GwS A S -anhgNamoktldit®ohy Techniques and TheidlAf A OF G A 2y a
Journal, Thailand, 16, nov. 2411
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Using a simple Fresnel diffracti@nalysiswe find that the smallestzs for a featuref a circuit

on the surface of the substrate is givefi‘by

R &* ¢X/ NA 2

whereR is smallest feature feasible, is a constant pertaining to the printing process and the
photoresist used and NA is the nurnalapertureof the system. Theikalueis approximated to

be at around unity famanyof the processes in the semiconductor indudtlsing this projection
system presents its own set of probleelatedto the depth of focus affecting the sizes achieved
at the smallest scale possible. The smallest sizes achievedausmgbination of resolution
enhancement techniques and specially designed photorasastsow on the order of02nm

lines¥

Another way around the diffraction problem while still pramgl access to smaller feature
dimensions and refution is what is known as extremutraviolet lithography.Using higher
energy ultraviolet sources means usingr&rowavelengths in the range -18 nm In this
technique the exposure is done via projexti patterning. The main problem that faces this
technique is the need fonprovedreflective mirrors and optical components siratesuch short
wavelength, absorption is a major problehine smallest sizesurrently achievedising this

technique are irhe range o0 nm although much smaller sizes are possibte
2.2.2 X-Ray lithography

X-Ray lithography is a very strong candidate for fowre of lithography. In this type of

lithography the eposing energy sourcés collimated X-rays® The shet wavelength
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characteristic of the Xays used, less than 1 nm, allosvenuch smaller resolution limit imposed

by diffraction effectsThe principle of operation foX-ray lithography is very similar to that of
photolithography® Masks used for Xay lithography are made of materials that are characterized
by low atomic number. Typical materials used for this processdam@mond, beryllium, or
polyimide The parts that shield the photoresists from theayé are made of -Xay absorbing
materials charactized by high atomic numbersuch agjold. The photoresistised inthis caseis
oftenPMMA. In spite of using similar photoresists to the ones used in UV photolithography, the
thicknesses of the layers are adjusted to accommodate the factridngt penette deeper into
exposed materials than UV do€mne of the main advantages to usingax lithography is that

due to its penetrating power it allows for construction of higher structures on the substrates. On
the other hand, the main disadvantage of uxurgy lithography is the high cost of the equipment
used to produce the-Mays needed for the exposure prod&ssnother limiting factor on using X

ray lithography is the lack of the ability to reduce the projected features from the masks. This leads
to the smallest sizes possible to achieve being restricted by the mask production technology. The

smallest sizes reported are in the range of 3¢%m.

2.2.3 lon Beam lithography

lon beam lithography is one of the most versatile tools that exist in the varideavens of
patterning surface$® The technique depends on exposing the surface to be patterned to a highly
energetic beam of ionFhe exposure takes place via two main methotise first method is a
projection method similar to the photolithographictinoel where the ion beam passes through a
mask first before it encounters the subst®telhe other method is known aérect write ion

beam lithography where the ion beds focused to fan a very small probe and then is

manipulateddirectly onto the sdiace that is to be patterned. In this latter mettbed beam is
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controlled such that it moves on the surface of the substrate tracing the pattern that is to be
transferred to the surface. The mechanism by which the patterning takes place varies $tom resi
exposure to milling and etchifg®) The heavy mass of the ionsupled with the high accelerating
voltages with which the ions are accelerated leads to high momentum for the ions. This in turn
leads to very low diffraction effects and excellent feasires. lon beam lithography offers a
range of very small feature sizes depending on the source used to produce @&%bRar a

plasma sourcehe feature sizes can range from 100 nm tonl fgora gas fieldionization source

the feature sizes mge from 5 nm to 10 nr8?
2.2.4 Nanamprint lithography

Nanoimprint lithographyNIL) was introduced in 1996 by Stephen C#3urhe main idea behind

this method is to manufacture, using micromachining techniques, a mold that carries the desired
pattern andhen bring it into contacit elevatedemperaturewith a layer of polymer material that

is spun oto a substrate to transfer thettgan to the polymer layer. Once that is donefine® | d 0
and the substrate are separated and the pattern is establistiedd pmtymer on the substrate.
Different etching techniques are used after that to further transfer the pattern imprinted on the
polymer to the substrate underneathTihis nanolithography meod has resulted imany
variatiors on the same technique. Tharkest of them is what is known dhermoplastic

nanoimprint lithographyT-NIL), which was introduced by Chou in his paper in 1896
2.2.5 Scanning prob&thography

Scanning probe lithography refers to lithographic methods of patterning surfaces ocrthandi
nano scales using probes thadreoriginally intended for scanning, imaging and characterizing

surface8Y. Among the scanning devices used by these lithography methods are atomic force
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microscopes anscanningunneling microscopes? Varioustechniques exist for establishing the
desired patternsn select substrateall the patterning techniques depend on energy transfer to the
surface. The form of energy transferred can either be chemical, mechanical, thermal, or electrical.
The choice of tehnique and device used for the patterning depends onatezialsused and the

goal to be achieved by the desigie work in this dissertation uses atomic force microscope

lithography as a primary tool, and it will be discussed in much more detail .below
2.2.5.1Dip-pennandithography(DPN)

DPNis a lithography method that depends on usiné\ll to deliver achemicalpatternusing

the AFM tip as a writing devicand the chemical material used to pattern the surface &€k

DPN, the AFMtipisceere d wi t h t h e fiill eskablishrthe paderniomthe strfaca.t
The patterning process begins by bringing the AFM tip close to the surface. Due to the humidity
in the air surrounding the AFM tip and the sampleiniscule droplet of water fermed between

the two. The water droplet delivers the material from the AFM tip to the surface establishing a
chemical pattern on the surface where the tip scans the séfhpigure @.5) below shows a

schematic diagram of how this process takes place
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Figure (2.5): An illustration of how DPN works. The ink molecules that are covering thg
tip diffuse through the water droplet between the tip and the surface to deposit on the
surface in theareas scanned by the AFM fip.[Fair use]Piner, R. D.; Zhu, J.; Xu, F.; Hon
{ ®T aANJ AtySyé¢ obl w2k BK2HNI-66REPE) { OASy O

The size of the patterns that can be constructed using DPN techniques are limited by two factors.
The first limiting factor is the size of the AFM tip used. The second factor is the relative humidity
in the environment in whiclthe pattering takes place. Some of the smallest sizes of patterns
constructed using DPN are in the range ofi150 nm®°:(9 |n their first paper published
describing this technique, Mirkiet al. successfully depositedQctadecanethiols (ODT) on gbl
surfaces. The technique involved dipping a silicon nitride tip in a saturated solution of ODT in
acetonitrile for one minute. The tip was then dried under a stream of compressed diflouroethane.

The substrates used for patterning were prepared by eviagaatA of gold onto a substrate of
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mica. When the AFM tip was brought @ontact with the gold surface the ODT molecules were
transported from the tip to the surface via the wateniscusormed in the narrow gap between

the tip and the surface. Latefafce measurements of the patterned surfaces revealed a detectable
difference between the areas of the surface that wesestbwith ODT molecules and the areas

that were not treateéigure (2.6) shows images from these patterning attefdpts.

Figure 2.6: Lateral force measurements of patterns made using DPN of ODT on gold su
(a) Alateral force image of a 1 um X 1 um square of ODT deposited on gold. The patter
was done at a relative humidity of 39% and the scan rate used during the patterning is ]
(b) A lattice resolved image of an ODT patterned area. (¢) A 20 nm widef\@EgTo
patterned on gold suing DPN. (d) A 100 nm wide wire of ODT on a gold sub$tf&ser
uselt AYSNE wod 5dT %KdzZZ WOPT-t SdE OOV 2If AWiKR
283, 661663 (1999)
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Various exciting applications of DPNhave been developed since its debut. Among the very
interesting applications for this patterning method is the construction of nanoarrays for
biosensor§®® Nanoarrays of biologidamolecules have the ability to hold a large number of
features, around 2@nore, compared to microarrays of similar molecules. study performed by

Lee et al, DPN was used to immobilize a4 in nanoarrays to screen for the human
immunodeficiency -1 (HIV-1) p24 antigen in serum sampf&® The antibody nanoarrays
were fabricated using DPN to pattern the surface of a gold substrate with molecules of 16
Mercaptohexadecanoic acid (MHA). After the antibodies were immobilized on the MHA patterned
areas, thesubstrats were dipped in serum samples. When the p24 particles were attached to the
antibodies, the height of these patterned areas increased. To amplify the height diétmmgries

were then exposed to a solution of gold nanoprobes that wertoitalizes with antps4 which
attached themselves to the immobilized p24 particles resulting in higher features on the gold
substrates. Such techniques are used to enable the studying of virus binding and detection

techniques. A schematic of the proceglused in this experiment is shown in Figure (&7
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Figure 2.7: (a) Using DPN to pattern gedd surface with MHA molecules. After the patternir
is complete the antp24 get immobilized on the patterned areas. Exposing the immobilizeq
anti-p24 particles to serum samples allows the p24 to bind to immobilized antibodies. To
amplify the height di#rence resulting from the binding of p24 to the immobilized qu#4 the
substrate is further exposed to a solution of gold nanoprobes functionalized witip24ti(b)
Topographic image and map of the MHA templated areas. (c) The topographic image ang
height profile of immobilized an§p24. The height difference is in the range of 2.3£0.6 nm
compared to the template areas. (d) Topographic image and height profile of the substrat
after sandwiching the immobilized p24 particles with a layer of-p24 fundionalized gold
propbes®[Fairuse]] SSZ Y® . I YAYI 9@ |, ®I aANJAyYyZ
blFy2FNNIyrea Ay KAIKEe& aSyardiogsS FyR asSts
Nano Lett. 4, 1869872, (2004)
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Among the interesting investigations carried out using DPN is the investigation of the interaction
between carbon nanotubes and areas patterned with MHA in a background of a pa$3ivating

Hong and coworkers studied the binding behavior of carbon nanotubes to sites that were patterned
in circular shapes of MHA. The affinity of the carbon nanotubes to binding t® GaOH
terminated MHA led to very interesting results. Using speci@déirsed carbon nanotubdsatare

longer than the circumference of the patterned circles caused the nanotubes to wrap around
themselves in circulashapesto fit on the patternsFigure (2.8) shows the results of the
investigations carried out by Homrg d. Such studies allow for examining the details of directed

assembly of carbon nanotubes and other nanoscale building Bfcks.

Figure (2.8): (a) fapping mode topographic image of multiple single walled nantubes coiled and
stacked on top of one another on the template areas. (b) Height profile of the stacked carbon
nanotubes showing relative uniformity. (c) A model for the coiled nanotube. (dpWemin image of
one of the patterned sites showing the stacked nanotu8g§rair use]Rau, S. G., Huang, L.,
Steyawan, W., Hong, S. H., Lasgale assembly of carbon nanotubes, Nature, 425 B2003)
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Among the positiveaspectf using DPN techniques is that they are very versatile and easy to
perform methodgossible to carry out on virtually any AFM. However, among the drawbacks of
this method is the fact that it is a serial processing method making it a slower process when
compared to parallel processing methods such as photolithography or microcontax. phmt

an effort to address the parallel processing limitations of the DPN méfimich et al developed

an array of AFM tips that carried 55,000 tips in the form oad@ray®” This array was designed

and fabricated using photolithographic methioth their designa high clearance was created
between the apex of each of the tips and the supporting substrate to allow for higher tolerance and
maneuverability with respect to the surface topography. Instead of using a massively complicated
feedback gstem to control the positioning of these tips with respect to the surface, the tips were
controlled by gravitational effects managing their separation from the surface in an interplay with
the repulsive forces that the tips feel from the surface. Areds @ff size were patterned
simultaneously withresolution below th&00 nm limit. Figurs (2.9)and (2.10) shovmages of

the 55,000 tip array and the patterns resulting from using ODT as an ink on a gold substrate

respectively

Piezo
T A»y— Scanner
- TipAray_
=ct::; .
t:. &= :_ﬁ 3 :Tlp: Al:[ay_: :’
Substrate | —> | Substrate |

Figure 2.9: (a) An array of cantilevers usegarallel DPN. The inset image is an SEM imag
some of these cantilevers. (b) Schematic view of the design of the gedigihed array and
how it is controlled®” [Fair use]Salaita, K. Wang, Y., Faragala, J., Vega, R. A., Liu. C., M

C. A Massively Parallel Dipen Nanolithography with 55,06@en Two Dimensional Arrays,
ANgew. Chem. Int. Ed., 45, 722223, (2006)
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Figure (2.10): (a) SEM image of an 88,000,000 gold dot array patterned using massively pal
DPN. (b) AFM topographical igeof part of the patterned array. The dot to dot distance is 40(
nm and the dot width is 100 + 20 nf? [Fair use]: Salaita, K. Wang, Y., Faragala, J., Vega, R,
Liu. C., Mirkin, C. A., Massively Parallel®¥p Nanolithography with 55,06@en Two
Dimensional Arrays, ANgew. Chem. Int. Ed., 45,-7223, (2006)

In another study by Mirkin and eworkers, DPN was paired with LbL deposition methods to
achieve directed deposition of polymer multilayers on patterned suffidashis study Mirkin

and hiscolleaguesisedmercaptohexadecanoic aqBlHA) as ink to write doand line features

on a gold surface. The déatures wer®0 - 500 nm in diameter and the line features were 200
nm wide. After the features were written, the gold surface was passivated using octadecanethiol
(ODT), 16mercaptel-hexaleanol (MHD), and l-inercaptoundecytri(ethylene glycol(PEG).

After completing the passivation procgbe patterned substrates were dipped in 40 mM solutions

of poly(diallyldimethylammonium chloride) (PDDA) anmmbly(sodium4-styrenesulfonatg)PSS)
alternatively. No pH modification of the polyelectrolyte solutions was needed thaemoth of

them are strong polyelectrolytes that are strongly charged regardless of the pH of the solution.
Each dipping step lasted 10 minutes and was followed by ainiiggonized (DI) water and a 10
second sonication in DI watéFo examine the ability of such a technique to immobnNiagous
moleculesjt was used to immobilizBuorescein sodium salt§he deposited patterns of MHA
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were found to be 2 nm on average &ll the patterns written. The average height for each layer
deposited oPDDA and PSS was found to be 2.3 nm on average. When the concentration of the
solutions was lowered to 20 mM the average height increase per layer deposited of the polymer
was redeed by 0.5 nm. The average height of the deposited multilayers was similar for the features
regardless of the feature size. Surfaces passivated with PEG demoniséiideddeposition
selectivitythan those passivated with ODT and MHgure(2.11) showsimages demonstrating

these results?

Figure (2.11): Polyelectrolyte multilayers deposited on patterned disks of MHA (a) 200 nm disks ¢
passivated background. (b) 200 nm disks MHO passivated background. (c) 200 nm BES&s on
passivated background. (d) 880 nm disks on PEG passivated background. The better selectivity
the deposition process on the PEG passivated substrate can be seen clearly in the difference of
deposition of the polymer multilayers on the backgroundhe different cases show#? [Fair use]:
Seung Woo Lee, Raymond G. Sanedrin, ByuSgdzy hKXZ | yR / KIR ! ® aAN
Polyelectrolyte Multilayer Organic Thin Films Generated via Parallel Biyy bl y 2t A ( K2 3
17, 27492753, 2005
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2.3 Carbon Nanotube Field Effect Transistors

Carbon nanotubes are cylindricalstiures made of wrapped grapbeteet$o creae cylindrical

shapes that hawealls that ae a singleatom thick. Carbon nanotubes fall into two main categories
known as singlavalled carbon nanotubes (SWNT) and multélled carbon nanotubes (MWNT)
based on the number of shetitat are needetb produce the tubé®)® Carbon nanotubesar
characterized by very small diameter to length ratios. SWNT have been made with diameters
measuring down to 1 nm while their lengths have been realized up to millions of times their
diameter. Carbon nanotubes have unique strength, electric, and theopaftips. These
properties arelosely related ttheir diameters. One of the main properties of carbon nanotubes is
their unique strength. This strength is explained by considering the type of chemical bonding that
takes place between the carbon atomhiénunique structurthat distinguishes these tubeshd
chemical bonds are of the?dgpe which are extremely strong and thus explain the strength of the
carbon nanotub€$?-®3The way the graphensheets are rolled into carbon nanotubes determine
many of their propertie§?-?2-23) There are several ways of rolling carbon nanotuhesh as
zigzag, chiral, and armchaifhe rolling method determines the electric properties of the carbon
nanotubes as either metallic or semiconducting. In our Empets we deposit charged carbon
nanotubes on patterned areas on silane monolayers. Ouogdainfg this is to utilize thearbon

nanotubes semiconducting properties ascieds for nanotransistors.

