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Abstract

The tribological behavior of octadecyltrichlorosilane seassembled monolayers (OTS-
SAMSs) has been successfully exploited to reduce energy é&ssand to produce adequate adhe-
sion barrier properties on many MEMS surfaces. Unfortunale performance discrepancies
are reported in the literature between Ims produced on smdb surfaces as compared to typ-
ical MEMS surfaces maintaining topographical roughness. alonal explanations in terms
of reproducibility issues, production considerations, @&hthe scale of measurement technique
have been introduced to account for some of the variation. Ehtribological phenomena
at the micro-scale are complicated by the fact that rather thn inertial e ects, the forces
associated with the surface become dominant factors in ueimg the mechanical behavior
of contacting components. In MEMS, real mechanical contasttypically consist of a few
nanometer scale asperities. Furthermore, various surfat@ographies exist for MEMS de-
vice fabrication and their corresponding asperity pro lexan vary drastically based on the
production process.

This dissertation presents research focusing on the in uea of topographical asperities
on OTS Im properties of relevance for e cient tribological improvement. A fundamental
approach has been taken to carefully examine the factors theontribute to high quality
Im formation, specically formation temperature and the role of interfacial water layer
associated with the sample surface. As evidenced on smoothfaces, the characteristics
for successful tribological performance of OTS Ims are singly dependent on the lateral
packing density and molecular orientation of the monolayer_imited information is available
on how monolayers associate on topographical asperitiesdawhether these topographical
asperities in uence the interfacial reactivity of MEMS sufaces. A silica Im produced from

a low temperature, vapor-phase hydrolysis of tetrachlordane with a tunable topography is



introduced and leveraged as a novel investigative platforfor advanced analytical investi-
gations often restricted to use on smooth surfaces. This tahle surface allows intellectual
insight into the nature of surface properties associated thi silica surfaces, the uptake of
interfacial water and the subsequent in uence of surface mghology on OTS Im forma-
tion. FTIR analysis was utilized for an examination of intefacial properties on both smooth
Si(100) surfaces and on the tunable MVD topography in comb@tion with an investigation
of OTS Im formation mechanism. A dilute etchant technique § developed to provide topo-
graphic contrast for AFM imaging to allow direct examinatian of Im packing characteristics
in relation to surface asperities. A relationship between amolayer adsorption characteris-
tics and topographical asperities with observed variatianin monolayer order resultant from
surface roughness has been elucidated. Results show thaé thacking structure of OTS
monolayers is dependent on the local asperity curvature wii is qualitatively di erent from
that observed on at surfaces.

In addition, a di erence in surface reactivity is observed s a result of di erent surface
topographies with thicker silica layers maintaining a thiker interfacial water layer result-
ing in a higher coverage of OTS monolayers at similar reactidcimes and conditions. This
work shows changes in surface reactivity as a consequencelidrent morphological sur-
face characteristics and preparation procedures. Additial research is presented on a new
class of SAM, namely octadecylphoshonic acid and its mongéa formation mechanism and
properties are compared to conventional OTS monolayers. iBhmonolayer is translated to
investigative probes based on Aluminum oxide speci callyailored for a tribological com-

parison across multi-scale friction regimes.
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Chapter 1

Introduction to MEMS Research

Knowledge of the fundamental mechanisms of friction has renmed elusive despite over
300 years of careful thought and experimentation [3]. Tridogical properties in nano- and mi-
cro scales between two sliding solid surfaces have drawn imadttention, as they signi cantly
a ect the performance of microelectromechanical systemsé provide crucial information
for understanding the fundamental mechanisms and origin éfiction and wear [4]. As me-
chanical devices are made ever smaller in size they are liedtby these very phenomena. The
expansion of interest in friction, wear, and lubrication atsmall length scales has been fueled
by both scienti ¢ curiosity and technological need. New hig resolution force probes have
provided unprecedented access to fundamental processesnérfaces, which nevertheless
remain poorly understood due to their inherent complexity.

Tribological performance is highly dependent on surfaceteractions. When two surfaces
are pressed against each other initial solid-solid contaotccurs at the surfaces' high points.
This area where the asperities touch is usually an extremelmall fraction of the total
area covered by the surfaces, but the forces generated bedwehe contacting atoms are
responsible for most tribological phenomenon. In order tollaviate these adhesion-related
problems, both the topography and the chemical compositioof the contacting surfaces must
be studied and controlled. One commonly used method of tailog the surface properties is
based on deposition of self-assembled monolayers (SAMs).

Polycrystalline silicon, silicon oxide and aluminum oxidere major components of many
MEMS devices found to consist of a multitude of topographit¢asperities. As SAMs have
been applied to surfaces of varying topographical compléximany discrepancies associated

with tribological performance have been identied. SAM grath kinetics and interfacial



properties as deposited on MEMS devices are often inferregbrh information learned on
smooth surfaces, due to the inherent di culties with analyzng surfaces of topographical
complexity. Research indicates that monolayers need to nméin a speci ¢ packing density
and molecular orientation as deposited on surfaces of lonwughness in order to provide a high
tribological response. In translating these monolayers tsurfaces with inherent roughness
and varying topographical asperities, it becomes essetitisn determine how monolayers
associate on these “points of contact' as this will be a deteining factor for the e ectiveness
of tribological improvement provided by the monolayer. Trs research investigates SAM
adsorption on various surface topographies and various face types that are similar to
those that exist in MEMS devices. Valuable comparisons areade between surfaces of
higher complexity and surfaces traditionally utilized forSAM observation in an attempt to

determine the in uence of topographical asperities on OTS amolayer performance.

1.1 Background Research

1.1.1 Interfacial Phenomenon in MEMS Devices

Micro electro-mechanical systems (MEMS) are miniature szdevices that contain sens-
ing and actuating components in very small packages. Seveapplications, such as ac-
celerometers, digital mirror devices (DMDT M)), pressure Sensors, gyroscopes, resonators,
and many others have been realized using MEMS technologiaad many new ones are under
development [5]. The use of small micromechanical devicesshproven di cult as indicated
by the inability to overcome the failure modes and reliabity issues of the current test struc-
tures. Commercially successful MEMS devices, to date, haegher non moving parts or
contacts whose lateral motion is very restricted. Many morexciting applications can be
attained with MEMS devices consisting of moving, touchingand rubbing structures. These
include gears and motors that can enable much more complieat mechanical functions at

the micro- and nanoscale. However, the e ects of adhesionicfion, and wear of MEMS



devices are challenging the development and commerciatina of more sophisticated micro
machines.

The tribological behavior of contacts in MEMS technologiedi ers from those in macro-
scopic engineering structures. At the macroscopic scaleilllans of asperities give rise to the
parametric relationships described by Amontons law, whicktates that the friction coe -
cient is independent of apparent contact area and applieddd. In MEMS, real mechanical
contacts typically consist of a few nanometer-scale aspes that touch. At these small
scales, Amontons law breaks down and individual asperity otact behavior must be con-
sidered [1]. Additionally, forces that are negligible at tb macro scale become signi cant at
the microscopic scale. At the macro scale, gravity dominateover adhesion. However, at
the micro- and nanoscale, the gravitational body forces areegligible and adhesion becomes
signi cant. Adhesion is generally caused by capillary, etérostatic and van der Waals forces,
and in some cases by chemical forces such as hydrogen bondmgolid bridging [6]. At
separations on the order of a micrometer, there has been refeal occurrence of unwanted
sticking phenomenon. This phenomenon aptly named "stictibis present during the release
process when the surface tension of the draining rinse liguiiraws the micro structure into
contact with the underlying substrate (release stiction).In-use-stiction occurs, when inten-
tionally or accidentally, parts come into contact. Strongmterfacial adhesion between micro-
and nanoscale structures (asperities) induces high frioti and wear, leading to failure of
MEMS devices.

The topography of MEMS devices and their corresponding agjitg pro les are in u-
enced by the fabrication process. Three main MEMS fabricain processes are surface micro
machining (SMM), silicon-on-insulator (SOI) technology,and electro forming. A more in-
depth review of the di erent micro fabrication methods can le found elsewhere [7]. Each
method employed for material deposition, patterning, andtehing to create MEMS struc-
tures, leaves behind unique surface morphologies on botHesivall and in-plane surfaces. An

example of sidewall surfaces from each of the micro fabrigat methods indicated above are



shown in Figure 1.1 [1]. Because of this surface roughnesegiag from a few to a hundred
nanometers, only a few asperities make actual physical cant when opposing surfaces with
similar surface morphologies are brought together under agn load. As these surfaces slide
past one another, some contacts are broken, while new ones &rmed. However, the total
number of contacting asperities is relatively constant dumg sliding, assuming the total load

and adhesive forces do not vary.

(a) |

Figure 1.1: SEM images of surface morphology of MEMS fabrtea by (a) Si micro machin-
ing, (b) SOI, and (c) electro forming processes adapted fromference [1].

Various surface engineering techniques have been introddcto reduce adhesion in
MEMS. One general approach is to avoid the formation of watelayers on the surfaces
of MEMS/NEMS by surface treatments that provide a stable hydophobic surface, thereby
eliminating capillary forces [8]. Another approach is to dinge the surface interaction forces
by using surface roughening or texturing techniques to reda the real area of contact [9, 10].
Many attempts have been made to create MEMS devices with a spe surface topography
in order to control the tribological processes, unfortunaly many of these processes have
proven unreproducible and expensive for mass production.sA consequence, much research
has been dedicated to the chemical modi cation of MEMS dewes with coatings designed to
tailor the interfacial properties. The chemical modi caton of MEMS devices must render

the surfaces hydrophobic in order to eliminate capillary fees, be stable both under ambient



and elevated temperatures, be hard and wear resistant, anteetrically conductive to min-
imize charge trapping [6]. In addition, these coatings musie conformal to insure uniform

deposition to MEMS devices.

1.1.2 Overcoming Interfacial Interactions with Self-Asse mbled Coatings

One commonly used method of tailoring the surface propertids based on deposition
of self-assembled monolayers (SAMs). SAM coatings have bedemonstrated to provide
anti-stiction and low friction characteristics [11]. SAMsare composed of molecules that
spontaneously chemisorb and organize into a close-packagembly on a substrate [12]. They
are ideal for studying the fundamental chemical and physit@henomena, since they can be
attached to a variety of di erent substrates, form well-de ned and uniform interfaces, and
can be tailored structurally to study the resulting e ects m friction and other properties [13].

Figure 1.2 illustrates a self-assembling molecule, whiahcludes an anchoring group with
a strong preferential adsorption to the substrate, an alkythain and a terminal functionality
(head group). The organization of the self-assembling maoldes in SAMs is governed by
the interplay between the packing of the molecules on the ssiipate, the interaction of
the molecular head groups with the substrate and any interdions between the molecular
terminal groups both with each other and with any liquids of @pors in contact with the

SAM-modi ed surface.

1.1.3 Self-Assembled Octadecyltrichlorosilane Monolaye rs as a Candidate for

Overcoming Interfacial Interactions

Octadecyltrichlorosilane SAMs have been demonstrated ase of the most promising
candidates for the tribological improvements applicableat MEMS devices. The formation
and structure of octadecyltrichlorosilane (OTS) monolays, as deposited by the solution

methods have been studied extensively on various substratand under di erent deposition
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Figure 1.2: Representation of the three parts of self-asskl@d monolayer illustrating the
head groups, tail groups, and carbon chain backbones.

conditions [2, 14{22]. When physisorbed on an appropriateudace, the OTS molecules
organize themselves into crystalline or near crystallinerder depending on temperature,
with a terminal end that is hydrophobic. This tendency has poven helpful in for many
applications including biosensors [23, 24] microelectrios [25], thin Im optics [26], water-
resistant coatings [27], and anti-corrosive coatings [28These Ims have been successfully
deposited on a variety of substrates including silica, aluima, mica, glass [29{32] and are
frequently employed on surfaces that are rough, such as patlystalline silicon and silicon
nitride [33].

Atomically smooth surfaces have served as model system®waihg the characterization
of the growth kinetics and interfacial chemistry for both fll monolayer Ims and partial
OTS SAMs. The formation of OTS monolayers is postulated to @ar through a condensa-
tion reaction between a hydroxylated substrate surfaces drthe hydrolyzed chlorine atoms
of OTS. The hydrolyzed OTS molecules physisorb onto the subste surface via hydro-
gen bonding and nally form Si(sjiane )-O-Si(supstrate ) bONdS and Sijiane )-O-Si(sijane ) Cross

linking covalent bonds [34]. This is illustrated in Figure 13.
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Figure 1.3: Proposed reaction mechanism of OTS monolayersadption onto a hydrated
surface.

The self assembly process is highly sensitive to experimaintonditions such as reaction
time, reaction temperature, solvent type, concentrationand the post deposition immobi-
lization procedure [19, 35{41]. Two mechanisms of growth erdescribed in the literature.
In the mechanism known as the \uniform" model, silane moledes initially are distributed
homogeneously over the substrate in a disordered, liquidkdi manner [15{17,42]. The aver-
age tilt angle of the adsorbed chains is greater than 1Bhecause of lower packing densities
and gauche conformations for the chains. With increasing \e&rage, the disordered Im is
transformed into a more ordered, quasi-crystalline struate. In the mechanism known as
the \island" model, domains of densely packed well-orderedully extended OTS molecules
are heterogeneously grown on the substrate, and these donsgare separated by uncovered
regions of the substrate [2,19]. These islands typically & dimensions on the order of
hundreds of nanometers. With increasing deposition time, ane domains are adsorbed until
complete coverage of the substrate is achieved. In the \isid model* OTS Im is considered
to be close-corresponding to fully extended chains, with ¢hchemisorbed chains in an all

trans conformation with an average tilt angle<15 away from the surface normal [12]. The



two mechanisms of growth are distinguished in the literatw based on formation temperature
and will be described in the sections below.

The importance of the water content on the substrate surface determining the re-
activity, surface coverage, and chain packing of OTS mongkrs has been emphasized, and
con icting results have been presented as to the role of subemte surface properties such as
the availability of free OH groups and the level of hydratiorrequired for an ordered OTS
Im [17,38,42]. Although the presence of an interfacial wat layer has been concluded as
essential, debate still remains as to the degree of hydratimecessary for uniform coverage
and to the role this water layer plays in surface attachmentfoOTS molecules. Angstet
al. found that the degree of hydration on the surface of SiOwas essential for Im order,
showing that a Ims produced on non hydrated Si@ were less ordered than Ims of OTS
deposited on well-hydrated Si@, providing evidence that the contact angles of water and
thicknesses of the monolayers were lower on the non hydratedrfaces [17]. Wanget al.
used FTIR to studied the adsorption of OTS monolayers on a fiyl dehydrated and dehy-
droxylated silica surface of fumed silica in comparison tonaas received silica surface and
a superhydrated silica. The dehydrated and dehydroxylatedurface, which maintains only
isolated or geminal OH groups adopted a disordered structr In the case of OTS attached
to a hydrated surface known to exist at 3.1 OH/nm they found a slight increase in the
trans conformation, but noted that when excess surface wates present on a superhydrated
fumed silica, the trans bands of OTS become even more prongced suggesting a higher
ordered monolayer [43]. On the other hand, LeGranget al. deposited OTS on hydrated
and dehydrated substrates of fused silica [38] observingdered, complete SAMs of OTS on
hydrated substrates and decreased coverages on dehydrasetistrates. Tripp and Hair used
infrared spectroscopy to determine that there is no directeaction of OTS with the surface
hydroxyl groups and the OTS binds only to a small extent with he rst water layer on the
surface of fumed silica. It was proposed that a nominal amouonf water was needed for

monolayer formation with that too little water resulting an incomplete monolayer, whereas



with thick water layers the OTS polymerized [44]. Several gups have shown that the den-
sity of siloxane bonds between the adsorbed silane Im andlsstrate is small [38,41,42]. It
has been speculated that OH groups on the surface a ects theobility of the adsorbed OTS

molecules [18] acting as nucleation and bonding sites forettiormation and stabilization of
the monolayers, but without an intervening water layer suaessful OTS monolayer formation
is restricted. Parikh and Brzoska suggested that a mobile wex layer on the surface was
necessary to decouple the OTS monolayer from the underlyisgbstrate allowing improved
lateral packing of the hydrocarbon tails. However, they caluded that on at surfaces,

it was not possible to directly measure the amount of adsortlevater or to determine the

hydration state of the substrate [19, 41].

Partial OTS monolayers deposited on smooth surfaces havevealed that the self-
assembly process results in the formation of Ims with distict characteristics as a function of
deposition temperature. These regimes are illustrated inigjure 1.4. Each regime is charac-
terized by changes in molecular arrangement including paoky density, chain conformation,
and orientation with respect to the substrate [45]. The ocauence of three distinct temper-
ature regimes have been equated to the notion of a transienthgmuir Im during SAM
formation [2,41]. The (hydrolyzed) precursor molecules tan their mobility for su ciently
long times allowing for the observation of transformationbetween di erent condensed two
dimensional phases of the Im [40]. The existence of two chamteristic temperatures have
been determined, | and T.. For T < T, self-assembly proceeds initially by island growth
only, the substrate between islands remaining essentialiyn lled; such a growth pattern is
expected if a Langmuir Im nucleates liquid-condensed (LCylomains coexisting with the
gas phase below the triple point. Thus, § can be identied with T;. For T > Ty, island
growth is observed to occur more slowly, while the substrateetween islands is gradually
lled in with OTS molecules. This growth regime, which has ben observed by various
authors, is attributed to nucleation of LC domains coexistig with a liquid-expanded (LE)

phase [46,47]. This mechanism operates only up to a charatttc temperature T., above
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which there is no island nucleation but homogeneous growthstead. More speci cally, for
low temperatures of T< 16 C, the OTS-based monolayer forms by island growth, the is-
lands consist of fully extended chains, and essentially noTS molecules are found on the
substrate between islands. For T> 40 C, growth is homogeneous and disordered with no
island growth observed. For 16 C< T < 40 C, islands of extended chains are observed
(islands) surrounded by a uniform background of chains thatare disordered (e.g., contain
gauche defects). Figure 1.4 is adapted from the works of Caro et al. and illustrates the

three growth regimes.

Submonolayer Growth Kinetics
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Figure 2. Top: AFM umages of partial SAMs grown at 10, 25, and 40 °C for 30 5 (left to nght). Bottom' Diepth drstribution histograms for the
thiree images aboue

Figure 1.4: Submonolayer growth regimes for OTS Im formatin as in uenced by temper-
ature adapted from reference [2].

Thermal stability

Investigations of the thermal degradation mechanisms of C3 monolayers, evidence
that, the thermal stability of OTS monolayers is dependent o the environmental conditions
under study. Kluth et al. studied the thermal decomposition mechanism on Si(100) $aces
by annealing under vacuum, nding that decomposition occu through cleavage of C-C and

Si-C bonds followed by the removal of the headgroup Si-O. Ré#s indicate that the silicon
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head groups remain on the surface even after the monolayerstkdecomposed until about 827
C [48]. In contrast, Kim et al. investigated OTS thermal decomposition in air nding that
the monolayers are stable up to about 220C and above 220 C the monolayers primarily
decompose through C-C bond cleavage, with a gradual reduwarti in chain length. They
also show the siloxane headgroups remaining on the surfacddwing the decomposition
of hydrocarbon fragments until about 480 C, o ering, that an air environment accelerates
the decomposition process [49]. Other studies have showrathwater contact angles on
octadecyltrichlorosilane (OTS)-coated surfaces remaimé same upon annealing for 5 min to
temperatures as high as 400C, in a nitrogen environment, and that above this temperatug
the contact angle was observed to decrease, indicating dagation of the Ims [50]. Whereas,
Calistri-Yeh et al.. have studied the thermal stability of OTS SAMs on Si(100) byannealing
their specimens for 2 h at temperatures over 12% in air with observed permanent structural
changes of octadecyltrichlorosilane (OTS) monolayers inraabove 127 C [51]. Mirji et
al. examined OTS monolayers on planer Si(100)/Si0and mesoporous SBA-15 substrates
nding that the OTS layers are thermally stable up to a tempenture of 260 C in air [29].
No direct comparison between di erent annealing conditiomand the thermal decomposition

temperatures has been examined or determined in the litexate.

Chemical and Immersion Stability

Immersion stability studies of organosilane monolayers plesited on silicon oxide sur-
faces, indicate that, while these Ims are stable in dry enwonments for long periods of
time [52], the stability is severely compromised in agueounditions. Maccarini investi-
gated the immersion stability of OTS Ims on silicon, showig that, the Ims did not exhibit
any appreciable changes after 24 h of exposure to water [SExtending the water expo-
sure time to the OTS Im has yielded di erent results. For exanple, Parker monitored the
contact angle of various monolayers on silicon oxide surcin a ve week immersion ex-

periment, concluding that, OTS monolayers immersed in watevere relatively stable [54].
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While the work of Andersonet al. obtained similar contact angle data over a 5 week period,
but included additional ellipsometric and AFM data that suggested the OTS monolayers
stability was compromised [55].

The chemical stability of OTS SAMs has not been reported extsively in terms of
solvent interactions. limura et al. studied the chemical stability in organic solvents (e.g.
benzene, ethanol, chloroform), in acidic (pH 1) conditionand in alkaline solutions (pH
13) observing no dramatic changes in the intensity of the obsred CH, stretching bands
in all three conditions [56]. In contrast, Geerkeret al. investigated the chemical stability
of OTS in di erent aqueous solutions with varying pH-valuedor several days, nding that
the coatings are stable from pH 2 to pH 10. But, found that wherreated with sodium
hydroxide (pH-13), the contact angle decreased dramatidalsuggesting that the Si-O bond

is susceptible toward hydrolysis at alkaline conditions [3.

1.1.4 Disparity in Tribological Improvements

For any given pair of interfaces, there are many possible dtional mechanisms at work
including phononic, electronic, and viscoelastic dissipan [58]. The recent development of
experimental tools, like the surface force apparatus (SFA»9] and scanning probe microscopy
(SPM) has allowed a molecular level study on the friction anevear [60]. Researchers have
used model systems such as mica, graphite, atomically smiocdt metals, and self-assembled
monolayers to reveal the details of these underlying phenema. It is well understood that
frictional behavior and appropriate models to describe teibehavior are intimately linked to
length scales, with measurements taken on the nanoscaleeoftnot translating into reliable
information on the micro scale and even still di erent than nacro scale measurements. Re-
search shows that values measured for microscopic frictiane much lower than the values
obtained at the macro scale. As explained by Bhushan, contastresses at low loadings do
not exceed the sample hardness, which minimizes plastic al@hation. And when measured

for small contact areas and very low loads used in microscogstudies, indentation hardness
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and modulus of elasticity, are higher than the macro scale.ack of plastic degradation and
improved mechanical properties reduce the degree of wean. dddition, the small apparent
areas of contact reduce the number of particles trapped atéhinterface, thus minimizing the
“ploughing” contribution to frictional force [61].

In addition, there are several challenges in associatingehHrictional properties observed
with AFM to tribological behaviors of MEMS. The sliding velccity of the contact in AFM
is typically 24 orders of magnitude slower than that of realantacts in MEMS. Because of
the sharpness of the AFM contact, the contact pressure is tigally on the order of a few
gigapascals, which is several orders of magnitude higheaththe contact pressures expected
in real systems. The frictional response at the nanoscalentains an adhesive component.
The adhesive friction components decrease as the size oftaohincreases from the nanoscale
to the micro scale, and eventually become negligible in theaoro scale. Finally, relating
the behavior of one single asperity to larger contact phenana requires understanding how
to model multiple contacts that are continually being broke, reformed, and sheared at
di erent contact pressures at which elastic and plastic defmation may constantly occur.
The integration of single asperity behaviors to capture théehavior of a real rough interface
has not yet been achieved. Most MEMS applications lie in miarstructural level resulting in
the development of in-situ direct measurement platforms ugg micro machined structures
which measure stiction [62] and friction and wear [63, 64] d@he micro scale.

Investigations of SAM coated smooth surfaces, despite theeasurement scale, have
shown that the frictional properties are in uenced by molealar tilting, inter atomic interac-
tions, interface stability, adhesion to substrate, and gathe defect formation [65]. Dissipation
of frictional energy in SAMs through the formation of gauchalefects has been thoroughly
investigated by Salmeron and coworkers, concluding thatdneased disorder correlates with
higher gauche defects and an easier dissipation of frictednenergy [66]. The tribological

behaviors of several self-assembled monolayers have besported [25, 33,67{69], and one
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characteristic of these Ims is that friction has been showio be closely associated with Im
structure [70{73].

SAMs considerably reduce friction and adhesion proving Udskin various MEMS devices
[64]. Unfortunately, as these Ims have been applied to theusfaces of MEMS devices, the
tribological improvement a orded by these Ims is consistatly less than reported on smooth
surfaces regardless of the measurement technique and léngtale examined. In addition,
a variation in the improvement a orded exists across the samlength scale. Because most
MEMS devices consist of a multitude of topographical feates dependent on the fabrication
process, it is suggested by this author that the variation irfriction measurements appears
to not only be linked to the measurement range, but dependemn a combination of the
topography of the surface and interfacial coating quality.This is a fundamental issue and

requires a more in depth analysis of OTS Im formation on MEMSlevices.

1.1.5 Self-Assembled Octadecylphosphonic Acid Monolayer s as a Candidate for

Overcoming Interfacial Interactions

Phosphonate monolayers are a new class of SAMs that show sigant potential to
de ne new directions in MEMS technology. Phosphonate SAMsrpvide a model system for
exploring the relationship between friction and moleculastructure, as well as for determin-
ing how attaching SAMs to a variety of substrates in uencesriction. Moreover, phosphonate
SAMs are technologically important because they can be degied on mica and many dif-
ferent metal oxide surfaces, unlike the more commonly stuetl alkane thiol SAMs [74{76].
These materials have also been deposited on conventiondicen surfaces although some
controversy exists as to whether or not these material maiain the same stability as there
self assembled counterparts on metal oxide surfaces [77he$e material have the potential
to overcome the limitations of silane-based SAMs with respeto immersion and thermal

stability [78].
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The necessity for an ultra thin, lubricant Im to minimize adhesion, friction, and wear
between surfaces in contact for MEMS/NEMS is clear. The triblogical mechanisms for sur-
faces coated with phosphonate SAMs have not yet been studiegtensively, although these
monolayers have recently begun to attract the attention ofribology research groups [25,79].
Friction force measurements with the phosphonate monolayeoated smooth alumina demon-
strated a remarkable improvement in performance when comgeal to untreated alumina
surfaces the coated surfaces exhibited remarkable robusss and resistance to wear over
each experiment. In addition to o ering a physical protectve barrier, the monolayers, by
virtue of their inert hydrophobic nature, also provide a degee of chemical protection. The
hydrophobic coatings have been shown to repel humidity andrgtect alumina substrates
from embrittlement caused by water, and the nature of the phsphonate alumina bond also
appears to prevent chemical attack of the alumina by any watehat does penetrate the
monolayer [80].

A study of alkylphosphonic acids on at Al sheets showed thaSAM formation of
alkyl phosphonates on Al surfaces relies on the hydroxylatn of the oxide (alumina) layer.
Generally, chemisorption of alkylphosphonic acid occursylproton dissociation to form an
alkylphosphonate species. The phosphonic acids undergoama@ensation reaction with sur-
face bound aluminohydroxyl (-Al-OH) species to form alumiophosphonate compounds with
H,O as a byproduct [81]. An inelastic electron tunneling speaiscopy study of the adsorp-
tion and structure of alkyl phosphonic and alkyl phosphori@acids suggested that tridentate
species were formed with the aluminum oxide surface [82].Has been shown that ODP ad-
sorbs preferentially to Aluminum surfaces that are hydroxiated in air and that an increase
in the surface hydroxyl density can accelerate adsorptioririetics [83]. Such an acceleration
can be explained by the adsorption of the phosphonic acid v&urface hydrogen bonds prior
to the condensation reaction, leading to the nally adsorb@& phosphonate [84]. Due to the

nature of the surface reaction between alkylphosphonic dsiand OH surface species this self
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assembled monolayer o ers a unique opportunity for tribolgical improvement and should

be compared with the existing knowledge of OTS monolayers.
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Chapter 2

Investigative Summary for Part |

Part | (Chapters 4-8), investigates the interfacial structire of self-assembled coatings as
in uenced by surface topography and surface reactivity to mravel some of the discrepancies
associated with tribological performance. Initial work fouses on OTS monolayers, identi ed
as one of the most promising candidates for the tribologicahprovements, restricted in use
due to inconsistent results when translated to MEMS surfase Literature reveals many
factors relevant for the production of consistent monolays. This work attempts to expand
on that knowledge by including a \missing link"- Is it possilbe for monolayers to maintain
their molecular order and conformational strength on topagphical asperities?