Figure @.12) shows the different chiralities of ¢en nanotubes.
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Figure (2.12): The three types of chirality carbon nanotubes can have. The chiralit
the carbon nanotube depends on the way in which the grapheme sheet is rolled u
Chirality determines the physical properties of the carbon nanotiB&Reproduced
with permission fromRogers, Pennathur, and Adams, Nanotechnology:
Understanding Small Systems, 2nd Edition CRC Press, 2011

Carbon nanotubes enjoy a host of mechanical, chemical, thermal and electrical properties that
make them a very attractive and versatile candidate for structures on the nafSdatetact

that all of these properties can be turmdcontrolling the chirality of the nanotube and its
dimensions is very important. In 1998 it was shown that the high electron mobility and the
adjustable band gap of carbon nanotubes allows for their use in constructiley csirfigpn

nanotube transistof&)®V In their work,Martel and ceworkersexamined the possibility of using
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a singleSWNT and a single MWNT to construct a field effect transi@t&T). The SWNEthey

used werdabricated usingaserablationof graphite doped with nickel and cobdlhe nanotubes

were thencleaned in an FSQy/H20, solution. The MWNTE were produced by an arching
technique and used as produced without any further cleaning or procd$&nganotubes were

then deposited across gold electrodes that were fabricated iosinbeam lithography. The
nanotubes and the electrodes rested on a 140 nm thick background of silicon dioxide on top of a
silicon substrate. For each nanotufse gold electrodes functioned as a source and drain and the
silicon substrate acted adackgate.Figure (2.13 shows a schematic diagram for the design of

the device.

MWNT or SWNT

A ouroe) |\__JT A (@rain)

SiO,
Si (back gate)

Figure (2.13): A schematic design for the experimental set up used by Martel -avatloers
to examine the possibility of using a 8MWor a MWNT as an FET. The two gold electrodg
function as a source and a drain and the silicon substrate functions as the gate for tf@ |
[Fair use]Martel, R.; Schmidt, T.; Shea, H. R.; Hertel, T.; Avouris, Ph. (1998)-'@idgle
multi-wall cabon nanotube fieleeffect transistors”. Applied Physics Letters 73 (17): 2447

Connecting a SWNT between two electrqabsinging the potential difference between the source
and the drain(Vsp), and examining itsféect on the current that flowteroughthe nanotubg(l) at

variousgate potentiavalues, (\&) revealed d&ehaviorcharacteristiof FETs.When \& was set
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to zero, dinear relationshipvas foundbetween the ¥ and the currentror this particular ¥

val ue the resistance of the SWNT was concluded

When \&is varied such that ¢is negative, the relationship remains linear. When hasgumes
large positive values nonlinearity appears in théss relationshipuntil the currendiminishes
completely for large values ofd/ Figure (214) showsthe relationship betweensy and the

current in the nanotulder different values of ¥.

g
g
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3

Figure (2.14): TheVsprelationship in a SWNT connected between two electrodes while the b
gate \&is varied. ForK n GKS NBf I UA 2 Y &l atlahigh®ositve ValNe t
I-Vspstarts becoming nonlinea?? [Fair use]: Martel, R.; Schmidt, T.; Shea, H. R.; Hertel, T.;
Avouris, Ph. (1998). "Singknd multiwall carbon nanotube fieléffect transistors". Applied
Phvsics Letters 73 (17): 2447

The SWNT behaves as adpped FET and the explanation for this behavior rests on one of two
assumptions. The first is that positive charge carrier concentration is inherent insSTHeT
second is that the positive carriers are injected into the SWNT at the electrodes duediselect
leaking out from the SWNT to the gold electrode due to the higher work function ofgglde

(2.15 shows the relationship between | anglfgr a SWNT.
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Figure (2.15): The relationship between | ardrva SWNT FET. As theassumes larger
values the current diminisheé®" [Fair use]: Martel, R.; Schmidt, T.; Shea, H. R.; Hertel, ]
Avouris, Ph. (1998"Single and multiwall carbon nanotube fieléffect transistors".
Applied Physics Letters 73 (17): 2447

When similar exainations were carried out usiagMWNT, it was discoveed that MWN'E that
are intact do not exhibit anys dependence in their\I'spcurves. However, structurally damaged
MWNT exhibit FET behavior due to the change in their electric propéttiésgure (2.16 shows

the relationship betweengd\and | for a MVNT.
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Figure (2.16): The relationship between | ardor a MWNT connected between two gold
electrodes. The case for an intact MWNT, the light colorgte; shows that there is no
dependence of | on thed/Once structural damage is introduced to the MWNT, it starts exhibiti
FET behavior as seen represented by the solid black &fFair use]: Martel, R.; Schmidt, T.;
Shea, H. R.; Hertel, T.; Avisy Ph. (1998). "Singland multiwall carbon nanotube fiel@ffect
transistors". Applied Physics Letters 73 (17): 2447

In a similar fashionDekkeret al. showed thait is possible to construct a field effect transistor
using a singlesemiconductingarbon nanotubthatis operational at room temperatuf@. This

was accormlished using a semiconductismgle walled carbon nanotube. The construction was
that of a backgated transistor. The nanotube was laidsatitiose terminals made out of Rt
silicondioxide layeron top of silicon substraten which the entire constction rested served as a
gate®? In spite of the success of the experiment, there were a few problems surrounding this
construction. Among the biggesioblems was the poor conduction between the nanotube and the
electrodesTo remedy this problem severahet geometries exist for constructingnotubdield

effect transistors. Some of the examples are top gated transistors apdlllGateund single
carbon nanotube FE#®:29
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2.4  SelfAssembly

Photolithography, deep ultra violet lithography;ra§ lithography, and ion beam lithography
which constitute the forerunners in the present and future of the semiconductor inalestry
considered examples tie top-down approachof design The topdown approach starts with a
large scale object and redudew the desired size. As we have seen in the discussion above, this
approachs beginning to runnto a hos of technical problems challengintg ability to continue
leading the way in miniaturizing electroni&nce the limits otircuit miniaturizaion circuits is
expected teventuallydeal with dimensions on the ordafrindividual molecules, an alternative
approach, bottorap assemblyto miniaturization seems to be a promising option. In the bettom
up approach, the building blocks are individoaleculesor nanostructurethat are useeither
individually or in aggregate$or their electronic propertiesThe process of assembling the
molecular building blocks offers control on the dimensions of the system down to fractions of

nanometers.

Seltassembly is one of main techniques used in the bottom up approach-assaifblyywe use

molecules that assemble themselves into the desired forms and structures. Such an approach offers
control on the molecular levéf) The success of such a procespeaiils on what type of
interaction will allow these molecules to adhere together in one structure and how to establish a
form of recognition between the molecules to form a discriminative assembly ${/8t€#The

interactions binding the molecules clne el ectr ostati c i ntetractior

interactions, dispersion forces, hydrophobic effects, or dative bofiffing.
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Among theforms of selfassemblyare seltfassembled monolaye(SAMS). In this type of

assembly, molecules chemisepntaeouslyon thesurfaces of substratesa one molecule thick

layer.

One of theimportantexamples of SAM is the deposition of alkanethiolates on a gold substrate.

The alkanethiolates are alkane clsdivat hare ahead grougontaining sulfur and hydrogeroms

(SH)at the end of the chain. Alkanethiolates can be deposited on gold substratepinsingting,

vapor deposition or dipping in a solution. The method we insour work is the last one.

Alkanethiolate molecules attach themselves to the golhsiby establishing a dative bond

between the SH head group and the gold atoms in the substrate. Once the bond is established

between thesulfur atom in the head group and the gold substrate, the alkanethiolate chains are

tilted at an angle of 30° to marize the van der Waals forces between the neighboring cfiins.

This forms a long range ordering of closely packed molecules on the gold stitfaadeposited

layer of allanethiolate is one molecule thjand its thickness is determined by the lendtthe

molecular chain of the compoun#igure (2.17 shows a schematic diagram for alkanethiols

arrangements on a god surface.
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Figure (Figure 2.17): A monolayer of alkanethiols
deposited on a gold surface. The thiol molecules h3
an SH head group that binds the gold through
sulfur gold bonding and a terminal group that
determines that changes the chemistry of the surfag
on which the monolayer is deposited. The alkane
chains between the head and terminal groups are
erected at 30 to maximize the van der Wéaforces
between them*9 [Fair use]Quanmin Guo and

Cl y 3 & Sy -a§sémbledélkafdthibmonolayers
on gold surfaces, resolving the complex structure af
0KS AYGSNFIFOS o0& {¢taé¢x
19074¢ 19090, (2014)
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SAMs in general have a mechanism for eliminating errors in the formations of smooth compact
layers except for errors arigjfirom the deposition process or the defects in the surfaces on which
they are depositéd® The following is an equation for the chemical reaction that takes place when

the (SH) group attaches itself to the gold substfate

X(CH2)nSH + AP ¥ X(CH2)nS + Aut +(1/2) Hb

2.4.1 Polymer Multilayers and Laydyy-Layer Deposition

Another important examplef selfassemblyis ionic selfassembleanultilayers(ISAM). In this

type of selfassemblythe main forcet play is electrostatic interactions between the molecules to

be deposited and the surface they deposit on. The surface and molecules are oppositely charged
and thadrivesthe molecules tadsorptioron the surfaceThe thickness of the layer depositsd
normally a few nanometereffering a great control of the construction dimensions. One of the
important applications of ISAM deposition in our research is deposition of polyelectrolyte layers
from solution.Polyelectrolytes are polymer chajnghich ae large moleculeshatare made of

smaller repeated molecular unitgth electrolyte groups on their repeating units. The electrolyte
groups are either on the backbone of the polymer or exist as a side group. The electrolyte groups
dissociate in water antbecome chargedFigure (2.1 showstwo examples of common

polyelectrolytes
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Figure (2.18): (a)Poly(sodium 4tyrenesulfonate]PSS) is a strong polyelectrolyte that
becomes negatively charged due to thesS®molecule dissociating into (§@nd Na&. (b):
Poly(acrylic acid, sodium sai)a weak polyelectrolyt&® Reproduced with permission
from: http://www.sigmaaldrich.com/catalog/product/aldrich/243051?lang=en&region=U

Other kamples of polymers we use apoly(allylamine hydrochloride)(PAH) and poly[1-[4-
(3-carboxy4-hydroxyphenylazepenzensulfonamidel ,2-ethanediyl sodium salt] (PCBS).
Figures (2.9) and (2.2D below showthe structureof the PAH andthe PCBS polymers

respectively.

+ HCI
NH, |

Figure (2.19):Poly(allylamine hydrochlorideYPAH).® Reproduced with permission
from:
http://www.sigmaaldrich.com/catalog/product/aldrich/283215?lang=en&region=US
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Figue (2.20):poly[1-[4-(3-carboxy4-hydroxyphenylazepenzensulfonamide]
1,2-ethanediyl sodium sal(PCBS)®% Reproduced with permission from:
http://lwww.sigmaaldrich.com/catalog/product/aldrich/346411?lang=en&regi
us

The fact that the polymerkse useare charged in aqueous solution gives rise to the possibility of
depositing alternating layers of polymers that are oppositely charged on selected surfaces. This is
the basis of the laydyy-layer (LbL) deposition médtod of polymer multilayers.LbL is credied

to R. K. llerwho used it to deposit microparticles back in 1966 while working for D&Pbithe
substrate®n which the polymers are deposited vary from glass to plastics to silicon and other
materials The fabrication of such polymer multilayers is achieved by alternately dipping the
substratesf choice after cleaning them, ioppositely chargegolyelectrolyte solution§” The
electrostatic interaction between the oppositely charged layers and theateulsiuses the
alternating layers to adhere to each other and to the sub&iiaies (2.2) shows a schematic

diagram of how LbL deposition of multilayers of polymers works

The dipping times and pbf the polyelectrolyte solutions affect the smootisreesd the thickness
of the layers depositedhe effects of changing the pH of the polyelectrolyte solution on the

resultant film thickness and physical properties is examined in various papers by &udfer
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The degree of ionization ofeek polyelectrolytes depends ohé pH level of the solution. Weak
positively-chargedoolyelectrolytes such &AH arehighly ionized at low pHHowever, they lose
protons as the pH of the solution goes above aachtansticpH value known as thaKa (at which

50% d the groups are charge®egativelycharged polyelectrolytes exhibit the opposite behavior
where they areighly ionized at high pH. One of tr@bservations made by Rubredral is that
depositionof a positivelycharged polymer and a negativelyargedbolymer at pH values where

both are fully ionized, for example PAH at pH 2 and PAA at pH 8, results in very thin
polyelectrolyte multilayers. On the other hand, the depositibm positivelychargedweak
polyelectrolyte layer in a high pH solutiomhereit is not fully ionizedon top of a negatively
charged weak polyelectrolyte laydwat was deposited from a solution where it was fully ionized

at high enough plesults in a thick layer of the positivetyharged polymeaind thicker multilayers

in general This can be explained in terms of tthegree ofonization of both polymerdf both
polymers are fully ionized, the outermost layer deposits in a flat configuration covering the largest
possible area to neutralize the charge from the previously deplasiggdWhen a polymer layer

is deposited at a pH where it is not fully ionized as the outermost layer on a previously deposited
layer that was fully ionized when deposited, theilebe an entropic penalty for spreading flat to
cover the surface chargereath it and the enthalpic gain to the free energy of adsorption is not
going to be enough to compensate for theajtg. In this situation a segment of the partially
ionized chains gets more ionized and adheres to the previously deposited layer wiegt dfie

the chain tries to avoid the surface increasing the loop structure in the layer and thus increasing
the thickness of the layeThe degree of ionization of different polymers vary depending on the
polymer andts structure leading to different pkor each polymerwWhen Rubner and emorkers

sequentially deposited layers of PAH and PAA at variouyg@desthat ranged from 2.5 to 4.5
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they were able to study surface wettability, organization and layer thickness of the deposited
polymer layers$3® Water contact angle for the degited multilayers was found to be determined

by the first5-10 A of the outermost deposited polymer la{#&A possible explanation for this
phenomenon can be given in termgld interpenetration of the sequentially daped polymer

layers. The thickness of the outermost layer determines the degree of interpenetration of the layer
beneath it. When the outermost layer is thickmits the interpenetration from the layer under it

and thus becomes the main determinangdr to affect the contact angle of the polymer multilayer
system. Making the outermost layer thinner by changing the pH of the deposition solution allows
for more interpenetration from the layers below and thus allows for the lower layers to affect the
water contact angle of the system. Changing the pH of deposition solutions, the water contact
angles of bilayers of PAH/PAA, PAH/poly(methacrylic acid) and other combinations of polymer
bilayers was changed systematically from°¢&%72 + 3°G8) The sufaces exhibiting the lowest
contact angles < 5° were associated with the outermost layer being an aliphatic polyacid such as
PAA. On the other handydrophobic surfaces exhibiting contact angles560 are associated

with aromatic polyacids stcas poly(syrene sulfonate) (SB) ®® Such a method of fine tuning

the water contact angles for surfaces can be used to fabricate antifogging coatings for mirrors and
lensesFigure (2.2) shows some of the results of the experimgetsormed by Rubner and his

group to study the dependence of the polymer layers on the pH levels of the deposition solutions.
Figure (223) shows the effect of changing the deposition pH on the water contact angle for the

polymer multilayers.
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Figure(2.21): Layer by Layer deposition of polymers. Starting with a suitable substrate (in
case the substrate is made of glass), the substrate can have a charge on it. Dipping the
substrate in positive and negative polymer solutions causes the depostitionltilayers of
alternating polymer films.
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Figure (2.23): Contact  ang|
measurements for different number
of layers of PAH/PAA as a function
layer numbers and pH level of th
deposition solutions. Cases ofda
numbers of layers are cases with P4
as an outermost layer while cases wi
even number of layers are cases wi
PAA as an outermost lay&f) [Fair
use]: Yoo, D., Shiratori, S. S., a

wdzo Yy SNE a® Co:
Composition and Surface Wettiity of
Sequentially Adsorbed Wead

7

t2tasSt SOGNRtaGSas
43094318, (1998).

47



In another studyRubner and his group studied the correlation between the deposition solution pH
and the thickness of the deposited multilapéiBAH/PAA. Depositing a multilayer of PAH/AA

at the same pH level yielded the results representedjime={2.2)¢%
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Figure (2.24): Average incremental thickness contribution of PAH and PAA to multilaye
deposited from solutions where PAH and PAA are maintained at the samag plfunction
of pH value$? [Fairuse]l{ KANJ 02NAS {d {dZ YR wdzoy SN
. SKEFE@GAZ2NI 2F {SljdzsSydAlrfte ' Ra2NBSR [ &S
42134219, (2000).

The thicknesssof the deposited layersesecharacterized by three main transitions in the layer
thickness depending on the deposition pH. The thicknese afeposited layers depended on the
level of ionization of each of the polyelectrolytes at the various pH levels. The PAA aégree
ionization changes betwe@0% at pH 2.5 and increases to 100% at pH 6.5. The PAH chains are
fully ionized up to pH 7 wherthey start losing protonation. Parinl Figure (2.2) shows that as

the pH level increases, The PAH layers get thicker and the PAA layers get thinner. This can be
explained by the fact that the PAH chains are fully ionized throughout this increase B&Ah

chains are becoming more ionized and thus the PAA layers are getting thinner while the PAH
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layers are getting thicker to neutralize the increasing surface charge of PAA on which they deposit.
The trends of thickness changes in segntienf the graphin Figure (2.24 are explained by
considering the fact that as the pH is lowered the PAH chains are strongly ionized while the PAA
chains argoartially ionized and that explains the tremendous increase in the thickness of each of
the layers. Thelepositio thicknesses in part 11l of the graph are explained by the facbttht
polyelectrolytes are fully ionized in this range of pH values leading to very thin deposited layers.
Part IV of the graph is explained by considering the fact that at this rapgele¥els the degree

of ionization of the PAH is decreasing where its chains are almost fully ionized but they are starting
to lose protonation. Meanwhile at these ranges of pH the PAA chains are fully ionized. The
deposition of a nearly fully charged pelgctrolyte onto a fully ionized one gives us the well
documented increaseslayer thickness. Figure (52shows the data collected by Rubner and his

group in depositing PAH/PAA bilayers at a matrix of pH levels for each of the polyelectiéftes.

Figure (2.25): Values of
the bilayer thickess of
PAH/PAA systems as a
function of pH values for
both solutions®? [Fair
use]:Shiratori, S. S., and
wdzo Y SNE ad d
Dependent Thickness
Behavior of Sequentially
Adsorbed Layers of Weak
t2f8St SOUNRC
Macromolecules, 33,
42134219, (2000).

Bilayer Thickness (f\)
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Another interesting property of polymer multilayers is the ability to change their thickness post
deposition by dipping them in solution with varying pH levels. Rubsieal studied this
phenomenon in detail and found a correlatiotwieen the assembfyH and the degree to which

the multilayers can change their thicknigsesponse to changing the immersion soulpieirpost
assembly?9: 41, 42). 43AThe systematic deposition of PAH aB®Sat different pH levels and
soaking them post deposition DI water with pH levels ranging from 2 to 10.5 revealed that
PAH/SPS bilayers that were deposited at pH < 8.5 exhibit pH independent swelling behavior for
no more than 15% of their thickness when measured after drying them. However, bilayers
deposited apH >8.5 exhibited a strong dependence on the pH of the dipping solutions post
assembly. The increase in the thickness levels of the bilayers in the latter case reached 380%.
Thickness measurements in these experimental trials were performed usingnelligséigure

(2.26 showed the data collected in the experiment described above
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Figure (2.26): Depositing PAH/SPS bilayers at different levels of pH and immersing
in DI water with different pH levels shows a discontinuous response in the thicknes
changes of the layers depending on their deposition pH levels. The circles, saudres
diamonds represent deposition conditions of pH 9.3, pH 8.5, and pH 7.5 respective
The immersion in DI water lasted three minutes before thickness measurements wjq
done“®V[Fair use]itano. K., Choi. J., Rubner. M. F. Mechanism of thingdhiced
Discontinuous Swelling/Deswelling Transitions of Poly(allylamine hydrochloride)
Containing Polyelectrolyte Multilayer Films. Macromolecules 38, -34%0, (2005).
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This behavior can be attributed to the use of a weak polyelectrolyte and a strong polyelectrolyte to
fabricate the bilayers. Due to thepgedence of the ionization level of the weak polyelectrolyte on
the pH of the solution it is immersed in, it can be perceived that the change in ionization degree
causes the electrostatic interactions between the differently charged layers to fluctuaie and
allows for other effects such as hydrogen bonding and hydrophobicity to [alegearole in the

layers binding.This can be seen to be thasewhen one considers reported data of using two
strong polyelectrolytes, PDAC and SPS, to fabricate thalayers where the reported change in

thickness does not exceed 30% of the dry film thickH&sg?

Layer by layer deposition of polymers has a wide range of applications attracting attention from
differentdisciplines Among the interesting applicahs areanantireflection coatinghat depends

on the pH swelling and deswelling behavior of polymer multilayBugbneret al reported
successfully fabricating pH responsive antireflection coatings. By depositing layers of PAH/PAA
at pH 8.5 and 3.5 resptively and then immersing the layers in an acidic solution of pH 1.8 a
phase separation occurs rendering the top mostpayeus Such structure allows for pores of air

to exist inside the polymer layers changing its effective refractive index. Seglgmmersing

the layers in DI water of differetH levels causes the polymer layers to eiiheimkto the point

where the pores close completelysarellwhere the pores become larger. Such pH induced change
in the size of the pores causes the réifradndex of the layers to change. Rubeeal showed

that a particular refractive index can be secured against further pH changes by thermally treating
the layers. Such a mechanism of controlling the refractive index of the various layers, stabilizing
the refractive index of the individual layers and the ability to deposit various layers sequentially

allows for the creation of antireflection coatings that change their refractive indices gradually.
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Such coatings can be effective for wide ranges of teetsgm. Such teeiques can also be used

for creating pH gated delivery systems for molecular exchanges or medication delivery §Jstems.

Another approach to fabricating antireflection coating using polymer multilayers and LbL
deposition is the one takey Heflin and ceworkers®® In their work reportedh 2006 they found

that depositing silica nanoparticles of average diameters 15, 45, and 85 nm in bilayers with PAH
all owed them to achieve reflectivityahgeels =
35071 700 nm for the diameters of silica particles listdabve,respectively. The idea behind
designnganeéfct i ve antireflective coating starts w
requirement was met by utilizing LbL deposition oAHP and the silica nanoparticles. This
deposition technique offers fistaning and control down to the nanometer scale. The second
requirement is that the refractive index of the coating needs to meet the requirement ofiré n

nz) where n and n are therefractive indices of the materials on both sides of the coating. For an
antireflective coating between air and glabe n = 1.22. Such a small value for the refractive

index was possible to achieve by utilizing the void spaces between the depodsited si

nanoparticles due to their shafs.

Another application ofbL deposition of polymers is in the fabrication of electrochromic devices.
Heflin et al showed for the first time in 2009 the possibility of producing electrochromic devices,
devices thathange their color due to oxidation or reduction reaction wioiageis applied to
them, using LbL deposition methods. Until that point all of tleetedchromic devices produced
were fabricated using spin coating, thermal evaporation, or surface pigtiza.In one example

of their electrochromic work, Heflin and ceworkers usedbridged polysilsesquioxane

nanopatrticles to be deposited witbly[2-(acrylamido)2-methyt1-propanesulfonic
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acid] (PAMPS)using LbL deposition methods. The choice of theopanticles was made given
the fact that the surface area they have enhances the color contrast of the device. Also the porosity
of the surfaces produced given the spherical shapes of the nanopartelsd@lifaster switching

times“®

A multitude of dher uses for multilayer deposition using the LbL method exist including

biosensoré®, microstructure fabricatiét? anda host of other ggications.

Selective deposition of ISAM layers on charged regierigen via an atomic force microscope is
a crieial aspect of this dissertation. We therefore will discuss in great detail the excellent work of
Paula Hammond'sesearch group in understanding the variables that control the selective
depositionof these films on templated surfad&®:190|n ther papers, Clark and Hammond,
reason that the possibility of directing the deposition of polymer layers to specific regions is due

to the following effectg®:¢%)
a) Electrostatic
b) Secondary interactions
c) Steric repulsion effects

In their work they use thredifferent polyamines which are PAHrdmchedooly(ethyleneimine)
solution (BPEI), andlinear polyethyleneimingLPEI), which are to be deposited with different
polyacicsin LbL deposition. The dividedthe rundgnto two categoriebased on the polyacid use
in the run. One set of runs uspdly(acrylic acid)(PAA) as tlke polyacid and the other used
poly(methacrylic acid(PMAA). The depositiorof the multilayerdakes place on gold surfaces

patterned with materials ending with the functional groQ@OH (seving as an ionizable surface
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for the polyion adsorption) and regionsalifoethylene oxid (EG) (serving as a resist surface to
prevent the adsorption of polyign®reventing polyions from depositing on the EG layer depends
on hydration and low interfgal free energy of th&G layerwith water and its ability to shield the

deposition of charged polymer chasrsd proteins
In what followsl summarize the key poinis their papers

a) At pH 4.8 the region of preferred adsorption of the more hydrophobigapthes was
generally the EG surface. The more hydrophilic species like LPEI preferred to deposit on the

T COOH regionsat this pH level

b) Itis proposed that PAH goes through a process of complexation with the EG surface based on

hydrophobic and hydrogen bding interactions at moderate pH levels.

c) LPEI has a hydrated backbone and is strongly believed to undergo a process stelarge
repulsion with the EG surface, thus resulting in deposition only ohGKREOH regions of the

surface.
d) The region of prefeed adsorption also varied with the pH level

I. At low pH: the hydrogen bonding of the PAA played an important role in

directing the deposition to th&€€ OOH regions

ii. At high pH: the electrostatic interactions became dominant when all systems

were highly charged

The authorstate that in previous work of theirs they were able to establish a set of rules for the

selective adsorption of strong polyidh3:® These rules are based on:
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a) Electrostatic interactions
b) Shielding effects

c) Secondary effects

The aithors further note the following points:

At moderate to low iaic strength (of the solutions}reng highly charged polyelectrolygaleposit
almost solely on theCOOH regions with very little to no deposition on the EG. The reason for
this is hat for srong polyelectrolyteselectrostatic interactions play the predominant role in the

selectivity.

1 The use of weak electrolytes provides an opportunity to use the pH level as a tool to manipulate
the selectivity of deposition on different surfaces. As thesptried the degree of ionization
of the weak electrolytes is altered as well as the number of sites available for hydrogen bonding

(hydrogen bonding plays an important role in the case of the weak electrolytes).

1 The authors found a strong correlatioatvleen the chemical structure of the polyion,
specifically the hydrophobic or hydrophilic nature of the polymer backbone and the surface

region of preferred deposition (this will be explained in more detail later).

Examining the details of the experimgand results Clark and Hammond have in their work yields

the following observatiof$)(19).@)

1 At neutral pH both the polyamine and polyacid are highly charged and unshielded and

therefore adsorb to the surface in thin layers. Moving up or down in @iEem this
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point increasgthe ionization of one weak polyelectrolyte while decreasing the,other

resulting in thick films for the least ionized component.

1 In all the different trials performed, the depositpncesdegan with deposition e
polyamine (PAH, BPEI and LPEI). The autharstice that the polyamine will deposit
onboththe 1 COOH and EGunctionalized areadhis is notthe case when the authors
use strong polyelectrolytes where they deposit only on one of the areas with high
selectivitythat goes up to 90%. However, once the PAH, BPEI and LPEI combined
with polyacidsstart developing multilayers on top of the patterned surtheeauthors
observethat the structure is higher on one of the regions than the other. Using this

observationtiey develop a seléeity measure that is given 8%

Selectivity =(COOH th1 EG_th)/(the greater of COQkh EG th)

where:

1 COOH:_th is the thickness of the film that deposited on the area of

the substrate functionalized with COOH

1 EG_th is the thicknesof the film that deposited on the area of the

substrate functionalized with EG
For this definition of selectivity
+ve values = more preference to deposit ori ®@®OH surface
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-ve values = more preference to deposit on the EG surface.

1 For weak polyelectigtes the effect of the undertyj surface becomes less important as more

layers are added. The authors observe the following

a) For polyion pairs with low to moderate absolute values of selectivéypatterrstarts

to vanishafter 2040 deposition cyels.

b) The surfaceon which the deposition procetakesplacecan influencethe multilayer

film thickness for at least 105 bilayersThis can be understood givdrelargedegree of
interperetration between layers polydectrolyte multilayer films. mdividual polyionsin

the multilayer films penetratgp to 1015 layers above and below their originally deposited
layer. For these reasqrie authors observe that the influence of the underlying surface in
these patterned films is maintained thpough many multiple layerd at least 15830

bilayers.

Figure(2.27) shows the selectivity of different combinationdalyamine/PAA in the frst set of

experimental trial§®)
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Figure (2.27): After depositing 10 bilayers of a Polyamine/PAA combination on a gold ¢
substrate that is functionalized with COOH and EG the thickness of the deposited films
both areas were measured. Using equation (1) above the selectivity of the deposition
process was assessétf[Fairuse]{ NI K [ & / f | NJ | y Rroledf dzf |
ASO02yRIFENE AYUSNIOUA2ya Ay {StSOGALBS 9f §
1020610214, (2000).

The positive selectivity in the graph indicates a preference foilthe to deposit on the COOH

surface and the negative selectivity indicates preference to deposit on the EG surface.
The following is a summary of the detailed information provided in the g&p&ps®)
1. Low pH levels (pH 2.5):

a) Observation:

I.  The sysems of polyamine and PAA exhibit low to moderate preferential

adsorption on theCOOH surface.
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ii.  This is different than the case of preferential adsorption on the EG surface observed for the

PAH and BPEI polyamines when they were coadsorbed with a sulfotaemolecule.

b) Explanation:

Vi.

The first step in the adsorption process is the deposition of the polyamine
on the surface. It is expected that this will lead to a very thin layer of PAH
due to the very low degree of ionization of it@OOH surfacesat such a

pH level.

It is probable that acid sites remain accessible to the surface on the COOH

regions after the first polyamine layer is adsorbed.

In this case we should expect hydrodgemd dimerization to take place
between the next adsorbing layerpaflyacid and the underlying COOH
SAM. This should enhance adsorption of the polyacid on the COOH surface

at low pH.

In each subsequent adsorption cyelgerpenetrated acid groups underlying
the top polyamine layer can again promote polyacid deposition
compounding the effect of hydrogen bonding from one layer to the next on

the COOH stamped surface regions.

In turn it appears that after the first polyamine/polyacid bilayer is deposited,
polyamine adsorption happens on the regions with the largest relative

amount of polyacid.

The net result is preferential adsorption on the COOH surface.
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2. Moderate pH (pH 4.8):

a) Observations:

The selectivity changes dramatically in this case from what it was before.

Multilayers with PAH and BPEI tend to have a preferencadsorb on the
EG surface rather than the COOH surfégesater negative selectivity is

observed for the PAHased films)

At pH 4.8, LPEI/PAA multilayers preferred to adsorb on the COOH surface

with very high positive selectivity.

b) Explanation:

One wayof addressing this is by considering the charged state of both the
surfaces and the polyions as well as the potential for intermolecular

interactions.

At pH 4.8 both the COOH SAM and PAA are moderately ionized and this
greatly decreases the hydrogdrondng interactions between acid groups
on the surface and the polymer backbone that encouraged the deposition on

the COOH surface at pH 2.5.

In the weak electrolyte multilayer systems, the influence of CEXOQMDH
hydrogen bonding is diminished with increaspid; without this mediation
between the protonated acid groups, the polyamine structure plays a more

important role in determining selectivity.
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Vi.

Vil.

viii.

On the basis of electrostatics alone it would be expected that deposition
takes place only on the ionized COQttface. They note that the ionization
of the threepolyamines at pH 4.8 ranges from 60% to 95% and they

conclude that all three polyamines are significantly charged.

The large differences in selectivity must arise from differences in the
polyamine structes and their interactions with the COOH and EG

surfaces.

A hydrogen bonding argument between the polyamines and the surface
groups might be posed based on the results above. The EG monolayer
presents four hydrogen bond acceptor groups per molecule inrtheof

ether and alcohol oxygenhereas the COOH surface presents one such site
only. For this reason only it might be expected that protonated polyamines,
which are strong hydrogen bond donors, would prefer the EG regions at

lower pH.

However, hydropholbity can also be important in determining the

selectivity behavior observed here.

When a polyamine with an alkyl backbone interacts with the EG resist, the
dispersion interactions of the polyamine backbone with the ethglemg
of the EG repeat may be topized while still maintaining complementary

H-bonding interactions with the ether oxygen.

We observe a progression in the preferred region of deposition from the
COOH to the EG surface with increasing hydrophobicity of the polyion
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backbone. Deposition d&ted by these nonpolar dispersion interactions
apparently leasito a reversal of the deposition selectivity in PAH and BPEI

polyamines in going from low to moderate pH levels.

X.  LPEI polyamine multilayers were selective towards the COOH surface at
all pH oonditions, with a maximumetectivity observed at pH 4.8.h&
linear structure of LPEI is composed entirely of secondary amine groups
resulting in a polyelectrolyte with a highly hydrated structure. It is likely
that LPEI chains undergo repulsive interant with the similarly hydrated

EG brush layer at pH 4.8 and 7.0.

Xi.  Only at the lowest pH (pH 2.5) is the LPEI chain actualisorbed in
relatively high quantities to the EG surface, although the actual selectivity
remains positive. In this case, hydrogemthing with ether oxygens in the
EG layer is probably the primary driving force toward adsorbing LPEI on

the EG at pH 2.5.