To create surfaces of comparable topography, as encounteosn MEMS devices, a Molec-
ular Vapor Deposited (MVD) silica layer is introduced. Thissurface is a novel platform,
with a tunable topography amenable to advanced surface amals, often restricted to use
on smooth surfaces. The reactivity of the MVD silica surfaceward OTS Im formation is
compared to traditional silicon oxide surfaces with an examation of Im formation kinetics
and interfacial water structure. The MVD silica layer allows for the visual examination of
the self assembly process on individual topographical aspies, in conjunction with, a spec-
troscopic examination of the reactive surface and the nalanformational order of the Ims.
Interfacial water structure is identi ed as a key element inpreparing ideal OTS monolayers
and a correlation between water structure and surface topmaphy is identi ed and explored.

In addition, this silica layer is not a line of sight depositbn and has been translated
onto surfaces of varying geometrical complexity, enablinpe production of a high surface
area material. This material is utilized for studies of monlayer loading and the in uence of

curing mechanisms on the stability of OTS Ims.
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This work is followed in Chapter 9, by an examination of the $keassembly of octade-
cylphosphonic acids on aluminum oxide surfaces. This work aimed at producing high
quality Ims on surfaces with varying degrees of curvature gpherical balls) and on sur-
faces that exhibit interfacial surface roughness. The expded goal is comparing tribological
characteristics across nanoscale and micro scale regimiést consistency these surfaces are
produced under identical conditions and at the same time. Amvestigation of the deposition
mechanism of ODP Ims is performed on an aluminum oxide surt@ and compared with a
spherical aluminum oxide powder. After determining the appriate deposition character-
istics, these Ims are translated onto QCM crystals, and SPMrobes / AFM cantilevers,
with spherical aluminum oxide balls of 100 m diameter attached for tribological analysis

by an outside collaborating team.
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Chapter 3
Methodology

3.1 Analytical Tools and Techniques

In the study of monolayers and thin Ims on surfaces, both the surface and bulk
properties are important. In this chapter, several analytal methods are introduced for
characterization of the monolayers and thin Ims producedhroughout this document. Con-
tact angles with water as liquid are measured to evaluate weig properties and to get
information on surface order. Ellipsometry is used to measeithe thickness and uniformity
of freshly prepared Ims. FTIR spectroscopy is used to learabout molecular orientation,
packing behavior and coverage. TGA analysis is used to oltanaterial loading information
in conjunction with surface imaging techniques (SEM and AFMto learn about the surface

topography and particle size distributions.

3.1.1 Contact Angle

To study the hydrophobicity and the uniformity of the modi ed substrates, the static
contact angle of a water drop lying on the substrate (sessildrop) was measured. The
quality of a stable monolayer and thin Im can be estimated fom wetting measurements.
The contact angle is not a property of the liquid or the substte but the interaction between
them. The angle of a drop on a solid surface is the result of th@lance between the cohesive
forces in the liquid and the adhesive forces between the sblnd the liquid. If there is no
interaction between or wetting the solid and the liquid, thecontact angle will be 180.
As the interaction between the solid and liquid increaseshé liquid spreads untii =0 .

Water contact angle measurements are obtained by the sesgilrop method on a Rane-Hart
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model 200 automated goniometer (Rame-Hart, Inc. MountairLakes, NJ) using DROPimage

Standard software. Measurement error for this technique is2:0 .

3.1.2 Ellipsometry

An ellipsometer measures the changes in the polarizationagt of light when it is re-
ected from a sample. If a thin Im on a surface changes in thikness, then its re ective
properties will also change. Measuring these changes in treeective properties can allow
for a determination of the actual change in Im thickness. Tle most important application
of ellipsometry is to study thin Ims. In the context of ellipsometry a thin Im is one that
ranges from essentially zero thickness to several thousaadgstroms. The sensitivity of an
ellipsometer is such that a change in Im thickness of a few gstroms is usually easy to
detect. For a clean surface, and are the output of an ellipsometry measurement and can
be interpreted into layer thickness provided the right modefor the surface is utilized. These
two parameters are directly related to the complex index ofefraction (n) of the surface. In
order to interpret the ellipsometry data into layer thickness it is necessary to know or assume

values for the refractive index for each separate layer ondtsurface.

A=nl ik) (3.1)

The complex refraction index is a representation of the omtal constants of a material, it is
represented by Equation 3.1 where n is the ordinary refracin index andk is the extinction
coe cient. The real part or index of refraction, n, de nes the phase velocity of light in
material:

- c=n (3.2)

where is the speed of light in the material andc is the speed of light in vacuum. The
imaginary part or extinction coe cient, k, determines how fast the amplitude of the wave

decreases. The extinction coe cient is directly related tathe absorption of a material and
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is related to the absorption coe cient by

where is the absorption coe cient and is the wavelength of light. Once a Im having
a dierent index of refraction n¢ is coated on the surface, and are related to the
complex indices of both the Im and the substrate, and to the Im thickness. Typically, the

compensator is set at an angle of 7@nd the experimental data are expressed as

= 0 (34)

= 0 (3.5)

Where o and o are the ellipsometric angles characteristic of the clean Isstrate surface,
and and are those measured for the substrate with the Im. From n and k, we can
calculate the thickness of the Im.

In the experiments that follow, ellipsometric measuremestare conducted on a nulling
type ellipsometer (Rudolph AutoEL Ill, Rudolph Research, Bir eld NJ) equipped with a
He-Ne laser ( = 632:8 nm) at a 70 angle of incidence relative to the surface normal. Herein,
reported values for Im thicknesses are the averages fromuiodi erent positions measured
on each sample.

For Ims near the cycle thickness for the particular substrée- Im combination under
investigation (extremely thin Ims fall into this category), simultaneous determination of
both the Im thickness and refractive index is di cult, give n that the measured parameters,
the angles and , are very insensitive to changes in refracive index in these regimes. For
this reason, an accepted value for the refractive index ofison oxide,n = 1:46, is used in this
investigation for measurements of silicon dioxide produdedrom oxygen plasma and MVD

silica layer treatment. The refractive index of the silicorsurface is set an = 3:858+0:018.
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For ellipsometric measurement of the organic Ims on siligooxide, a single Im model
has been proposed [85] and is used in this work. Briey, the itkness of the initial oxide
layer is measured using a refractive index of = 1:46. After the organic Im is deposited, the
sample is remeasured using the same refractive index and tiogal thickness of the organic
layer is the di erence between these two measurements.

For ellipsometric measurement of the organic Ims on alumim oxide, a double Im
model is used. A single model is used to determine the initithickness of the aluminum
oxide layer with set values oks = 6:384 andng = 1:428 andn, = 1:615. After determination
of the initial oxide layer thicknesst, the values are used to determine the thickness of the
organic Im on top of the aluminum oxide layer. The sample ise-measured using a refractive

index of 1.45 and the total thickness of the organic layer iported.

3.1.3 Atomic Force Microscopy

Atomic force microscope (AFM) images are collected in air 2 C, 45% relative humid-
ity) on a commercial AFM (Paci ¢ Nanotechnology Nano-R AFM, Paci ¢ Nanotechnology,
Santa Clara, CA) in non-contact mode using silicon AFM tips wth resonant frequencies
in the range of 150-210 kHz and force constants in the range4b-14 N/m (MikroMasch,
Wilsonville, OR). Images are collected at a scan rate of 0.8 tL Hz. Optimal tip geometry

is represented by a pyramid shape with an ideal tip radius of0lnm.

3.1.4 Fourier transform infrared (FTIR) spectroscopy

Specular re ectance FTIR spectroscopy

Infrared re ection absorption spectroscopy (IR-RAS), als known by the synonym RAIRS
and specular re ectance FTIR has been used for nearly 40 ysdp study thin Ims deposited
or adsorbed on metal surfaces. The high re ectivity of the ntal surface, combined with a
grazing angle of incidence, give a relatively long path letigin the thin Im with the result

that nanometer-thick Ims can readily be studied. For s-padrized light, the re ected beam is
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out-of-phase with the incident beam, giving a node in the el&ric eld at the surface. For p-
polarized light the two elds are in phase, resulting in a stong preference for vibrations with
transition dipoles normal to the surface: the so-called siace selection rule. Since s-polarized
light carries no interfacial information, s-polarized ligt is commonly used as a background
scan. As a result, a ration of the s-polarized light scan witthe p-polarization scan, is often
used used to eliminate artifacts arising from bulk-phase abrptions. This technique is very
useful giving information about the direction of the trangtion dipoles of an adsorbed organic
thin Im. Theoretical consideration of the IR spectroscopyof the monolayers adsorbed on a
metal surface showed that the re ection-adsorption speaim is measured most e ciently at
high angles of incidence, typically at 80-85 and that only the component of incident light,
which is parallel to the plane of incidence, gives measurabhbsorption [86]. Figure 3.1
presents a schematic description of a mono molecular Im onrairror, with an incident light
and direction of the polarization. In order to study orientdion, polarized light is directed
on the Im. The polarized light electrical vector coincidirg with the dipole of the infrared
active moiety increases in absorption intensity, therebyevealing the band assignment and

the orientation of the molecular group.

Polarized light parallel
to incident plane

hv

Figure 3.1: lllustration of the polarized light electricalvector as in uence by p-polarization
at an angle of incidence greater than 8Q

In the results that follow, phosphonate monolayers, were ahacterized using FTIR
spectroscopy (PerkinElmer Spectrum 2000 spectrometer) iegped with a liquid nitrogen
cooled in MCT detector. The samples were analyzed using a spkr re ectance accessory

with an angle of incidence of 83 The intensity of the methylene vibrations in the spectra

24



is a direct function of the tilt angle of the alkyl chain. Thisunique property of the grazing-
incident experiment allows the calculation of the molecutaorientation from FTIR spectra.
For example, as illustrated in Figure 3.2, the molecule on #hright illustrates an optimal
rectangular adsorbed molecule of an alkyl phosphonic acidolecule on a metal surface with
both the symmetric and asymmetric methylene (Chk) vibrations ( ¢ and ,), parallel to
the metal plane. Therefore, the methylene groups in a perpaicular, all-trans optimal
con gurations would not have any transition dipole momentsn the direction normal to the
investigated surface which is necessary for signal. As a seguence the alkyl chain will not
be picked up by the p-polarized light. Once the alkyl chain lis from the normal to the plane
as shown Figure 3.2 on the left, the symmetric and asymmetngbrations of the methylene
groups are no longer are parallel to the surface and thus wappear in the grazing incident
spectra. A measure of the degree of order for Ims investigad with specular re ectance
spectroscopy can be obtained by the ratio of the intensity dhe symmetric and asymmetric

methylene groups.

LT (8: Cy Q—

vty & =L

wa(C ﬁz)

“ammp . (CH;)

Substrate

Figure 3.2: Inuence of molecular tilt on the orientation of methylene stretches for phos-
phonate molecules on metal surfaces. Methylene stretchesnh an all trans (perpendicular
orientation) are not identi ed with specular re ectance spectroscopy (p-polarized IR) due to
an electric eld oriented normal to the substrate at an angleof incident of > 80 .
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Attenuated Total Re ection Spectroscopy

Attenuated total re ectance (ATR), is a infrared spectrosopy technique, which enables
samples to be examined directly in the solid or liquid state hout further preparation. ATR
uses a property of total internal re ection called the evangcent wave. A beam of infrared
light is passed through the ATR crystal in such a way that it reects at least once o the
internal surface in contact with the sample. This re ectionforms the evanescent wave which
extends into the sample, typically by a few micrometers. Théeam is then collected by a
detector as it exits the crystal. In order to utilize the evaescent e ect crystals are utilized
that are made from an optical material with a higher refractve index than the sample being
studied. In the case of a liquid sample, pouring a shallow ammat over the surface of the
crystal is su cient. In the case of a solid sample, it is presd into direct contact with the
crystal to ensure a more intimate contact avoiding any traped air as that would distort the
results.

To obtain internal re ectance, the angle of incidence mustxeed the so-called critical
angle. This angle is a function of the real parts of the refréige indices of both the sample

and the ATR crystal:

¢ = sin 1(ny=m) (3.6)

Where n, is the refractive index of the sample and nis the refractive index of the
crystal. The evanescent wave decays into the sample exponaity with distance from the
surface of the crystal over a distance on the order of micran¥he depth of penetration of
the evanescent wave glis de ned as the distance form the crystal-sample interfacehere

the intensity of the evanescent decays to 1/e (37%) of its @inal value. It can be given by:

dy= =2n4[sin?  (nz=ny)?2 (3.7)
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Where is the wavelength of the IR radiation. For instance, if the Z8e crystal (n=
2.4) is used, the penetration depth for a sample with the refctive index of 1.5 at 1000 cm*
is estimated to be 2.0 m when the angle of incidence is 45 If the Ge crystal (n;= 4.0)
is used under the same condition, the penetration depth is abt 0.664 m. The depth of
penetration and the total number of re ections along the crgtal can be controlled either by
varying the angle of incidence or by selection of crystals. iBrent crystals have di erent
refractive index of the crystal material.

In the results that follow, OTS monolayers and interfacial \&ter layers, were character-
ized using FTIR spectroscopy (PerkinElmer Spectrum 2000 sptrometer) equipped with a
liquid nitrogen cooled in MCT detector. The samples were ahged using horizontal atten-
uated total re ection (HATR) accessory, which consists of ateel plate with an attenuated
total re ection (ATR) element sealed to it that rests on top of an optical alignment box. The
optical alignment box contains two planar mirrors and focamirrors which can be adjusted
to focus the infrared beam on the incident face of the ATR cryal. All spectra are recorded
at room temperature at 4.0 cm? resolution with 500 co-added scans.

Throughout this document both trapezoidal silica ATR elemets and ZnSe ATR ele-
ments are used (50 x 20 x 2 mfn 45 face angle) enabling acquisition of spectral data from
4000 to 1500 cm? for the silicon and 4000 to 550 cmt for the ZnSe. The refractive index
of silicon is nearly constant over the spectral range undetusly, and a value of 3.42 is used
herein. The refractive index is about 2.67 at 550 nm, and abb.40 at 10.6 m. For water,
the refractive index at 1635 cm? is taken as 1.32 [87]. Consequently, the critical angles for
total internal re ection for the systems under study are asdllows: for silicon/water, 22.7
Since the HATR accessory operates at a xed angle of incidemnof 45, and the calculated

critical angles are far less than 45 dispersion e ects can be neglected [86].
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3.1.5 TGA Analysis

This system consists of an isolated thermo balance, an IR hace, quartz sample cham-
ber, purge inlets and outlets, and a capillary connection ta mass spectrometer. Sample
weight loss is measured as a function of temperature underrias environments. The
thermo balance is maintained at 40C in a well insulated, gas purged chamber isolated from
the furnace by a water cooled plate. Evolved gas products aamalyzed by a quadrapole
mass spectrometer (P e er Thermostar) via a heated transfeline. The technical speci ca-
tions for this unit can be found in more detail on the manufaetrers’ website, but include
a weighing accuracy of 0:1% and a weighing precision of 0:01%. The furnace consists
of four symmetrically placed IR lamps with a quartz lined samle compartment that is a

chemically inert and resistant to adsorption of o -gas prodcts.

3.2 Experimental Techniques

3.2.1 Sample Preparation and Cleaning
Plasma Cleaning

Silicon samples are prepared by dicing the silicon waferssan8mm  8mm squares.
Both silicon samples and silicon ATR crystals are cleaned ing the same procedure as
described below. The silicon samples are sonicated in acetcfor ten minutes and then
again in isopropanol for ten minutes and then dried under a igam of nitrogen. Samples
are etched for ten minutes in concentrated HF to remove the tige oxide layer, rinsed in
copious amounts of deionized water, and then dried under aream of nitrogen. Samples
are then loaded into a custom-built vacuum deposition syste, the design of which is based
on a previously described system [88], for oxygen plasmadtment. Briey, the vacuum
deposition system consists of a rotary vane pump (base press 0.4 Pa) which is coupled to
a glass reaction chamber that contains perforated electresl which can be biased to create an

in situ, capacitively-coupled radio frequency (RF) plasma (13.58IHz). The glass reaction
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chamber is also coupled to a vapor delivery system which adle for the introduction of
the vapors of various volatile precursors into the glass retion chamber. MKS Baratron
capacitance manometers are used to monitor the system pnaess up to 1.3 10* Pa. A
simpli ed schematic and photograph of the vacuum depositiosystem can be seen in Figure

3.3.

Expansion Volumes

1.

TS

Vapor Delivery System

Figure 3.3: Schematic (left) and photograph (right) of the astom vacuum deposition system
and FTIR employed in this work.

After introducing the samples into the vacuum system, the stem is evacuated to a
pressure of less than 2.6 Pa. Oxygen gas is then allowed to dirough the system, and
an oxygen background is established by multiple pump-purggcles with oxygen gas. Then,
the oxygen pressure is allowed to stabilize around 33.3 Pa,which point the chamber is
isolated from the pump. An RF plasma is struck at 25 W forward pwer, and the samples
are exposed to the plasma for ve minutes. This treatment gmes an oxide layer about
2.0 nm thick on the silicon surface. The samples are removadr the vacuum deposition
system and etched again for ten minutes in concentrated HFinsed in copious amounts
of deionized water, and dried under a stream of nitrogen. Andditional oxygen plasma
treatment is employed to re-grow an oxide layer. This iterate cleaning method is repeated
until inspection by contact angle and AFM indicate that a clan (contact angle< 5), at

(RMS roughness 0.2 nm) surface has been obtained, but usually two iterati@nsu ce.
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UV Ozone Cleaning

Etched Silicon Samples
Silicon samples and silicon ATR crystals are cleaned usinget same procedure as described
below. The silicon samples are sonicated in acetone for terinotes and then again in
isopropanol for ten minutes and then dried under a stream ofitrogen. Samples are etched
for ten minutes in concentrated HF to remove the native oxiddayer, rinsed in copious
amounts of deionized water, and then dried under a stream oftrogen. The samples are
then placed into a UV Ozone cleaning chamber and treated wittV ozone in air. Samples
are placed approximately 1.0 cm below the UV ozone bulbs. Thesatment duration is
10 minutes with a measured oxide thickness of about 2.0 nm ¢ki on the silicon surface.
Inspection by contact angle indicate that a clean reactivexide surface with a contact angle
<5.

Native Silicon Samples
Treated with the same procedure as described above excepthehg step is neglected and
the treatment duration is extended to 30 minutes. The meased oxide thickness about 2.0
nm thick on the silicon surface. Inspection by contact anglendicate clean reactive oxide

surface with a contact angle ok 5 .

Piranha Cleaning

Silicon samples and silicon ATR crystals are cleaned usinge same procedure as de-
scribed below. The silicon samples are sonicated in acetdoe ten minutes and then again
in isopropanol for ten minutes and then dried under a streamfamitrogen. Samples are
etched for ten minutes in concentrated HF to remove the nates oxide layer, rinsed in co-
pious amounts of deionized water, and then dried under a sam of nitrogen. Samples are
exposed to a Piranha solution consisting of (3:1 v/v) k5O, and H,O, for a 30 minute du-
ration. The measured oxide thickness was 1.0 nm thick on the silicon surface. Inspection

by contact angle indicate that a clean reactive oxide surfacwith a contact angle< 5 .
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MVD Silica Layer Deposition

Deionized water and tetrachlorosilane are loaded into cleaglass vials, and then con-
nected to the vapor delivery system. The precursors are desgad by employing multiple
freeze-pump-thaw cycles with liquid nitrogen. For vapor ating, freshly cleaned silicon
samples are loaded into the vacuum deposition system. Thessm is evacuated until the
pressure is less than 2.6 Pa, and then the samples are treatgith an oxygen plasma by
the method described in Section 3.2.1 for substrate surfacenditioning. After the plasma
pre-treatment, the chamber is again evacuated to a pressuess than 2.6 Pa, and then water
vapor and tetrachlorosilane vapor is admitted into the chatmer and allowed to react while
being isolated from the pump. Detailed precursor dosing ragiements associated with the
various silica layer thicknesses have been previously refal and will not be discussed fur-
ther. Using the taxonomy of Anderson, [55] the silica layergroduced in this work range

from type | to type IV surfaces when referring to the refererecarticle previously indicated.

OTS Deposition

Prior to coating, freshly cleaned silicon samples and siin ATR crystals are treated
with an oxygen plasma by the method described in Section 312. Samples coated with
MVD silica layer are used immediately after their preparatn. The samples are coated with
octadecytrichlorosilane by the method described below. €in silicon samples and MVD
silica layer samples are coated simultaneously from a siagtoating solution. It is also
important to note that all glassware used were cleaned via ¢hsame method as the silicon
wafers and is pre-coated with the appropriate precursor tdiminate competitive adsorption
with the walls of the glassware. OTS growth is carried out urel atmospheric conditions
with about 45% relative humidity. Freshly cleaned silicon samples arfdeshly prepared
silica layer samples are placed into a 50 ml beaker of Optimaagle hexanes either chilled
to 10 C or at room temperature and allowed to equilibrate for 2 mintes prior to OTS

deposition. Solutions of OTS (0.5 mM) are prepared in 50 ml @ptima grade hexanes in a
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secondary beaker. To grow liquid condensed islands, the O&8sorption reaction is allowed
to proceed for the speci ed times at 10C, signi cantly lower than the critical temperature
for the LC phase in this system. Then the samples are removednsed in two stages of
neat hexanes that are also chilled to 10C. The samples are then dried under a stream of
nitrogen. The samples are allowed to set for 1 hour at room tgrarature prior to analysis. A
similar procedure is utilized for deposition of the room teerature (mixed regime) samples

at a deposition temperature of 22 C.

Cleaning of Aluminum and Aluminum Oxide Samples

Cleaning of Alumimum Samples
E-Beam Sputtered aluminum samples with 4508 of aluminum metal on 1000A of ther-
mally grown silicon oxide are diced into into 8mm 8mm squares and 2.54cm 5.08cm
rectangles. Prior to use the aluminum samples are sonicatadacetone for ten minutes and
then again in isopropanol for ten minutes and then dried unde stream of nitrogen. Prior to
coating, freshly cleaned sputtered aluminum samples arestited with an oxygen plasma by
the method described in Section 3.2.1 for 2.0 minutes to aedite the surface. Inspection by
contact angle and AFM indicate that a hydrophillic clean suface with contact angle< 5)
and surface roughness of4.3 nm RMS. The measured aluminum oxide thickness wa2.5
nm.

Cleaning of Aluminum Spheres
Aluminum oxide spheres were obtained from Denka Corp. (Chaj and sieved to collect
particles ranging in size from 75 to 100m. The BET surface area for the spheres gives a
surface area of 0.2 Alg. The sieved aluminum oxide spheres are sonicated in aceé&ofor
10 minutes and lIter dried and then sonicated again in isopq@anol for 10 minutes and Iter
dried. The spheres are then placed into an oven at 12G for 1 hour for nal drying. Prior to

coating, the spheres are treated with an oxygen plasma by tmeethod described in Section
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3.2.1 for 2.0 minutes to activate the surface and to remove tisocarbon contamination. The

uncoated samples are placed into an oven set at 60 for 10 minutes prior to analysis.

Phosphonate Deposition

A 5.0 mM phosphonate solution is prepared by sonicating 200gvof Octadecylphos-
phonic Acid (97% Strem Chemical [4724-47] in 100 ml of 2-Prapol. After activation of
the aluminum surface with plasma treatment, as decribed abe, the samples are submerged
into the 5.0 mM solution for di erent time durations. These amples are removed from
solution and rinsed 3 times in neat 2-Propanol and dried unde stream of nitrogen. For
a 4 hour deposition representative of full monolayer covega on the surface of sputtered
aluminum the thickness was measured at 254, with a measured contact angle 110and a
RMS roughness of 3.7 nm.

Aluminum oxide spheres are coated following a similar prodere, but under continual
stirring, and subsequent rinse with 2-Propanol performedsing vacuum Itration and vac-
uum collection. These samples are subsequently dried in area set at 60 C for 10 minutes

for solvent removal prior to analysis.
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Chapter 4
Formation of Octadecyltrichlorosilane Monolayers on a Mekular Vapor Deposited (MVD)

Silica Layer

4.1 Introduction to the MVD silica layer

Previous studies have shown that the vapor phase hydrolyse$ tetrachlorosilane results
in the deposition of a thin, uniform silica Im with chemical properties similar to those of
conventionally prepared silica materials. This MVD silicalayer is a highly hydroxylated
surface, but unlike conventional silica surfaces, it possses no observable free surface silanol
groups, a fact believed to be due to the unusually high condeation of hydroxyl groups
present. Despite the lack of free silanol groups, the silidayer has been shown to support
the attachment of organosilicon compounds [55]. A novel goerty of the MVD silica surface
is the ability to create a reactive surface with a variable dgee of surface roughness as well
as di erent topographical asperities (e: peak sizes, peak shapes). This tunable surface is
used to investigate the in uence of surface topography on ¢hinterfacial characteristics of
subsequently deposited layers as illustrated in the follomg sections.

This silica layer can be deposited at low temperatures to a @e variety of substrates,
including glasses, metals, bers, polymers, and plasticsd can overcome the limitations
associated with traditional methods for depositing siliao oxide layers that requires tem-
peratures in excess of 300C [89]. Prior work by Andersonet al. has demonstrated that
the vapor deposited thin silica Im can be utilized as a novesubstrate for in situ surface
studies on silica using infrared spectroscopy. Infrared sgira of silica Ims prepared by this
method compare favorably with spectra collected by the coamtional thin Im technique.
Furthermore, the uniformity of the thin vapor deposited siica Im on the supporting infrared

window reduces the likelihood of portions of the Im fallingo during an experiment, an
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improvement over the traditional thin Im method. This meth od is the only experimental
technique put forth so far that can be used to study the vaporeposited silica Ims as they
exist on surfaces, and it can also be used to investigate réans on the newly formed, pris-
tine silica layers. In fact, this material has been depositeon the surface of FTIR crystals
allowing for an investigation of the interfacial propertis associated with the self assembly
of OTS monolayers, as evidenced, in the following sectionk addition, this silica layer is
not a line of sight deposition and has been deposited onto $aces of varying geometrical
complexity, enabling the production of an advanced high stace area material utilized for

advanced analysis with TGA commonly limited to high surfacarea particles.

4.2 Utilization of MVD silica layer as a Novel Platform to Stu dy OTS Mono-

layers

The role of free surface hydroxyl groups, hydration requineents, and the nature of
the surface attachment of OTS molecules on silicon oxide $aces remains controversial
despite extensive investigation. Given the MVD silica lays reactivity toward organosilane
deposition, in spite of, the lack of free surface silanol gips, in conjunction with the ability
to examine the self assembly process and interfacial read with FTIR, we were motivated
to study the growth characteristics of OTS monolayers as cqrared to those observed on
traditional silica surfaces.

In this chapter, we report the results of a comparative studyf the adsorption of OTS
Ims on oxidized Si(100) surfaces representative of a tratibnal silica surface and a MVD sil-
ica layer. These surfaces are analyzed to determine the ambaf physisorbed water present
under adsorption conditions in order to ascertain the in uace of the water structural layer
on the OTS monolayer adsorption mechanism and overall Im clity. This investigation
includes the e ects of reaction temperature and immersionrhes on the organization of an

OTS monolayer, and includes investigation of both the subnmolayer and full monolayer
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growth regimes. The Im properties and formation kinetics s examined using infrared

properties, ellipsometry, AFM, and contact angle measureents.

Experimental Details
Materials

Silicon wafers, p-type, with (100) orientation were obtaiad from University Wafer
(Boston, MA). Octadecyltrichlorosilane and tetrachlorogane were obtained from Gelest,
Inc. (Morrisville, PA) and used as received. Concentratedydro uoric acid (HF, 49%),
acetone, isopropanol, and Optima grade hexanes (0.01% waterere obtained from Fisher
Scienti ¢ (Fair Lawn, NJ). Deionized water (18 M -cm) was obtained from a Millipore

Itration system.