3. High pH (pH 7):

a) Observations:

I.  The AFM images of these patterned surfaces indicate that each system is again

selective to the ioned COOH surface as at pH 2.5.

ii.  The final multilayers are very thin due to the extended highly ionized

configuration of the adsorbed chains.
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iii.  The average polyamine pair thicknesses viete0.5, and 0.5 nm respectively

for multilayers containing PAH, BPEI driLPEI on COOH surfaces.
b) Explanation:

i.  PAA and the polyamine are both highly ionized and adsorb in a manner similar

to systems of strong polyelectrolytes

ii.  They observe that the adsorption behavior was consistent with what will be
expected from two highlyonized polyions; the polymers adsorb as very thin
flat films to maximize charge compensation and avoidregliisive segmental

interactions.

iii.  The high degree of ionization on the COOH surface achieved at pH 7 also
increases electrostatic interactions stinett the hydrophobic interactions of the
polyamines are much less in this case. Thums this case all three
polyamine/polyacid systems indicate preference to deposit on the COOH

surface

When the second set of trials wasecuted byadsorbing the polyames PAH, BPEland LPEI

with the polyacid PMAA, the following observations were made by the auffiie)@)

a) Poly(ethylene oxide) (PEO), the polymer analogue of the EG surface readily complexes

with PAA and PMAA at low pH, when the polyacids havew degree of ionization.

b) PMAA chains at low degrees of ionization are much more hydrophobic than PAA

chains due to the presence of the additional methyl group and tertiary carbon.
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c) These additional hydrophobic interactions along with hydrogen bondingadsiveng

complexation of PMAA with PEO.

The selectivity graph for this casesisown in FigureZ.28).

Figure (2.28): The selectivity behavior fo
various polyamines deposited in 10
bilayers with PMAAThe positive
selectivity in tke graph indicates a
preference for the films to deposit on the
COOH surface and the negative selectivi
indicates preference to deposit on the E(
surface. These refis pertain to the case
of polyamindPMAAsystems*® [Fair use]:
Sarah L. Clark and Padl. Hammond,
G¢KS NRBtS 2F asSoz2y
Selective Electrostatic Multilayer
RSLRaAAGAZ2YES [Fy3Y
10214, (2000).

Selectivity

pH7.0

The following is a sumary of the observed data and analysis reported by the au#itfs):®
1. Low pH (pH 2.5):
a) Observations:

I.  The selectivy of all the PMAA/polyamine combinations were all highly

negative (prefer to adsorb to the EG surface)

b) Explanation:

i. Unlike the PAA systems, the potential for hydrogen bonding and

hydrophobic interactions with PMAA on the EG surface overconee
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potentid for hydrogen bond dimerization with the underlying COOH

surface.

Comparing these results with the positive selectivity exhibited in the case
of PAA/polyamine combinationst seems that ionic interactions with the
surface functional groups have a lessftuence on the preferred adsorption

locationat low pH.

Selective adsorption in these two cases of low pH levels is based solely on
the difference of the single methyl group on PMAA, which rendered the

polyanion more hydrophobic and more readily bounihéoEG surface.

2. Moderate pH (pH 4.8):

a) Observations:

At pH 4.8 PMAA has a higher degree of ionization than at pH 2.5.

PMAA polymer chains exist as a compact random coil at lower pH values

isolating a hydrophobic core with brush like acid layer.

A slight increase in ionization includes abrupt transition to moderately

ionized extended chains.

b) Explanation:

The adsorption behavior of the more highly ionized PMAA chain is no

longer influenced by hydropobic interactions between the methyl group and
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the EG ethylene groups as the polymer chains become more charged and

solvated.

ii.  Forthe above reasptine chemical structures of the poyamines again guide

the selective adsorption at pH 4.8 like in the case of PAA/Polydayees.

3. High pH (pH 7.0):
a) Obsevations:

i.  PMAA/polyamine films adsorption behavior at pH 7 matches that of strong
highly ionized polyelectrolytes resulting in thin films with preference for
equally highly ionized COOH surfaces. This is similar to what has been

observed for the PAA/polyame films at pH7.

Finally, performing someamparisons of adsorption on hgghobic versus charged surfaces leads

us to the following!®-(t9:)

a) They have proposed so far that the positive and negsgieetivity valuesof the
PAA/polyamine pattered multilayers adsorbed at pH 4.8 result from a balance between
ionic interactions with the COOH surface and secondary interactions with the EG surface.
To confirm these observations, two different functional monolayer surfaces with simpler
interactions were substituted for the COOH and EG surfaces(3®) Na" terminated

SAM provided a strongly ionized surface without theg¢pendent behavior and hydrogen

bonding interactions of the COOH surface in the pH range of interest.
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b) A CHs-terminated SAM praided an alkyl, purely hydrophobic analogue to the EG

surface.

c) Substrates patterned w{tBO;)” Na" /EG andCOOH/CH; were used for the adsorption

of 10 bilayer films of each of the polyamine/PAA pairs at pH 4.8.

d) In each case there is striking reséambe to the original COOH/EG patterned films at

pH 4.8.

e) It appears that qualitative aspects of selectivity can be generated using an all alkyl chain
in place of the EG surface at 4.8. It is also apparent that the COOH surface is much like

the highly imized sulfonate surface at pH 4.8.

2.5 Molecular Electronics

Electronic devices built from a single molecale small group of molecules isaong candidate

for extending Moored6s | aw and | e dhisiidegvast he wa
suggestedn the md seventie§”). Such an approach offers the positive point of reducing the size

of the electronic elements to molecular sizes. However, due to the size of these elements
techniques utilizing this idea have to deal with a few fundamesdgaks. One of the major

technical issues is the fabrication of lseagh the molecular size scale to @at moleculegand

allow measurements on these devices. The problem of characterizing the electronic properties of

a single molecule or a small grouproblecules has been tackled in various ways in the literature

so far. Three of the most important and successful ways such measurements have been performed
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are brealjunction techniques, the use of electromigration to form nanogaps, and the use of

scanningunneling microscopes to probe the conductivity of single molecules.

(a) BreakJunction Techniques

In this technique, a very thin conducting wire is constructed on the nanometer scale. The
wire is then fixed on top of a flexible substrate. The wire is tnotcisng a sharp tool or

a focused ion beam. The flexible substrate is mounted on top of a piezoelectric element.
By virtue of the piezoelectric properties, which will be discussed in details in the following
chapter, applying a potential difference to phezoelectric element causes the element to
twist or expand depending on the piezoelectric element design. Once the piezoelectric
element is expandet bends the substrate and the nanowire fixed to it. When the nanowire
is bent beyond a certain limit breaks. The flexible substrate and the wire mounted on top

of the piezoelectric element alloveme to control the width of the gap introduced by
breaking the wire. Such a setup is known as a mechanically controlled)lmeti&n.

Having the gap in the we immersed in a solution of molecules that canastemble will

result in a selassembled monolayer of molecules between the electrodes. The break
junction technique was the methosedby Mark Reed and colleagués measuring the
conductance of beene1,4-dithiolate molecules. Immersing a gold nanowire in a solution

of benzenel, 4-dithiolate and then breaking the wire while in solution caused the benzene
1,4-dithiolate molecules to deposit on the newly formed electrodes iif-assembled
monolayer After the solution was evaporatea potential difference was applied to the
electrodes and the gap size between them was reduced until conduction was first observed.
This allowed for the measurement of the conductance of a single molecule of bedzene

dithiolate. The gap size at which conductance was first observed was estimated to be 0.8
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nm. The 0.8 nm corresponds to tlegth of a single benzeng,4-dithiolate molecule.
Figure (2.29 shows the setup for the mechanically controlled bjeaktion anda
schematic diagram for its use measuring the conductance of benzépkditholate

molecules.

HS

zjg Q/;/

Electrode

E\ectrode

(b)

Figure (2.29): (a) A schematic diagranbehzenel ,4-dithiolate molecule
connected between two electrodes afechanically controlled break
junction to measure its conductivify) (b) Schematic diagram showing th
design of a mechanically controlled brgakction®? [Fair use]:
Massi miliano Ventr a, Stephane E
Nanoscale 8ence and Technology (Nanostructure Science and
Technol ogy) 0, S p[Fair nsg]h.rKang, 2 &be} ane &l
Scheer, AEl ectri cal characteriz
breakjf uncti onso, New Jour nal of P
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(b) Electromigration

When an electric current travels in a conductor, the interactions of the electrons making up
the current with the atoms of the conductor can lead to removal of some of the atoms of
the condutor from their equilibrium positions. This physical phenomenon is known as
electromigration. If a current of high enough density is Hemigha nanowire, some of

the atoms of the wire can be moved out of their equilibrium positions and Z@ap to

exist in the wire. This method can be used as an alternative method of fabricating a gap in
the conductive wire. Setissembling materials on the wire and in the gap can lead to
similar uses and results to what has been accomplisheg tisen breakunction

technique!®
Scanning Tunneling Microscopes

Scanning tunneling microscopes depend on bringing a very small, sharp, and conductive
tip near the surface of a sample and applying a potential difference between the tip and the
sample. Measuring the tunnelimgrrent while the tip scans the surface allows for the
production of a topographic map of the sample surface. Such a map can be produced in one
of two ways. The first way is to keep the height constant between the tip and the surface
and to measure the fituations in the current and to use that to build the topographical map

of the surface. The second mode of running the scanning tunneling microscope depends on
keeping the current constant by using a feedback loop to change the separation between
the tip and the sample. In this second mgaithe current stays constant due to its dependence

on the tunneling distance between the tip and the sample surface. Such a method of

measurement was pravaseful in determining the conductance of single molecules. When
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a single conducting molecule is introduced into a background matrix of insulating
molecules where there is a height difference between the introduced molecule and the
background, it becomes easy for the STM tip to find this molecule and measure its electric
propertiesA few problems face such measuremeAsiong the problems that face this
technique is the very higltontact resistance between the tifhe methods developed for
increasing the electrical contdmtween the molecules and the STM tip haveea long

way during the past decadéarious trals have been done where the molecule to be tested
is functionalized with a thiainoleculeto facilitateinteractionwith the STM tip to reduce
contact resistanc@ther methods developediterease interamn between molecules and
electrodes include trapping individual molecules in nanopores and sandwiching a single
layer of molecules between two electrodes by physically evaporating the electrode on top

of the moleculardyer®*
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Chapter 3

Experimental details

All of the work in this dissertationtilizes an atomic force microscopas a lithographic and
imaging tool Thus it isappropriateo describe in detail the principle and modes of operation of

such a versatile device.
3.1 Atomic Force Microscope@FM):

The AFMwas inventedby Gerd Binning a few years after the invention of the scanning tunneling
microscope (STM) by Binning ardeinrich Rohreiin Zurich in1981® The AFMis an imaging
device that relies on the atomic force interactions betweeamyssknall, sharp tip which has an
average diameter of a few nanometens) the surface of the scanned samplee main idea
behind the operation of the AFM is to record these interactions between the AFM tip and the
surface and use that information imaxiety of ways depending on the imagmgde in whictthe

AFM is being usedAFM systems either have the tip or the sample to be scanned attached to a
piezoelectric scannénatmoves either the tip or the sample. The piezoelectric scanner receives its
data from a feedback system that collects the interaction data between the tip and theTheface.
manner in which thpiezoelectric scanner moves and the data extracted from that depends again
on the mode in which the AFM is being rand the parameterstde optimize the measurements
Piezoelectric scanners were traditionally made of three different piezoelectric crystals to control
the motion of the scanner in threpdial dimensions. Piezoelectric crystals are ufmdthis
purpose because of theecision they offer in positioning the AFM tip or surface. The piezoelectric

effect is the phenomen that certain crystal materials suchgasirtz lead titanatelead zirconate
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titanateand various other materials generate electric potential differenceatyeif they are
subjected testrain The inverse of this phenonamis also exhibited by the same crystals where
they change their shapes if they are subjected to electric potential differbtombxn AFM
scanners use what is known as piezoelectricstuBiezoelectric tubes were developed in 1986 for
thefirst time to be used on STM¥) Among the most commonly used materials to construct the
piezoelectric tubes is lead zirconate titanate. The first step in preparing the tube is to have the
material inpowder form. The following step is to press the material in close packed cylindrical
forms. Heating the materiafterwardamelts it and causes it to form a solid. Howeweenling the
material under suctonditionscauseshe polycrystallinenaterial tohaverandom orientabns for

it dipoles. If the dipoles remain in such a random state they lack the abilihitntehe desired
piezeoelectric induced motion. To overcome,ttiis material is heated to 200. A strong electric

field is applied tothe material to organize the dipole moments of the molecules. This process is
known as polling the crystal. Once this is ddhe piezoelectric tube has the ability to move under
electric potential differences in three dimensions. For most Afiésrange omotion in the X

and Y directions is around 100 um and 10 pm in the Z direckayure (3.1) below shows a

schematic diagram of a piezoelectric tube and its axes of motion.
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Figure (31): (a) A schematic diagram of the motion induced in a piezoelectric
tube when potential difference is applied to its sides. The tube is divided into
guarters and each diagonally opposite ones control the direction in one of the
horizontal directions. (b)A diagram of a piezoelectric tube showing the
electrodes in the Alirection ?? [Fair use]:
http://chemistry.beloit.edu/edetc/SlideShow/slides/contents/scanning.html

81



The AFM tip can be made of a variety of materials including silicon, silicon nitride, and diamond.
The tips can be used as they are or can be coated with conductive materials such as aluminum
depending on the measurements to be deigere 3.2) shows images of different AFM tips and

the substrates they are loadedTmese tips are then loaded inpesially designed holders known

as probe holders. These probe holders secure the tips in place and allow access to the surface to be
imaged. Probe holders exist for a variety of designs to allow different types of measurements.

Certain probe holders aresiigned to operate in air while others are designed to allow imaging in

a liquid environment.

1600 um

(@) (b)
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(c) (d)

Figure (3.2): Various pictures of AFM tips. (a) Gold coated AFM tips. (b) Scheagasimdi
illustrating the dimensions of a standard AFM tip. (c) and (d) Zoomed in pictures of AFM tips.
Reproduced with permission frorhttp://team -
nanotec.de/index.cfm?fuseaction=show_product&productid=80

For the AFM to be able to image the surface of any givemplsartine AFM tip has to be

very clo® to the surface of the sampldis is done through what is known asemgaging
processWhen the tip has engaged the surface, the distance between them is such that a
host of forces come into play and influence the interaction. Among the forces at play when
the tip and surface are engaged st®ng repulsive forces at wesmall separation
distances, capillary attractive forces due to water molecules on the surface of the sample
and vander Walls attractive forces at large distancBsiring the engaging procesbe

AFM tip is broughtto a close proximity with theurfaceof the sampléo bescannedThe

average tip sample sepacatiis between 0.1 nm to 10 fh Such a fine measure of
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distance is achieved by shining a laser beam on the back of the tip and having it reflect to
a designated detector cellhe detector cells made o4 photodiode cells.Figure (3.3)

shows a simplified diagram of how an AFM works.
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Figure (3.3): The Atomic Force Microscope heg made of silicon and etched by classical semiconductor cleanrq
technology. The tip, which is installed on a cantilever that is on average 60 um wide reflects a laser beam that
shining on its back. The changes in the position of the reflected ltesen are used by a feedback loop to raise an
lower the AFM head/stage to keep a constant distance between the tip and the sample. The data used to conf
distance is then recorded and used to reproduce the topography of the surface of the s&h{fleblic domain]:

http://en.wikipedia.org/wiki/Atomic_force_microscopy
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The very small separation between the nanometer scale tip and the surface allows for
atomic interactions between the material making up the surfélse sample anthe AFM

tip. Variations of amplitudes around 1@ were reported measurable in the first paper
detailing the invention of the AFKY. However, most commercially available AFMs are
only capable of angstroscalemeasurements’he interactons causehe reflectedaser
beamto chang its location on the photodiode detector eallthe tip is deflected upwards

or downwardsThese changes in location of theeeted beararethen recorded, analyzed,
andused by a feedback loop to redirdetimaging process according to a set of parameters

that pertain to each imaging mode.
AFM imaging modes:
Contact mode:

In this imaging modethe AFM tip is brought to very close proximity with the sample
surface. The operational engaged distance for contede is on the order angstoms

This mode s called contact mode because the atoms in the AFM tip and the atoms in the
sample surface come misuch close proximity that overlapping in electronic orbitals
exists. The predominant force in contact masléhusa repulsive force. AFM tips used for
contact mode imaging are usually characterized by low spring constants such that the net
force the tip exesgton the surface being imaged is less than the interatomic forces between
the atoms in the surfac&s we set the AFM to operate in this moges have to set a few
parameters to optimize its performance depending on the sample being imaged. One of the

first parameters considered is the deflection level. This is set by deciding the position of

86



the reflectedaser before it engages the surface. The photodiode detector is made of four

different cells designed as shown in Fig(B8e})

Figure (3.4): The laser beam reflected from the back of the cantilever hold
the AFM tip is received on a photodiode detector made out of 4 individual
cells. The relative positiomahe photodiode cells is used to operate the AF
and direct the piezoelectric scanner of the AEN[Fair use]:
http://web.physics.ucsb.edu/~hhansma/biomolecules.htm

The original deflection point is defined by the position of the reflected laser beam with
respect to the top @drants and the lower two quadrants on the photodiode detector. If the

spot is originally setnoreon the lower two quadrants, this will mean that we have set the
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deflection to point to a negative value. The lower the position of the deflected spot
becomesthe more negative the value it has. The second parameter to be determined is the
set point. When the AFM tip approaches the surface of the sample it experiences a variety
of forces as we discussed above. Figure (3.5) shows the progression dbrteses the

tip approache the surface. When the AFM tip brought close enough to the surface for
them to be in contact, it will start experiencing a repulsive force that will deflect the tip
upwards. Once the tip is deflected upwards, the reflected splo¢ @hmotodiode will move
upwards as wellThe parametefiset poind determines at which level dfeflection is the

AFM considered engaged and the approaching action between the tip and surface is to be
stopped. The difference between the set point andiefection point determines how

much force is exerted by any tip on the surface being imaged.

h)r(wl Saisrs micd

! Force modulation mode ‘

Contact mode

Repulsive \ 3 Non-contact mode Intermittent contact

- \ — o
Attractive \ Pt Distance e

............