Methods

Cleaning methods, MVD silica layer formation, and OTS monaler formation tech-

niques for the various samples have been previously desedhn Chapter 3.

4.2.1 Investigation of Water Layers on the MVD Silica Surfac e.

Initial e orts focused on investigating the interfacial region of the surface of silicon sub-
strates under adsorption conditions. The amount and structre of adsorbed water layers
associated with the MVD silica layer is compared to those fod on traditional silicon oxide
surfaces. Asay and Kim have reported on the data analysis netds for studying the evolu-
tion of the adsorbed water layer thickness on silicon throlgATR-FTIR spectroscopy [90],
and the same technique is employed in the present study. Bgethe thickness of the ad-
sorbed water layer is determined by comparing the intensitgf the water O-H bending mode
absorption located at 1635 cm! to the intensity of the same peak for a bulk liquid water
sample on the same surface under study, which is limited by ehdepth of penetration of

the evanescent wave. The thickness determined in this mannean be converted to the
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number of monolayers by dividing by the mean van der Waals diaeter of water, which is
2.82A [90{92]. The position of the O-H bending mode located at 163m ! has been shown
as constant and is not in uenced by the degree of hydrogen bading or structure of water
present on the ATR surface [93].

The adsorption of water onto the MVD silica surface and the odized silica surface
was conducted by varying the relative ow rates of two nitrogn steams- one is dry and the
other is saturated with water vapor. This set-up was adaptetly works done by Barnetteet
al. [94] and allowed for investigation of water adsorption undevarying relative humidities
ranging from 0% to 80%. All experiments were run at 27 0:5 C. A clean oxidized silicon
ATR crystal was placed into a te on ATR holder, designed for his work as shown in Figure
4.1, and purged with nitrogen until no di erence was noted inthe spectra. This spectra
was utilized as the background spectra for examining the wat adsorption on the oxidized
Si(100) surface. An atomic force micrograph for the oxidideSi(100) surface is illustrated in
Figure 4.2 with a corresponding ellipsometric oxide thicless of 2.0 nm and RMS roughness

value of 0.18 nm.

J}g\ |
Inlet and §
Outlets D |

Figure 4.1: Custom built te on ATR assembly sealed from amigint conditions with inlet
and outlet purge assemblies for controlling relative humity.

An atomic force micrograph for the MVD silica layer is illustated in Figure 4.2 B with a
corresponding average ellipsometric thickness of 18.0 nmdeRMS roughness value of 1.3 nm.

FTIR analysis of the MVD silica layer after extensive nitrogn purging is represented in the
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7.0 nm

(A)

0.0 nm

Figure 4.2: Two dimensional AFM scans of (A) a clean oxidize&i(100) surface, RMS
roughness is 0.14 nm, and (B) Silica layer deposited on clesiicon surface, RMS roughness
is 1.3 nm, thickness is 18.0 nm.

inset view on Figure 4.3. Major peaks present in the spectradlude a broad feature centered
at 3400 cm ! indicative of the OH stretching frequencies of associatedasols present in a
distribution of geometrical arrangements and chemical emonments, while isolated silanols
known vibrate at 3747-3750 cm! are absent in the MVD silica Ims. This MVD silica
surface lacks the peak associated with physisorbed waterrmally located at 1635 cm?
indicating a MVD silica layer void of physisorbed water. TheATR spectra for the MVD
silica Im is utilized as the background spectra for experimnts involving water absorption
on the MVD silica layer. Contact angle measurements indicatl a CA = <5.0 indicative
of a highly hydroxylated surface on both the oxidized Si(1QGsurface and the MVD silica
surface.

After the background spectra were collected for the oxididesilicon ATR and the MVD
silica layer coated ATR, the Ims were exposed to increasintevels of relative humidity,
which resulted in the adsorption of physisorbed water as inthted by the broad feature at
3100 and the peak at 1635 cnt. The pure water spectra collected for calculating maximum
adsorption intensity was scaled in magnitude to the 80 % RH sptra to visually compare
peak positioning for bulk liquid water applied to each crystl. Water structure is determined
by examination of the water O-H stretching region of the spé&wm from 3700 to 2800 cm?.

The peak position of the OH vibrational peak is very sensites to the degree of hydrogen
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Figure 4.3: ATR-FTIR spectra of adsorbed water on the surfacof a MVD silica layer on an
oxidized silicon ATR crystal at increasing relative humidies. The peak positions of ice-like
3119 cm?! and the position of the O-H bending mode is marked at 1635 crh The direc-

tion of increasing relative humidity is from bottom to top. Sectra correspond to relative
humidities of 20%, 40%, 60% and 80% with an accuracy oR:0%. [Inset View]-Background
spectra for water adsorption study illustrating O-H stretding region associated with hy-
drogen bonded surface silanols. Note peak absence at 1635 ‘cindicative of physisorbed
water.

bonding and is often used to study the structure of water [9%7]. While liquid water
exhibits a broad vibrational peak at 3400 cm* condensed water at ambient conditions has
been shown to exhibit both liquid-like peak characteristie and ice-like peak characterisics
as indicated by two peaks centered near 3200 ctand 3400 cm? corresponding to ice-like
and liquid water, respectively [98].

In the case of silicon oxide covered with silanol groups, tleructure of adsorbed water
at room temperature as a function of relative humidity (RH) vas discussed previously [93].
For comparison purposes this data is presented in Figure 4.Bach line represents a di erent
partial pressure relative to saturation pressure of waterR/P ¢4 ) or relative humidity at 27 .
This study, indicated that the ice-like and liquid water isdgherms grow together, and at
nearly an equal rate, across all relative humidities studik

The results of water adsorption onto the surface of a MVD sda-modi ed silicon ATR

crystal are presented in Figure 4.3. In order to determine ththickness of bulk water that
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Figure 4.4: ATR-FTIR spectra of adsorbed water on the surfacof an oxidized silicon ATR
crystal at increasing relative humidities. Ice-like and quid water are indicated with arrows
at 3250 cm?® and 3400 cm?, respectively, and the position of the O-H bending mode is
marked at 1635 cm®. The direction of increasing relative humidity is from botbm to top.
Spectra correspond to relative humidities of 20%, 40%, 60%d80% with an accuracy of
2:0%

the evanescent wave interacts with, the thickness of the isid layer is subtracted from the
depth of penetration of the evanescent wave. For example,rfthe silicon/silica system,
the depth of penetration is approximately 505 nm at a 45angle of incidence. In this
experiment, the silica layer is 18.0 nm thick. This means thahe adsorption measured
for a bulk water sample on a silica Im corresponds to 487.0 nraf water (505-18.0 nm).
For the MVD silica surface the depth of penetration is deterined by considering the silica
layer as impervious to liquid water. Prior research perfored by Andersonet al. has shown
this to be a valid means to determine the depth of penetratiomnd more details can be
found in that work [93]. At 80% RH, the amount of adsorbed wateis equivalent to nearly
20 monolayers, and is approximately 4.5 times greater thamdhe clean silicon surface, at
similar relative humidities. The structure of the adsorbedvater on the MVD silica layer is
dominated almost entirely by ice-like water. Furthermorethe ice-like water structure has

an adsorption peak centered near 3119 crh which is 127 cm? lower than on clean silicon

oxide. It was concluded that more absorbed water was on therface of the MVD silica,

40



which was more tightly bound compared to that existing on trditional silica surfaces. This
was evidenced by a water absorbance spectrum dominated by iae-like structure shifted
to lower energy. This shift to lower energy indicates that wer has a stronger degree of
hydrogen bonding with the MVD silica-coated surface relate to the clean silicon oxide [99].
It is postulated that the MVD silica layer maintains a more odered water structure due
to a higher degree of hydrogen bonding caused by the high centration of hydroxyl groups
present. It is also suspected that the high degree of hydragéonding induces preferential
water orientation in subsequent layers contributing to thestability of the increased water
monolayers. Duet al. found that interfacial orientation and bonding structure d water
are strongly in uenced by the electrostatic interaction ad hydrogen bonding of molecules
with the surface at fused quartz/water interfaces [97]. Wdkr by Yang et al. on water/silica
interfaces suggests that a more ordered water structure @dike) is associated with vicinal
silanol groups, due to a higher local surface electrical @lon the silica [100]. As previously
described, the MVD silica layer is highly hydroxylated and raintains no free OH groups and
the surface consists of mainly vicinal groups. GunKet al. provides further evidence toward
electrostatic in uences showing that the hydrophobidizabn of silica surfaces (limiting the
availability of OH groups) modi es the state of water by loweing the electrostatic eld [101].
The extent of the electrostatic in uence on subsequent laye is still a subject of debate.
Ewing [102] argued that only the rst interfacial layer of waer is a ected by the electric
eld while the work by Shen [103] indicates that electric etls can induce polar ordering
of interfacial water molecules up to a few monolayers. Arggret al. performed modeling
studies on the water structure on crystalline silica subs#ites indicating a correlation between
the local density of hydroxy groups and preferential oriemttion of the interfacial structure of
water, illustrating that water molecules in the rst layer of a fully hydroxylated surface have
hydrogen down orientations, where as nonhydroxylated sades have water molecules with
OH bonds parallel to the surface [104]. Work done by Ostroudrov utilizing Phase-Sensitive

Surface Spectroscopy on a quartz/water interface assigreeilike stretching regions existing
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between 3050 and 3200 cm with the peaks indicated at the low-frequency component,
usually labeled as the ice like peak, rst appearing as a negae peak centered at 3050
cm 1 at low pH, but reverting to a dominant positive peak centerecat 3200 cm * at high
pH. Suggesting that as pH increases, the quartz surface bews more deprotonated (and
negatively charged with a resulting surface eld), and thusndicating that water molecules
exist with their H bound to the surface [105]. All of these wds are supportive of our
postulated interfacial orientation induced by an electrastic interaction from the highly
hydroxylated silica surface.

A second explanation for the observed increase in hydrogeoraing and ice like ori-
entation of water molecules on the MVD silica surface couldebattributed to the inherent
topography associated with the MVD silica layer. Recent stilies suggest that water con-
ned in nanoscopic regions exhibit di erent thermodynamiccharacteristics in comparison
to bulk measurements [106]. Both Goertz and Li found that theviscosity of water for
nanometer scaled separations were approximately®1mes greater than that of bulk water
for highly hydrophyllic surfaces indicating a more structued water present in nanoscopic
regions [107,108]. Unfortunately, for the present analysiit is di cult to elucidate answers
in terms of nanoscale con nement as it has been shown that ATRfrared spectroscopy have
large penetration lengths £ 100 nm) that hinder the study of the buried interface [98]. As
discussed by Castrilloret al. when examining water in nanoscale con nement, a distinctio
must be made between: (i) interfacial water, and (ii) con nd water, as interfacial water
is commonly understood as being found between uid phasesulk vapor or liquids) and a
solid substrate, while con ned water exists between two gdl surfaces [109]. The con ne-
ment length scales for the water existing between the solidifaces as experienced in this
system is greatly over examined and the in uence of nanosdopegions is indistinguishable
from the interfacial water.

Results show that the MVD silica layer supports a higher amau of water on the surface

at increasing levels of relative humidity (approximately 46 times greater) than on traditional
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silicon oxide surfaces. This increased amount of water isufad to be more highly hydrogen
bound to the surface in comparison to the monolayers invegtted on traditional silicon oxide
surface, suggesting that the MVD coated surface maintainsraore ordered water structure
due to a stronger degree of hydrogen bonding compared to walyers formed on traditional

silicon oxide surfaces.

4.2.2 Inuence of Formation Time and Temperature on OTS Mono layer For-

mation on a Highly Hydrated MVD Silica Surface

As evidenced in the previous section, the MVD silica layer pports a higher amount
of water on the surface at increasing levels of RH as comparedtraditional silica surfaces.
For the results presented in this section, the relative hurdity was held constant at 45
%, consistent with prior research notations found to produe high quality OTS Ims as
applicable to traditional silicon oxide surfaces.

In order to examine the OTS monolayer formation mechanism dhe MVD silica surface
as compared to traditional oxidized silica surfaces, two ganes of OTS Im growth are
examined. The rstis a room temperature case representagvof the mixed regime (LC and
LE phase) followed by a case at T = 10C representative of the lower temperature regime T
< Ty (only LC phase) with Im formation times ranging from 5.0 seonds to 1.0 hour. A 20
second OTS submonolayer deposition on the smooth Si(100)fsige at room temperature is
shown in Figure 4.5B and the 10C case is shown in Figure 4.5A. These gures clearly show
a distinction between the di erent deposition phases as iruenced by the temperature. For
the reduced temperature case presented in Figure 4.5A onbland growth is present with
no deposition in the surrounding areas consistent with prewsly reported results [2]. The
islands formed at reduced temperatures maintain averageigbt values of roughly 2.0 nm as
shown in the height pro le in Figure 4.5A. The room temperatue case, as shown in Figure
4.5B, shows island growth surrounded by a secondary disordé phase. The height pro le

of the room temperature case is illustrated in Figure 4.5B ahis signi cantly lower than the
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reduced temperature deposition with island average heightilues at roughly 1.4 nm. This
decreased height value is attributed to the presence of twdhases on the surface made up
of a LC phase (ordered islands-light features) surrounded/la LE phase (disordered-dark
features) randomly distributed. Hence, the measured heig¥alues represent the di erence in
thickness between the disordered and ordered island phasBsie to the roughness associated
with the MVD silica layer surface, AFM could not be utilized to examine the submonolayer
growth regime on the MVD silica surface. Generally, not engin contrast was visible between
the OTS Im and the underlying substrate and the features rerained hidden and undiscern

able from the underlying surface topography.
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Figure 4.5: AFM micrographs of OTS monolayer formation (A) A20 second OTS sub-
monolayer deposition on native silicon oxide at 10C. (B) A 20 second OTS submonolayer
deposition on native silicon oxide at room temperature.

The values measured for the thickness of the OTS Im as a furioh of immersion time
ranged from 6.0 to 28.3A for both the room temperature case and the 10C case on the

oxidized Si(100) surface. The values measured on the MVDiad layer ranged from 3.7 to
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31.5A. All data sets showed an increase in thickness as a functioh immersion time. The
maximum thickness obtained on the oxidized Si(100) surface28.3A, consistent with values
found in the literature [42] and close to the theoretical vale of 26.2A [65]. A refractive
index of 1.45 is used in calculating the OTS thickness, yet ihvalue may not be reliable for
low coverage samples as partial OTS monolayer can have diegrices in the refractive index
that are dependent on the phase present [15]. Also, the staard deviation of a data set
of multiple ellipsometric measurements of the MVD silica kger thicknesses is on the order
of 1.0 nm. Such a large standard deviation for the MVD silica layethickness makes it
impossible to determine the true thicknesses for the Ims g®sited onto the MVD silica
layer surface, since the precursor used in this study formms with thicknesses of roughly
three nanometers or less. Average values are presented igu¥e 4.6 and should not be
considered conclusive values.

The contact angle measurements for all experimental datatseshowed an increase with
respect to immersion time. At increased immersion times thealues obtained for the 10 C
case on the oxidized Si(100) surface and the MVD silica laye®ere similar to those obtained
at room temperature regardless of the deposition conditien At decreased immersion times
the contact angle for the room temperature cases was sigrawtly lower on both with values
of 39.0 and 41.0, in comparison to 63.8 and 69.8 at reduced temperatures. This data was
consistent with the di erences in overall coverages as memed by ellipsometry and indicated
that the OTS Ims assembled more rapidly at the reduced tempature compared to the
room temperature conditions. All of the contact angle dataegardless of the temperature
regime plateaus at higher deposition times at values greatdan 100 and are indicative of
a complete monolayer.

Although AFM provides information on the microscopic struture of OTS Im growth,
it does not reveal molecular structure and conformation clmges within the Im and can not
provide visual contrast on the MVD silica surface. To obtairstructural information FTIR

analysis was performed on the Ims as a function of immersidime and temperature on the
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Figure 4.6: Ellipsometric Im thickness vs immersion time dr octadecyltrichlorosilane Ims
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oxidized Si(100) and the MVD silica surfaces. For FTIR anabis, the background spectra
for Ims deposited on the oxidized Si(100) surface, was a ele uncoated silicon ATR crystal
plasma treated to grow an oxide layer thickness 2.0 nm. For ¢hIms deposited on MVD
silica layer the background spectra was the as deposited M\4lica layer. To characterize the
conformational order of the octadecylsiloxane monolayera/e use the methylene stretching
modes as a benchmark. On a native silicon oxide surface theduencies of the methylene
antisymmetric and symmetric stretches are in the range of 29-2920 and 2846-2850 crh
respectively, for alkyl chains in an all-trans conformatin with extended chains, and shift
toward 2928 and 2856 cmt when the chains are in a liquid like disordered phase [110].
Our data as demonstrated on an oxidized Si(100) surface anliustrated in Figure
4.8 is in agreement with work previously done by Leet al. showing that at the lower
reaction temperature 10 C the intensity of the FTIR peaks in the (CH,) and v,(CH,)
bands increase in proportion to immersion time [36]. At theaaction temperature of 10
C the peak positions for the y(CH;,) and v,(CH,) bands remain constant at 2850 and
2918 cm ! regardless of immersion time. The OTS SAMSs prepared at thedtier reaction
temperature are notably di erent. In Figure 4.8 the intensty of the peaks also increases in
proportion to increasing the immersion time. But, there is anotable decrease in the wave
number of the methylene antisymmetric and symmetric stretees ranging from 2919 and
2852 cm ! at the lower immersion times to values at higher immersion ies of 2918 and
2850 cm®. The resulting increase in intensity in both cases indicatéhat the density of
the OTS monolayer increases in proportion to immersion timeAdditional information can
be obtained by examining the peak widths as a function of imm&on time. For the room
temperature case the peak widths at lower immersion timeseawery broad becoming more
narrow at increased Im formation times. Research providedy Parikh et al. explained
that this peak broadening at room temperature was indicat® that the monolayers formed
consist of a mixture of conformationally ordered and disoeted chains representative of both

a LE phase and a LC phase. Thus, indicating that for the room taperature case, as the
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deposition times increase, the Im becomes more dense anatthains become more ordered
as evidenced by the decreasing peak widths and shift in theteymmetric and symmetric
bands to lower energy. For the reduced temperature case, theak widths remain constant
regardless of immersion time indicating only an ordered LChase present that increases in
density in proportion to immersion time.

The results presented in Figure 4.9 are the FTIR spectra foims formed on the MVD
silica layer as a function of immersion times and temperatas under study. These spectra
follow the same trends as identi ed on the native silicon ogie. The peak positioning and
increasing intensities are consistent with what was obsed on the oxidized Si(100) surface
indicating that the growth mechanism as in uenced by time ad temperature are equivalent

mechanistically as measured with FTIR on the MVD silica laye

48



4.2.3 Conclusions

A MVD silica layer has been demonstrated, amenable to FTIR atysis allowing for
an examination of interfacial properties in combination wth an investigation of OTS Im
formation mechanism. This MVD silica layer consists of a hidy hydroxylated surface
that lacks free OH groups possessing a high a nity to physisbed water resulting in an
approximately 4X increase in amount absorbed as a functiofi i@lative humidity as compared
to traditional silicon oxide surfaces. Results indicate tht the MVD silica layer supports an
ordered water structure that is more tightly bound due to a hyher degree of hydrogen
bonding associated with the hydroxylated surface. An examation of the growth process
of OTS Ims from submonolayer coverage to full monolayer deysition as in uenced by
temperature is in agreement with Ims produced on native siton oxide surfaces. In contrast
to previously reported results, the quality of the Ims obtaned are comparable to those
formed on traditional silicon oxide surfaces, despite a Higr amount of water present and
a lack of free OH groups. These results suggest that the rolé foee OH groups on the
formation mechanisms for OTS Im formation are inconsequéial, further highlighting the
importance of interfacial water on the OTS Im formation process. We show that high
quality OTS Ims can be formed on a highly hydrated surface gygesting that the OTS
deposition mechanism is not only in uenced by the amount of ater present on the surface,
but may dependent how tightly bound the water is to the surfae, indicating a link between
the interfacial waters' availability and reactivity. This work supports the use of an MVD
silica layer as a novel platform to study OTS monolayer fornteon, further enabling the
ability to probe the in uence of surface topography and thenterfacial water layer on the

self-assembly process.
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Figure 4.8: Representative FTIR spectra of OTS monolayer fmation as a function of
immersion time: (Top) OTS monolayer formation on oxidized £100) at 10 C and (Bottom)
OTS monolayer formation on a oxidized Si(100) at room tempature.
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Figure 4.9: Representative FTIR spectra of OTS monolayer fimation as a function of
immersion time: (Top) OTS monolayer formation on MVD silicalayer at 10 C and (Bottom)
OTS monolayer formation on a MVD silica layer at room temperare.
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4.3 High Surface area MVD Silica Support for TGA Analysis of O TS Mono-

layers

Introduction

While the OTS formation processes and bonding structure havbeen the subject of
extensive investigation, comparatively less is known abbmonolayer stability as in uenced
by post processing steps. Monolayer stability has great teological importance because
the reliability of a device often depends critically on thentegrity of its surface functional-
ity imparted by the coating. In addition, an understanding d the Ims thermal stability
is necessary for successful integration with MEMS devices terms of processing and use
conditions. Prior understanding of the degradation mechasms of OTS Ims has relied heav-
ily on techniques such as FTIR, contact angle analysis, Xyae ectivity, and ellipsometry
which give an indication of the state of order of the alkane eins and structural changes as
in uenced by temperature.

TGA analysis is another technique that can provide informabn about the monolayer
formation and degradation mechanisms, namely, the lateraurface uniformity as indicated
by overall surface coverage. TGA analysis has found limitetge due to the inability to resolve
small changes in mass relative to the low Im loading asso¢e with planer substrates (:e:
Si(100)). As a consequence, high surface area support méatksrare often used to provide high
loadings necessary for experimental resolution when exawmg thin Ims. High surface area
materials such as silica particles and mesoporous matesialuch as SBA-15 have proven ef-
fective at enabling a limited investigation of monolayer lading and degradation mechanisms.
Unfortunately, in the case of fumed silica, the available & volume for monolayer attachment
is a ected by two factors, namely, the state of aggregatiordgglomeration and the curvature
of the primary particles. Since fumed silica consists of agmgated/agglomerated particles,
only a limited portion of the surface area is actually acceibde to OTS molecules [111]. The

curved surfaces of the silica particle o er additional conigints to monolayer formation with
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the degree of curvature in uencing the e ciency of space owpied by all-trans octadecyl
chains at full surface coverage [112]. In the case of mesapm SBA-15, a high surface area
support has been demonstrated, that consists of both a cuveurface in combination with
a large amount of pores. The size of the pores in the SBA-15 hasen shown to in uence
OTS molecule adsorption.

In this section, a high surface area support is demonstratdtiat has a lower degree of
curvature in comparison to the previously reported silicaupport materials that is nonporous
in nature. This high surface area material created throughhe deposition of MVD silica
layers onto cellulose templates is capable of sustaining SToading values measurable with
TGA analysis. In addition the properties of this support maerial enable the deposition of
monolayers with Im characteristics more similar to those dund on a planar silicon oxide
surfaces. It is suggested that this material provides a monalid substrate for comparing

thermal events as related to monolayer Ims with TGA analyss.

Materials

Silicon wafers, p-type, with (100) orientation were obtaiad from University Wafer
(Boston, MA). Cabosil M-5 (200 nt/g) fumed silica was obtained from Cabot Corporation.
Octadecyltrichlorosilane and tetrachlorosilane were obtned from Gelest, Inc. (Morrisville,
PA) and used as received. Acetone, isopropanol, and Optimaage hexanes (0.01% water)
were obtained from Fisher Scienti ¢ (Fair Lawn, NJ). Deionzed water (18 M -cm) was
obtained from a Millipore ltration system. Cellulose cotton supports were obtained from

Fisher Scienti c.

4.3.1 Production of Fibrous MVD Silica Support

A templating technique was utilized to produce the brous dica support. The MVD
silica layer was deposited onto cellulose cotton balls. Bry, the cotton balls were cleaned

with a 30 sec Q RF plasma treatment explained in section 3.2.1 and followedlith 10 cycles
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of MVD silica layer deposition as described in section 3.2(20 torr H,O and 20 torr of
SiCl, per cycle). The thickness of the silica layer was approximed at 1 m as measured
by ellipsometry on a Si(100) reference wafer cleaned anddixed as indicated in Chapter 3.
After removal from the vacuum system, the templated MVD silta was placed into a furnace
and heat treated to 700 C for 4 hours to remove the cellulose material, revealing thdVD
silica support. Prior analytical evaluations were perforad with TGA purged under air
that determined this heat treatment procedure resulted in @amplete removal of the cellulose
leaving a thin white brous material. Thermal treatment in this manner as illustrated by
Anderson et al. on MVD silica surfaces, has shown that when the MVD silica stace
is treated at temperature> 400 C that that surface silanols in closest proximity to each
other, bridge bond into new Si-O-Si bonds lowering the redeity of the silica surface toward
organosilane deposition. To counteract this e ect the MVD iéica support was reinserted
into the MVD deposition chamber and coated with an additionhcycle of the MVD silica
in essence reactivating or reconditioning the surface withvailable surface silanols. The
available surface area of the silica support was measuredé@ n?/g with BET. A SEM image
is of the MVD silica surface after reconditioning is shown ifrigure 4.10 revealing a brous
material with a low degree of curvature with an average widtlof 10.0 m approximately 4
times greater that the length of an extended OTS molecule. T$ material is considered to
be nonporous based on BET surface area results, in conjurctito, the calculations based
on uniform MVD silica coverage to the exposed surface area thie cotton ber. These
calculations resulted in approximately% the measured value, as expected, the surface area
of the reactive material is dual sided in nature re ecting ractivity of the outer MVD silica

layer and the MVD silica layer that was originally attached b the cellulose ber.
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Figure 4.10: SEM image of reconditioned brous MVD silica quport with average ber
width of 10.0 m and surface area of 60 Ag.

OTS deposition

A 1-hour room temperature deposition of OTS monolayers waggormed on both fumed
silica powder and MVD silica bers (pre and post reactivatio) following the procedure
illustrated in Section 3.2.1. Samples were analyzed immatkly without the 1 hour set up

time previously described in section 3.2.1.

4.3.2 Analysis of OTS Monolayers on Fumed Silica and Fibrous MVD Silica

Supports without Post Treatment
Fumed Silica

Thermogravimetric analysis of fumed silica powder beforend after OTS adsorption is
shown in Figure 4.11. The thermal analysis was carried out ithe temperature range from
30 to 650 C, in nitrogen, at a heating rate of 10 C/min. The TGA pattern of fumed silica
powder shows a total weight loss of 1.0% over the temperature range from ambient to 650

C. The initial weight loss up to a temperature of 120C can be associated with the breakup
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of the hydrogen bonded network, excess solvent removal arefrroval of adsorbed water from
silica. The second stage of weight loss from 120 to 63D can be associated with desorption
of the adsorbed water, as well as, water generated by the camsation of free silanols.

A multi-step weight loss is observed in case of OTS monolageon fumed silica. The
weight loss occurred in three distinct regions, from ambiéto 120 C and 120 to 350 C and
350 to 650 C. The total weight loss observed is 2.5% in the entire tempaiure range from
ambient to 650 C. The weight loss in the rst step is approximately the same sithe weight
loss in case of bare fumed silica and is attributed to physided water. In the temperature
range, 120 - 350 C, the weight loss of the OTS coated support was higher than &t of
fumed silica, and was attributed to Si-O-Si cross linking ents and the release of associated
water, although, it is dicult to determine if this loss might also represent the start of
decomposition. We attribute the decomposition of the OTS lger to the weight loss in the
temperature range 350 to 650C as has been reported for a monolayer thermally treated
in nitrogen. To obtain an estimate of the extent of coveragefdTS on the surface, 100 %
coverage was calculated assuming a maximum possible valfi® aolecules/nnt, and using
200 nt/g as the surface area of fumed silica. Therefore, the perteoverage for fumed silica
was 8.4%, and much lower than the amount calculated, suggest an incomplete monolayer
and non uniform coverage. For the temperature range undenestigation the silica molecules
are assumed to still remain on the surface. Low loadings argpical of silica materials, as
illustrated in Figure 4.12, due to the aggregated/agglomated particles, which allow only
a limited portion of the surface area to be accessible to OTSatecules. An additional
consideration for the observed loadings stem from the assption of an ideal monolayer
consistent with an all trans packing density (5.0 moleculésm ?). These Ims were produced
at room temperature and previous investigations have demsinated disorder will exist in
the Ims. In assuming no di usion limitations due to aggregaded particles and completely
accessible surface area, the density of an ideal all trans ©Tonolayer is estimated at 1.1

molecules/nm2 and suggests more tilt with the OTS moleculesdicative of disorder.
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Figure 4.11: TGA plots of fumed silica (top) before and (bottm) after adsorption of OTS.

Figure 4.12: lllustration of fumed silica (Cabosil M5) frommanufacturer's website with a
BET surface area of 200ig.
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Fibrous MVD Silica Support

The weight loss events observed on the brous MVD silica anché OTS coated brous
MVD silica (conditioned) were similar to those noted on theudmed silica. As a reference,
the unconditioned MVD silica was included in the analysis siwing that as expected no
deposition of OTS occurred given the decreased functiortglassociated with the formation
process. In general, the MVD silica blank followed the sameehds as observed for the fumed
silica and the observed weight loss temperatures were comgiale. One exception found on
the OTS coated MVD silica ber is a larger weight loss event @trring between ambient
temperatures and 120C. We attribute this to the fact that no post treatment was performed
on the OTS modi ed MVD silica surface and residual solvent tm the coating process likely
remained. Generally, these supports were gelatinous afteénsing in solution and it seemed
to take longer for the solvent to completely evaporate compad to the fumed silica. Weight
loss in the second step ranging from 120 to 35C was larger than that of the blank MVD
silica and was attributed to Si-O-Si cross linking events ahthe release of water associated
and/or the beginning of thermal decomposition. The weightdss in the range of 350 to
650 C was attributed to the decomposition of OTS. The same procede, as previously
described, was used to estimate the surface coverage asgedi with the OTS Im. For the
temperature range under investigation the silica molecudeare assumed to still remain on
the surface. The Im coverage on the MVD silica ber was caldated at 51.0% from the
loss associated in the range of 350 to 65C. This value was signi cantly higher than what
was obtained on the fumed silica surface under identical degtion conditions suggesting
a 6X increase in material present. This increase in materi& signi cant considering that
the available surface area for the brous silica was only 604ty as compared to 200 /g
for the fumed silica. Performing a similar calculation to tlat performed on the fumed silica
the density of an ideal all trans OTS monolayer on the surfacef the MVD brous silica is

estimated at 2.1 molecules/nrh.
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A higher calculated weight loss in the second step rangingom 120 to 350 C, in
combination with the higher overall loadings, were suggegé that the weight loss events
in this range can be attributed to the release of water from SD-Si cross linking events
and not the beginning of thermal decomposition. From this adervation a need for post
processing of the OTS layers is indicated, such that, therrhdecomposition can be observed
without interference from possible cross linking events. le section that follows supports this
conclusion and includes an analysis of the thermal decomfims mechanism as in uenced
by di erent post processing environments.

It is more feasible that the accessible surface area for thérous silica is greater as
compared to the fumed silica verses more molecules per uniea as the depositions were
performed under similar deposition conditions. The MVD sita when deposited on a planer
substrate, as shown in the previous section, exhibits a siin reactivity toward OTS Im
formation as compared to traditional silica materials. In onclusion, results suggest that due
to the lack of porosity, a low degree of surface curvature, drihe increased loadings obtained,
that the brous silica, provides a more representative supgrt material for the determination

of loading information for comparison to the Ims produced o planer substrates.
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Figure 4.13: TGA analysis of blank brous MVD silica and OTS nonolayer Ims on brous
MVD silica bers (with and without reconditioning) without post treatment.
4.3.3 Analysis of OTS Ims on Fumed Silica and Fibrous MVD Sil ica after

Thermally Annealing with Di erent Gases

It has been suggested that heating OTS Ims to temperaturesdiween 120 and 150C,
results in the stabilization of the monolayer, through the drmation of cross-linking between
adsorbed OTS molecules. [44,113]. Sueg al. has indicated a timescale for cross linking
or grafting to the substrate showing that in solution the (hyrolyzed) precursor molecules
deposited at 10 C retain their mobility for su ciently long times indicatin g that the lifetime
of the mobile state is 10 minutes [40]. The results presentdy Wang et al. suggest that
thermal annealing creates an adsorbed monolayer that is noniger mobile, either because
of attachment to the underlying substrate, to other OTS moleules, or due to removal of
adsorbed water [112]. Conditions necessary for appropmrgbost processing and the in uence

of curing conditions on the stability of an OTS monolayer remin as unde ned parameters. It
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is the intent of this work to utilize TGA-MS to examine the in uence of di erent annealing
gases on the stability and degradation scheme of OTS Monodag produced on an MVD

silica surface.

Experimental

OTS Monolayers are deposited onto the MVD silica support flewing the same method-
ology as described in the previous section. After depositithe monolayer/support system is
placed into the TGA under di erent environments (Air, Nitro gen, and Helium) and ramped
to 120 C and thermally annealed at this temperature for a 1 hour duitgon. Typical loading
amounts are 10 mg of the OTS / MVD ber support. After annealirg, the gas is changed to
nitrogen and the system is purged of the initial curing gas. Ae temperature is subsequently

ramped at 10 C to 600 C and the thermal weight loss events are monitored.

Results

A distinction between the di erent annealing gases and deaaposition features is appar-
ent from the TGA analysis. Two distinct weight loss events a evident from the thermally
annealed OTS Im, most evident, in the di erential plots shovn in Figure 4.15. The rst
event is in the range of 150C to 400 C and second from 400C to 600 C. The weight
loss data for the helium and nitrogen treatment are comparad, in the range from 150 C
to 400 C, but the pro le obtained for air annealing is di erent. The decomposition of OTS
monolayers, on the MVD silica thermally annealed under airtarts at a lower temperature
(250 C) compared to those treated under helium and nitrogen (37Q). It has been shown
that thermal decomposition occurs at lower temperatures ian air environment, as such air
may be trapped in the Im from the annealing process contribting to the increased ther-
mal degradation at lower temperatures. The data indicate tht the rate of decomposition is
slightly faster for the helium annealed samples in the 40@6 C regime. Based on the overall

weight loss of the OTS monolayer an estimated OTS coveragentang from to 51 to 38% for
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the three cases is determined. It is not suspected that the m@aling procedure in uences the
overall coverage attained on the MVD silicai(e: lower on He and N). It is suspected that

thermally annealing the OTS monolayer under a nitrogen andglium environment produces
an OTS Im with a higher thermal stability in the range of 150 to 600 C, but that treatment

to a higher temperature would eventually result in the samewverall weight loss and loading.
It appears that the OTS Ims cured under air undergo thermal @écomposition at a faster
rate at lower temperatures and result in the most signi cantweight loss. But, in the case of

the nitrogen cured sample more fragments will remain up to 60 C.
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Figure 4.14: Weight change as a function of thermal treatmérunder nitrogen from 150

C to 600 C at a ramp rate 10 C/min for three OTS monolayers on brous MVD silica
previously annealed for 1 hour at 120C three di erent environments (He, N, and Air)
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Figure 4.15: Derivative weight loss in (%/min) as a functionof thermal treatment under
nitrogen from 150 C to 600 C with a ramp rate 10 C/min for three OTS monolayers
annealed for 1 hour at 120C under three di erent environments (He, N and Air).
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4.3.4 Conclusions

A novel high surface area silica support capable of sustaigi loadings measurable with
TGA analysis is introduced. This support exhibits a similarreactivity toward OTS Im
decomposition, as compared to, other high surface areaimaterials and sustains higher
loadings. In addition, results suggest that due to the lackfgorosity, low degree of surface
curvature, and the increased loadings obtained, that the fous silica, provides a more
representative support material for the determination ofdading information for comparison
to the Ims produced on planer substrates. This support hasden utilized to determine the
in uence of annealing environments on the thermal stabilit of OTS Ims. It was shown
that Ims annealed under an air environment decomposed at \ier starting temperatures
and to a greater extent than those annealed under inert atmpbleres. This support will
enable future examinations of the in uence of di erent annaling procedures and annealing

environments.

64



Chapter 5
OTS Island Formation on Topographical Asperities: Implicions Toward Tribological

Response

5.1 Motivation

To date, the interfacial phenomenon responsible for caugrstiction, friction, and wear
hinder the commericialization of MicroElectroMechanicalSystems (MEMS) [50, 114{117].
Consequently, substantial research has focused on ways tem@ome the interfacial phe-
nomenon by controlling the topography and the chemical conggition of the contacting sur-
faces [6,118]. The most common method for overcoming thearfacial interactions focuses
on tailoring the surface properties with self-assembled molayers (SAMs) [11]. Octadecyl-
trichlorosilane (OTS) monolayers have recieved considéla research and attention [2,19{22]
with demonstrated success for tribological improvement [83,68]. Unfortunately, variation
in the amount of tribological improvement a orded by these Ims has been identied as
the Ims have been translated from smooth surfaces to MEMS daces [68,119,120]. Some
of the observed variation has been explained in terms of drences in topographical con-
tact points, associated tribological mechanisms and thergth scale of the measurement
technique [121{123]. But, reported variation exists betwen Ims produced on similar sur-
faces regardless of topographical characteristics as ayzad with the same measurement
technique [124{127].

OTS monolayer growth kinetics and interfacial properties @.deposited on MEMS sur-
faces are generally accepted from investigations of Im firation on smooth surfaces. These
investigations have revealed distinct regimes of growth dendant on formation temperature
that are di erentiated by changes in packing density, chainconformation, and orientation

with respect to the substrate [45]. Despite the revelationfdhree distinct growth regimes,
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most published literature investigating OTS monolayers fofriction and adhesion improve-
ment have relied heavily on OTS SAMs produced at room tempdrae (mixed regime). Yet,
recent works indicate di erences in friction improvementsattainable based on the phase of
OTS present. Work done by Flateret al. illustrated a disparity in friction measurements on
monolayers deposited from the mixed regime on smooth silicgurfaces. The monolayers,
which were deposited at room temperature, consisted of a riixe of the liquid condensed
(LC) phase represented by densely packed islands and a sumding disordered liquid ex-
panded phase (LE) [72]. These results showed that OTS isladesulting from a LC phase
produced a lower friction value when compared to the surroding disordered LE phase.
It was postulated that gauche defects in the chains or vacaies in the LE phase result in
an increase in friction. A congruent study by Masukeet al. showed that the friction re-
ducing performance for an OTS monolayer on a smooth silicorafer corresponded to the
SAMs molecular density and the degree of molecular orientah [128]. The importance of
the deposition temperature on OTS Im formation is evident vith di erent friction charac-
teristics obtainable based on the phase present. It is sugped that some of the reported
variability in friction measurements as observed on simitasurfaces can be explained with
this observation.

When OTS monolayers are deposited onto MEMS surfaces, it lmeces equally important
to determine the interfacial properties, namely, molecufaarrangement and packing density
on the topographical points of contact (asperities). Resezh indicates that the packing
density of monolayers not only depend on deposition tempeuses, but that the adhesion
between SAMs and silicon oxide surfaces can vary signi caytwhen assembly takes place
on surfaces with curvature as compared with at surfaces [92130]. Molecular dynamics
simulations of SAMs under compression have shown, duringetlinitial stages of compression
by an asperity, that without strong lateral chain-chain interactions that gauche defects within
a monolayer appear and begin to propagate, reducing overalider within the Im [131]. The

loosely packed nature of a disordered Im increases the fiignal forces. Thus, understanding
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the relationship between monolayer order on the contactingsperities may help predict their
ability to act as lubricant Ims for MEMS.

An example AFM image for polysilicon is shown in Figure 5.1 ahillustrates the to-
pographical complexity associated with MEMS devices. A lanscan shows the inherent

roughness of these surfaces and gives a better representatior the surface features in

contact during friction measurements.

y [nm]

2 3 4 5
x[um]

Figure 5.1: Example polysilicon surface and line pro le ofusface roughness

67



Unfortunately, limitations exist in the ability to identif y what phases are present on
the topographical features, due to an inability to inspect e exact location of the mono-
layer coating. Atomic Force Microscopy (AFM) is a valued teenique for topographical
investigation and has been successful in monitoring the gvth mechanisms and coating
qguality on smooth surfaces [2, 21, 30,132, 133]. But with aeld topographical roughness,
AFM, can not be readily utilized to examine the submonolayeto full monolayer growth
process on technologically relevant substrates, such aslymoystalline silicon. Generally,
the monolayer characteristics remain hidden and undisceahle from the underlying surface
roughness. Consequently, alternative techniques are emydd to obtain information about
the OTS Im quality on surfaces with inherent roughness anddr curved surfaces. Techniques
such as FTIR [44,134], micro-gravimetric analysis [135] dnTGA [29, 112] have provided
structural information such as lateral packing density (lading) and orientation. However,
the data obtained is only indicative of the average or bulk Jaes, and rely on certain assump-
tions about packing density for calculations. They can notaveal details about how the Ims
exist on individual asperities. Recently, Bustet al. showed that Kelvin Probe Microscopy
could be utilized to study OTS Im formation on polysilicon surfaces. Their work focused on
obtaining contrast between the LC and LE phase on polysilicosurfaces. Results suggested
that partial OTS Ims formed at low temperatures preferentally deposited along the grain
boundaries of polysilicon, leaving the topographical feates uncoated [45]. The reason for
this prefential absorbtion was not completely investigat® and warrants further research.

In this investigation, OTS Ims deposited from the liquid candensed phase, are applied
onto surfaces of varying topographical complexity to examé molecular assembly as in u-
enced by surface asperities. A MVD silica surface, amenalite FTIR analysis, known to
support the same growth mechanisms of OTS monolayers [136] @mpared to traditional
silicon surfaces is utilized. This surface enables a tunabtlegree of surface roughness with
additional control over di erent topographical asperities (i:e: peak sizes, peak shapes). In

order to provide topographic contrast for AFM imaging, an ethant technique is developed,
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which as described, removes only the MVD deposited silicaahis not “protected’ by densely
packed OTS islands. The Im characteristics on the MVD silia surfaces are compared to
Ims produced on an oxidized Si(100) surfaces as examinedawllipsometry, contact angle

analysis, atomic force microscopy (AFM), and FTIR.

Experimental Details
Materials

Silicon wafers, p-type, with (100) orientation were obtaiad from University Wafer
(Boston, MA). Octadecyltrichlorosilane and tetrachlorogane were obtained from Gelest,
Inc. (Morrisville, PA) and used undistilled. Concentrated hydro uoric acid (HF, 49%),
acetone, isopropanol, and Optima grade hexanes (0.01% waterere obtained from Fisher
Scienti ¢ (Fair Lawn, NJ). Deionized water (18 M -cm) was obtained from a Millipore

Itration system.

Methods

Cleaning methods, MVD silica layer formation, and OTS monaler formation tech-

niques for the various samples have been previously desedbin Chapter 3.

Etching Process

A dilute solution of HF is utilized for the removal of exposedsilica. This solution is
made from a 1:700 v/v HF:Deionized water. Each sample was @led to etch for 1 minute
and removed from the solution and then rinsed with copious amnts of Deionized water.
The samples are then dried under a stream of nitrogen. Moretdéds are provided in the

sections that follow.
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5.2 Introduction of an Etchant Procedure for Obtaining Topo graphical Con-

trast with AFM Imaging

In order to provide topographic contrast for AFM imaging, a mique etchant technique
was developed and utilized, which removes only the MVD degdted silica that is not “pro-
tected' by densely packed OTS islands. This work was promptdy studies done by Komeda
et al. [137] using a similar methodology to reveal properties of ¢hSiO, near the SiG/Si
interface.

Our study utilized, ATR-FTIR and AFM analysis to examine OTS Im characteristics
as in uenced by exposure to a dilute HF etchant. This invesgjation included examination
of both submonolayer Ims and full monolayers deposited ataom temperature deposition
(mixed regime LC and LE phases) conditions and those depasit at reduced temperatures
T=10 C (LC phase). A comparison was made to Ims deposited on MVDI&a surfaces and
traditional oxidized (Si(100) surfaces). Etch rate was dermined for the various MVD silica
morphologies, indicating that an etch time of 1 minute was scdient to remove exposed
MVD silica providing contrast for OTS Im investigation wit h AFM. It was determined
that the dilute HF etching technique had no in uence on a fullmonolayer Im regardless of
formation temperature, but distinct di erences were obsemble in the submonolayer growth
regime.

Two cases are presented to illustrate the use of the etchingogedure. The rst case
consists of two experiments examining a 20 second submorelaOTS deposition at room
temperature (mixed regime) on a bare oxidized silicon ATR ahon a MVD silica layer coated
oxidized silicon ATR. The bare oxidized silicon surface had 0.2 nm RMS roughness and
oxide thickness of 1.9 nm and the an AFM images of this surfaée illustrated in Figure
5.3A. A MVD silica layer was deposited onto a second oxidizesilicon ATR and is referred
to as MVD silica 0 with an oxide thickness of 30.0 nm and a 1.0 nRMS roughness. An
AFM image of the MVD silica layer is shown in Figure 5.4A. Theecond case consists of two

experiments examining a 20 second submonolayer OTS Im degption at 10 C(LC regime)
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on a similar oxidized silicon ATR surface and a second ATR tliavas coated with same
MVD silica layer previously detailed.

For the FTIR analysis, the background spectra for the OTS lsind coated MVD silica
layer was the \as deposited” MVD silica layer and the backgund spectra for the silicon
oxide layer was a clean plasma oxidized silicon ATR crystalithh 2.0 nm of oxide. To char-
acterize the conformational order of the octadecylsiloxamonolayers, we use the methylene
stretching modes as a benchmark. On a native silicon oxiderface the frequencies of the
methylene antisymmetric and symmetric stretches are in theange of 2915-2920 and 2846-
2850 cm 1, respectively, for alkyl chans in all-trans conformation wth extended chains and
shift toward 2928 and 2856 cm', repectively when the chains are in a liquid like disordered
phase [110].

We have previously demonstrated that the growth process ofctadecyltriclorosilane
(OTS) Ims on MVD silica layers from submonolayer coveragea full monolayer deposi-
tion are consistant with the growth mechanisms found on oxided silicon surfaces [136].
Brie y, this work showed that when OTS Ims are deposited at educed temperatures, the
molecules densely assemble at the early stage of formatiordayrow two dimensionally with
the same packing density representative of an all trans cammation and as the immersion
time increased there was a monotonous increase in coveragth\a continued all trans con-
formation [36]. The OTS Ims prepared at room temperature a& notably di erent. The
intensity of the peaks also increases in proportion to incasing the immersion time indicating
a density increase. But, there is a decrease in the wave numiné the methylene antisym-
metric and symmetric stretches ranging from 2919 and 2852 ctat the lower immersion
times to values at higher immersion times of 2918 and 2850 chindicating the formation
of a more ordered Im as Im growth progresses. Additional iformation was obtained by
examining the peak widths as a function of immersion time. Fdhe reduced temperature

case, the peak widths remain relatively constant regardie®f immersion time. But, for the
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room temperature case the peak widths at lower immersion ties are very broad and be-
come more de ned as the deposition time increases. This iease in peak width for the room

temperature case compared to that of the 10C case was indicative that the monolayers pro-
duced at room temperature exhibit both a LE phase and LC phasemultaniously evidenced

by conformationally ordered and disordered chains. The santrends were observed for the
cases presented here.

The FTIR spectra shown in Figure 5.5 illustrates the in uene of the etchant on OTS
submonolayer Ims by examining the methylene antisymmetd and symmetric peaks before
and after the contrast enhancing etchant procedure. For th20 second room temperature
case on the oxidized silicon ATR crystal the methylene antysnmetric and symmetric peaks
are very broad and shifted to a higher wavenumber indicativef a more disordered Im
exhibiting characteristics of both a LE phase and LC phase. he same trend is evident for
Ims grown on the MVD silica layer, but the broadening e ect is greater suggesting that
a higher degree of disorder exists on this Im. It is suspedlethat this higher degree in
disorder is associated with the increased roughness asated with the MVD silica layer in
this study. After the etchant treatment, the methylene antsymmetric and symmetric peaks
shift to 2918 cm ! and 2850 cm?! and the broadening e ect is diminished, which is more
in agreement with alkyl chans in all-trans conformation. Tlese results further suggest that
the LE phase was removed with only the LC phase remaining agicated by peak location.
An AFM image of the OTS Im after the etchant treatment is presented in Figure 5.4B,
consisting of nothing but the remaining LC phase. Prior to tk etchant treatment the AFM
image was uninformative and did not allow for visualizatiorof the OTS deposition.

Figure 5.6 shows the results of a 20 second 18 OTS Im deposition on both the
oxidized silicon and the MVD silica layer before and after th etchant treatment. In this
instance the methylene antisymmetric and symmetric peak®emain constant regardless of
the etchant treatment on both surfaces. This result indicags that the etchant procedure

does not remove densely packed OTS Islands. An AFM image oktl0 C deposition case
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on the MVD silica layer is presented in Figure 5.4C. After theetchant treatment, the OTS
coated MVD silica layer consists of densely packed islandmsgar to those found on a smooth
silicon surface under the same deposition conditions.

Our work has therefore con rmed that after dilute HF etching the OTS Ims deposited
at reduced temperatures on both the native oxide surfaces @mMVD silica layers remain
unchanged. But, the Ims produced in the mixed regime were tmd to be susceptable to
selective removal of the disordered phase. It was conclud#deht the packing density for
OTS Ims contributed to the dierences. It is also noted that the MVD silica layer has
a higher degree of surface roughness in comparison to Si(j180rfaces and the degree of
disorder is increased on this surface under room temperaguconditions, but for the reduced
temperature case no change in monolayer order is observedeafetching. Ultilizing the
dilute etchant procedure allows for an increase in obtainéb contrast for AFM imaging by
removing MVD silica layers not protected by a densly packed Ts phase. This technique was
utilized for the remainder of this work focusing on submonayer Ims produced at reduced

temperatures providing topographic contrast for AFM imagng.

5.3 Reduced Temperature Deposition of OTS Films as In uence d by Surface

Topography

In this work, densly packed octadecyltrichlorosilane istals resulting from low temper-
ature deposition conditions, are deposited onto native gibn oxide surfaces and onto silicon
oxide surfaces created via molecular vapor deposition (MJDA two-dimensional AFM scan
of a clean silicon sample after the pre-deposition oxygenagima treatment can be seen in
Figure 5.3A. The cleaning procedure detailed in Section 312produces a clean, at silicon
oxide surfaces, as evidenced in the gure. Various MVD siliclayers exhibiting di erent
topographies were produced for this study. The procedure stibed in Section 3.2.1 pro-
duces a thin, rough, silica-like surface which is very ricmireactive sites for further surface

modi cation by organosilane chemistries [138]. After sitia layer deposition, samples are
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characterized with ellipsometry, contact angle analysignd AFM. For simplicity, the vapor
grown silica layers examined in this section of work are laleel as MVD Silica 1 - MVD
Silica 5 and the native oxide surface is identi ed as Si(10@xide.

Relevant data for Ims deposited on the clean silicon oxideusface and for Ims deposited
on the MVD silica layer surface are given in Table 5.1. In thisvork the MVD silica layer
surfaces range from 10-35 nm thick with RMS roughness valuemging from 1.0-6.0 nm.
Due to the non-uniform nature of the silica layer surface, #standard deviation of a data set
of multiple ellipsometric measurements of silica layer tbknesses is on the order of1:0 nm.
Such a large standard deviation for the MVD silica layer thikness makes it impossible to
determine the true thicknesses for the Ims deposited ontdie MVD silica layer surface, since
the precursor used in this study form Ims with thicknesses foroughly three nanometers or
less. Asis evidenced in the Table 5.1, all silica layers ekltia contact angle of< 5 indicative
of a hydrophillic surface capable of sustaining OTS monoley growth.

It is interesting to note that AFM measurements performed ordi erent morphological
silica layers often yeilded the same RMS roughness valueshi§ is demonstrated in some
of the examples shown in this work. In order to illustrate thetopographical di erences
in a more pronounced manner the AFM images were transformedto three dimensional
representations on a slightly magni ed scale. This is illusated in Figures 5.7A-E. The
scaling of these images were arbitrarily set in order to givan easier comparison of the
data. Rendering the images in this fashion allows for an easirecognition of the distinct
di erences in topographical asperities, that would remaimnnoticed, if only RMS roughness
values were compared.

After initial characterization the silica layers were moded with a submonolayer OTS
Ims deposited from the liquid-condensed phase (10C for 20 seconds) as presented in
Section 3.2.1. The atomic force micrograph shown in Figure3B, shows the OTS islands
obtained on a native oxide Si(100) surface. Island growth wallowed to proceed until islands

formed at an intermediate size of 1 to 2 m. It has been shown that additional ordering of
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SAM molecules occurs in islands in this size range due to a reaaomplete cross-linking or
covalent bonding to the substrate, which eliminates rotatinal defects or other con rmation
or changes [45].

As shown in Figures 5.8A-E, partial OTS monolayers grown fro the liquid condensed
phase on the MVD silica layers, are readily observed after ¢hetching process with AFM
imaging. It is evidenced from the AFM images that the OTS degmsition is di erent on all the
surfaces illustrated. At low roughness values, illustratein Figure 5.8A, the islands appear
to form unrestricted and similar to those observed on the nate oxide surface as shown
in Figure 5.3B. As the MVD silica roughness values increas&) Figure 5.8B-E, islands
preferentially deposit in the lower portions of the topogrphy (valleys) with the highest
points (asperity peaks) being selectively removed durindgné etching process. This removal,
as previously described, is attributed to the presence of et density disordered Im present
on the highest points.

In addition, the MVD silica layers illustrated in Figures 58A-E maintain observable
di erences in the shape of the topographical asperties. Fexample, the MVD silica layers
identi ed in Figure 5.7C and 5.7D have similar RMS roughnessalues as measured with
AFM. The topographical asperities associated with the s@a layer as represented in Figure
5.7C have a sharper topographical peaks in comparison to 8®in Figure 5.7D that appear
more rounded. Increased OTS Im coverage is observed on trmunded topographical peaks
as shown in Figure 5.8D than on the sharper peaks shown in Figu5.8C. The same trend
is observed when comparing the sharp peaks associated witigl¥e 5.7E in comparison to
those on Figure 5.7D with island adsorption location showmiFigure 5.8D-E. This indicates
that OTS Im deposition is in uenced by the asperity curvature. As a result more of the
densly packed Im is able to form on the topographical aspdiés that maintained a more
gradual rise in the slope of valley to peak. Thus, the highehe peak curvature the less
likely densly packed islands form suggesting a correlatidretween the shape and size of the

asperity.
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As illustrated in Figure 5.9, it is hypothesized that the asprity curvature inhibit e ective
chain-chain hydrophobic interactions, which ultimately gabilize the islands. As a result, a
decrease in the packing density allows the etchant to penate between the OTS chains and
attack the exposed silica layer, suggesting that little to @ deposition of the high density
OTS phase occurred on the highest points of the topographicasperities of high curvature.
A 2-dimensional representation of this hypothesized e eds illustrated in Figure 5.9. It is
concluded, that the OTS chains will have a higher crosslinkg probability with asperities of
lower curvature.

A similar conclusion was observed by the work of Wangt al. in analyzing OTS mono-
layer adsorption on the surface of spherical particles. Thiwork derived a means to estimate
the e ciency of space occupied by \ideal" all-trans octadegl chains at full surface coverage
as in uenced by surface curvature [112] for spherical powdanalysis.