Figure (3.5): ForceDistance curve of a typical AFM tip approaching the surfaceto b
imaged. At large distances the tip experiences weak attractive forces that keep incre
as the tip approaches the surface. When the tip comes closer to the surface the attrs
forces start getting stronger due to contributions from the capillangés from the water
layer forming on the sample surface. These forces are aroufid.18s the tip keeps
approaching the surface it experiences strong repulsive forces and starts deflecting
from the surface?® [Fair use]http://www -liphy.ujfgrendole.fr/Microscopiea-force-
atomique AFM
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Once the tip igleflectedenough for the reflected laser spot to reach the set point on the
diode, the AFM is considered engaged and it starts imagingutfi@ce. The imaging is
done by Iasing the piezelectricscanner such that it oscillates in the X and Y direction in
a manner that allows the tip to raster the surfabe.direction and speed with which the

tip moves across the surface are subject tergegnation based on the application. In most

caseswhen using the AFM in contact madkee tip moves in the manner depicted in Figure

(3.6).
Trace
= = = =
Retrace
Sow |l - =
scan
direction

Fast scan direction —————

Figure (3.6): The trace and retrace motion of the AFM scanner as it scans
surface of the sampl€® Reproduced with permission fromk Practical Guide
to Scanning Probe Microscopy. A training and user manuBriiker®
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Contact mode is known for the high resolution it provides. However am imsuitable
technique for softesamples since it exertselativelylarge forceconstantlyon the sample.

This mode can be used in two different manners. In the firstatled constant deflection
mode,we operate the AFM in contact mode with the feedback loop turned on. In #is cas
as the tip scans across the surface, the interactions between the tip and the sample surface
will cause the tip to deflect up and down. As this is registered by the photodiode detector
it feeds this information into the feedback system to controligmoplectric scanner such

that it either extends or retracts so thatdb#ectionof thetip stays the same throughout

the scanning process. The signals used to control the piezoelectric saeatien
compiled and used to produce a topographic majpeocturface of the sample. The second
manner in which we can run contact mockdled constant height moakspends on having

the feedback loop being turned off. In this modle engage the tip until it reaches the
predetermined set point of deflection.atflwill indicate a certain separation between the

tip and the sample. Once the tip has engaged the samgptgart scanning. While the tip

gets deflected up and down due to interactions with the sample surface, we record the
changes in the position of tmeflected laser spot on the photodiode. These changes are
later used to reconstruct a topographic map of the sample surface. This mode of operating
the AFM is known for the very high resolution down to the atomic level it provides. The
high resolution olkerved in this mode is to the absence of noise signals resulting from
moving the scanner up and down in the Z direction. However, this mode of operating the
AFM is only possible if the sample is very flatherwise we run the risk of breaking the
AFM tip or damaging the sample dteeany possible crashes caused by large topographic

changesThe topographic images that can be produced from this modeemeiades that
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characterize heighteatmay not resemble the accurate shape of the objects being imaged.
Another type of image is possible to extract from this mode of imaging that has better
resemblancéo the shape being imaged. This type of imsgaown asa deflection error
image. It depends on calculating the difference between the deflection poititeaset

point and using that to produce what is known as an error image. These error images are
known for outlining the shapes of the objects properly. Another way of extracting
information from contact mode is to record wlaaé known as friction imagesThese
images depend on recording the torsional oscillations that the tip experiences while it is
scanning the surface. This is done by comparing the changes in the distribution of the
reflected laser point on the photodiode between the right and leéshafl the detector. To
maximize these torsional effectie tip is set to raster the surfaceaidirection that i90°
perpendicular to whats shown in kgure (3.6). These images provide qualitative
information about the friction that different regiooisthe scanned surface have with the

tip. Such friction can be due to different chemical groups or electric charges. Wessese th
type of images inhis dissertationThe way friction and lateral force imaging forces are

recorded is shown in the schematiagram shown in Figure (3.7).
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Figure (3.7): When the AFM scanner scans the surface in a direction that is 90° wil
respect to the normal imaging direction, the interactions between the molecules on
surface and the AFM tip causes the cantilever carrying the tip to oscillaese
oscillations are recorded and information is extracted from it about the friction
properties of the surfac€® Reproduced with permission fromk Practical Guide to
Scanning Probe Microscopy. A training and user manual by Bruker®

Tapping mode:

In tapping modgthe AFM tip is brought to within a few hundred nanometéthe surface
of the sample. In this modéhe AFM tip is oscillated near its resonant frequeatgn

optimum amplitude. fie oscillations are achieved using a piezoelectric element placed in
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the probe holder. The tips used for this mode of imaging are characterized with higher
spring constant to prevent them from oscillating out of control with large amplitTides.

spring castants for tips used for tapping mode imaging range between 20 N/m to 120 N/m.
The amplitudes of oscillations are usuadly the order of tens of nanometers. As the tip
scans the surface while it is oscillating, the changes in the topography of the sutfac

affect the amplitude of the oscillation. Monitoring these changes and using this data
through the feedback loop to extendontractthe piezoelectric scanner to minimize these
changes produces a topographic map of the surface of the sample. \&'lpamameters

are set properly for this imaging mode, the forces exerted by the tip on the surface can be
minimized. The parameters essential for this force minimizatrethe amplitude of the
oscillation and the set point of the reflected laser poirakiNg the oscillation amplitude

larger than what is optimally chosen by the software running the AFM causes large forces
to be exerted on the samples and can cause severe damage to the sample surface.
Manipulating the set poimhanually canl&o lead to bining the tip too close to the sarepl

and thus leading to possible damage of the sample surface. Among the advantages of this
imaging mode is that it avoids lateral forces that can disrupt the imaging and reduce the
resolution of the image#nother advarage of tapping mode is that it avoids the attractive
force near the surface due to the very thin layer of water that gets formed on the sample
surface in ambient conditionslonitoring the rate of change of the oscillation amplitude

as a function of positih on the sample allows for the extraction of whieknown as
amplitude images. These images belong to what is known as error images and give slopes
of the objects being imaged thus leading to more accurate images. Another type of

information that can bextracted from tapping mode scawsknown as phase images. In
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producing phase images, the errors that happen in the phases of oscillation of the tip
compared to what it is supposed tg tee to attractive or repulsive forces when thestip

near the stiace while oscillatingire observed and used to produce a map that depicts the
different types of interactions the tip has with the sample surface. Phase images contain

information about the softness or stiffness of the different parts of the sample.

Non-contact mode:

This is another mode of imaging that depends on oscillating the tip near its resonant
frequency. In this modehe separation distance between the tip and the sample surface is
largerthan it is in contact mode but much smaller than it isapping mode. The tip
sample separatiom this mode is between tens to hundreds of angstroms. The oscillation
amplitudes are also between tens to hundreds of angstroms. In this imaginghaode
smallest separation between the tip and the surfacges lwan both in tapping and contact
modes. Keeping the distance relatively large between the tip and the surface prevents the
strong repulsive forces from interacting with the tipthis mode of imaginghe system
monitors both the amplitude and freqag of oscillation of the tip. Any changes in either

the amplitude or the frequen@re used through the feedback system to control the
piezoelectric scanner in the Z direction as to minimize these effects and maintain the

original amplitude and frequenoy oscillation.

Figure (38) shows a schematic of both contact and tapping mode imaging for AFM systems.
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A Atomic Force Microscope B AFM Imaging Modes

Laser

Contact Mode

Segmented
Photodiode

with Tip Non-contact Mode

/
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Figure (3.8)A) The general mechanism of the Atomic Force Microscope operation. B) Th
modes of operation for an AFM. Contact mode where a constant distance is maintained
between the AFM tip and the surface and adjustments are made to the system to mainta
that distance. The second mode depicted is the tapping mode, which depends on vibratif
AFM tip at its resonance frequency and monitoring disturbances in the amplitude of the
oscillations resulting from interactions between the tip and the surface and usisg t
information to maintain the oscillation amplitude at a constant valiair use]:
http://web.physics.ucsb.edu/~hhansma/biomolecules.htm
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The AFM systems used in our work
MultiMode® AFM system

Figure (3.9 shows theMultiMode® AFM system that was used in parts of our work. It is a very
versatile system capable of performing contact, tapping, andaract imaging. It employs a
variety of scanners that can be used one at a time. The ranges for scanniragnrva® um X 10

pm in the XY direction and 2.5 pm in the Z direction to 40 umd0um in the XY directions and

15 um in the Z direction. The different scanners offered varied ranges of resolution and suitability
for different imaging needs and scanned areas. Samples are inserted on top of the scanners in this
particular systepmandthe scanner controls the position of the sample and controls the separation
between it and the tip. In other words, when the system is engaging, it brings the sample up to the
tip. When the system is imagiyigmoves the sample with respect to the tipe $iistem is mounted

on a pneumatic vibration isolation table. It also comes with a tripod carrier system that offers
vibration insulation along with a vibration dampening cover for performing high resolution
imaging. This system is known for the high regioin capabilities. This system was used in the
early part of our work on selective deposition using thiols and gold substrates. Due to the absence
of a closed loop feedback system on this system, it lacked accurate repositioning of the tip on the
sample n repeated scanning efforts. Such accuracy is crucial for lithography Wueksample

holder on this system requires the samples to be cut dowmbo X 4mm or smaller in ordeoif

them to fit inside theptical head.
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Figure (3.9): The MultiMode AFM system. It is capable of performing contactamtact,
and tapping mode imagindt utilizes a Veeco IV controller. This system is known for th
high resolution it offers?® Reproduced with permission from: www.bruker.com

Dimension IcofR:

Figure (3.10 shows the Dimension IcBMFM system we used for the majority of our work in

this dissertation. The scanner in this system controls the position of the tip while the sample
remains stationary onehsample chuck underneath the AFM httad contains the scanner. This
system comes with one scanner. The scanner used in this system has and XY range of 90 um X 90
pm. The Z range for this system is 13.5 um. This system is capable of a variety of imagieg)

and probing techniguesAmong the imagingnodesthat can be performed on this system are
contact, tapping, neonontact, lateral force, electric forceicroscopy electric potential
microscopy and magnetic forcenicroscopymodes.This system is alsoapable of performing
nanolithography, anoindentation, and namanipulation procedures. These |atgrof procedures
providea host of nanomanipulation tools starting from mechanically modifying the surfaces of the

system and ending with chemically magdiifg the sample surface on a few nanometer scale. The
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system comes with a pneumatic vibration insulation table operated with compressed air to
minimize the vibrational noise from the floor. The system also has an optional vibration insulation
hood. Due tdlifficulty in securing extra funds for the insulation hood we designed and built our
own. The system is known for its high precision in the repositioning of the tip to selected areas on
the surfaceThe sample holding chuck on this system is designed Ith &dull silicon wafer

without need for cutting or reshaping the sample.

Figure (3.10): Dimension Ictis an AFM system that offers great nanoscale manipulation too
It is equippedwith a closedoop scanner offering great precision for repositioning the tip on tk
sample. It has a piezo scanner based on a piezdftReproduced with permission from:
www.bruker.com

Probe holders for AFM systems:

Several types of AFM tip holders exist to accommodate the various needs for imiéfgiregnd
samples. One of the main classes of probe holders that are widely used are probe holders that are
functional in air or gas. Figure (3.L8hows a few of the available holders functional in air or

gaseous environmernthese probe holders are camabf performing both contact and tapping
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mode imaging. The probe holder has a specially designed groove for the AFM tip totslatelin

to be fastened in place securely with maximal exposure to both the laser beam to reflect from the
back of the cantilesr and for the tip to reach the surface without any obstructions. The probe
loading into the probe holder is one of the most delitzetkesone has to perform manually while
dealing with the AFM. The probe holders employ spring loaded mechanisms to&épstcure.
Handling a small tip manually whose largdsnension is a fraction of a millimeter and securing

it in place in a spring loaded holder can prove challenging.

() (b)

Figure (3.11): (a): A probe holder that can be used with a Matlie®system. After the tip is
loaded into the holder, the holder gets loaded into an optical system that holds in place dil
over the piezoelectric scanner. (b): A probe holder that fits ordimension Icon®stem. The
system employs a spring loadléever system to hold the tip in place. This holder fits directly
the piezoelectric scannét? Reproduced with permission from: www.bruker.com
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Liquid probe holders (liquid cells):

Another class of probe holders used with AFM systems is known as liquid cell probe holders. To
overcome the problem caused by the thin layer of water on top of the imaged surffdds$ave

been developed to image in liquid environments. By submerging the tip and the sample in a liquid
environment, such a problem as the distortion caused by capillary forces is circumvented. Liquid
cells are AFM probe holders that provide containnfi@nthe liquids and the tips while protecting

the AFM scanners and electronics from the damage that can be caused by the liquids used during
the imaging. Given that the largesea that can be scanned at any one time by the AFM is normally
less than 100m X 100 um, liquid cells have small enclosures for the liquid and the small part of
the surface to be imagdeigure (3.12 shows two different liquid cells that were used in our work.

Both probes shown in the figure are capable of performing contact appming mode
measurements. The method by which the cell performs this enclosure of the liquid and tip differs
betweenthe twocells. The cell used with thglultiM od€® AFM houses the tip and employs a
spring loadedystem to fasten it in place. It also laag0-ring thatseals the liquid inside it between

the transparent top where the tip is and the sample susdeh forms the bottom of the
enclosure. A tubing system is then used to pump the liquid in and out of the cell. The tip is mounted
insidethe cel without any liquid present and then the whole liquid cell goes into the optical system
which then gets mounted on top of the piezoelectric scanner. Once it is fastened in place, we start
bringing the tip and the surface closer to each other. A tubistgrayis then used to pump the

liquid in and out of the cell when the-tihg has sealed any separation between the cell and the
surface of the sample. Special considerations must be taken for the kind of liquids that can be used
in the liquid cell. Any comsive liquids, solvents, or acids are very dangerous for the system as

they leak out of the cell and can easily ruin the piezoelectric scanner.
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() (b)

Figure (3.12): (a) liquid cell used with the MultiM8dgstem. This cell encloses the liquid and thg
AFMtip inside it and employs an-fing to seal the liquid against the sample surface. (b): Liquid
used with theDimension Icon@This cell houses the AFM tip and uses the surface tension in ligt
like water to form a droplet of liquid around the tip dnhen image the surface through this liquid
droplet when the cell and the surface are brought closer together. Using this cell with liquids tf
have low surface tension has proven nearly imposstBIReproduced with permission from:
www.Bruker.com.

The cell used with th®imension Icoff is used in a slightly different manner than the previous
one. In this caseahe cell depends on using the surface tension between in the liquid used in the
imaging to form a droplehat will be shared with the surface to be imaged. This droplet of liquid
functions as the liquid medium. The tip is loaded while the cell is dry. Thes eebbunted on the
scanning head of tHeimension Icoff: Then a protective sleeve is placed on tothefliquid cell

and the scanning head to protect the head from any damage. After that the tip is brought close to
the surface to within a fraction of a millimeter. The next step is to use a micropipette to put a
droplet of the liquid on the cell and to péathe scanning head with the cell mounted on it back in

its place. This makes the droplet shared between the cell and the surface as a liquid medium for

the scanning. This later form of liquid cell performs very poorly when the liquid to be used has
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verysmall surface tension. To be able to perform our experiments uBimgeasion Icoff liquid
cell, we had to use a small container that functioned as a liquithioen for the liquid cell
submersionWe had to resort to this measure since some of our waskperformed in liquids

like ethanol and toluene.
AFM artifacts:

Due to the geometry of the AFM tiphey can influence how the images produced resemble the
actual shapes being imagé&igure (3.13 shows some of the artifacts that can be seen in an AFM

imagethatdo not correspond to the shape of the imaged object.