The packing e ciency, with which the molecules occupy the aailable volume is de ned
as V/Vs. If it is assumed that the octadecyl chain is in an all-transigid rod (comparable
to OTS molecules) then the length can be assumed at 2.0 nm anass section of 0.2nf)
then the number of OTS moleculesN, which can be accommodated on a d-nm spherical
particle, is d?/0.20 and the total volume V, occupied by theN molecules, is 2d?. The
volume available for occupation by the OTS moleculed/fs, is [(d+4)3 d®]=6 soV=\4 is

calculated according to the following equation (taken fromef.( [112]):

vV o1
VRl CEY R 1)

This model was used to explain how, the curvature of the silicparticles creates free
volume between the chains, and how the resultant di erencen free volume can thus a ect
the packing of the OTS alkyl chains, nding that in the case othe 7nm patrticles, only 60%
of the available volume is in fact occupied by the OTS moleas, whereas 90% and 96% is

occupied for the 40nm, and 106nm beads, respectively.

76



If the topography of the surface is considered to be made up spherical particles
of varing radius of curvature (hemispherical in this case)hen a limiting value of 400 nm is
necessary for 99% coverage with much higher values neces$ar 100% coverage. Obviously,
this is a simplistic explanation and can not be quantitativey determined from measured AFM
values and would prove even more di cult to approximate on a plysilicon surface with a
multitude of asperity dimensions. The MVD surfaces represted here show di erences in
the saggital curvature and transverse curvature of the swate asperities and limit the validity
of surface curvature models for determining optimal packghdensity.

In addition to the preferential adsorption described, the Ims evidenced increasing ex-
tents of OTS island coverage under the same adsorption cotioins corresponding with in-
creasing MVD silica layer thickness. This observation is ggestive of an increase in surface
reactivity associated with thicker MVD silica coverages. Tis e ect is presently under in-
vestigation and will be the subject of future reports focusg on the interfacial water layer
found on the MVD silica layer under adsorption conditions ath its possible contribution to

this observation.

5.4 Conclusions

In this work Atomic Force Microscopy was utilized to invesigjate the formation of OTS
Ims on surfaces exhibiting various topographical aspeligs. A dilute etchant technique is
introduced, providing topographic contrast, for AFM imaghg by removing only the MVD
deposited silica that is not \protected" by densely packed ©S islands. Preferential Im
formation is observed in the lower regions of the MVD silicausfaces with the highest points
(asperity peaks) being selectively removed during the etaht process. This removal is at-
tributed to the presence of a low density disordered Im presnt on the highest points. The
extent of coverage to the surface asperities is suspecteddiepend on the curvature associ-
ated with the asperities. With increasing asperity curvatte (sharpness) e ective chain-chain

hydrophobic interactions are reduced resulting in a decrsa in packing density allowing the
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etchant to penetrate between the OTS chains and removing thexposed MVD silica layer.
From these results, it is determined that the LC phase do noteposit uniformly on the asper-
ities. Based on this conclusion and due to published literate investigating OTS monolayers
for tribological improvement on MEMS devices, it is suspeet that the LC phase will de-
posit di erently on every surface investigated and be depelant on the overall pro le of the
asperities. It is postulated that this is a contributing fador for why friction measurements
vary from group to group and sample to sample on MEMS device$he results warrant fu-
ture consideration when trying to utilize OTS monolayers, &gardless of temperature regime,

on rough surfaces.
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MVD Silicon Oxide OTS Island Layer
CA | Thickness @) | RMS (nm) | CA | OTS Thickness @)
Si(100)oxide <5 18.6 0.17 85.4 26.2
MVD SilicaLayerl | <5 119 1.55 92.3 26.4
MVD SilicaLayer2 | <5 175 1.89 92.2 28.5
MVD SilicaLayer3 | <5 211 3.96 94.0 254
MVD SilicaLayer4 | <5 255 3.97 88.3 24.4
MVD SilicaLayer5 | <5 316 6.30 914 27.3

Table 5.1: Water contact angle (CA), thickness, and RMS roumess (RMS) for deposited
Ims.
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Figure 5.2: (Right) Simpli ed schematic of MVD system (Lef) Photograph of MVD Silica
system.
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Figure 5.3: Two dimensional AFM scans of (A) a clean silicorugace, RMS roughness is
0.14 nm, and (B) 20 second OTS island Im deposited on clearlison surface \A".
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Figure 5.4. (A) AFM image of a MVD silica layer surface with thickness of 50.0 nm and
a RMS roughness of 1.00 nm. (B) AFM image of a 20 second OTS dspion at room
temperature on surface \A" after 60 seconds of etching. (C) AV image of a 20 second OTS
deposition at 10 C on surface "A' after 60 seconds of etching.

80



1 Room Temperature
0.100 D-e.posmon on MVD
Silica Layer

Room _T_emperature V4(CH,)-2918cm”
Deposition on
Oxidized Silicon
ATR Crystal

0.001

Vs(CH,)-2918cm™

- -1|
V4(CH,)-2850cm™ /<(CH;)-2850cm

Before Etch

Abs. (a.u.)
Abs. (a.u.)

Before Etch

After Etch

3000 2950 2900 2850 2800

3000 2950 2900 2850 2800
Wave Number (cm™)

Wave Number (cm™)

Figure 5.5: FTIR analysis of 20 second room temperature OTSland |Im deposition on an
oxidized silicon ATR and on a MVD silica layer before and afteetching.
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Figure 5.6: FTIR analysis of 20 second 10C OTS island Im deposition on an oxidized
silicon ATR and on a MVD silica layer before and after etching
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Figure 5.7: (Left) Two-dimensional representation of AFM dta A-E of MVD deposited silica
layers. (Right) Three dimensional representation of AFM dia A-E on MVD deposited silica

layers (2 x 2 m) represented. Scaling arbitrarily set to highlight data.
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Figure 5.8: (A-E) 20 second OTS island Im deposition on MVD itica surfaces of varying
roughness and topography after exposure to etchant proceeu
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of OTS molecules.
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Chapter 6
In uence of MVD Surface Topography on Interfacial Water Lagrs- Implications Toward

OTS Monolayer Formation

6.1 Motivation

The adsorption of water under ambient conditions has an imptant role in interfacial
reactivity of surfaces. These surfaces adsorb water eithenolecularly or dissociatively, with
strongly bound surface hydroxyl groups acting as chemicgllreactive groups in uencing
surface properties like surface energy, chemical reactyyicatalytic activity, surface charging
and adsorption and desorption of foreign molecules [139]hé& thickness of the water Im at
sub-saturation conditions depends critically on the stregth of the chemical bonds of water
to the substrate, as well as hydrogen bonds between water reoliles within the adsorbed
water layer. The properties of these thin water Ims, in partcular their thickness, structure
and hydrogen-bonding to the substrate, as well as, within gawater Im are up to now not
understood very well [140]. Investigations on smooth siba oxide surfaces by Asay and Kim
revealed changes in the molecular con guration and thickse of this adsorbed water layer
as a consequence of increasing humidity [90], indicatingetlpresence of an interfacial water
layer with ice-like and liquid like bonding characteristis.

The behavior of water next to any surface is a result of the dehte balance between
long-range interactions, the short-range water-surfaceams interactions, and the driving
force for water molecules to keep their hydrogen bonds netantact. Although the short
range interactions are not expected to depend signi cantlgn the morphology of the surface,
the hydrogen bonding network is quite sensitive to this aspe as has been demonstrated, by
recent molecular dynamics simulations where the issue ofdrpgen bonding at interfaces is

directly examined [141,142]. Studies by Trakhtenbergt al. of ice layers deposited on smooth
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surfaces have revealed that the average interaction betwethe adsorbed water molecule and
the surface is weaker than on a rough one. This is due to the fabat if the roughness is
on the dimension of a few molecules, the adsorbate interacitiwseveral sites on the surface
simultaneously. On the other hand, on the smooth surface thiateraction is only with a
single site indicating that on a smooth surface, the water niecules distribute more evenly.
As a result, on a smooth surface, the adsorbed water moleculare more free to move and
can arrange themselves in the most stable con guration. Itds also been indicated that
due to the relatively weak adsorbate surface interactionnithe case of smooth surfaces, the
adsorbate desorbs from the surface at lower temperature gl4In the case of a rough surface,
water penetrates through structural irregularities on thesurface allowing the water molecules
to interact more with the surface and the surrounding chainsand therefore remain on the
surface [144].

Researchers focusing on OTS monolayer formation have inalied, that the amount of
water present on a silica surface, in uences the formation @eshanism and monolayer Im
properties. Most of these investigations have relied on ligurface area materials to quantify
water levels, but little analysis is performed to quantify he bonding structure of water asso-
ciated with the interfacial surface on planer substrates. Arough the use of a tunable MVD
silica layer, we have produced thin silica surfaces of vang morphological characteristics
that can be probed with FTIR to examine the interfacial regims. As described is section
4.2.1, the MVD silica layer has been shown to support a more tersive hydrogen bound
water layer than traditional silicon substrates with a comprable reactivity toward OTS
monolayer formation mechanisms, suggesting a link betwearter availability and surface
reactivity. This investigation, however, examines only o& surface type. The investigation
in section 5.2 shows that, island adsorption amounts incread, as a result of an increase in
MVD silica layer thickness regardless of RMS roughness vaki At low roughness values, as
illustrated by sample A in Figure 5.8, the islands appear toeposit unrestricted and similar

to the native oxide depositions as shown in Figure 5.3B. At gher roughnesses, the islands
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appeared to deposit more restricted to the lower portions dhe topography (valleys). The
in uence of substrate roughness on the reactivity of the imrfacial water layer remains an
unde ned parameter. The work described in this Chapter attepts to determine if substrate
morphology in uences the interfacial water layer that exits on the surface of MVD silica

layers under adsorption conditions and thus its reactivity

Experimental
Materials

Silicon wafers, p-type, with (100) orientation were obtaiad from University Wafer
(Boston, MA). Tetrachlorosilane were obtained from Gelestinc. (Morrisville, PA) and
used as received. Concentrated hydro uoric acid (HF, 49%@gcetone, and isopropanol were
obtained from Fisher Scienti ¢ (Fair Lawn, NJ). Deionized vater (18 M -cm) was obtained

from a Millipore Itration system.

Methods

Cleaning methods and MVD silica layer formation schemes ftite various samples have

been previously described in Chapter 3.

6.2 Results

Here, we present new evidence on the e ect of surface topoging on the structure and
thickness of vapor deposited water layers. Various MVD gila layer surfaces are deposited
onto plasma oxidized silicon FTIR crystals and exposed to 45% relative humidity. FTIR
analysis of the interfacial water provides information wit regards to the bonding structure
and thickness of layers. It is known that water can form a vaipg degrees of a hydrogen
bond networks depending on the physical and chemical conidits of the environment. When
water is completely self-associated, each water moleculashfour hydrogen bonds with its

nearest neighbors forming a tetrahedral arrangement as denhced on a smooth silicon oxide
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surface. This is usually seen in crystalline ice structureschibiting a broad vibrational peak
at 3250 cm ! at or below the freezing point. Above the freezing temperata, the most
thermodynamically stable structure of condensed water ishé liquid form. In the liquid
phase, the water molecule has on average two to three hydrageonds and exhibits a broad
vibrational peak at 3400 cm*.

In this work four MVD silica surfaces of varying topography ad thickness are presented.
The vapor deposition of MVD silica onto silicon oxides restd in the formation of a robust
silica layer ranging in thickness from 18.0 nm to 65.0 nm thi¢ as determined by ellipsometry
on coated silicon substrates. AFM micrographs of the varigusilica Ims are shown in the
inset views in Figure 6.2 through Figure 6.5. We obtained seral images of area 5.0m x 5.0

m for each substrate. The roughness values given represené taverage over three images.
The RMS roughness values range from 1.5 nm to 5.6 nm with a maesment deviation of
0:1 nm.

The results of water adsorption onto the surface of the MVD Bta-modi ed silicon ATR
crystals are presented in Figure 6.2 to Figure 6.5. The MVDIgia layers are utilized as the
background spectra. The presence of the MVD silica layer ommé surface determines the
depth of penetration of the evanescent wave, but the silicayer itself is considered impervious
to liquid water. In order to determine the thickness of bulk \ater that the evanescent wave
interacts with, the thickness of the silica layer is subtraed from the depth of penetration
of the evanescent wave. For example, for the silicon/siliceystem representing in Figure
6.2, the depth of penetration is approximately 505 nm at a 45angle of incidence. In this
experiment, the silica layer is 18.0 nm thick. This means thahe adsorption measured
for a bulk water sample on a silica Im corresponds to 487 nm afater (505.0-18.0 nm)
at 1632 cm ! as measured with FTIR. All thickness calculations were badeon bulk water
adsorptions calculated in this manner.

The data set presented represent water adsorption at 45% aéilve humidity consistent

with humidity conditions indicated for uniform OTS monolayer deposition on smooth silicon
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oxide surfaces. The data in Figure 6.2 through Figure 6.5 shathat the adsorbed water
layer that exists on the MVD silica coated surfaces are drartieally di erent from sample to
sample. In fact, water adsorption thicknesses range from33nm to 12.69 nm. The structure
is dominated almost entirely by ice-like water in all four caes. But, the extent of hydrogen
bonding, as represented by the shifting of the ice like adgiiion peak at 3200 cm?, indicates
signi cantly di erent bonding strengths between the waterand the MVD silica layer, as a
consequence of, di erent sample morphologies.

Data from Figure 6.2 was previously presented in Section 4&hd illustrates a MVD
silica layer that is 18.0 nm thick with a RMS roughness of 1.5m that was compared with
water adsorption on a traditional silicon oxide surface. Té absorption spectra for bulk water
on the MVD silica layer is presented, scaled down in size, tdl@v for a comparison of peak
positioning. The arrows are representative of the 3250 and@0 cm ! peaks associated with
an ice like and liquid like structure, respectively and the ater adsorption band located at
1632 cm ! represent water bending modes. The structure of the adsobwater on the MVD
silica layer was dominated by ice-like water. Furthermorethe ice-like water structure had
an absorption peak centered near 3119 chy which is 127 cm?® lower than the ice like peak
associated with silicon oxide. It was concluded that more abrbed water was on the surface
of the MVD silica, which was more tightly bound compared to tat existing on traditional
silica surfaces. This was evidenced by a water absorbancedpum dominated by an ice-like
structure shifted to lower energy, greater signal intengitas compared to bulk water on the
smooth silicon oxide, and a similar reactivity toward OTS moolayer formation.

The MVD silica layer in Figure 6.5 is 36 nm thick with an RMS roghness of 5.6 nm and
showed the highest shift in the absorbance spectrum with plegositioning of 3107 cm?,
which is 143 wavenumber less than the peak associated witle ike water on smooth silicon
oxide surfaces. The peak positioning for the interfacial wer observed on MVD silica layer

in Figure 6.4 and in Figure 6.3 were 3183 cm and 3225 cm!. These MVD layers had
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measured oxide thicknesses of 65 nm and 30 nm with a RMS roughkses of 4.8 and 2.6 nm,
respectively.

Trakhtenberg et al. performed FTIR analysis of pure ice and found two forms of ice
distinguished by their FTIR spectra: an amorphous form, whth is characterized by a peak
at about 3250 cm ! with a shoulder at about 3400 cm?, and a partially crystalline form,
which exhibits an absorption peak at about 3230 cnt with two shoulders at about 3150 and
3350 cm ! [143]. Additional structural investigations have found, ¢e like water molecules
absorbing with a preferential structure have been shown toxbibit IR characteristics mea-
sured at 3050 cm? as a consequence of surface eld [105]. The results presdnter this
work are more in agreement with the absorbance values chatetizing a partially crystalline
form of ice vs. the amorphous form found to exist on smooth igibn oxide surfaces. In fact,
all of the water spectra associated with the MVD silica layesuggest a partially crystalline
form of ice present with varying degrees of hydrogen bondirap the surface at 45% humid-
ity. This shift to lower energy indicates the interfacial waer layer has a stronger degree
of hydrogen bonding known to induce preferential orientatin with the MVD silica-coated
surface relative to the Si(100) surfaces.

In terms of interfacial water thickness, all four surfaces aintained more water on the
surface, as compared to what has been measured on smootltaili substrates. The MVD
silica layer shown in Figure 6.2 was the thinnest MVD silicawsface with a measured oxide
thickness of 18.0 nm with a calculated interfacial water lar of 3.90 nm at 45% relative
humidity. The thickness of water measured on the thickest MB silica (65nm) layer was
12.7 nm thick at 45 % relative humidity, a value that is approxmately 25% greater that
the amount measured on a smooth silicon oxide surface at 98%lative humidity. The
interfacial water layer thickness trended with increasinghickness of the MVD silica layers.
The values obtained for the MVD silica layers shown in Figusee6.3 and in Figures 6.5 with

silica thicknesses of 30 nm and 36 nm, respectively yieldstermamounts of 11.0 nm and 10.0
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nm. The thickness values of the MVD silica layers are withinhte experimental variance for
the ellipsometric technique and are considered to be veryslar.

The roughness values associated with the MVD silica layereabetween 7 and 25 times
higher than those measured on a clean silicon oxide surfatehas been suggested by other
researchers that in the case of a rough surface, structuratagularities on the surface allow
water molecules to interact more with the surface forming a ame tightly bound network
[144]. Based on the data, it is postulated that the dierent 8ica morphologies exhibit
varying degrees of hydrogen bonding which are dependent ompbgraphical morphology.
As explained in a Section 4.2 water found in nanoscopic reg® are known to exhibit a
more structured water character with thermodynamic properes di ering from the bulk.
Again, the con nement length scales for the water existing étween the solid surfaces as
experienced in this system is greatly over examined and the uence of nanoscopic regions
is indistinguishable from the interfacial water.

No direct correlation between the degree of hydrogen bondjnthe measured RMS rough-
ness and interfacial water layer thickness values could beuhd. The only trend identi ed
was between increasing water amounts and the MVD silica laythickness. This is best illus-
trated in Figure 6.1 showing all four samples over layed at thsame 45% relative humidity.
This gure shows that as the thickness of the MVD silica layemcreases the interfacial water
layer thickness increases.

Evidence shows that more water is absorbed onto MVD silicaylers as opposed to
amounts found on traditionally smooth silicon surfaces asfanction of relative humidity. Of
additional complexity, it is believed that the shifting obsrved in the OH stretching region
corresponding to di erent degrees of hydrogen bonding areterrelated to the morphology of
the surface. Although, no direct trends between interfaciavater structure and RMS rough-
ness as in uenced by speci c topographical characterissccan be deduced, it is con rmed

that the amount present vary as a function of the thickness dhe silica layer.
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Figure 6.1: ATR-FTIR Spectra of adsorbed water at 45% relate humidity on various silica
layers ranging in thickness from 18 to 65 nm. Bending mode a635 cm ! is constant but

varying degrees of hydrogen bond strength presented.
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Figure 6.2: ATR-FTIR spectra of adsorbed water on the surfacof a MVD silica layer on

an oxidized silicon ATR crystal at

45 % relative humidity. The peak positions of ice-like

3119 cm® and the position of the O-H bending mode is marked at 1632 crh [Inset View]
Corresponding AFM Image 5m x 5 m. Dotted line is a scan of pure liquid water on the
MVD silica layer scaled down in size for peak position compgaon.
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Figure 6.3: ATR-FTIR spectra of adsorbed water on the surfacof a MVD silica layer on
an oxidized silicon ATR crystal at 45 % relative humidity. The peak positions of ice-like
3225 cm® and the position of the O-H bending mode is marked at 1632 crh [Inset View]

Corresponding AFM Image 5m x 5 m.
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Figure 6.4: ATR-FTIR spectra of adsorbed water on the surfacof a MVD silica layer on
an oxidized silicon ATR crystal at 45 % relative humidity. The peak positions of ice-like
3183 cm® and the position of the O-H bending mode is marked at 1632 crh [Inset View]

Corresponding AFM Image 5m x5 m.
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Figure 6.5: ATR-FTIR spectra of adsorbed water on the surfacof a MVD silica layer on
an oxidized silicon ATR crystal at 45 % relative humidity. The peak positions of ice-like
3107 cm?® and the position of the O-H bending mode is marked at 1632 crh [Inset View]

Corresponding AFM Image 5m x 5 m.

6.3 Conclusions

MVD silica surfaces varying in RMS roughness values and drent thicknesses are pre-
sented. Water adsorption onto the MVD silica surfaces chaeg as a consequence of di erent
morphological characteristics with increasing water thimess as a consequence of increasing
MVD silica layer thickness. All of the MVD silica layers exhbit FTIR characteristics repre-
sentative of an oriented highly hydrogen bound water layefThe amount of water absorbed
onto the MVD silica layers was signi cantly higher than, wha has been previously reported
on smooth silicon oxide surfaces, with measurable variabjl from surface to surface. The
extent of hydrogen bonding is shown to contrast, suggesting/ater layers are more tightly
bound to some samples versus others. It is suspected that therface morphology is the
contributing factor for the increased water adsorption andhe varying degrees of hydrogen
bonding observed. No correlation was con rmed between theegree of hydrogen bonding,
the thickness of the MVD silica layer, and the RMS roughnessalues. The results suggest
an interdependency between the characteristics under studit is apparent from this inves-

tigation that additional considerations must be included m order to determine the surface
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characteristics responsible and possible correlationss A& consequence of this investigation,
it is postulated that the interfacial reactivity associatal with the MVD silica surfaces will
vary as a consequence of morphology adding an additional saferation for OTS monolayer

formation on rough silicon oxide surfaces.
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Chapter 7
In uence of Cleaning Procedures on Interfacial Water Layaron Silicon Oxide Surfaces-

Implications Toward OTS Monolayer Formation

7.1 Introduction

Octadecyltrichlorosilane Im adsorption on silicon oxidesurfaces is dependent on the
interfacial water layer present under formation conditios. It is known that adsorbed water
has an important role in interfacial reactivity and that the reaction of silicon oxide surfaces
with water vapor leads to hydroxylation, in uencing the reactivity and adsorptive properties.
At su ciently high relative humidities bulk water will cond ense on the surface forming thin
water Ims that can alter the electrical and ionic conductivty of the surface, its adhesive and
tribological properties, and the reactivity of the surfacéoward other gases in the atmosphere
[140]. The properties of these thin water Ims under ambientonditions are noted as di erent
from those of bulk water; for instance, the dielectric conaht of water at interfaces is about
6, compared to 78 in the case of bulk water [145] and there is eoposed existence of an
\ice like" and a \liquid like" structure that changes as a function of relative humidity [90].
The degree of hydration necessary for uniform coverage arfietrole this water layer plays
in surface attachment of OTS molecules remains unclear. Ieigeral, attempts at controlling
the surface reactivity on silicon surfaces during OTS Im famation consist of maintaining a
restricted environment to limit the amount of water present This methodology has a orded
mixed results with monolayer characteristics and qualitytdl varying from study to study.

Adding additional complexity, the choice of preparation pocedures for silica surfaces is
known to in uence surface characteristics. For example, wer adsorption is dependent on the
cleanliness of a surface- with contaminants:¢: hydrocarbons) forming a hydrophobic barrier

layers resulting in non-uniform water adsorption. Work doe by Donoseet al.. examined
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three commonly applied cleaning methods: the RCA ammoniurmed hydrogen peroxide wet
cleaning method, a water plasma cleaning method, and a UV/ome cleaning method and
indicated that clean surfaces were produced with identicddydrophilicity, RMS roughness,
and surface charge [146]. Yet, friction force measurememts the RCA cleaned surface were
found to be several times greater than the other two cleaningiethods. It was suggested
that slight deviations in surface roughness generated théogerved increase in friction due
to increased water adsorption. Sirghet al. found that small changes in surface roughness,
drastically, a ected the adhesive force measurements memsed between a silicon AFM probe
and a silicon oxide surface with surface roughness leadirya higher adhesive response for
water [147]. In addition, studies on glass and quartz surfas, have revealed changes in the
thickness and structure of bound water dependent on initiaurface treatments [148]. Various
techniques have been used to evaluate the structure and tkieess of water monolayers as a
function of relative humidity on silicon oxide surfaces [9®4, 140, 147,149] and even these
studies demonstrate a variety of di erent preparation proedures with con icting results.

A multitude of preparation methodologies are identi able n OTS monolayer literature
and to date no preferred method has been established. Ultitedy, researchers use various
methods relying on surface measurements, such as: ellipgbmy for measuring initial silicon
oxide thickness, contact angle measurements and surfaceaging techniques that examine
surface energy and RMS roughness values to ensure consisgenith what is expected of a
uniform oxide Im. There has been no examination of the intdacial water layer properties
as in uenced by preparation conditions, namely, the thickass, structure and degree of hy-
drogen bonding with the substrate. The importance of the imrfacial water layer on OTS
deposition has been established, but variation in monolayproperties exist at similar relative
humidities, as does a di erence in methodology used to preqasilicon oxide surfaces. This
work is intended to examine any structural di erences that nay exist in the interfacial water
layer as in uenced by preparation methodology on traditioal Si(100) in order to ascertain

if changes in surface reactivity occur ultimately in uenang OTS monolayer growth.
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Experimental Details
Materials

Silicon wafers, p-type, with (100) orientation were obtaiad from University Wafer
(Boston, MA). Tetrachlorosilane were obtained from Gelestinc. (Morrisville, PA) and
used as received. Concentrated hydro uoric acid (HF, 49%H§gcetone, isopropanol, Sulfu-
ric Acid A298-212 Technical Grade, and Hydrogen Peroxide i23-500(30%) were obtained
from Fisher Scienti ¢ (Fair Lawn, NJ). Deionized water (18 M-cm) was obtained from a

Millipore lItration system.

Methods

Cleaning methods and preparation methodologies for the vaus samples have been

previously described in Chapter 3.

7.2 Results

The in uence of cleaning methodology on interfacial wateralyers in terms of struc-
ture and thickness at ambient temperatures under increaginlevels of relative humidity is
described. Four di erent cleaning methodologies are applil to silicon FTIR crystals and
evaluated in terms of initial oxide thickness, RMS roughnesand contact angle. All cleaning
methodologies evidenced oxide surfaces with a €A indicative of a clean and highly hy-
drophilic surface free of surface contamination with a layef high density silanol groups on
the surface. The oxide thicknesses ranged froml.0 to 2.0 nm. The RMS roughness values
were evaluated by using AFM images of the wafer surface and reecomparable across all
cleaning procedures (RMS- 0.2 nm), but atomic resolution is not achievable with the AFM
system utilized in this investigation.

Four cleaning procedures were selected for this investigat. Three of these consisted of

a stepwise removal of native oxide followed with concurremegrowth via di erent oxidation
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techniques. This included oxidation with an RF Oxygen plasm treatment (HF-Plasma),
UV-Ozone oxidation (HF-UVOzone), and chemical regenerain of oxide with a piranha
solution (HF-Piranha). Detailed information is listed in Chapter 3 for conditions utilized
for oxide regrowth. The fourth condition was a comparison tpreviously reported data and
involved UV/Ozone oxidation cleaning of the pre-existing ative oxide (Native Oxide-UV
Ozone).

To investigate the evolution of adsorbed water, the clean aized silicon ATR surfaces
were purged with dry nitrogen, until no di erences were note in the spectra. Each dried sur-
face was utilized as the corresponding background spectm fnvestigation water adsorption
under varying relative humidities ranging from 20% to 80%. Aexperiments were run at 27

0:5 C. The adsorption of water onto the oxidized silica surfacesas conducted by varying
the relative ow rates of two nitrogen streams- one is dry andhe other is saturated with
water vapor. As described in subsequent chapters, the dataalysis method for studying the
evolution of the adsorbed water layer thickness on silicomtough ATR-FTIR spectroscopy,
is as described by Asagt al. [90]. The thickness of the adsorbed water layer is determihe
by comparing the intensity of the water O-H bending mode absption located at 1635 cm !
to the intensity of the same peak for a bulk liquid water sampgl on the same surface under
study, which is limited by the depth of penetration of the evaescent wave. The thickness
determined in this manner can be converted to the number of molayers by dividing by
the mean van der Waals diameter of water, which is 2.8290{92]. The position of the O-H
bending mode located at 1635 cnt has been shown as constant and is not in uenced by
the degree of hydrogen bonding or structure of water preseah the ATR surface [93].

The results of water adsorption on the oxidized silicon ATR rgstals surfaces are pre-
sented in Figure 7.1 to Figure 7.2. The absorption spectrarfdulk water on the oxidized
silica layer is presented, scaled down in size, to allow forcamparison of peak positioning.
The arrows are representative of the 3250 and 3400 ctnpeaks associated with an ice like

and liquid like structure, respectively and the water adsqtion band located at 1635 cm?
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represent water bending modes. For comparative purposessiicon ATR crystal was cleaned
following the method utilized in the work of Asayet al., by cleaning a native oxide layer
without initial oxide removal and regrowth. This was accomiished by UV/Ozone treatment
in air for 30 minutes and resulted in an ellipsometric oxidehickness of 1.8 nm. The results
presented are in good agreement with Asay and Kims previoysieported data.

Asay and Kim describe three distinct growth regions, which acur approximately from
0-20% RH, from 20-60% RH, and from 60-100% RH. The rst regiois dominated by the
formation of an ice-like water structure, which continuesd grow to about 20% RH, after
which point the formation of ice-like water slows, and the agbrption of liquid water begins.
Above 60% RH, no further increase in the ice-like water strtuere is observed, but the growth
is completely dominated by adsorption of liquid water. At narly 100% RH, they report an
adsorbed water layer that is approximately 10 monolayers itk (about 5 monolayers at 80%
RH).

Our results in Figure 7.1 (top) are consistent with these olesvations. The position of
the ice like peak is 3258 cnmt and the liquid like peak is found to evolve at 3400 cnt and
exhibit the same structural evolution as a consequence oftheasing relative humidity. The
range of thicknesses obtained from 20-80 % relative humigiaire consistent with reported
values revealing an average thickness at 20% RH of 0.5 nm increasing to 1.5 nm at
80% as illustrated in Figure 7.3. Studies show that a bare sibn wafer covered with a layer
of native oxide (SiQ ), maintains siloxane rings which are very stable against dyolysis,
therefore exhibiting properties more hydrophobic in natwe. It is suspected that this hy-
drophobic characteristic contributes to the observed strtural evolution of the interfacial
water. Studies of hydrophobic surfaces have revealed thaater adsorption is dependent
on surface defects with water rst nucleating on these spoti& a well ordered manner be-
coming more disordered at increasing thicknesses. Nativeide surfaces are known to exist
with defects in the SiOx structure. It is suspected that wate condenses at these defects

rst allowing for a more ice like bonding character (higher fidrogen bonding) [150] with
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subsequent layers interacting less with the surface thussgilay more bulk like properties at
increasing thicknesses.

Major di erences are identi ed between the surfaces initily treated with HF in com-
parison to the UV/Ozone treatment of native oxide. HF etchig is a common technique
found in silicon processing literature. Etching the nativeoxide (and any impurities it con-
tains) of Si(100) in aqueous HF is known to produce a hydrogé¢arminated Si surface stable
against native oxidation in air for a few hours [151]. In factstudies indicate that HF pro-
cessing creates a Si(100) surface that is detectably smoatithan the native oxide techniques
resulting in a more homogeneous post oxidation Si/SiO2 intece [152,153]. Unfortunately,
H-terminated silicon surface are active in air and if oxidabn is not controlled, surfaces can
degrade morphologically to form nonuniform oxides at roomemperature and adsorb con-
taminations [154]. In addition, Grunthaner and Maserjian dund that an HF stripped silicon
surface oxidized at a faster rate than a surface where no HFRigtwas performed [155]

A variety of techniques have been introduced to control oxation on H-terminated
silicon surface resulting in an Si/SiQ interface. The sample illustrated in Figure 7.2 (top)
was treated with HF and then RF Plasma exposed for oxide laygrowth. This treatment
resulted in an oxide layer 2.0 nm with more adsorbed water asmpared to all other cases
under study with an interfacial water thickness ranging frmm 1.1 nm at 20% RH to a nal
thickness of 2.4 nm at 80% RH. A signi cant advantage of plasmprocessing stems from
lower oxidation temperatures which minimizes dopant di ugn and the generation of oxide
defects. Unfortunately, the high electric elds present dting the processes can cause damage
to the resultant oxide, in particular, a high density of inteface traps often result [156].
It is suspected that the cleaning of the surface by oxygen @ima induces charge on the
surface [157], which can a ect the adsorbed water layer sicture [158].

The sample illustrated in Figure 7.2 (bottom) was treated wh HF and then UV/Ozone
exposed for oxide layer growth. This treatment resulted inraoxide layer measured at 2.0

nm. Hydrogen-terminated silicon surfaces, have been fouta be readily oxidized by ozone
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at low temperatures. Ciuet al. found that room temperature ozone treatment results in
the formation of various stoichiometric ratios of oxide Inms as a consequence of exposure
time with Im thicknesses measured above 1.5 nm maintainingnore bulk like properties
as represented by Si-O-Si peak frequencies [159]. This HEz@e treatment resulted in the
lowest measured thicknesses in the water structural layees compared to all other cases
with an interfacial water thickness ranging from 0.1 nm at 2% RH to a nal thickness of 0.7
nm at 80% RH. This lower level of water adsorption is again ctnibuted to the interfacial
charge associated with the oxide surface as ozone-growndesi are found to exhibit less
charge trapping as compared to other oxidation methods [160

Sulfuric-hydrogen peroxide acid mixtures (KHSO4/H ,0, aka piranha treatment) are
known to produce uniform SiOH on the surface of silicon sudas by oxidizing the con-
taminants present on the surface along with surface oxidatn, leading to the formation of a
wet-chemical oxide (SiQ ) rendering the surface hydrophilic after water rinsing, wh the
installation of SiOH groups. For the data presented in Figwe 7.1 (bottom) this technique
was used post HF etching. The resultant oxide was measured@8 nm and was the thinest
oxide analyzed. The thickness range for the interfacial wat layers was between that found
on the HF/Ozone and HF/Plasma samples ranging from 1.0 nm to.2 nm thick at 20% and
80% RH.

As evidenced, surfaces initially treated with HF passivatin display similar growth struc-
tures regardless of the oxidation treatment exhibiting icdike and liquid water peaks growing
together, and at nearly an equal rate, across all relative midities studied. In contrast, the
di erent oxidation schemes produce varying relative thickesses (amounts) of interfacial wa-
ter as a function of relative humidity. This suggests that tle interfacial water layer exists in
a similar hydrogen bound state on each HF treated surface amldat the initial conditioning
of the silicon surface determines the bonding structure. Bvious studies indicate that HF
processing creates a Si(100) surface that is detectably smttwer resulting in a more homo-

geneous post oxidation Si/SiO2 interface [152,153]. It isispected that the HF treatment
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results in a more uniform oxide Im regardless of the oxidatin methodology. The reactivity
of this surface as inferred from the \binding structure" shald be equivalent. It is speculated
that varying degrees of charging associated with the oxidan procedure are responsible for
the observed thickness di erences. Surface charging caadeto a more ordered water layer
with water molecules dipoles being more oriented in the plarof the sample with the extent
of charging a ecting the overall thickness obtained. The néve oxide surface exhibited a
di erent structural evolution, and is postulated that, thi s is due to the hydrophobic nature
of the oxide in addition to a rougher silicon oxide layer withinherent defects associated with
ozone treatment without removal of the native oxide. From SW experiments ozone expo-
sure on native oxide surfaces were found to etch the surfacedathus to a ect the surface
structure resulting in a rougher surface [156]. The evolan of interfacial water appears
more consistent with water adsorption on a hydrophobic suate this is speculated to be due

to defects and the chemistry of native Si@surface.

7.3 Conclusions

Di erent surface treatments resulted in di erent water structural layer characteristics
on oxidized silicon surfaces. Surfaces initially strippedf the native oxide showed similar
structural evolution as in uenced by the etchant and initid surface roughness. Di erent
thicknesses were observed on all HF treated samples as a egngnce of charging e ects
associated with the oxidation techniques. The native oxidsample showed a di erent struc-
tural evolution indicating a decrease in the degree of hydgen bonding as compared to the
other techniques. The thickness of the water structural lars found on the native oxide
layers were consistent with previously reported results. il@rent interfacial water structures
and thickness have been identi ed based on di erent surfadeeatments. This di erence in
absorption suggest varying interfacial reactivity in terns of the surface energy, chemical re-

activity, surface charging and will ultimately in uence adsorption of OTS molecules. These
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ndings highlight the importance of the pretreatment procelure and o er an explanation for

why variation in reported results regarding OTS Ims still exist.
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Figure 7.1: ATR-FTIR spectra of adsorbed water on the surfacof an oxidized silicon ATR
crystal at increasing relative humidities. (Top) Native oxde exposed to a 30 minute UV
ozone treatment with a measured oxide thickness of 1.8 nm.eklike and liquid water are
indicated with arrows at 3258 cm?® and 3400 cm?, respectively, and the position of the O-H
bending mode is marked at 1635 cm. (Bottom) HF Removal of native oxide followed by
Piranha oxidation with an oxide thickness of 0.9 nm. Ice-lé& and liquid water are indicated
with arrows at 3255 cm * and 3400 cm?, respectively, and the position of the O-H bending
mode is marked at 1635 cm'. The direction of increasing relative humidity is from botbm to
top. Spectra correspond to relative humidities of 20%, 40%0% and 80% with an accuracy

of 2:0%
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Figure 7.2: ATR-FTIR spectra of adsorbed water on the surfacof an oxidized silicon ATR
crystal at increasing relative humidities. (Top) HF removéa of native oxide followed by RF
oxygen plasma treatment with a measured oxide thickness of02nm. Ice-like and liquid
water are indicated with arrows at 3257 cm! and 3400 cm?, respectively, and the position
of the O-H bending mode is marked at 1635 cm. (Bottom) HF Removal of native oxide
followed by UV Ozone oxidation with an oxide thickness of 2.0m. Ice-like and liquid water
are indicated with arrows at 3259 cm! and 3400 cm?, respectively, and the position of the
O-H bending mode is marked at 1635 cm. The direction of increasing relative humidity is
from bottom to top. Spectra correspond to relative humidites of 20%, 40%, 60% and 80%

with an accuracy of 2:0%
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Chapter 8

Overall Conclusions / Contribution to OTS Monolayer Formaion

Controlling friction, adhesion and wear on MEMS surfaces isf critical importance
for the proper functioning of MEMS devices. In recent yearsmany studies have been
dedicated to understanding how OTS monoloyers modulate étion, adhesion and wear in
such devices. It has been deduced that assembly conditionsdalm composition play
a critical role in the performance of the Im as indicated by he Ims ability to create
well ordered assemblies on smooth surfaces. Research shitwas reaction conditions have
dramatic a ects on the formation properties of OTS Ims. Thee is an identi ed correlation
between OTS monolayers ability to form densely packed momgkrs and the level of friction
and adhesion abatement attainable.

In most studies of friction and adhesion of MEMS interfacest is assumed that the
structure of SAMs formed and their properties are comparablto those observed when as-
sembled on at surfaces. If an OTS monolayer exists in an idedensely packed state on
smooth surfaces, gauche defects within the structure, coittute to the weakening of lateral
chain-chain interactions reducing Im integrity. MEMS surfaces such as those of polycrys-
talline silica deviate from the traditional tribologogicd observations on smooth surfaces.
Typically, MEMS surfaces consist of nanoscopic asperiti¢isat interact during intentional
or intermittent contact and it is the asperities and the mondayer Im on the asperities that
dominate the tribological properties of these surfaces.

Unfortunately, resultant tribological improvements haveproven unpredictable as the
monolayers have been translated to MEMS surfaces with top@ghical asperities. This has
been demonstrated by friction and adhesion studies perfoed on MEMS test platforms

created from machined polycrystalline silicon.
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This dissertation evidences a relationship between mongé adsorption characteristics
and topographical asperities with observed variations in anolayer order resultant from
surface roughness. Results show that the packing structuogé OTS monolayers is dependant
on local asperity curvature varying signi cantly from that observed on at surfaces. A silica
Im produced from the low temperature, vapor-phase hydrolgis of tetrachlorosilane with a
tunable topography was leveraged as a novel investigativdafform to reveal the in uence
of surface topography on OTS Im formation.

An examination of interfacial properties of the MVD silica ayer revealed a highly hy-
droxylated surface lacking free OH groups with an ordered wex structure that is more
tightly bound due to a higher degree of hydrogen bonding assated with the hydroxylated
surface. In contrast to previously reported results, the nohanism of OTS Ims growth is
found to be comparable to those formed on traditional silicooxide surfaces, despite a higher
amount of water present and a lack of free OH groups. As a cogsence, it was evidenced,
that the role of free OH groups on the formation mechanisms f®@TS Im formation are
inconsequential, highlighting the importance of interfaial water on the OTS Im formation
process. It is shown that high quality OTS Ims can be formed v a highly hydrated surface
as evidenced with traditional analytical techniques optirized for smooth silica surfaces.

A dilute etchant technique was developed to provide topogphic contrast for AFM
imaging enabling an investigation true monolayer locatiomelative to topographical asper-
ities. The results evidence a preferential monolayer adgtion and variation in molecular
packing density in uenced by surface topography. It is showthat the adsorption of OTS
monolayers occurs di erently on various surface topograpds with preferential adsorption
occurring in the lower regions of the surface leaving expalstopographical asperities. The
extent of coverage to the surface asperities is suspecteddepend on the curvature associ-
ated with the asperities. Surfaces with higher curvature gport monolayers less laterally

interacted on the peaks. This will result in a lowered tribadgical characteristics based on
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asperity-asperity interactions. From these results, it isletermined that the LC phase do not
deposit uniformly on the asperities.

In addition, a di erence in surface reactivity is observed s1a result of di erent surface
topographies with thicker silica layers maintaining a higlar coverage at similar reaction times
and conditions. This observation lead to a detailed invegjation of the interfacial water layer
and changes in surface reactivity. Water adsorption onto #n MVD silica surfaces is shown
to change as a consequence of di erent morphological chaeatstics. All of the MVD silica
layers exhibit FTIR characteristics representative of anmented highly hydrogen bound water
layer. The amount of water absorbed onto the MVD silica layer was signi cantly higher
than what has been previously reported on smooth silicon ae surfaces with measurable
variability from surface to surface. The extent of hydrogerbonding is shown to contrast
suggesting water layers are more tightly bound to some sareplversus others. Itis suspected
that the surface morphology is the contributing factor for he increased water adsorption and
the varying degrees of hydrogen bonding observed. No coat@n was con rmed between
the degree of hydrogen bonding and the RMS roughness valuddut, the extent of water
present on the surface correlates well with the thickness thfe MVD silica layer. The higher
content of interfacial water causes an increase in the raté¢ adsorption as observed under
similar reaction conditions and increased coverage. As ansequence of this investigation,
it is postulated that the interfacial reactivity varies as aconsequence of morphology adding
an additional consideration for OTS monolayer formation omough silicon oxide surfaces.

Based on these observations it is suspected that OTS monaday will deposit di erently
on every surface investigated and be dependent on the ovénato le of the asperities. In
addition, the interfacial reactivity associated with adsdbed water will vary based on the
interfacial topography. It is postulated that this is a contibuting factor for why friction
measurements vary from group to group and sample to sample MEMS devices and war-
rants future considerations when trying to utilize OTS montayers deposited from the mixed

regime on surfaces.
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In addition, di erent surface treatments (etching and oxidation methods) resulted in
di erent water structural layer characteristics on smoothoxidized silicon surfaces. Surfaces
initially stripped of the native oxide showed similar strutural evolution as in uenced by the
etchant and initial surface roughness. Di erent thicknesss were observed on all HF treated
samples as a consequence of charging e ects associated with oxidation techniques. The
native oxide sample showed a di erent structural evolutiorindicating a decrease in the de-
gree of hydrogen bonding as compared to the other techniquebhe thickness of the water
structural layers found on the native oxide layers were coistent with previously reported
results. Dierent interfacial water structures and thicknesses have been identied based
on di erent surface treatments. This dierence in absorpton suggest varying interfacial
reactivity in terms of the surface energy, chemical reaciiy, surface charging and will ulti-
mately in uence adsorption of OTS molecules. These ndingkighlight the importance of
the pretreatment procedure and o er and explanation for whyvariation in reported results
regarding OTS Ims still exist on smooth surfaces.

A novel high surface area silica support is introduced caplbof sustaining loadings
measurable with TGA analysis. This support exhibits a simdr reactivity toward OTS Im
decomposition as compared to other high surface area siliceterials and sustains higher
loadings. In addition, results suggest that due to the lackfgorosity, low degree of surface
curvature, and the increased loadings obtained, that the fous silica, provides a more
representative support material for the determination ofdading information for comparison
to the Ims produced on planer substrates. This support hasden utilized to determine the
in uence of annealing environments on the thermal stabilit of OTS Ims. It was shown
that Ims annealed under an air environment decomposed at \ier starting temperatures
and to a greater extent than those annealed under inert atmpbkeres.

It is concluded that MEMS researchers focused on using OTS nwayers for friction
and adhesion improvement must rst understand the consequnee of surface topography and

interfacial reactivity on the deposition mechanics and ovall Im quality. Ultimately, this
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work indicates that variation in topographical asperitieswill result in an unpredictable OTS
monolayer deposition dependant on surface topography. Ehunpredictable Im will result
in device to device variation in tribological performanceFuture work in the eld should be
aimed at controlling surface topography and understandingihat characteristics are required
to ensure an optimal Im.

In conclusion this work shows that researchers must detem@ a nominal surface topog-
raphy and interfacial water structure required for succefd utilizatation of OTS monolayers

for friction and adhesion improvement on rough surfaces.
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Chapter 9

Self-Assembled Octadecylphosphonate Monolayers on Me@xide Substrates

9.1 Motivation

This research is a portion of a collaborative research e oresigned to bridge the sci-
enti ¢ and technical areas of micro/nano tribology. The oveall goal of this research is
to improve understanding of the molecular origins of frictin by investigating microscopic,
multi-asperity interfaces in well-controlled experimerg and by comparing results across ve-
locity regimes. More speci cally, in order for these compative e orts to be successful it
is necessary that the interfaces be structurally identical The intent of this portion of the
collaborative e ort was to optimize the coating methodolog necessary to produce an opti-
mal densely packed monolayer translatable to various techlogically relevant substrates in
an e ort to provide an uniform interface comparable acrossiagrent micro/nano tribological

techniques.

9.2 Background

The principal research tools of nanotribology have been th&FM, the quartz crystal
micro balance (QCM), the surface force apparatus (SFA), anMD simulations, along with
myriad extensions and re nements of these [4,61,120]. Untianately, there have been
relatively few attempts to compare measurements of fricttobetween di erent tribological
instruments. The information revealed about friction is deidedly instrument dependent,
since the contact area, pressures and velocities accessitd a specic instrument a ect
the friction of the interface. Well controlled comparisonof friction results from di erent

techniques are important in order to gain a better understasing of friction in di erent
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physical regimes. To date there have been few comparativaidies between the techniques
of AFM and SFM. Many more comparative studies of this kind ar@eeded before researchers
in micro/nanotribology can be sure that di erent techniques reveal consistent information
about frictional a ects. To enable this type of comparisontiis necessary to utilize the same
interface and substrate materials. SAMs are to be utilizediven their ability to form well
de ned and uniform interfaces. These interfaces can be tarked to study the resulting e ects

on friction and other properties.

9.2.1 Research Objectives

Various surface engineering techniques have been introddcto reduce friction and ad-
hesion and one general approach is to avoid the formation o&ter layers on the surfaces by
interfacial treatments that provide a stable hydrophobic srface, thereby eliminating cap-
illary forces. To be e ective, such chemical modi cation, mst also be stable both under
ambient and elevated temperatures, be hard and wear resista and prove conformal on
surfaces with inherent roughness. Much research has beeuidated to the chemical modi-
cation of surfaces with coatings designed to tailor the ir¢rfacial properties indicating that
despite the measurement scale, the frictional propertieseain uenced by molecular tilting,
inter atomic interactions, interface stability, adhesionto substrate, and gauche defect for-
mation. Dissipation of frictional energy in SAMs through the formation of gauche defects
has been thoroughly investigated concluding that increadelisorder correlates with higher
gauche defects and an easier dissipation of frictional eggrthus stressing the importance of
uniform Im structure and tribological improvement.

Phosphonate monolayers are the focus of this investigaticals they show signi cant
promise to de ne new directions in MEMS technology and havehe potential to overcome
the limitations of silane-based SAMs with respect to immeisn and thermal stability. Prior

investigation of alkylphosphonic acids on at Al sheets shwed that SAM formation of alkyl
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phosphonates on Al surfaces relies on the hydroxylation di¢ oxide (alumina) layer. Gen-
erally, chemisorption of alkyl phosphonic acid occurs by pton dissociation to form an
alkylphosphonate species. Due to the nature of the surfaceaction between alkylphospho-
nic acids and OH surface species, this class of self-asseshbhonolayers, could overcome
some of the plaguing reproducibility issues associated Wwisilane chemistries such as hydra-
tion control, inherent processing di culties, and polymelization concerns as related to metal
substrates. In addition to o ering a physical protective barier, the monolayers, by virtue of
their inert hydrophobic nature, also provide a degree of ch@cal protection [80]. The tribo-
logical mechanisms for surfaces coated with phosphonate I8&\ have not yet been studied
extensively, although these monolayers have recently begto attract the attention of tribol-
ogy research groups [25, 79]. Friction force measurementghwhe phosphonate monolayer
coated smooth alumina demonstrated a remarkable improvemtean performance when com-
pared to untreated alumina surfaces the coated surfaces éited remarkable robustness and
resistance to wear over each experiment.

For comparison purposes, octadecylphosphonic acid monaes (ODP) were selected as
the SAM of choice for this study enabling a tribological comgrison to an already extensively
studied silane counterpart octadecyltrichlorosilane (O%) with proven e cacy. Although the
bonding mechanism associated with ODP is signi cantly di eent than that proposed for
OTS, the hydrophobic properties associated with its 18 cadm segments should provide a
similar tribological improvement assuming a comparable g&ing e ciency. The phosphonic
acids undergo a condensation reaction with surface boundiaiino hydroxyl (-Al-OH) species
to form aluminophosphonate compounds with D as a byproduct [81]. An inelastic electron
tunneling spectroscopy study of the adsorption and structe of alkyl phosphonic and alkyl
phosphoric acids suggested that tridentate species weregnmed with the aluminum oxide
surface [82] but other groups have suggested a bidentate sps [161]. It has been shown
that ODP adsorbs preferentially to aluminum surfaces that ee hydroxylated in air and that

an increase in the surface hydroxyl density can acceleratdsarption kinetics [83]. Such an
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acceleration can be explained by the adsorption of the phdsmnic acid via surface hydrogen
bonds prior to the condensation reaction, leading to the nly adsorbed phosphonate [84].

After considering several metal oxides, we have chosen tacdie on aluminum oxide
as the structural material. Two aluminum oxide substrate meerials reactive toward ODP
deposition were identi ed and evaluated in this work. Base@n its commercial availability
as a quartz micro balance electrode and its promise as a compot in device fabrication the
rst focused on an oxidized aluminum surface. The second gugrt material was aluminum
oxide spheres. These spheres are representative of thosédoattached to AFM and SFM
probes through collaborative e orts, but obtained in bulk wth a larger distribution in size
as compared to those mounted to the tribology probes. Acqitisn and utilization of this
representative material allowed for additional analytichinsight before direct translation of
the ODP Ims to those spheres attached to the tribology probg

In order to prepare an ideal interface a detailed mechanististudy was performed to
analyze the quality of these Ims. In the study of monolayerand thin Ims on surfaces, both
their surface and bulk properties are important. Several atytical methods are introduced
for characterization of the monolayers and thin Ims produed throughout this work. The
deposition quality was assessed in terms of packing densitgd uniformity with FTIR, TGA,

ellipsometer, contact angle analysis and TGA.

9.2.2 Reslults
Sputtered Aluminum Surfaces

The ODP monolayer formation mechanism was investigated omaoxidized sputtered
aluminum surface. The surfaces were cleaned and plasma med as described in Chapter
3. The clean oxidized surfaces were analyzed with AFM and ipBometry and an initial
oxide thickness was measured at 2.5 nm with a RMS roughness4a8 nm. This surface is
illustrated in Figure 9.2 following the plasma oxidation. e sputtered aluminum surface was

compared to the surface of an aluminum coated quartz crystalicro balance and the surface
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Figure 9.1: Water contact angle (squares) and ellipsometriIm thickness (diamonds) vs.
immersion time for ODP Ims on oxidized aluminum oxide surfaes at room temperature.
roughness and oxide values were found to be similar. Due toethimited availability and
high cost associated with the quartz crystal micro balanceaubstrates initial characterization
experiments focused solely on the sputtered aluminum suck

Deposition of the ODP monolayers as described in Chapter 3 ngeperformed at room
temperature under atmospheric conditions with Im formaton times ranging from 5 sec to
4 hours. Contact angle measurements ranged from 99 to 109c@nsistent with previously
reported results obtained on similar aluminum oxide surfas [83]. Contact angle measure-
ments indicated that no signi cant changes in contact anglevere observable after 1 hour of
deposition. But, ellipsometric measurements indicated #t coverage increased as a function
of immersion time with thickness measurements ranging from8.9 A to 25.1 A at higher
immersion times. These results are illustrated in Figure 9.

AFM was performed on each substrate before and after depasit, generally, not enough
contrast was visible between the phosphonate Im and the uratlying substrate with features
undiscernable from the underlying surface topography. Fallustration a monolayer formed
after 4 hours of deposition on the sputtered aluminum subsite with a contact angle of

109.9 is illustrated in Figure 9.3 for comparative purposes with gure 9.2.
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34.1 nm

0.0 nm

Figure 9.2: AFM image of a5 m x5 m plasma cleaned MVD aluminum wafer with RMS
roughness of 4.3 nm and oxide thickness of 2.5 nm.

27.0 nm

0.0 nm

Figure 9.3: AFM image of a5 m x5 m 240 minute deposition of ODP on plasma cleaned
MVD aluminum wafer with RMS roughness of 4.67 nm, contact amg 109.0 and ODP
thickness of thickness of 2.5 nm.
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Figure 9.4: Representative FTIR spectra of ODP monolayer fmation on \plasma activated"
aluminum surface as a function of immersion time at room tengpature.

Although AFM provides information on the microscopic struture of OTS Im growth, it
does not reveal molecular structure and conformation chaeg within the Im and, as demon-
strated, can not provide visual contrast on surfaces with fwographical roughness. To obtain
structural information infrared re ection absorption spectroscopy (IR-RAS) was performed
using a Perkin Elmer Spectrum 5000 spectrometer equippedtiwvia liquid nitrogen-cooled
MCT detector. The re ection spectra were collected using a €tkin Elmer Specular re-
ectance accessory, mounted in the sample chamber, set toeet light at an angle of 83 .
A ZnSe wire grid polarizer was mounted on the accessory and svaligned to allow only
p-polarized radiation to re ect from the surface. The backgund spectra for ODP Ims
deposited on the oxidized aluminum surface was a clean alumaim surface with a measured
oxide layer thickness of 2.5 nm. FTIR analysis was performexh the Ims adsorbed on the

oxidized aluminum surface as a function of immersion time.
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The results presented in Figure 9.4 are the FTIR spectra foims formed on the oxidized
aluminum layer as a function of immersion times at room tempature. In general, mean
orientation, packing density and interfacial bond formatbn of the self assembled monolayer
can be analyzed in terms of polarized IR-RAS analysis givehdt Ims are produced on a
re ective underlying metal substrate. The prominent featwe of these spectrum is the pres-
ence of symmetric and asymmetric methyl CkHand methylene CH -stretching vibrations.
As shown in previous studies the methylene stretches are theost commonly monitored- as
the frequency of the gives an indication of orientation andhie packing density for long-chain
SAMs.

Figure 9.4 shows two types of changes in the FTIR spectra astiim formation time was
increased. The rst observation is that the position of the ¢ CH, mode is decreasing with
increasing adsorption time to a nal value of 2917 cm' after 4 hours of ODP adsorption. A
similar trend is seen with the , CH, mode with values decreasing from 2853 crhto 2850
cm 1. This shift in wavenumber for the two methylene stretching mades is indicative of a
more ordered Im. For completely disordered structures, té frequency of the asymmetric
CH, stretching is close to that of a liquid alkane ( 2924 cm?®. For well-ordered SAMSs,
the frequency is expected is close to that of a crystallinekaine ( 2915-2918 cm?'). This
indicates that as the surface coverage increases, the oradethe monolayer gradually increase
(with the wavenumber for ¢ CH, and , CH, modes decreasing) becoming progressively
more ordered. An additional observation is a consistent baglness of the peaks associated
with both the symmetric and asymmetric CH modes, which will be detailed later, in this
document.