:f; =
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D

(@)

(b)

Fgure (3.13): (a) The shape and size of the AFM tip affects how we see the obj
scans. (b) If the tip becomes dirty it can produce inaccurate im&Y&eproduced
with permission fromA Practical Guide to Scanning Probe Microscopy. A trainin
anduser manual by Bruker®
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3.1.1 Nanoshaving anbtlanografting

Nanoshaving and nangrafting were reported for the first time in 198bbg Xu and Ganyu

Liu.® Both nanoshaving and nanografting are performed orassé#mbled monolayers. Self
assemied monolayers are single layers of molecutegh as thiols or silanegbat arrange
themselves on the surface of selected substrates due to electrostatic interactions and other
secondary effects likehydrophobicity and hgrophilicity of the molecules foring the
monolayef®®)® The nanoshaving process is performed by applying a large force on the AFM

tip once it is in contact with the surface that we need to paterce the applied force crosses a
certain thresholdhe bonds between the molecudes! the surface wile brokerfor the molecules

under the AFMtigP Such di sl ocati on or @ edpasetherugddrlyimgf t he
substrateThis establishes a pattern based or#ightdifference between the molecules that form

the monolger on the substrate and the exposed subskapere 3.14) shows an illustration of

how nanoshaving works.
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(a)

(b)

Figure (3.14): Nanoshaving is a process in which a large force is applied to the AFM tip whi
in contact with the surface being imaged. Once the force crosses a certain limit, molecules
the underlying monolayer are fordeout of place exposing the substrate underne&tiair
usel:Gang, dz [ AdzZf {2y3 - dzZ | YR ,-AssetbledMbnglayersi b |
PaAy3 {OFyyAy3a tNRo0S [AlKBGMROWKEET | OO0

In the nanografting process, the osimaving step is performed while the substrateimersedn
a medium contaimg molecules from another chemliGgpecies. The chemicah the solution
surrounding the substie is intended to replace the regiehshe monolayerthat were removed

from the substrate. Once the AFM is in contact with the surface wialgpfand the substrate are
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submerged inside a medium containing the replacement molecules, the force appli¢dHd the
is increased. Once th#resholdis reached, molecules from the monolayer deposited en th
substratere removed and replacbg molecules from the ambient solutiorkigure 3.15) below

shows a schematic diagram of ngrafting.
(a)

L

—»
>,

(b)

Figure (3.15): The first step ingmanografting process is to bring the AFM tip into contact with t
surface and the monolayer deposited on it in a liquid medium containing a different chemical {
the one deposited on substrate. For this initial contact, the AFM is being run in tiggngnaode
so minimal force is applied as to avoid damaging the monolayer. Once the force applied to thé
tip is increased beyond a certain limit, the molecules under the AFM tip will be forced out of th
place. The empty places in the monolayer walldzcupied by different molecules from the ambie
solution”[Fairuse]Gang, dz [ AdzZf {2y 3 - dzZ | yR |, -AskebledA |

azy2f I @8SNER ! aAy3 {OFyyAy3d t NP 06466, (2000)K 2 I NI LI
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In the earliest work bysong Xu and Ganyu Liu® on nanoshaving and nanografting, they
demonstrated both meatiams successfully by grafting patches of octadecanethigdSY@to a
background matrix of decanethiols1(S) deposited on a gold substrate. The grafted patches were

in the form of rectangular areas X m in sizeFigure (3.1 shows their successfresults.

height / A

o — A
0 400 800
distance / A

()

Figure (3.16): (a) A sgte grafted of @S into a background ofiéS. The size of the
square is 50 X 50 rim(b) A 3D rendition of the topographic map collected by the
AFM during imaging. (c) Height profile of the grafted patterns. The height
difference between the grafted areaand the background is 8.8 A which is
consistent with the theoretical value for the difference in the length between th¢
chains for @S in the background anddS in the grafted patches. (d) and (e)
Molecular resolution images obtained using an AFM ddi@a of 5 X 5 nifrom

the matrix of @GS and the grafted patchiS respectivel§?) [Fair use]Song Xu and
Gang, dz [ A dzZ é&tale Fabric&idn ®WNSimultaneous Nanoshaving and
MolecularSeH a4 SYof 8¢ > [ H20F10WA NI MOZ MHT

A prominent applicationof nanografting is in the immobilization of DNA molecules and

antibodieson selectively patterned aretts construct biosensors and {@inalysis experiments.
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Scoles and cavorkers used AFM nanografting to @rainglestrand DNA into a background
monolayer matrixof ethylene glycqlwhich was used to functionalize a gold surfathese
patterned patches are then used to bind with clebidjugate proteins The procedure starts by
functionalizing a clean gold gace with proteirrepellentethyleneglycol terminated alkylthiol
(HS-(CH2)11- OCH:.CH>)3-OH). Then the authors utilize nanografting to introducecipes of

single strand DNA intthe ethylene glycol background. When the patterned substrates are exposed
to proteins modified with cDNA sequences, the prot@iressmmobilized on the patterned areas

generating a ready to use biosensor for binding studies in biological systems.

Figure (3.17 shows the procedure for nanografting single strand DNA molecules hpto t

alkylthiol background and the immobilization of cDN#Aodified proeins @

Au(111) surface

e
B N
B
\';‘\ , n‘/ NN

\KN / Immobilized ssDNA

Immobilized protein

Figure (3.17)The immobilization of single strand DNA molecules is carried out by
using AFM based nanografting. The next step is to allow cDNA modified proteing
attach to the immobilized single strand DNA molec@®$§Fair use]Bano, F., Fruk, L
Sanavio,BDSt f SGGS6O6SNAX adx /lFalftAas [ &

t NEGOSAY blFy2FNNI&a ! aAy3 bly23aNl FaAy
Letters, Vol 7, No 9, 2612618, (2009)
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When the group used covalent DNA streptavidin conjugateSID\I) to immobilize and bind with
antiSTV IgG, the heightmeasurementasing the AFM revealed measurableight differences
corresponding to the sizes of the molecules trapped. Figut8) (8hows the results of this

experiment2?
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Figure (3.18): A schematic diagram showing the processmbbilizing DASTV in patches in a
background of ethylene glycol terminated alkylthiol followed by allovang-STV Ig@ombined
with height measurement histograms for the different stéfis[Fair use]Bano, F., Fruk, L.,
Sanavio, B., Gelletteberg, M. / | & f AaX [ ®X bASYS@SNE / & a
bly2FNNIea ! aAy3 bly23aNIFiAy3a YR 5b! LYY
26142618, (2009)

3.1.2Surface electrochemical modification

Surface electrochemical modification is another method of petterning that utilizes AFM

systems? In this methoda potential difference is applied between the AFM tip and the surface
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of the sample. For this particular methtiee AFM tips used are covered with conductive coatings

such as aluminuror gold Whenthe AFMt i p 1 s brought I n Acontact
substrate and the malayer covering it, aneniscadroplet of water forms betwedhe tip and the

surface. The @ssibility of forming this water droplet and itssultantsize aredependenbn the

relative humidity in the ambient atmosphere in which thesgrent is being conduct&®-(10

By applyingapotential difference beteen the AFM tip and the monolayer covering the substrate,

a change in the chemistry of the monolayer, either dweidair reduction, can be induced. This

change in the chemistry of the areas scanned by the AFM while under such potential difference
establishes the pattern desired by the desigfigure (3.19 below shows a schematic diagram of

how this process occurs.
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Figure (3.19): Steps of surface electrochemical modification using ancafiorce
microscope? (a) Functionalization of a silicon substrate with octadecyl trichlorosilane
(OTS). This silane is terminated with methyl functional group. (b) Using the AFM pro
oxidize the SAM (by applying negative potential to the AFM tivéen -8 V and-10 V
results in changing the functional group into a carboxylic group represented here by
One of the experiments carried was to allow OTS to bind with the functionalized pattg
R = ChHand n = 9. R becomes y as the OTS bindsthétbxidized pattern. (d) Another
variation of the experiment is to allow is to allow § indecy!l tricholorosilane (UTS) to
bind with the oxidized patterns. (e) Another variation of the experiment is to have
positively charged gold nanoparticles attachthe oxidized pattern®) [Fair use]Daan
22dziSNBE yR | t NAOK { & {OKdzoSNIzZ da/ 2y a{
t NBoS hEARFGAZ2Y YR / KSYAOL038,&00R)A FA O
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Another way of using electrochemical modification is to oxidize silicon substrates in certain
patterns such that when they are subjected to wet acid etttiengxidized parts act as protective
masks protecting the layers underneath them frongletched away by the acid. Such a technique
can establish thregimensional patterns in silicon substratedtworder of 30 nm. Kakooei and
co-workers were able to show the possibility of producing a 31 nm gap msoifionpatterning

of a silicon lar. In their experimenthey used a siliceon-insulator (SOI) substrate with a 100

nm silicon device layer on top of a 150 nm of silicon dioxide layer. The substrate was first cleaned
using the RCA cleaning procedure by soaking it in deionized (DI) witieOH:H>O> (5:1:1) for

10 minutes at 75C followed by a DI water. HF (100:1) dip for 11 s followed by an DI
water:HCI:HO; (6:1:1) acid solution for 1éninutes at 75C. The substrate was then rinsed with

DI water and dried with nitrogen. The substratas then temlated by applying a potential
difference of 9 V between the substrate and the tip (the tip being held at negative poidndial)
allowed for the oxidation of the top silicon layer of the substrate. Wet etching the silicon substrate
in KOH dilute solutionat 40 T resulted in removing the top silicon layer in 2 s. The silicon dioxide
mask was then removed using an HF bath of DI walkéf (100:1) for 17 s. Figure (3.20) and
(3.2) show the schematic procedure for how the oxidation procespaiterning process take

place, respectively.
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Figure (3.20): A schematic diagram of naxidation process used to construct a
silicon dioxide mask on the silicon substré&t¢[Fair use]Jalal Rouhi, Shahrom

al KYdzZRZ {0l NJS5SNRGI [ dziF3Ffdzy3d | yR
electrodes via nanoxidation mask by scanning probe microscgply y 2 £ A (i K
J. Micro/Nanolith. MEMS MOEMS 10(4), 043002 (2011).
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Figure (3.21): (a) The substrate used with 100 nm silicon layer on top of a 150 nm silicq
dioxide layer. (b) Carrying out the nangidation process produces a silicon dioxide mask
the silicon layer. (c) Removing the unmasked silicon layer using wet etching. (d) An HF
used to remove the silicon dioxide m&sk) [Fair use]: Jalal Rouhi, Shahrom Mahmud, S§
S5SNRAGE 1 dziF 3Ffdzy3 FyR { I SAR trodésVi2 musoxidation (
YIa1] o0& aO0lyyAy3d LINRPROS YAONRaAO2LR yly2f
10(4), 043002 (2011).

112



THM  WO= 3mm ENT=1000KV  SignalA=inlens ﬁ

Mag= 500 KX p—

Date :17 Jun 2011 Time (153437

Figure (3.22): A scanning electron microscope image of the resulting construction. The
between the electrode is 31 nfi) ) [Fair use]: Jalal Rouhi, Shahrom Mahmud, Sabar De
l dzG F AF € dzy3d FyR {I SAR YI 122SAZX da-axidatioim@sk i
08 aolOlyyAy3d LINRP0S YAONRaO2LR yly2fAdK2]
043002 (2011).

In an attempt to utilizéhis technique in our workve carriedouta variation of the above detailed
technique. In ourrial, we cleaned a silicon substrate usigjranhasolutioncleaningmethod by
soaking the substrate in a solutionHS0y:H20; (3:1) at 80 € for 15 minutes The purpose of

this step was to expose the silicon surface and remove any silicon dioxedetathe surface.
Immediately following the cleaning stegpe substrate was loaded into the AFM and we patterned

on it several patterns of squares of various sizes. The oxidation was carried out at a potential
difference of 10 V with the tip held &0V while grounding the substrate. Théstrate was then

dipped in a DI water: HF (100:1) bath for 5 s. The HF bath etched away the oxidized parts of the
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surface layer of the silicon substrate leaving behind patches of depths of 5 nm on average.

of the attempts we did yielderesults exhibited ifigure(3.23.

8.1nm

N PP |
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(b)

Figure (33): (a) Using a voltage difference of 10 V between the AFM tip and a layer g
silicon on holding the tip atLl0 V while the substrate is grounded oxidizes the silicon an
produces a silicon dioxide layer in the patterned areas. Following this by aathH&tthes
away the oxidized squares and leaves the rest of the substrate intact resultifdg in 3
patterns in the silicon substrate. (b) A cressctional view of the depth profile of the
patterned squares.
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Chapter 4

Atomic Force MicroscopePatterned Surfaces and Selective

Deposition of Polymers.

4.1 Introduction

In this chapter we examine selective deposition of polymers using the LbL method on areas that
have been patterned using AHdsed nanografting techniqueshe goal of this endeavor is to
establish the optimum conditions and materials for selectively demppillymers on selected

areas of the substrates. This comes as a necessary step towards utilizkpgdtvhanografting

to construct circuit elements on the nanoscale usingaseémbly as the main method of material
depositionThis set okexpermentsis an extensiosof nanografting effortthathave been reported

and worked on previously by our group smccessfulattempts of nancepatterningof self
assembled monolayefs Thework we report here involvesatterning a single deposited layer of
thiols an a gold surface using an atomic forcécnoscope (AM) and then using thébL
deposiion techniqueo furtherprovide selective growtbn specific areas on the chosen surfaces

We further study the correlation between the size of the patterned areasgfgbf the polymer
solutions, the height of the resulting structures and the selectivity of deposition of the polymers on
the designated patterned areas in an effort to extend and further utilize previously done research

that tackles these poirffs©G @),
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In this chapterwe examine the correlation between various parameters involvée type of
nanolithography Rown as nanografting and uséatpattern and construcainescale structures of
polymers deposed selectivelyat various location®n diosen surfacesThe advantage such a
method offers is thebdlity to control thechemistryand composition of surfaces in therizontal
dimension and consequently offering a chance to pattern tfaezas of substrates accordittg
our choice. Such tecmique carpotentiallybe used to consteticircuit elements on the nasale.
The technique used in this experiment to template the sumédeeh is known as nanografting
using anAFM, is discussed irthapter 3%©.(M.€) This technique depends traving a stface
covered bya monolayer of a certain molecule this caset is athiol terminated wi ani OH
terminal groupwhich is then replaced in parts of this monolaygh a different thiol terminated
with ai COOHgroup.The replacement procebappens as a resultusing the AFM tip to remove
some of the molecules of the background material and thus allowing their place to be taken by

other molecules that exist in the environment in which the grafting is taking place.

4.2 Experimental Detast
4.2.1 1*Mercaptoundecanol

In this experimentthe -OH terminated thiol we chose is -MercaptoundecandlL1-MUD), and
its structure is shown inigure @.1). 11-MUD was used as a 2 mM solution dissolved in ethanol.

It was purchased from Sigr#dldrich and used as received.
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Figure 4.1): 11- Mercaptourdecanol

4.2.2 16Mercaptohexadecanoic acid

The T COOH terminated thiol is X®ercaptohexadecanoic acid (MHDA) and its chemical
structure is shown irigure @.2). The 16MHDA was used as a 2 mM solution dissolved in

ethanol. It was purchased from Sigirich and used as received.

0~._.OH

Figure 4.2): 16¢ Mercaptohexadecanoic acid
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4.2.3Poly(allylamine hydrochloride]PAH)

PAH is a positively-charged polymer when iaqueoussolution. This polymer was useasa 10

mM solution in DI water at pH~1t was purchased from Siga#ddrich and used as received.

4.2.4 poly[1-[4-(3-carboxy4-hydroxyphenylazepenzensulfonamide] ,2-ethanediyl sodium

salt] (PCBS)

PCBSis a negativelycharged polymer when iaqueoussolution. We used this polymer as a 10

mM solution in DI water at varyingH levels.
4.2.5Slides

We used glass slidehat are coated thia gold layer of thickned900A deposited on an adhesive
layer of Cr of thicknes50A. The slices were purchased from EMF Corp. Figut8) shows an

image of one of the slides.

Figure (4.3): A glass slide coated with a thin film of gold. The gold layer is 1000 A
on top of a 50 A layer of Cr used for adhesion between the gold and the glass sur 121




4.2.6 Atomic force microscope

We used wo different AFM systems for this experiment. The first system used was a Veeco
Multimode with a Nanoscope V controllefhesecond AFM useth this experiment is a Bruker

Dimensioniconwith a NanoScope V controller.

4.2.7 AFM tips

We used different types of tips in the work regpd here. The first set of tips used here were made
by Veeco. They were made of silicon nitride cantilevers carrying silicon tips. The cantilevers had
a nominal spring value of 42 N/m. The secondvea$ also made by Veeco of silicon nitride
cantilevers carrying silicon tips. The cantilevers had a nominal spring constant of 0.6 N/m, The
third set oftips used in thee experiments are Bruk@vhich purchased Veec&NL 10. Thaetips

are made osilicon nitride cantilevers carryingilicon tips with anominalspring constant 0®.7

N/m. We chose the secorahd thirdsetsbecause of their low spring constant. It is crucial not to

use a strong tip when imaging or patterning soft surfaces like gold.