A second change appears in the intensities of the Gidtretching vibrations, which
decrease as a function of immersion time. With increasingiie of adsorption the CH band
intensities decrease while the CHband intensities remain almost constant, in response to the
selection rules associated with polarized IR-RAS, indiciaig that the alkyl chain orients itself

with its long axis more normal to the aluminum surface. An optnal rectangular adsorbed
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molecule with no tilt will have no intensity due to the fact that CH, groups would not have
a transition dipole moment in the direction normal to the inwestigated surface necessary for
signal.

Ellipsometric data in combination with the infrared data siggest that the ODP mono-
layer adsorption mechanism initially consists of molecuderandomly distributed on the sub-
strate. As the surface coverage increases, the order of th@molayer gradually increases
consistent with a decrease in tilt angles of the chains as iiedted by a decreasing IR band
intensity data (Figure 9.4) and are congruent with increasig ellipsometric Im thickness
values. Final Im thickness values are measured at 2.5 nm, but the ellipsometric model
utilized for thickness extraction assumes the the Im refretive index remains constant during
the self-assembly process and is equal to the fully formed nodayer. As indicated with ellip-
sometric measurements in previous reports on OTS monolagethis is not a valid assumption
and data only give representative trend information and noexact measurements [162]. The
surface roughness associated with the sputtered aluminumbstrates adds complexity to the
exactness of the ellipsometric values. Investigations germed by Pellerite et al. on H;cPA
and H,,PA show a range of thickness values between 1.7 nm and 2.7 nespectively, on an
aluminum oxide surface with similar roughness values and éhdata from this study are in
agreement with this range [163].

Tillman et al. derived a means to estimate the molecular orientation in ters of inclina-
tion angle from surface normal with IR-RAS. In accordance wh the surface selection rule,
IR-RAS spectra only contain vibrational absorptions with pecies oriented in the p-plane
thus perpendicular to the surface. Non-oriented random hydcarbon chains exhibit high ,
CH,/ , CHjs ratio because the C-H stretch of the methylene groups has gpdie moment in

the p-plane [12,164].
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The mean inclination angle can be derived from the, CH,/ 5 CH3 peak ratio, and was

calculated according to the following equation (taken fromef. [162]):

ICHz _g n COS?( )
lcH, B 3C0§( 55)

(9.1)

Where n represents the methylene/methyl ratio,% is the ratio of hydrogen in a methylene
group to a methyl group and the angle of inclination calculad by (90- ). The calculation
for OTS Ims produced in that work gave a value of cy,=Icn, equal to 0.9 with a calculated
angle of inclination of (90- ) = 15 , this value was corroborated to orientational results
observed with ATR spectroscopy and ellipsometric measuremts, consistent with was ap-
proximated as vertical, extended alkyl chain axes. It is imprtant to note that subsequent
research on monolayers produced at reduced temperaturesule in a more tightly packed
monolayer with reduced tilt angles and actually representatimal all trans orientations while
the monolayers presented by Tillman are evidenced as a mixéuof ordered and disordered
phases.

The lcp,=lch, ratios measured for the phosphonate monolayers formed asumdtion
of immersion time are shown in Figure 9.5. Thécy,=lcn, ratio decrease as a function of
immersion time, indicative of alkyl chain orientation, appoaching the surface perpendicular,
removing the , CH, from the p-plane. At formation times of 4 hours the angle of iclination
was calculated at 16 0:8 ) suggesting a similar packing arrangement as found in OTS

monolayers formed at room temperature.

Time (min) |I (CH,)/I (CH);| Inclination
angle
(Degrees)
5 3.94 36.1°
20 1.70 22.2°
40 1.39 19.8°
240 1.05 16.8°

Figure 9.5: Calculated inclination angles andcy,=lcy, ratios as a function of immersion
time
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Literature discusses three forms of arrangement possibta phosphonic acid adsorption
mono-,di, and tridentate for binding the phosphonate headgup to metal oxide surfaces.
However, our IR data alone do not allow a direct determinatio of the preferred binding mode
in the system studied here. But, calculations suggest an dution from tridentate (of about
35 ) at low immersion times to lower binding modes (of about 1§ as Im formation proceeds.
This indicates a decrease in alkyl chain tilt angles and pds to a more organized Im.
As evidenced by the broadening a ect previously mentionedhe agreement in calculated
angle of inclination to OTS monolayers produced at room tengrature, it is suspected that
a small amount of disorder is still present in our ODP Ims ewve after high immersion
times. Deposition of OTS Ims at room temperature at increasd immersion times show
a dimunition of the peak broadening a ect on smooth surfaces Given the in uence of
the interfacial water on OTS adsorption mechanisms, molel@s are more free to rearrange
to thermodynamically stable conformations. But, frictionforce microscopy has shown that
ordered phase and a disordered phase are still present in OTi&s. In conjunction with Im
order studies presented previously of OTS on surfaces witarying degrees of roughness, the
surface roughness associated with the sputtered aluminallitiave a higher degree of disorder
as a consequence of surface features. In addition in the lawdquency regions of the spectra
we note peaks associated with P=0O groups with vibrations inhte range from 1180-1220
cm lindicative of incomplete cross linking.

It is speculated that the growth mechanism associated witthe phosphonate Im under
study contribute to varying bonding structures that may limit complete cross linking. In
addition, consideration must be given for the in uence of te nanoscopic curvature associated
with this surface, as curvature has been shown to in uence ¢horder of self assembled Ims.
It is suspected that the orientation could improve if studie were performed on a planer
atomically smooth substrate. The utilization of a smooth shistrate has been proposed for

phase Il of this investigation but is not part of this body of vork.
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Spherical surface

In the case of spherical surfaces, methods such as ellipstigpecontact angle analy-
sis, and IR-RAS are not applicable. ATR-FTIR spectroscopy &as used to investigate the
state of order for the alkane chains. However, ATR-FTIR measements are useful only
for monitoring trans/gauche sequences in the alkyl chainoKder), and can not be used to
measure lateral interaction packing. TGA analysis is utiied to obtain this information by
measuring weight loss as a function of temperature under amigen atmosphere. A electron
micrograph of the ODP spheres used for this research is shownFigure 9.6 and consists of

mainly spherical particles with an average diameter 75m.

Figure 9.6: Electron micrograph of spherical alumina powdewith a distribution in size
ranging from 75 m to 100 m utilized for ODP deposition and subsequent FTIR analysis
and TGA analysis.

Research has shown that the decomposition mechanism is sanito that identi ed for
OTS monolayer, but the temperatures are elevated [165]. Thhermal degradation of the
monolayers occurs via destruction of the hydrocarbon charmwith phosphorus remaining on
the surface after the pyrolysis.

Spherical alumina powder was cleaned and coated with ODP nmmayers following the
methods indicated in Chapter 3. ODP depositions were perfmed as a function of di er-
ent immersion times with data indicating an increase in welg loss observed at increasing

immersion. The highest immersion time was 4 hours, consistewith results from planer
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investigations. A typical TGA weight loss curve for the montayers of ODP supported on
the alumina spheres is shown in Figure 9.8. The most promirteieature was the dramatic
weight loss in the temperature region from 200 to 700 C, which was not present in the
TGA of bare alumina and was assigned to the degradation of treurface adsorbed organic
species. The onset of the weight loss was250-300 C and the temperature of the maximal
rate of the weight loss Tuax ) was 400-600 C. To obtain an estimate of the extent of
coverage of OTS on the surface, 100 % coverage was calculassming a maximum pos-
sible value of 5 molecules/ny and using 0.2 M/g as the surface area of alumina spheres.
Therefore, the percent coverage for the spherical aluminaaw 0.042%, and lower than the
amount calculated, suggesting an incomplete monolayer andn uniform coverage. We point
out, however, that the weight loss (from 200 to 700C) was 15-20% lower than the weight of
the monolayers as determined from calculations based on tha all trans Im arrangement
and surface area available. But, the proposed decompositimmechanism in this range indi-
cates that only part of grafted molecules degraded into vdite products while a portion of
the monolayers ( 15-20% by TGA curves in weight) remain on the surface (until@ C).
Re-calculating the loading percentages assuming that thedrganic species remain on the
surface resulted in 99.4% loading e ecacy.

ATR-FTIR analysis was performed at increasing immersion tes. Figure 9.7 shows
two types of changes in the FTIR spectra as the Im formationime was increased. The rst
observation is that the position of the s CH, mode is decreasing with increasing adsorption
time to a nal value of 2917 cm ! after 4 hours of ODP adsorption. A similar trend is
seen with the ,CH, mode with values decreasing from 2853 crhto 2850 cm 1. A second
observation is the increase in intensity associated with #se modes. These observations
indicate that as the surface coverage increases, the ordetlie monolayer gradually increase
(with the wavenumber for ;CH, and ,CH, modes decreasing) becoming progressively more
ordered and are consistent with what was observed on the pkmsubstrates. ATR-FTIR

does not allow for a direct determination of the degree of oed present.
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Figure 9.7: Representative FTIR spectra of ODP monolayer fmation on \plasma activated"
aluminum oxide spheres as a function of immersion time at rootemperature.

Monolayer Ims were translated to quartz crystal micro balace crystals and ODP
spheres attached to AFM and SPM probes based on the conclusdound in this research.
A holder was designed for this e ort as illustrated in Figure9.9 to allow for deposition to
performed at the same time to various surfaces. Collabora#i results are under way and

will determine the e orts that follow.

9.2.3 Conclusions to Phosphonate Work

Octadecylphosphonic acid monolayers (ODP) were investiggal for a tribological com-
parison across di erent measurement regimes. Two aluminuoxide substrate materials re-
active toward ODP deposition were identi ed and evaluated. A detailed mechanistic study
was performed to analyze the quality of these Ims. Resultshew that ODP evolves from a

tridentate bonding structure to a lower bonding con guration at increased immersion times
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Figure 9.8: TGA weight loss as a function of temperature undeiitrogen at a ramp rate of

10 C/min comparison between two di erent immersion times. Saa of uncoated alumina
spheres are removed from baseline.
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Figure 9.9: Photograph of holder designed for holding AFM Quilevers, SPM Probes, and
Quartz Crystal Micro balance Assemblies for simultaneoushpsphonate monolayer deposi-
tion.

with increasing Im order. As produced on rough oxidized aloninum surfaces, they maintain
a small degree of disorder. Films adsorbed on the sphericarficles show an increase in
order as a function of immersion time and maintain a lower dege of disorder more indica-
tive of an all trans orientation. Films were produced underdentical conditions and sent for

collaborative tribological measurement.
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Part 11
Interfacial Engineering of a Catalytic Fischer Tropsch

MicroReactor
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Chapter 10

Motivation

While the Fischer-Tropsch reaction system is rich in charaer, there is no fundamental
kinetic model to describe the reaction, and therefore reamt design becomes an empirical
exercise. It is generally understood that operating FT redions at low pressure and high
temperature will favor methane whereas high pressure andwer temperature will favor
wax products. Conventional reaction engineering approaeh (isothermal reactors, isobaric
reactors, plug ow or tubular reactors) have been used extsively and successfully to char-
acterize this reaction. However, due to lack of fundamentdnowledge about the reaction
details, it is not always clear how or why alteration of key pvcess parameters will a ect
product distribution and selectivity. It is known that both process pressure and tempera-
ture in uence selectivity and product distribution. We intend to explore the e ects of time
varying pressure and temperature as well as space varyingrgerature and pressure in order
to learn if or how these factors can be tailored to provide a tgeted product and selectiv-
ity. The fundamental goal of this project is to leverage mi@reactor technology combined
with a micro brous catalyst support system (MCSS) to probe he e ects of high gradient
(both temporal and spatial) process conditions on reactiveystems to advance fundamental
knowledge in interfacial control over reactor operation. éa platform for this e ort, Fischer-
Tropsch synthesis is investigated over silica supported lealt catalyst in a nickel wire micro
brous matrix. The principal objectives of this work include (1) identifying a microreactor
capable of performing the FT reaction, while being easily twable for operating parameters
such as pressure gradients, temperature pro les, and reactgeometries (2) developing an
active catalyst material that can be incorporated into the nicro reactor system easily and

controllably (3) systematically probing of the operating jarameters in the micro reactor
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to leverage the reduction in size as compared to conventidreystems utilizing the advan-
tages in improved heat and mass transfer (4) Utilization offte micro reactor to investigate
Fischer-Tropsch synthesis weighing conversion and activiverses information learned from
the third objective. This is an extensive investigation tha will not be fully envisioned by
the end of this dissertation. As a rst chapter for this reseech, this work will only focus on
understanding the e ect space varying pressure as in uendeby the MCSS material and its
subsequent in uence on product distribution and selectities as related to Fischer Tropsch
synthesis. These experiments will be studied under isotmeal conditions. The next phase
of this investigation will include an analysis of the in uerte of microreactor geometry as a

means to control the pressure gradient within the reactor.

10.1 Background Research

10.1.1 Introduction to MicroReactors

Microreactors are miniaturized chemical reaction system#hich contain reaction paths
with at least on dimension in the range of tens of microns to gpoximately 1 mm in size. The
small reactor dimensions lead to a relatively large surfaeegea-to-volume ratio and increased
driving forces for heat and mass transport. Therefore, migreactors are especially suited for
fast reactions with a large heat e ect, where they allow for @arly isothermal conditions at
high reactant concentrations, or for operation in the expkive regime, which is not possible
in large-scale equipment [166].

Short characteristic length scales intensify heat and massansport because the con-
duction and di usion lengths are short as compared to thosef targe scale systems. A high
heat transfer rate enables a direct control of the processnperature, e.g. fast preheat-
ing to the process temperature or cooling and quenching ofaaion products to prevent
the formation of unwanted side products. The high heat trarfer rate in combination with
small overall equipment size enables fast start-up and shidwn of the entire process. Fast

start-up is a bene t for on demand production and fast shutden will increase safety in case
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of failure. Down scaling a high temperature unit operationgcan increase the temperature
gradient between the inside and the outside of the unit proptionally. On the other hand,
a large temperature gradient also gives a high driving forder heat transfer. Short di usion
lengths improve mass transport limited process rates and arfe surface area to volume ratio
enables a more e cient use of exchange surfaces for e.g. lmetgeneous catalytic reactions
and membrane processes.

The throughput of the process can be increased per unit volen by making more
e cient use of these exchange surfaces. Due to the small lehgscales, Reynolds numbers in
micro systems are low, in the order of 1-1000 and thereforeaarlinar ow pattern will exist
inside micro channels. Laminar ow can complicate mixing ofli erent media. The small
volume and precise geometry of micro structures can give aoshand well-de ned residence
time. In this way, the residence time of the chemical processan be optimized, resulting in
higher yield and higher reaction product selectivity compad to large scale systems.

Next to these process-yield and selectivity enhancing feses, micro-chemical systems
are inherently safe. The high heat removal capabilities pvent hot spot formation. Runaway
chain reactions like ames and explosions are averted. Thdw@t di usion length scales
promote the adsorption of free gas phase radicals at the waland accordingly terminate
these homogeneous reactions. Moreover, in case of failufee small hold-up of reactants
will give less waste and low environmental impact. The in uece of erosion and corrosion on
construction materials will have a larger impact on a microystem compared to a macroscopic
system. The surface area to volume ratio and inherently theydrodynamic properties of a
micro system will change more drastically for a certain diagter change by erosion and or
corrosion. The construction materials will need to be higkilerosion and corrosion resistant
or will need a protective coating. Although these materialare often more expensive and/or
harder to utilize in a high precision fabrication process,eks material is needed to build a

micro system. Micro systems can therefore enable the use wbtic and costly materials.
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Another advantage of micro-chemical-systems is the scalp-by scale-out or numbering-
up the system. The throughput of one single channel might bew, but by using more
channels in parallel, production can easily be increased. sidg micro structures with the
same dimensions, no scale-up research is necessary, sating and money on research.
However, to ensure a good ow distribution between parallehicro-systems or inside a stack
of channels, the relative di erence between the channel dreeters should be kept small and
also a ow distributor will be necessary. Extensive reviewsn micro-chemical-systems can
be found in the books of Ehrfeldet al. [167], Hesseét al. [168], and Loweet al. [169].

It is important to note that micro reactors do not a ect the overall reaction mechanisms
and kinetics. The main impact in micro reactor design is to fus on intensifying mass and
heat transport as well as improving ow patterns. A decreasm the linear dimensions causes
a di erence in the temperature, concentration, density, opressure gradients. Consequently,
the driving forces for heat transfer, mass transport, or dusional ux per unit volume

increase when using micro reactors.

10.1.2 Catalyst Considerations

For an optimal heterogeneous catalytic reactor design, mawariables must be analyzed
to maximize reactor performance in terms of yield and selegity. To this end, an integrated
approach should begin at the micro-level by an optimal desigof the catalyst itself by con-
sidering features such as catalyst size, shape and uniforistdbution of the active material.
The active materials used as catalysts are often expensiveetals, and in order to be utilized
e ectively, they are dispersed on large surface or support§he reactant di uses from the
bulk uid within the porous network of the support, reacts atthe active catalyst site, and the
product di uses out. The transport resistance of the porousupport alters the concentration
of chemical species at the catalyst site as compared to thelbuuid. The consequence of

concentration gradients is that reactions occur at di erehrates, depending on position of
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the catalyst site within the porous support. As far as the si of the catalyst pellet is con-
cerned, it should be realized that although the use smalleize of the catalyst pellet would
be optimal, it is often the pressure-drop considerations #t outweigh other consideration
in view of the fact that the pressure drop considerably inceses as the size of the catalyst
in the heterogeneous reactor is decreased. Therefore, amgirmal design should explicitly
take into consideration of the issue of the pressure-dropnse most of the reactor designs
used so far are the traditional catalyst particulates packeinto microreactors that normally
su er from poor intra particle mass / heat transfer, low contacting e ciency, high pressure
drop, mechanical attrition, and catalyst clumping in a way 170]. Our research intends to
overcome many of these limitations by focusing on the incoopation of an MCSS catalyst
that has been identi ed as a unique catalytic system which Wibe further expanded on and

investigated in this work.

10.1.3 Introduction to Fischer Tropsch Synthesis
Chemistry

In Fischer-Tropsch synthesis, liquid hydrocarbon fuels arproduced from lighter gases.
This process was rst put to large-scale industrial use by Gmany during World War 1.
There continues to be intense academic and commercial intst in improving Fischer-Tropsch
synthesis because it 0 ers a source of liquid hydrocarbondis as opposed to the increasingly
costly process of extracting oil from the ground. Furtherm@, Fischer-Tropsch synthesis
could make a signi cant bene cial environmental impact by epturing methane and other
greenhouse gases that might otherwise be released from reamal wells.

A problem with Fischer-Tropsch synthesis is that it is di cult to control the products
resulting from the synthesis. FT synthesis is a surface poherization reaction. The reac-
tants, CO and H,, adsorb and dissociate at the surface of the catalyst and i&ao form
chain initiator CH3, methylene CH, monomer and water. The hydrocarbons are formed by

CH;, insertion into metal-alkyl bonds and subsequent dehydrogation or hydrogenation to
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an -ole n or para n, respectively. The pioneering work by Fischer and Tropsch in the 1920.s
led to the realization that hydrocarbon chain formation pra@eeds via the stepwise addition
of one C-atom at the time. Detailed product analysis studiegdicate that the reaction

produces a vast array of hydrocarbons and oxygenates overege boiling range. The major
reaction products at high pressure operation are linear pans, linear 1-ole ns, and lin-

ear l-alcohols. At lower pressures, the selectivity for mormethyl branched hydrocarbons
and internal-ole ns increases. The formation of aromaticgs only observed at higher tem-
peratures on Fe-based catalysts and is not observed on Coalgsts. The Fischer-Tropsch

reaction is represented in the following equations,

nCO+2,1H>! CyHso + NH50 (101)

nCo + 2nH2 ! CnHZn + nHzo (102)

Equation 10.1, relates to the production of para ns and Equaion 10.2 to that of ole ns.
Alcoholic products can also be formed either as by-products as main product depending
on the catalytically active metal and the pressure. A wholeange of products with di er-
ent lengths of the carbon chain can be obtained. Two importarside reactions generally
also proceed during the process they are the water gas shifingersion reaction and the
Boudouard reaction. The water gas shift conversion involgereaction of carbon monoxide
with water, which is formed during the reaction (Equation 10L and 10.2), to hydrogen and

carbon dioxide.

CO+ H,O! COy;+ H, (10.3)

The water gas shift conversion can be favorable for the FisahTropsch synthesis start-

ing with CO-rich synthesis gas as is obtained from gasi caih of coal or heavy oil fractions
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through partial oxidation (H,/CO molar ratio approximately 1). The water gas shift conver
sion raises theH,=CO ratio. In contrast, synthesis gas produced from natural gasitially
already possesses a high,/CO ratio. Hence, the hydrogen-to-carbon monoxide ratio aa
become undesirably elevated due to the water gas shift corsien. The second side reaction
mentioned above is the Boudouard reaction. This reaction ogrs preferably on the active
metal surface and involves the conversion of carbon monogidhto carbon dioxide leaving

carbon behind on the surface (Equation 10.4)

2 CO! CO,+C (10.4)

The carbon deposition can eventually lead to deactivationyb for example, blocking of
active sites, disintegration of the catalyst bodies or plugng of the reactor by formation of
very strong carbon brils.

Anderson shows that a polymerization-like process e ecly describes the product
distribution of the Fischer-Tropsch synthesis. This rests in the so-called Anderson-Schulz-

Flory (ASF) product distribution:

W,=n@1 )2nt (10.5)

where W, represents the weight fraction of all hydrocarbon productwith carbon num-
bern, and is chain growth probability, which is the rate of growth per he sum of growth
and termination rates [171]. Similar molecular weight disibutions were already observed
during polycondensation by Schulz and free-radical polymegation by Flory [Hinderman et
al.., 1993]. The entire product spectrum is characterized by @nglle parameter,i:e: the chain

growth probability de ned as:

= = =P (10.6)
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wherer, and r, are the rates of chain propagation and termination, respeeely, and
i is the mole fraction of the product spectrum containing carbon atoms. Equation 10.5
implies that the Fischer-Tropsch reaction is not selectivéoward a single reaction product
or a specic carbon range, with methane as only exception. NM®ne can be produced
with 100 % selectivity. The Fischer-Tropsch synthesis, haver, can selectively produce
one type of reaction product,i:e: the selectivity towards 1-ole ns or para ns can be opti-
mized. Wax formation is favored at low temperature, high presure, low H/CO feed ratios,
and large residence times. Mass transport issues have a sggan uence on the degree to
which readsorption modi es the product distribution. [1723 An illustration of the distribu-
tion of products is provided in Figure 10.1. The most importat aspects for FT reactor
development are the high reaction heats and the large numbef products (gas, liquid and
waxeous hydrocarbons). An optimal design of a commercialade reactor requires detailed
information of the hydrodynamics, reaction kinetics, catigtic system and FT chemistry.
Kinetic information is crucial for reliable design and scal up of commercial Fischer-Tropsch

processes [173].

10.1.4 Catalysts for Fischer Tropsch synthesis

On investigating the Fischer Tropsch systems employed foatalytic synthesis of hydro-
carbons, it is clear that cobalt and iron are the most commonlused due to there overall
reactivity and cost [174] [175]. Iron catalysts for the Fidwer-Tropsch synthesis generally
consist of precipitated iron, which is promoted with potasem and copper to obtain a high
activity and selectivity, and with Al ,0; and SiO, added as structural stabilizers. Typically
for these relatively cheap Fe-based catalysts, Fe-carbid@pears to be the active phase for
Fischer-Tropsch synthesis. Fe-oxides are also formed arfgese are active toward the water-
gas shift reaction. A high water-gas shift activity causedhese catalysts to be exible toward
the H,/CO feed ratio of the synthesis gas. This allows the utilizabn of a large variety of

feed stocks. Iron catalysts can use synthesis gas with a/8O0 ratio below 2, because excess
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of CO is converted with water to carbon dioxide and hydrogemithe water gas shift (WGS)
reaction. However, the water-gas-shift activity of the catlyst also results in a low carbon
e ciency of the gas-to-liquid process.

Cobalt catalysts are usually supported on an inert supportuk to the higher cobalt price
and better catalyst stability. The active phase is metalliccobalt; the water-gas shift activity
of Co-based catalysts is low and water is the main oxygen caiming reaction product.
Cobalt catalysts are suited for producing high yields of laprchain alkanes in FT synthesis.
Daviset al.. stated that cobalt catalysts exhibit two distinct advantages for some applications
[176]. The rst being a lack of the WGS activity allowing one o reject the oxygen in CO
as water rather than CQ such that carbon e ciency of the cobalt catalyst is double tle
e ciency of the iron catalyst at high conversion levels. Thesecond advantage of the cobalt
catalyst is it can be added to a support that can provide robusess that iron catalyst does
not have in unsupported state. An inert support is a supporthat does not, by itself, react in
a Fischer-Tropsch synthesis, although it may interact witlthe catalytically active layer, and
the shape and con guration of the inert support may play an irportant role in controlling
the reaction. Examples of inert support materials includelamina and silica.

Cobalt was selected as the material of interest for this styd Preparation of cobalt
supported catalysts involves several essential steps. @bfsts are commonly synthesized
using aqueous impregnation with cobalt nitrate and promots, followed by oxidative and
reductive pretreatments. The activity and selectivity of obalt supported catalyst toward
di erent hydrocarbons is strongly dependent on preparatio procedures [177] . These prepa-
ration procedures are known to contribute to the nal propeties associated with the active
sites of the catalyst. Literature shows that for cobalt parcles larger than 7-8 nm, Fischer
Tropsch activity is a function of the number of surface metasites [178]. Girardon has shown
that controlling catalyst calcination process can in uene cobalt particle size, reducibility,

and catalytic properties [179].
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It has been generally accepted that on cobalt catalysts thective phase for FT synthesis
is cobalt metal and that the activities of cobalt catalysts @pend on the number of active sites
on the surface, cobalt particle size, and cobalt species (]18The Fischer-Tropsch process is
critically dependent on the e ectiveness of the cobalt catgst and there has been a signi cant
e ort in the optimization in the design of catalysts which ogimize metal crystallite size,
control dispersion, improve reducibility and increase ovall stability. The interaction of
cobalt with the metal oxide support and its dispersion chareeristics have been shown to
a ect the electronic density as well as the structure of the ®tal crystallites and are assumed
to play a role in the hydrocarbon selectivity and the catalylsactivity.

Most of the industrial cobalt-based catalytic systems useinh the FTS reaction are sup-
ported on Al,O3, TiO, or SiO, [181] [182]. Silica is commonly used as the support material
due to its high surface area, porosity, stability, weak metssupport interaction and its in-
ertness [183]. Iglesiaet al. showed that FT synthesis rates were proportional to metal
dispersion and were independent of support [174]. Othersveaindicated that catalytic
supports signi cantly in uence the extent of metal reduction, morphology, adsorption and
catalytic properties of the active phase especially in wetlispersed catalytic systems [184].
The problem lies in the fact that synthesis of highly dispeexi cobalt catalysts requires strong
interaction between the support and the cobalt precursor,u in turn, such strong interac-
tions generally lower reducibility of such precursors [L85A weak cobalt support interaction
in silica-supported catalyst promotes high cobalt reducility but, can favor agglomeration
of support particles [170].