4.3 Experimental Procedure

The first step in the process is cleaning the -goldted stles purchased from EMF Corp. The
cleaning process normally takes place by placing the gold substrates in a plasma cleaner for 1
minute. However, given the excellent conditiof the substrates we had, no such treatment was
required. The cleaning process in our case was done by boiling the gold subse#tasol for

45 minutegollowed by rinsing them with fresh ethanol and finally drying them with pure nittogen

After cleaning, the slides were dipped in a1 solution of 12MUD dissolved in ethanol. The
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slides were left in the solution for at least 48 hours. A#eroving the sampldsom the 12MUD

solution, theywere rinsed in fresh ethartblen sonicted in ethanol fo2 minuteghen rinsed again

in ethanol and finally dried with nitrogeAt the end of this procesa closely packed monolayer

of 11-MUD is formed on the gold surfa@s schematically illustratdd Figure @.4). The sulfur

at one end othe 12MUD chainbinds with the gold atoms forming a network of covalent bonds
between the sulfur atoms in thiols and the gold atoms on the surface of the g8ldThethiol
molecules undergo a twghase process by which they end up in an erect position on the gold
surface. The molecules, in the first step, align themselves in a horizontal manner with respect to
the surface. Then in the second step they change their positions to a more erect position with
respect to the surfa@s the density increaséhe second plsa is known as aall trans position

and forms a typicadngle of 30 degrees with respect to the suffdce

Thell-MUD forms an-OH terminated monolayehatacts as passive background on the surface
of the substri@. The role of this passive layer e prevent polymers fronelectrostatically
depositing on the substrate on areasered by the 2MUD. When this passive backgrouisd
replaced with theCOOH terminated 6-MHDA acid, this substitutioriorms an active region that
allows for selectivity irdeposition of subsequent layerscbirgedoolymers. The idea behiride
nanograftingechnique used heras discussed earlier in this dissertatisto applya stong force

to the tip of the AFM while it is in contact with the surface of the sampdeliouid environment
where this force breakkhe bonds between the background molecules already deposited on the
surface and frees these moleculHse liquid environment contains a different chemiaalthis
case a M solutionof 166MHDA, which will replacethe one initially on the surface in a
monolayer in this case 1-MUD, in specificparts of that monolayeihe areas and patterns in

whichthe 16 MHDA replaces the EMUD arechosen to bef different shapes and sizes to suit
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our experimental desigiThe shapes grafted frothe 16MHDA into the 1tMUD background
were squares of sizequ X 2pum, 1pum X 1 ym, 500nm X 500nm, 200nm X 2@ nm and 100
nm X 100 nm. The liquid environmenbf 16MHDA is contained in a liquid cell designed
specifically forthe AFM for imaging in liquids. In our g the liquid cell used waa simplein-
housesolutiondesigné to suit our purposes§siven the design of the standard liquid cell of the
Bruker Dimension Icoff, we were not able to immerse the sample in a solutntaining 16
MHDA to perform the gafting step. To remedy this issue we usedmall tri dish with low

walls to serve as a reservoir in which we can immerse the sample while it iphterged.
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Figure (4.4): The two phases through which thiol molecules go until they align in
tightly packed upright formation on the gold surfdé®[Fair use]Mauzi Liu, Nabil A.
Amro,andGang dz [ AdzZ ably23INI FGAy3a F2NJ { dzN

Phys. Chem 59: 36786 (2008).
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4.4 Results andiscussion

To perform the nanografting stejpe slides were then placedthe liquid cell ofthe AFM. The
samples were immersed completely in a 2 mMitsah of 16 MHDA in the liquid cell. Using
Veecomanufactured AFM tips madd silicon and of nominaspring constant 42 N/m proved
futile as the tips indented the gold layer on the substrate even at the smallest gbdestele

with the AFM. Figure4.5) shows an example of the indentations caused by too much force applied

to the AFM tip.

1: Height

(@) (b)

Figure (4.5): Excessive forces applied to the AFM tip caused an indentation of the
layer deposited on the substrate. (a) A Height image of gold sample after the gold
removal. The tip scanning direction was from the togthe bottom. As the tip
removed the gold from the surface of the sample it piled it up near the end of its
scanning range. (b}B rendition of the topographic image collected while the AFM
imaging.
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Given the negative results of the large spring ongips we switched to usingofter tips. We
thereforeswitched to tips manufactured Meecomade ¢ silicon nitride and of nominal spring
constant 0D.6- 4 N/m. In the next stepwe attempted to graft patchestok 16MHDA in the 1%

MUD monolayer deposited on the surfamfethe gold substratdJnfortunately after countless
attemptswe were not alel to obtain any positive results. Troubleshooting the problem led us to
examinng the surface of the samples using XPS. The results camenbgakve and indicated
there wereno thiol monolayers dtering to the surfacd@his conclusion was based on theetce

of sulfur peaks from the spectrum obtainEdyure @.6) shows the results of the XPS obtained
through Virgini a NamscdledCharatterization and Fabrgcatian tLabardioey

(NCFL).
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Figure (4.6): XPS results for samples with momukagf 1tMUD supposedly
deposited on it. The test showed that the thiols were not binding with the gold
surface.
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This wasa clear indication that the wassomething wrong with the chemicals we were usiing
next step we took was to use some other thiols from some of the group memtsgiace the
ones we were using to eliminate the possibility that they are expired in spite of them being newly

purchased.

Figure @.7) shows attempts at shaving patches from a monolayeQaftanethioldeposited on

gold substratesThe image shows two parallelogratapes with sides gize 1 pn. The shapes

were supposed to be squares but due to some drifting probiehe AFM and the lack of a closed

loop feedback system on the AFM used at the time the shapes were turned into parallelograms.
This successful shaving was performed in a liquid cell containing fresh ethanol. The set point of
the AFM, which determinethe force between the timd the sample in contact modeas set to

8 V. The tip used in this shaving process had a nominal spring constant of 0.6 N/m. The imaging

speed at which the shaving was done was 3 Hz.

Figure (4.7): AFM nanoshaving of a monolayer-Oicidecanethiol deposited on a gold substrate,
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Another example of successful nanoshavismghown in Figure4.8).

T o | DeteZoom |

1: Height

Figure (4.8): Nanoshaving ofctanethioldeposited on gold.

Dr. William Duckerof the Department ofChemicalEngineering supplieds with a small amount
of 11-MUD. The trials yieldedhe first positive result®f our endeavorskigure @.9) shows

successful shaving of a monolayer ofNMIUD deposited on a goklibstrate.
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Figure (4.9): (a) Successful shaving of a square area of a monolayer of 1
MUD deposited on a gold substrate. The tilting in the square is due to drif
in the AFM scanner. (b) Height profile of the shaved area. The height
differencewas 1 nm which is in agreement with the theoretical value

proposed for the size of the #IMUD chain. The arrows indicate the edges d

the shaved area.
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The next step was to perform nangrafting on the samples covered with a monolaydtdb11

Figure @.10) illustrates he process of simultaneous nahaving and grafting patches of
monolayerof thiols we performediVe notce here that the 38IHDA molecules do naindergo

the regular twephase process to align on the surface and instead achieve the proper alignment on
the surfacen one step. This is anticipated due to the highly constraineaf the area they have

to fill on the slaved gold surfacé®

%\-\.« \1'1 Figure (4.10 Nanografting proces&)

[A] —= Scan The initial imaging is done using a ve
%ﬁE%géggééﬁégﬁﬁgﬁggé%ﬁﬁjégﬁéﬁ small force to minimie the effects of

imaging on the deposited monolayer

of 11-MUD.(b) When we increase the
M force applied by the AFM tip on the

[B] -FH'\"\- "D"' "; o surface it starts removing some of the

11-MUD molecules anthey are

replaced by 16MHDA moleculefrom

solution The replacemenglso,
u’ FLJ"“-—«.,.. allows the new thiol to assemble on
[C] A ' — & Scan the surface in one step instead of the
g usual two step procesgc) A final scan

is performed with minimal force to

YYIYYTY image the modification that takes

place on the surface of the sli¢é.
[Fair use]Mauzi Liu, NabA. Amro,
andGang dz [ AdzZ dabl y 3}
{ dzNF I OS t K8 &aAOl ¢
Phys. Chem 59: 36786 (2008).
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The patches of TMHDA were introduced in repeated patterns of squares that varied in size
between 2 micron® 2microns to 10@im X 100nm. After the grafting process was donerinsed

the slides in fresh ethanol very well and then filled the liquid cell with ethanol and imaged the
results othe grafting proces#\s expected, the grafted squares were clearly visible arbidlet
difference was around @65nm on averagé& he teight differene corresponds to the extra atoms

in the 16MHDA thatadd to the chain length of the molecakopposed to the 1IMUD which

is 6 A according to theoretical calculatiofégure @.11) shows how the grafted patch of the
COOH terminatd thiol stang out againsthe background of the passiv®H terminated thiol

backgroundThis was our first successful trial of nanografting.

Lu.wvinn

[ esnes . Do

3 um

3 um
1 2

1: Height

Figure (4.11): (a) A heighil2image of a grafted square 500 nm X 500 nm e¥AHDA onto a
background of 12MUD. (b) A D rendition ofthe grafted square.
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The next few trials yielded successful patterns eMHDA patches grafted in a background of
11-MUD. Figure @.12)shows one of these triaig graft 4 squares of size 500 nm X 500 zunal

the patterns resulting from the successful grafting attempts.

N Rl o

4 squares of
size 500 nm X
500 nm of 16
¢ MHDA : —
grafted onto —— v :
0.0 1: Height Sensor 17.1 um
a background
of 11- MUD

-4.0nm

(@)

(b)

Figure (4.12): (a)The image shows 4 grafted squares-BHBA of size 500 nm X 500 nm can be visibly
seen against the background of-MUD in a heght image performed by AFM. The squares are indicated
the circles placed on the image. (b): A cross sectional measurement of the height profile of the structy
shows that the height difference between the background and the grafted areas is arounch @6
average corresponding to the expected length difference between the structure of the background ang
active patches. The arrows indicate the edges of the step representing the grafted area. The vertical
indicate one of the points where heigimeasurements have been performed.




0.0 1: Height Sensor

(@)

(b)

Figure (4.13): (a) A zoomed in image of one of theMBIDA squares grafted in an
11 ¢ MUD background. (b) A cross sectional measurement of the height profile g
grafted square of 1MHDA. The arrows indicate thelges of the step
corresponding to the grafted square. The vertical bars correspond to one of the
points at which the average height was measured.
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The next major step was to perfothe LbL deposition process ¢tAH with different polymers

onthe patterned slide$he polymers deposited with PAH were PCBS, PAA, and PSS.

The depsition process was donedifferent sets of pH level§heeffect of pH was examineth

orderto optimize the LbL deposition process with respecsa¢condary effectsroselective
deposition. The rolef the secondary effects was discusse@nof. Paul a Ha mmasndos
described in chapter @) The ideariefly is thatthere are several famrs thatcontrol the preference

of the plymer layers in depositing dime surface. When the polymers are fully charged under
high pH levelsthe predominant factos ithe electrostatic interactiamd this guides the deposition
behavior. Under these conditions, polymers deposit everywhere on the sample but with greater
selectiviy towards depositing on the grafted pattefriction measurements were performed at

all pH values used for the deposition processl the results confirmed changes in the chemistry
and morphology of the surface indicating the deposition of polymerdagrywhere on the
surface of the sampl@his selectivity is seen asfaster rat®f thickness increase on the grafted
areasvhen compared to the background in height measurements. Selectivity is also seen in friction
measurements as a difference infiigion between the background and the patterned areas due
to the different interactions between the tip and the surface in the different pldmasthe pH is
significantly decreasedhe polymer layers do nojust seleately deposit on the active dtad

areas of the surface due to electrostatic interactitmmebut alsodue to other factorsuchas the

type of atoms on the backbone of the polynmm the hydrophobicity vs. hydpailicity of the
polymers used. Changing the @Howed us tadjust tle degree of ionizatioaf the polymer and

thus either enhance the electrostatic attraction omisinits role and allow the secondary effects

to take overThis can be pushed the pointthat fora certain set of pH levels for the polymers

during the LIb deposition, the selective depositioanbe completely reversed and the polymers
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will prefer to deposit on theOH terminated background and avoid the act@©OH terminated
grafted areadror the trials performed with PAH and PCB$ kept the pH levedf the PAH at ~
7.0 and varied the pbf the PCBS solution. The experiment was carried dbtleaving 4 different
pH valuesof the PCBS solution: .@, 6.0, 5.5, and . Table &.1) shows a summary of the results
found for these various runkor pH values of the PCBS o8 and 4 the selective deposition

disappearednd the patterned areas were lost into the background.

The results of the multilayer deposition of the polymers exhibited some interesting correlations.
The larger areas of deposition deptd smaller increments of height increase with the repeated
bilayer depositions compared to the smiadireas at the same conditions. Also, the maximum
height increments between diffetdmnlayers were observed at b for the PCBS with noticeable

variations between the different cases.

Figure @.14) shows the progress of depositing several multilayers of polymers (PAH/PCBS) at

pH 5.0
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(d)

Figure (4.14): The results of the LbL deposition of PAH and PCBS at pH~5 on squ3
16-Mercaptohexadecangciacid grafted into a background of-Mercaptoundecanol.

(a) Immediately after grafting (b) After depositing 2 bilayers. (c) After depositing 4
bilayers. (d) After depositing 6 bilayers. The black arrows point at the edges of the

patterned sauares.
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Figure @.15) shows the progress of depositing several layers of polymers (PAH/PCBS) at pH ~

5.5
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(d)

Figue (4.15): The results of the LbL deposition of PAH and PCBS at pH~5.5 on squares of
Mercaptohexadecanoic acid grafted into a background eMEtcaptoundecanol. (a)
Immediately after grafting (b) After depositing 2 bilayers. (c) After depositingileld. (d) After
depositing 6 bilayers
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Number Of

Bilayers pH 7 pH 6 pH 5.5 pH 5
0 0.5nm-1.5nm | 0.5nm-1.5nmnm | 0.5 nmi 1.5nm | 0.5 nmi 1.5 nm
2 2.2nm 2.1 nm 3 nm 6.5 nm
4 4 nm 4.5 nm 5.2nm 12 nm
6 5.5nNm 5.7 nm 7.1 nm 185 nm
8 7 nm 7.2nm 9 nm 22.5nm
10 8.2 nm 8.5 nm 10 nm 284 nm

Table 4.1): Awerage height increasaaeasued upon grafting squares of 500 nm X 500 n
of 166MHDA on ari1-MUD background and then subsequent deposition of bilayers of
PAH and PCBS.

The following is a graphical representation of the change in the average thickness of a bilayer with

respect ta¢hanges in pH

nm

Bilayer thickness of PAH/PCBS at different pH values for PCBS

3.5

PCBS 5

PCBS 5.5

PCBS 6

PCBS 7

Figure (4.16): A graphical regsentation of the relationship between the thickness of
single bilayer of PAH/PCBS and the pH of the PCBS solution. The PAH solution w
at pH 7 through out the experiment.
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The disproportionate increase of the thickness of a single bilayer of PAH/PCBS deposited at pH 5
forthePCBScahe expl ained using Rubnero6s work discu:
approaching the values of the bilayer thickness from the right side of the graph we will notice a
sharp increase in thickness values as the pH of the PCBS solution appr®achés can be
explained knowing that at pH the PAH solution is fully ionizedvhile at pH 5, PCBS ipartially
neutralized(its pKais 4.5).A polyelectrolyte is 50% charged at its p#nd it is 10% ionized and

90% at ionized at +/one pH unit awayrbm the pk. Thus the decreased ionization of PCBS at

pH 5.0 leads to thicker adsorbed laydrBis increase in thickness is a result of the gain in the
enthapic free energy from spreading the charged polymer layer flat not being able to compensate
for the entropic penalty from changing the conformational structure of the polymete@tsto
increased loop structure in tlessionized layer and causes partial segments of it to deposit on the
previous layer while the rest of the chain tries to avoidsingace leading to a thick layer

formation®?

Another observation made was that the size of thitegl areas affected the steps of incremental
increase in the thickness of the polymer layers deposited on the pRtieinstance, coparing
the heightsachieved by LbL deposition on squares of sizes 500 nm to squares of simen200
showedthat the height of the layers deposited oierdmaller square increased by f40.6 nm
per bilayeron average for all levels of pH for the polyelectrolyte solutiéigure @¢.17) shows

an array of squares of different sizes
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Figure (4.17): (a) Squares
different sizes of 181HDA
grafted into a bakground
of 11-MUD and then
covered with 4 bilayers of
PAH/PCBS at pH ~ 7. We
can clearly notice the
visible difference in height
between the smaller
squares of size 200 nm an
the bigger squares of sizeg
500 nm, 1 um and 3 um.
The polymers deposited in
thicker films on the smaller,
squares as opposed to the
larger ones. The larger
squares were on average
3.5 nm high (for the total
of 4 bilayers deposited)

0.0 1: Height Sensor

while the smaller (200nm)
(@) squares were on average
4.3 nm high for 4 bilayers
deposited. (b) Height
profile of the top row of
squares.

nm i i
10 15 20 um

wn

(b)
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Figure @.18) shows a different part of the array depicted above in Figui)( The height
difference is still observabl&he sizes of the squares in the image are 3 pum X 3lypm X 1

pm, 500 nm X 500 nm, and 200 nm X 200 nm. The lower row of squares has 3 um X 3 um patterns
that haveunintentionalsmaller squares inside them. € are two pasble reasons for the
existence of the smaller squar@se first reason is that the polymers did not adhere well to the
larger areas of the 3 um X 3 um squares @wede partiallywashed awayrom the edges of the
patternduring the rinsing process. Theceadpossiblereason is that due to some misalignment
issues with the AFM due to thermal drifting and failure to reposition the AFM tip to specific
locations, it is possible that it-patterned the center of the square during the grafting process
causinga higher density of XMHDA in the center and thus causing better adhesion there for the

polymers.
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Figure (4.18): (a) A
closer look at the
patters of 16MHDA
grafted into 12MUD
and covered with 4
bilayers of PAH/PCB
the difference
between the larger
squares and the
smaller ones is till
visible. (b) A cross
sectional viewof the
height profile is
shown for the lower
row. The sizes of the
squares shown in the

0.0 1: Height Sensor X
imageare3 pm X 3
pm, 1 pm X 1 um,
500 nm X 500 nm,
€)) and 200 nm X 200

nm.

Figure @.19 shows measurements done to compare the lseiflhe bilayes deposited orach

of the square
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0.0 1: Height Sensor

(@)

(b)

30 Lo 2 nwaan

3

(©)

Figure (4.19): (a) Two rows of squares oMIBDA grafted into a background of-MUD and cuered
with 4 bilayers of PAH/PCBS. (b) Cross sectional view of the heights of the polymer layers depos
patterned areas. We can see that the polymers aggregate in thicker layers on the smaller square
For comparison, a cross sectional view ketaof the second row of squares of equal sizes. The heig
of the polymer layers remains the same on average on these squares.
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Figure @.20)shows a comparison between two rows of squares of sizes 500 nmand 200
nm X 200 nmrespectivelyThe awerage height for thB00 X 500 nm squares isG5hm while the

average height for the 200200 nm square i6.8 nm.

200 nm X
200 nm
squares

500 nm X
500 nm
squares

00 1: Height Sensor

um
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Figure (4.20): (a) AFM height image of two different sizes of squares 566ch@00 nm
covered by 4 bialyers of PAH/PCBS usingayéayer deposition at pH 5.5. (b) Cress
sectional height measurement of the 500 nm X 500 nm square€rys sectional height
measurement of the 200 nm X 200 nm squares.

Figure (4.21) shows a comparison between the average thickness of a single bilayer of PAH/PCBS

for squares of sizes 3 um X 3 um, 500 nm X 500 nm, and 200 nm X 200 nm at different pH levels.

Single Bilayer of PAH/PCBS Thickness for Different pH
Values and Pattern Sizes

3

2.5
nm
2
1 o
0.5
0
3 um X 3 pm 0.5pum X 0.5 um 0.2 um X 0.2 pm
——PCBS 5 —=PCBS 5.5 PCBS 7

Figure (4.21): A graplatrepresentation of the comparison between the single bilayer thicknes
PAH/PCBS as a function of pH for different square sizes.

Onepossible explanation for smallertfans having a higher value for the thickness of the layer
depositing on thencould be attributed to polymer chains folding on toppthemselves oithe
square due to its small size and the inability of the patterned area to accommodate the entire

polymerchain inahorizontal mannemBut this effect cleatg needs more study.
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We carried out another comparative study to examine the feasibility of using selective deposition
techniques with different polymers. For this studye used golecoated slide®f the same type

used previouslyAs before, theslides were cleaned by boiling them in ethanol for 45 mins. Then
the slides were dipped in 10 mM solution Id-MUD in ethanol for 48 hoursThen different
patterns were constructed on the-MWUD layer on the gal surface by using nanografting
techniques to introduce patchesl&MHDA into the background matrixThen we dipped the
patterned samples into polyelectrolytes using LbL deposition techniques to achieve selective
depositions The dipping trials were donesing two different combinations of polymers. For the

first set we used a combination of PAH/PAA. The polyelectrolyte solutions were used at various
pH levels. Trials were carried where the pH levels of PAH/PAA werel&.G, 5.0/5.0, 9.0/9.0,

3.0/5.0, 3.0/9.0, 5.0/3.0, 5.0/9.0, 9.0/3.0, and 90/5.0. The dipping for each of the layavascarried

out manually for 3 minutes at room temperature of 2@.5=ach dip was followed by a thorough
rinse with DI water. Imaging was carried out in liquid. The khused was DI water at pHO7
Imaging was done after depositing 2 bilayers, 6 bilayers, and 10 bilayeegprocedure was then
repeated for the polyelectrolytes PAH/PSS using the same steps. Given that PSS is a strong
polyelectrolytewe kept its pH aB.0 for the entire experimenthe general form of the patterns is
shown in Figure4.22 and Figure4.23, which shows images of the patterns after nanografting

and prior to deposition of polyelectrolytes.
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Figure (4.22): (a) Topographic image of the patterns eéfiHA grafted onto a
background of 1MUD. The squares were madesizes of 5 um, 2 um, 1 um,
500 nm, 200, nm, 100 nm, and 50 nm. (b) Friction images of the patterns. T
darker areas represent higher friction. Imaging is done in ethanol.
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Figure (4.23): (a) A topographic map of the patterned area é¥iH@\ grafted ond a
background of 12MUD showing where the height profile measurements were taken.
Height profile measurements for one of the patterned areas. The height profile
measurement combined with roughness measurements yield a height difference of
nm on arerage between the background and the grafted patch. This height correspo
to the height difference in the chain length difference between theVildD molecule in
the background matrix and the #dHDA molecule in the grafted area.
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In what follows we show a sample of the images that were taken after 2 bilayer, 6 bilayer and 10
bilayer deposition for PAH/PAA at different pldvels for eachFigures (4.24) through (4.26) are

for the case of both polyelectrolytes at pH 9.0

N ool

Figure (4.24): (a) Inge of
a 5 um square after 2
bilayers of PAH/PAA at pH
9/9 were deposited on it.
The height profile is barely
noticeable. Roughness
measurements indicate a
height difference on the
order of 0.7 nm. The
change in the morphology
of the entire surface
including both the
background and the
patterned areas indicate
that the polymers
deposited on both the
background and the
patterned square. (b)
Height profile image where
the markers indicate the
edges of the square. No
(@) height difference is
observable here.

0.0 1: Height Sensor
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Examning the friction image of the sample reveals that the background has the same fiction as the

patterned squarsuggestinghat the polymers are depositing on backgd and the patterned

square bke.

IQ,&I._J_I - ' : 322mV

|
0.0 4: Friction 30.9 ym

-25.7mV

Figue (4.25): Friction image of the 2 bilayers deposited on the square in Figure
(4.24). The lack of any distinction in the friction between the background and th
patterned square indicates the polymers are depositing everywhere on the surf
We can also sethe difference in the morphology of the background compared tq
the case of a gold surface functionalized withMWUD confirming the deposition of
the polymer layers everywhere.
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After depositing 1Milayers of PAH/PAA af/9 we get themage of Figure (4.26).

0.0 1: Height Sensor

Figure (4.26): After depositing 10 bilayers of PAH/PAA at pH9/9. The matte
have completely disappeared. It is clear that in this case that the polymers
deposited on the entire surface.
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After depositing bilayers of PAH/PAA orone of the samples pH levels 70/7.0, the image of

Figure (4.27) is obtained.

N S]] 62nm R 6.2nm

1
T | 0.0 1: Height Sensor 220 ym
0.0 1: Height Sensor 220 pm

() (b)
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nm
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Figure (4.27): (a) Height image after depositing 2 bilayers of PAH/PAA at pH leve
71/7. (b) A height image illustrating where the hetigrrofile is being measured. (c)
Height profile of one of the patterned squares. The average height for these trials
4 nm.
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Imaging again after depositing another 4 bilayers to reach a total Ey@tsi resulted ifrigure

(4.28).

0.0 1: Height Sensor

(@) (b)
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Figure (4.28): (a) Height image after depositing 6 bilayers of PAH/PAA at pH levels 7/7. (b)
image indicating where thbeight profile is being measured. (c) Height profile for one of the
patterned squares. The average for the height of these patterns is 9.5 nm. It is observable f
the change in the surface of the entire sample that polymers are depositing everywhenatbut
stronger affinity to depositing on the patterned area.
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Imaging afte depositing 10 bilayersf PAH/PAA at pH levels of 7/7 resulted kigure (4.29).

0.0 1: Height Sensor

Figure (4.29): Imaging after depositing 10 bilayers of PAH/PAA at pH 7/7 resulted in the
polymers depositing everywhere on the sample including the background and the pattern
patches to the exnt of losing the patterns completely.
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Changing the pH levels of the &iyers of PAH/PAA to 9/3.0 and performing another round of

LbL deposition on patterned areage getthe following results

After depositing 2 bilayerghe images of Figure (4.30) are found.

_JLI = - - 63mm W_J__l

; : ' , 0.0 1: Height Sensor
0.0 1: Height Sensor 278 ym
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Figure (4.30): (a) Height image after depositing 2 bilayers of PAH/PAA at pH levels 9/3. (b)
image indicating where the height profile is being measured. (c) Height profile for one of the
patterned squares.fie average for the height of these patterns is 4.2 nm.
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Imaging after depositing 6 bilayers at the same conditisagetFigure (4.31)
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Figure (4.31): (a) Height image after depositing 6 bilayers of PAH/PAA at pH levels 9/3. (b) H
image indicating where the height profile is being measured. (c) Height profile for one of the
patterned square. The average for the height of these patterns is 8.3 nm.
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Imaging after depositing 10 bilayers in the same conditions reveals loss of the [ztteees in

Figure (4.32).

1
0.0 1: Height Sensor 80.0 pm

Figure (4.32): A height image after depositing 10 bilayers of PAH/PAA at pH 9/3re
the loss of the pattern due to the depositing of the polymer layers on the entire sar
including the background and the patterned square.

Changing the pH levels ahe PAH/PAA dipping solution t®/7 and continuing the LbL

depositionwe deposit 2 bilayers on a new sample and image it teigete (4.33).
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Figure (4.33): (a) Height image after depositing 2 bilayers of PAH/PAA at pH levels
(b) Height image indicating where the height profile is being measured. (c) Height

profile for one of the patterned squar@he average for the height of these patterns is
3.9 nm.

Depositing 6 bilayers at the same conditions and imaging the result giFegius (4.34).
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Figure (4.34): (a) Height image after depositing 6 bilayers of PAH/PAA at pH levels 9/7. (b)
image indicating where the height profile is being measured. (c) Height profile for one of the
patterned square. The average for the height of these patterns is 8.7 nm.
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Depositing 10 bilayers at the same conditions and imaging shows that the patterns disappear due

to the polymers depositing ayevhereas seen in Figure (4.35)

1194 nm

0.0 1: Height Sensor

()

Figure (4.35): A height image after depositing 10 bilayers of PAH/PAA at pH 9/7revej
loss of the pattern due to the depositing of the polymer layers on the entire sample
including the background and the patterned square.

The experiments performed using PAH/PAA multilayers revealed that the bilayers t®posie

extenteverywhere on the bgtrate in a nonselective manner leading to the eventual loss of patterns
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rapidly. Such nonselective deposition can be seen from the friction images where the distinction

between patterned areas and the passivated background disappear rapidly.

When thepayelectrolyteswerechangedo PAH/PSS and the pH level of the PAH was alternated
between 3, 7.0 and 90 while keeping the PSS solution at pH) 8ve got theresultsof Figure

(4.36)for depositing 2 bilayers of PAH/PSS at pH levels 7/3
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Figure (4.36): (a) Height image after depositing 2 bilayers of PAH/PSS at pH levels 7/3. (b)
image indicating where the height profile is being measured. (c) Height profile for one of th¢
patterned squag. The average for the height of these patterns is 3.16 nm.
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Depositing 6 bilayers at the same conditions and imaging giviegug (4.37).
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Figure (4.37): (a) Height image after depositing 6 bilayers of PAH/PSS at pH lg
7/3. (b) Height image indicating where the height profile is being measured. (c
Height profile for one of th@atterned squares. The average for the height of the
patterns is 6.5 nm.
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Depositing 10 bilayers andhiaging results ifrigure (4.38).
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Figure (4.38): (a) Height image after depositing 10 bilayers of PAH/PSS at pH
7/3. (b) Height image indicating where the height profile is being measured. (¢
Height profie for one of the patterned squares. The average for the height of
these patterns is 8.2 nm.
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All of the results for the diérent pH levels and recorded multilayer thicknesses for PAH/PAA are
presented in Figure (4.39). The general observation is that, for most pH combinations, preferential
adsorption on the patterned COOH region is observed for low numbers of bilayeresiinisll

cases upon adsorption of ten bilayers. This can be compared to the work of Hammond discussed
in Section2.4.1 and summarized in Figure (2.26). Since Hammond maintained equal pH values
for the two solutions, the cases that can be directly cadpare the cases for pH 2.5/2.5 (with

case 3.0/3.0 here) and pH 7.0/7.0. In both of those cases, Hammond observed deposition on both
the COOH and OH surfaces, but with greater adsorption on the COOH surface. This is consistent
with our observations, sinane would expect that, in the case where deposition occurs on both
surfaces, the preference for one surface over the other would eventually get lost as the number of
bilayers is increased and the effects of the surface are obscured by the thick filnobm. iOpe

can also consider comparison of the results of Figure (4.39) with the work of Rubner on pH
dependence of film thickness. We would expect that total film thickness would getherigs

for PAH at pH 3.0 and 7.0 compared to pH 9.0 and for RApH 7.0 and 9.0 compared to pH

3.0, due to the effects of degree of ionization on film thickness (greater ionization results in thinner
films). But it is difficult to make any conclusions in this regard with our results, since we are only
able to measurthe difference in film thickness between the COOH and OH regions as opposed
to the absolute thickness on the COOH region. Thus, although the film thickness on the COOH
region may follow the expected trends, the thickness of the film adsorbed on thei@tHmeg

follow the same trend and obscure the trend with respect to our measurements.
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Thickness of 10 bilayers of PAH/PAA
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Figure (4.39): (a) The measured thickness of 2 bilayers of PAH/PAA deposited on patterned arei
matrix of pH values for the PAH and the PAA solutions hpvleasured thickness for 6 bilayers of
PAH/PAA deposited on the same patterned areas shown in (a) at the same matrix of values of p
both electrolytes. (c) The measured values for the thickness of 10 bilayers of PAH/PAA. The zer
refer to the nability to distinguish the patterns from the background due to polymer layers deposi
everywhere on the sample.

The results from using LbL deposition with the two polymers PAH and PSS where the PAH was
alternated between pH levels of 3.0, 7.0, 9.0 aedP8S kept at pH 3.0 are represented Figure

(4.40). While the selectivity is lost at ten bilayers for the cases of PAH at pH 3.0 and 9.0, it is
maintained at pH 7.0. One would generally expect little difference between the pH 3.0 and 7.0
cases, since PAH ihighly charged in both instances and less charged at pH 9.0. However, we do
observe a lack of selectivity at pH 9.0 when the PAH is less charged and secondary Rydrogen

bonding interactions can lead to adsorption on the OH surface as well as the CG#H patt
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Thickness of 10 bilayers of PAH/PSS
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Figure (4.40): (a) The measured thickness of 2 bilayers of PAH/PSS deposited o
patterned areas for three values of pH for the PAH witile PAA solution was held
at pH 3. (b) The measured thickness for 6 bilayers of PAH/PSS deposited on the
patterned areas shown in (a) at the same matrix of values of pH for both electroly
(c) The measured values for the thickness of 10 bilayePf\6f/PSS. The zero values
refer to the inability to distinguish the patterns from the background due to polym
layers depositing everywhere on the sample surface.

A closer lok at the friction images after the deposition of 2 bilayers at the different pH levels we
examined provides a glimpse into the the selectivity of the deposition process. Friction images that
correspond to a highly selective procdsplay a higher contrabetween the background and the
patterned areas where the polymers are supposed to deposit while avoiding the background.
However, when we examine the friction images from the samples we prepared after depositing 2
bilayers of polymers on themve noticethat the friction contrast is fading and that the entire
surface of the sample is staring to be homogeneous in both friction and morphology indicating that

the polymer multilayers are depositing everywhere. This effect was also noted by Paula Hammond
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and o-workers in her papers addressing selective deposition which we summar{Zedpiter
2.2.8® Figure @.41) shows various friction images from the samples we prepared after

depositing 2 bilayers of PAH/PAA and PAH/PSS on them.
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