The porous structure of catalytic supports can strongly inuence the catalytic behavior
of many catalysts in a large number of reactions. Khodakast al. showed that an increase in
the pore size of the supports lead to an increase in £y particle size and o ers an improved
reducibility of the intermediary CoO particles to metallic cobalt [186]. Narrow pore cobalt
impregnated catalysts were shown to exhibit a decreased tembility due to small cobalt

intermediates this a ect was correlated to lower Fischer Topsch reaction rates and higher
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methane selectivities. Catalytic support structures canlao contribute to catalytic poisoning

due to the nature of some of the Fischer Tropsch reaction pradts such as wax and carbon
deposits, which can block the catalyst pores making them uwalable for reaction molecules.
Given the complexities of using a cobalt catalyst much expienentation was performed on

the cobalt catalyst system and will be discussed further in(013.2

10.2 Tunable Fischer Tropsch Microreactor Realization

One of the fundamental goals for this project was the realiian of a microreactor ca-
pable of performing the FT reaction, while being easily tunae for operating parameters
such as pressure gradients, temperature pro les, and reactgeometries. Various materials
have been explored for microreactors, e.g., stainless $teecause of its robustness and good
thermal conductivity, ceramic materials for high temperatire application, polymers for bi-
ological compatibility and silicon due to its mature fabri@ation infrastructure, low cost and
mass production capability. Our initial e orts focused on he fabrication of micro reactors
utilizing silicon wafers. Both wet chemical etching and plsma etching of single crystalline
silicon have proven suitable for mass fabrication of varigumicromechanical components. As
such, much information was available on the details of sibon processing. A draw back is
that the equipment required is relatively costly, and therds a need for processing within a
clean room. But, an advantage exists for batch processingdaeise several structures can be
realized in parallel on one wafer. A variety of simple geonrét structures like grooves, chan-
nels or membranes can be realized by lithographic and thinm processing on a silicon wafer.
Silicon micro machining also bene ts from existing bondingrocesses, either thermally or
anodically, which can be used for assembly of multiple layer We successfully fabricated
multiple reactor geometries in silicon. Subsequent sedjirof the reactor also proved success-
ful via anodic bonding. The problems that we encountered ditanore with the attachment
of the interconnections to and from the reactor. We were unsaessful in creating a suitable

connection that was gas tight. Various arrangements werei¢d and alternate connection
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assemblies were manufactured. Other issues encountereduded successful incorporation of
the catalytic support within the reactor. It proved very di cult to incorporate the membrane
uniformly within the reactor bed. Due to limited success wehose to investigate alternative

fabrication schemes and materials.

Metal microreactor

Realization of an all metal micro reactor presented an opptmity for a robust micro
reactor with the potential for gas tight connections, sustaability of high temperatures and
the ability of high pressure operation. This metal microreetor design also a orded a means
of successfully manipulating the micro reactor geometry toreate pressure gradients and
temperature pro les. We manufactured the micro reactors ulizing metal sheets that could
be compression sealed to eliminate gasket materials thatewitable caused leaks. These
sheets could be manipulated by etching, cutting or stampintgatures into the metals.

The design and development of micro reactors have been driven part by fabrication
constraints and innovations to overcome leaks. For our apphation specic attention has
to be applied to the interconnection techniques associatedth gas phase reactions. It was
determined that we were in need of a reactor capable of sustaig 450 C for extended
periods of time and that seals needed to be leak tight, withshd hydrocarbon products and
maintain a max pressure of 80 psi. The other issues that neeld® be addressed were the
ease in fabrication, the ability to manipulate ow path desgns to test for pressure gradients
and temperature gradients, as well as create interconnemtis to the inlet gases and outlet
product gases.

A preliminary micro reactor was successfully fabricated ahutilized in the work that
follows. A photograph of this microreactor is in Figure 102 This micro reactor is a simple
channel geometry that consists of a single groove within wdhi the catalyst membrane can be
compression sealed. The pressure gradient across this teacan be manipulated by chang-

ing the available volume within the membrane (compressinhé membrane). Metal sheets
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of di ering thicknesses were utilized and examined in termef pressure drop and residence
time distribution determination.which will ultimately co ntrol how much compression is ap-
plied to the membrane. In addition metal sheets were obtaidewith an alternative reactor
geometry which will modify the pressure gradient across theactor while maintaining the
same reactor volume and catalyst loading. This is more of arm®type geometry and will be

illustrated in sections that follow.

10.3 Development of catalyst material for incorporation in to the micro reactor

system

10.3.1 Micro brous Catalyst Support System (MCSS)

Although the small dimensions of the microreactor reduce #imal and mass gradients,
lling the microreactor with a catalyst of a reduced particle size can dramatically increase
the pressure drop in the reactor. For a given bed length, a peedd-bed with 60 m catalyst
particles has a pressure drop 275X larger than a bed with 1 mm particles, and 27500X
larger than a bed with 1 cm particles. In studies with the modately fast phosgene reaction
in the axial ow microreactor, gas ow rates of only 4.5 sccm vth 53-71 m catalyst yielded
a large pressure drop of 0.4 atm [187]. In general, a large qtity of catalyst is desirable
for catalyst testing with microreactors to average out vaances between catalyst particles.
However, shortening the length of the catalyst bed is necesg to reduce pressure drop. In
this work, we present a single channel microreactor for cdyat testing that uses a Micro -
brous Catalyst Support System which provides large void vaine, an entirely open structure,
large surface-to-volume ratio, high permeability, high termal conductivity, and unique form
factors instead of thin- Ims or coatings. This way, resultsare relevant to catalyst prepara-
tion techniques, catalyst-support interactions, and otheissues in industrial catalysis. The
Micro brous Catalyst Support System enables the use of préical ow rates and catalyst

guantities while minimizing pressure drop. A comparison dhe ow path of gases through a
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microreactor with an MCSS catalyst vs a standard particle dalyst is illustrated in Figures

10.2 and 10.3. The microreactor design, fabrication, and &facterization are presented.

Fabrication Methodology

The fabrication of the Micro brous Catalyst Support Systemwas performed by a wet-
lay process. The base of the slurry is a cellulose pulp suspem. To this, an adjustable
volume percent of nickel micro bers (typical diameter 3.0 m) are added and mixed followed
by the desired volume percent of the silica support particke This slurry is diluted and formed
into hand-sheets using a typical paper forming technique whe the majority of the slurry
is poured over a ne screen allowing most of the free water taain, leaving behind a dense
mesh of cellulose and nickel bers entangling the silica spprt particles. The hand-sheet is
then air dried and oxidized in air at approximately 400 C to remove the cellulose, leaving
behind the nickel entrapped particles. A subsequent hydreg reduction at 900 C sinter the
micro brous nickel network around the silica particles andproduces a robust micro brous
network. The micro brous network can be tailored in both vod age and support loading,
and can be mechanically formed post-fabrication by cuttingcompressing or even welding.
The nished micro brous media has tunable transport propeties including e ective thermal
conductivity, mean distance between bers and pressure doo A SEM image of one example

of this material is shown in Figure 10.8

10.3.2 Quali cation of Micro brous Catalyst Support Syste m (MCSS)

The Fischer-Tropsch process is critically dependent on theectiveness of the cobalt
catalyst and there has been a signi cant e ort in the optimization in the design of catalysts
which optimize metal crystallite size, control dispersionimprove reducibility and increase
overall stability. The interaction of cobalt with the metal oxide support and its dispersion
characteristics have been shown to a ect the electronic dsity as well as the structure of

the metal crystallites and are assumed to play a role in the kdyocarbon selectivity and
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the catalyst activity. Due to the nature of our microreactorit was impossible to incorpo-
rate an existing catalyst into our system. Work was needed tmlentify an active material
that was capable of being utilized in a microreactor. Signcant preliminary investigations
were required as it was necessary to start from scratch andagwine all the steps in the
preparation procedure. This e ort prompted a signi cant investigation of the impregnation
procedure, calcination procedure, and reduction proceds necessary to produce a viable
catalyst material. Reduction of supported CeO, species in hydrogen has been a subject of a
large number of investigations. Reduction of G®,4 has been shown to produce CoO within
the temperature range of 200-300C. The amount of metallic cobalt produced in the second
reduction step and the temperature range associated with ¢hreduction is controlled by the
ease of CoO reduction to metallic Cobalt. A nal quali cation was performed by utilizing

our optimized catalyst material in an existing macro scale F reactor.

Calcination and Reduction Mechanism for Cobalt Nitrate Hex ahydrate

Preliminary analysis involved understanding the reactiomechanisms for the calcination
and reduction of cobalt nitrate hexahydrate. The reaction rachanisms as indicated below
were found in the literature review.

Calcination Mechanism
CoNO; 6(H,0) " 6H,0+ NO + NO, + %00304 (10.7)

Reduction Mechanism
Co04+ Hy ! H,0O +3Co0(stepl) (10.8)

CoO+ H,! H,0+ Co(stepll) (10.9)
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It was determined that due to the nature of both reactions tha TGA-MS could be
utilized to examine the calcination and reduction mechaniss. Runs were performed on
cobalt nitrate hexahydrate to measure the extent of both calnation and reduction. TGA-
MS allowed for a measurement of weight loss as a function obotion temperature. From
this analysis we were able to determine the extent of calcitian and reduction and identify
the temperature at which these events occurred. The calciti@n results are shown in Figure
10.4. The results were in good agreement with the values aallsted based on stoichiometry.
The reduction mechanism as shown in Figure 10.5 are also imregment with the calculated
values. Two distinct peaks were identi able for the reducttn mechanism which allowed for a
correlation of reduction amount and reduction temperaturg It can be seen from Figure 10.5
that step 1 occurs at 283 C and step 2 of the reduction occurs between 320-40D The mass
spectral data allowed identi cation of the evolved gases abe reactions proceeded. These
gases were in agreement with the mechanisms proposed in therature. Quantitatively,
the mass losses at steps | and Il are 6.9% and 20.7% respebtjvehile the mass loss at
step Il is approximately three times that at step I. This is inagreement with the reduction
mechanism shown above. The water evolved from the reductisteps trends with the weight

loss events and validates that the weight loss is due to thedection mechanism proposed.

Investigation of the Reduction Properties for Silica Suppo rted Cobalt as In u-

enced by Pore Size

Initial investigations focused on the utilization of di erent silica support particles. As
the interaction with the metal oxide support and its disper®n characteristics are of great
importance it was necessary to understand the interactiorthat occurred between the silica
support and the cobalt precursor. Co/SiQ catalysts were prepared by aqueous cobalt nitrate
impregnations of silica with di erent pore sizes to study tle e ect of the pore size on the
reduction pro le. Cobalt nitrate hexahydrate impregnatedsilica catalysts were calcinated in

air at 350 C for 2 hours. Investigations revealed this calaaion procedure regardless of pore
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size consistently provided a high degree of conversion to {8a. An example is illustrated
in Figure 10.6. Four di erent sized silica powders were utided for impregnation of a cobalt

loading of 20 wt%. The sample information and identi catiors are given as follows:

1. Silica Gel 60A Pore Size, 43-63 micron overall size
2. Silica Gel 150A Pore Size, 150-250 micron overall size
3. Silica Gel 250A Pore Size, 60-250 microns overall size

4. Silica Gel 150A Pore Size 75-150 micron overall size

Figure 10.7 represents the weight loss associated with theuf catalysts of di erent
silica pore size. Again, two distinct weight loss events assated with Co;0,4 reduction are
illustrated. The results showed that the reduction proceeztl in a two step process with
the rst reduction step occurring between 200 C and 320 C. All of the catalysts showed
similar reduction percentages for the rst step of reductin. This was as expected as the
rst reduction event is expected to occur easily. The secon@gduction step occurred between
320 C and 700 C depending on the pore size. Quantitatively, the mass loss$ step Il is
expected to be approximately three times that at step | to beniagreement with the reduction
mechanism shown above. It became evident during the invegdition, that the catalysts with
the larger pore sizes were more easily reducible to metalticbalt. Based on the calculations
full reduction weight loss is calculated to be 6.8%. The cdigst with the smallest pore size
6 nm showed the least amount of reduction at 5.0%. Sample 4 wasoosen as our starting
material given the extent of reduction and the particle sizeange. Future analysis will include

a more in depth investigation of particle size as in uencedybour reduction procedure.

Impregnation Procedure for MCSS

The procedure consisted of creating the nickel micro brousilica support via a standard

wet paper-lay process. A micro brous carrier consisting ad 2.0-3.0 vol. % of 3 m (dia)
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Ni bers was utilized to entrap 20-30 vol. % of 75-150 m diameter silica particulates with
a pore size of 6nm. This process was followed by an oxidativedtment at a temperature
of 400 C to remove binders associated with the paper lay process amés followed by a
hydrogen reduction at 900 C that allowed the micro brous nickel network to be sintered
together around the silica powder to form a more rigorous spprt. The sintered support
was solution impregnated with a 15 wt.% cobalt nitrate hexaydrate and water solution.
After completely immersing the sintered support in the 15 v@6 cobalt nitrate hexahydrate
solution, excess solution was removed via blotting relyingn capillary forces to remove the
excess material that was not incorporated within the silicgpores. The material was again
subjected to an oxidative treatment as previously descrildethat removed the nitrate portion
of the cobalt precursor and produced a cobalt oxide that cadilbe subsequently reduced to

the active metal prior to its utilization as a FT catalyst.

Catalyst Characterization

SEM analysis was performed to characterize the surface fesds of the impregnated
MCSS. Figure 10.8 on the right is a SEM image of the fabricateshicro brous support
just prior to impregnation. It can be seen that the silica paticulates are of various shapes
and are anchored within the nickel matrix. Figure 10.8 on théeft is a SEM image of an
individual silica particle used for comparison purposes. idure 10.9 right is an SEM image
of the micro brous entrapped silica supported cobalt cataist with 75-150 m silica pore
size prior to reduction. It is interesting to note, that the @balt catalyst which was expected
to be only associated with the silica support was actually siributed uniformly throughout
the micro brous matrix. An individual particle was investigated in Figure 10.9 and shows
that the cobalt catalyst also coated the surface of the paxles.

The fact that the cobalt catalyst was distributed non unifomly throughout the micro
brous matrix was an intriguing result. But, due to this fact there were questions on the

actual loading percentages associated with the cobalt. THeading that was assumed was
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not accurate. It has been stated in the literature that when ding solution impregnation
the active catalyst will di use into the pores of the silica sipport and remain. Subsequent
reduction would reduce the cobalt oxide to active metal colitawithin the pores. Given

the interaction of the impregnating solution and the suppdran alternative impregnation

method was necessary.

Additional catalyst samples were produced that utilized a mre rigorous attempt to
remove the excess catalytic solution. These attempt incled a vacuum impregnation step.
The catalyst was exposed to excess solution of the cobalt naite solution previously de-
scribed. The catalyst membrane was placed securely onto auam plate and excess solvent
was removed via vacuum. This procedure was repeated 3 timexldhe weight gain achieved
was in agreement with what was calculated after an overnightrying procedure at 90 C.
This procedure was adopted as the standard procedure for allbsequent MCSS fabrication.
Additional analysis utilizing optical microscopy con rmed that the impregnation solution
was no longer present in the network and only accumulated ohe silica particle surface and

on in its' pores.

10.3.3 Catalyst Support Manufacturing Procedure

The procedure consisted of creating the nickel micro brousilica support via a standard

wet paper-lay process. A micro brous carrier consisting od 2.0-3.0 vol. percent of 3
m (dia) Ni bers was utilized to entrap 20-30 vol. percent of 3-150 m diameter silica
particulates with a pore size of 6nm. This process was folled by an oxidative treatment
at a temperature of 400 C to remove binders associated with the paper lay process awds
followed by a hydrogen reduction at 900C that allowed the micro brous nickel network to
be sintered together around the silica powder to form a morégorous support. The sintered
support was solution impregnated with a 15 wt% percent cobahitrate hexahydrate and
water solution. After completely immersing the sintered spport in the 15 wt% percent

cobalt nitrate hexahydrate solution, excess solution wasemoved via vacuum ltration to
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remove the excess material that was not incorporated withithe silica pores. This procedure
was repeated 3 times and the support was dried in an oven at 90 overnight. The material
was again subjected to an oxidative treatment that removedhe nitrate portion of the cobalt
precursor and produced a cobalt oxide that could be subseauig reduced to the active metal

prior to its utilization as a FT catalyst.

10.3.4 Utilization of Catalyst Support in Standard FT React or

Initial experiments were performed to determine the applability of the MCSS catalyst
for Fischer Tropsch synthesis. A preliminary catalyst was nepared following the procedure
detailed in Section 10.3.3 and was incorporated into an etiigg macro scale gas phase reactor.
A standard sample was also manufactured that consisted of ackel micro brous silica
support that was void of the reactive catalyst, which was argzed in order to determine the
reactivity of the support material. The procedure used to prduce this standard was the same
as listed in Section 10.3.3, but without the subsequent cobanitrate loading. It should be
noted that this catalyst is being testing in a high temperatue reactor that has proven to be
repeatable successful in prior runs. The macro scale expeent utilized the catalyst powder
4 (15nm Pore size,100nm Avg particle size). This material slved promise as a potential
Fischer Tropsch catalyst. It is important to note that the information learned from these
experiments will not be directly transferable to our microeactor due to the di erent reaction
pressures utilized for our system.

Two runs were made on the Wilmore 202 gas phase reactor uiilig the micro- brous
material for FTS. The rst was a blank run without the reactive catalyst. The second used
a 15 % Cobalt loading on a silica supported nickel mesh. Thedeher-Tropsch Synthesis
reaction was performed in a stainless-steel reactor (di-ibch, | = 2in). The reactor was
loaded with 1 g of catalyst (1.7 g of overall micro- brous matrial). Prior to the catalytic
experiments, the catalysts were reduced with hydrogen intgiat 300 C. The reduction time

was 4 hours. After the reduction step, the temperature waswered to 250 C under H,
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and the reactant gas mixture (H:CO:N,, v/v 63:33:1, N, was the internal standard) was
introduced at a total ow rate of 50 SCCM). The pressure was eWly increased to 250psi.
Once the reaction temperature was achieved the reaction wéed to proceed during a 24
hour period. Periodic sampling and temperature adjustmestwere made during this period
to monitor there e ects on catalytic activity. During reaction, the reactor e uent passed

through a cold trap at 10 C to collect both lighter products (water, alcohol, and hydocar-

bons) and wax products. The e uent gases were depressurizadd analyzed periodically by
on-line gas chromatography.

A Varian 3800 gas chromatographic system equipped with a TCBetector was devel-
oped for the rapid on-line analysis of light Fischer-Trop$cproducts. A Haycep DB100/120
(part number 2836PC) packed column separates the most comm&;-Cs hydrocarbons.
The packed column is used for the separation of methane, carbmonoxide, carbon dioxide,
water and methanol. Retention characteristics for the angsis on the packed column are well
characterized. The total analysis cycle is approximately®4minutes. The heavier Fischer-
Tropsch products are collected in a cold trap and are analyde -line. These products are
injected into a liquid chromatograph Varian 3300 with a capiary tube (DB-5/ Part number
125-5032) that can resolve hydrocarbons fromg€Csq utilizing a FID detector.

For the rst experiment no liquid product was present in the old trap. Analysis showed
that minimal activity was associated with the nickel-basedmicro brous material void of
catalyst indicating that any activity associated with the atalyst enhanced micro brous
material would be due to the cobalt catalyst. The second expment was performed with
the 15 % Cobalt loading on a silica supported nickel mesh. Tldata in table 10.1 show a
combination of results for the combination of the gas (anaked via the TCD) and the liquid
products collected (analyzed via the FID). The Cl{ and CO, selectivities are high, but that
is to be expected with gas phase operation. Some interestiolgservations are that the ole n

content of the liquid product was negligible and that the alpa value was quite high (79%),

149



although it should be noted that this owes most to the low temerature period. As such,

this material shows considerable promise for gas-phasedkier Tropsch synthesis.
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Date Reaction Temp (C) | CO Conv | H, Conv | CH,4 Sel.| CO, Sel.
2/08/2008 214C 100 94 58 24
2/08/2008 214C 100 93 58 25
2/08/2008 204C 100 90 56 26
2/08/2008 195C 99 93 39 20
2/08/2008 194C 40 49 13 1
2/08/2008 204 C 100 90 42 37

Table 10.1: Macro scale conversion data for cobalt impregea silica supported nickel cat-
alyst.

10.4 Systematic Probing of the Operating Parameters

The initial goals of this project include a complete analysiof the operating parameters
associated with our designed microreactor. This includedhaanalysis of the pressure drop
through the reactor as in uenced by the MCSS compression. alations were performed
to characterize the ow characteristics within the reactor Extended analysis included an

analysis of the residence time distribution as in uenced bgompression.

10.4.1 Phase 1. Investigation of the E ect of Pressure Drop

- Investigate Pressure Drop as a function of (MCSS) compréss
- Characterize the Residence Time Distribution as a functioof compression

One of the main problems in using Micro reactors for heterogeously catalyzed gas-
phase reactions is the introduction of the catalyst in the r&ction zone. The straightforward
way is to Il the micro channels with catalyst powder. The sie of the particles introduced
generally ranges between 35 and 75n in diameter, leading to a high pressure drop during
the passage of uid. In addition, each channel must be packedentically to avoid mis
distribution, which is known to broaden residence time disibution while diminishing reactor
performance. Another approach is create micro reactors \Witatalytically-active walls. The
speci ¢ surface area is increased by chemical treatment it channel walls or by their coating

with a porous layer. The porous layer can serve as a catalyst @ support for a catalytic
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phase. The main limitation of catalytic-wall micro reactos is the thickness of the porous
layer. Since the majority of micro reactors are used for fastighly exothermic reactions, the
layer should be< 1-2 m in order to avoid mass/heat transfer limitations. Therefoe, the
total mass of the catalyst is too small for achieving high p&rmance preferred for a unit of
the reactor volume. In our micro reactor a micro brous catajlst support system (MCSS)
with a structured catalytic bed consisting of entrapped pdrcles in a sintered metal network
whose void volume can be varied. Each (MCSS) possesses an3edsional regular micro
structure, resulting in a low pressure drop during the pasga of reacting gases at higher
void age. Our initial system investigations have included nessure drop investigation as a
function of MCSS compression.

Pressure Drop Investigation Each of these experiments utiéd the standard MCSS cat-
alyst that incorporated the 15nm pore size (75-150n) particle size silica. These experiments
were performed without the addition of the catalyst and repesent the e ects of solely the
support system. The calculated ratio by weight for the silia to nickel bers is 37.5 wt%
Nickel / 62.5 wt% Si. Three di erent arrangements of the MCSSnicro reactor were tested.
(1) With compression to 1016 m and (2) with compression to 508 m and (3) with compres-
sion to 127 m. It should be noted that compression to the 127 micron comgtely blocked
ow and was not included in the analysis. The pressure drop emss the microreactor was
measured with a di erential pressure gauge placed at the re@r inlet and outlet. Calcu-
lations utilizing a modi ed reynolds number as suggested bthe Taterchuk group revealed
that the ow is in the laminar ow regime regardless of compresion or void age these results
are shown in Figure 10.12. This calculation is elaborated an the powerpoint presentation
and will be subsequently included.

A linear dependence on ow rate and pressure drop for both cgressions has been
found. The results were in good agreement with Darcy's Law drare presented in Figure

10.11. Darcy's law (Equation 10.10) for the pressure drop elaminar ow was tted to the

152



experimental data by a least-squares method,

Q %‘ (10.10)

kA
With the surface, A= f(compression),L=.0381m, = 1.98E-05Pa=sec;P= Pa
The MCSS membranes consisted of identical loadings of dliat a 62.5 wt% loading.
The di erence in pressure drop caused by compression wasweaigni cant and is shown to
be at least three orders of magnitude greater with a doublingf compression. This indicated
that compression could signi cantly in uence the residene distribution time by forcing a

higher velocity to overcome the pressure di erences.

10.4.2 Residence Time of Distribution

The RTD was obtained from measured response curves to the gstehange in the re-
actor inlet from ow of He to O,. The responses were rst obtained for the installation
only (without reactor). The measurements were then done witthe empty reactor without
MCSS. Finally, reactor + MCSS were characterized. The F[tJunction was obtained after
a normalization of the concentration response. These thrdanctions, F[t], are shown in
Figure 10.13 and Figure 10.14.

The axial dispersion in the micro reactor is however more Ve when the function,
F[t], is transformed into a function, E(t), as presented in kgures 10.15 and 10.16. The E(t)

curve was calculated from the following equation:

E(t) = c:j_f (10.11)

For the case indicated in Figures 10.13 and 10.14 at a ow ratéd 5.0 ml/min the MCSS
with the lower compression (1016 m) increased its residence time only slightly over the
empty reactor. But, upon compression to the 508 m range the residence time for the gas

in the MCSS was much greater than the residence time of the etypeactor.
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Further studies were performed with a variable ow rates adlustrated in Figures 10.17
and 10.19. Figure 10.18 represents the data obtained frometil016 m compression at
varying ow rates from 5.0 ml/min to 25.0 ml/min. There is a transition between 5.0 ml/min
and 25.0 ml/min where the residence time is less a ected by ¢hMCSS and it appears that
the e ect of frictional drag becomes less inhibitive of ow o the compressibility of the gas
starts to become more of an issue. Based on the informationosim in Figure 10.18 as the
ow rate is increased the dispersion becomes decreased asthompression.

Figure 10.19 represents the data obtained from the 508n compression at varying ow
rates from 5.0 ml/min to 25.0 ml/min. For this compression baveen 5.0 ml/min and 25.0
ml/min the residence time is greatly in uenced by the MCSS ad it appears that the e ect
of frictional drag becomes more of an issue. Based on the mf@tion shown is Figure 10.20
as the ow rate is increased the dispersion becomes decrehsaé this compression but to a
much lesser extent than that at the lower compression.

Data has been collected for the 1016 compression as a funmtiof temperature and
appears to trend as expected. The RTD shown at 5.0 ml/min shothat the distribution
becomes more narrow as a function of increased temperaturaas shown in Figure 10.21.
Work has not completed on the lower compression material asfanction of temperature.

There was a drastic di erences in residence time based on qomassibility coupled with

the pressure drop.
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10.5 Microreactor Utilization for Fischer Tropsch Synthes is

As directed by committee during the preliminary exam, the fous of this work became
limited. Suggestions were to discontinue the pressure dropeasurements, RTD studies, and

catalyst investigations shifting focus to simple experimgal observations. Namely,
Goal 1. Determine if the System Works.

{ Experiments suggested:

{ Utilization of only one catalyst loading (same calcinatiorprocedure as with the

macro reactor testing)
{ Limit catalyst compression to one setting (1014 m)

{ Measure product distribution as a F(reactor temperature) ad F( ow rates) to

determine system limitations and outcomes.

Goal 2. Repeat experiments with a di erent bed geometry andoenpare selectivities.

10.6 Results and Conclusions

Experiments were carried out in the microreactor system a$ustrated in Figure 10.22
under isothermal conditions. The micro brous catalyst suport system (MCSS) is \sand-
wiched" by two separated heat transfer channels, which areedigned to maintain a high
heat transfer coe cient. The MCSS described above is snugiyserted in the microreactor
providing the total length of the catalyst bed of 2.5 inchesThe reactants can be preheated
to a desired temperature in the upstream portion of the charel before entering the catalyst
bed. The individual channel of the microreactor has the dinmsion of: 2.5" (x-direction)
X variable (y-dir) X .25" (z-dir). The channel is lled with t he MCSS and there is no gap
between the catalyst pieces and the reactor walls. A thermogple is placed on the outlet

side just above the MCSS.
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To begin the catalyst was activated in a 3% hydrogen / heliumlend at 350 C in situ
overnight, followed by the introduction of the syngas feed ih H,/CO ratio of 2. Before
measurements were performed the system was equilibrated #4-hours at a given ow
rate. Initial settings ranged from 5.0 ml/min to 0.1 ml/min begining with the highest
settings and gradually stepped down to the lower values. Fmothis initial test- a set ow
rate of 0.1 ml/min was required to obtain measurable convam. Noncondensed gases are
analyzed using an on-line gas chromatography to determingdQ:onversion and light product
selectivity. All process parameters such as temperaturergssure, owrates were recorded.

At this point in time selectivity was only for CO, and methane with limited conver-
sion. While maintaining the 0.1 ml/min ow rate experiments were performed with 24 hour
equilibration with a reduction in temperature at 10 Cintervals. Once the temperature was
reduced to 280 C measurable conversion was not observed. From this infortien it was
determined that the catalyst was not active and the conversn noted was due to thermal
e ects.

A new catalyst material was reduced ex-situ in the 3% hydroge/ helium blend at
350 C at a higher ow rate of 100 ml/min (consistent with TGA analysis) and introduced
into the microreactor system in an attempt to make the catalgt more reactive. Again, the
catalyst was treated in a 3% hydrogen / helium blend at 350C overnight at 5.0 ml/min and
followed by the introduction of the syngas feed with LCO ratio of 2. Before measurements
were performed the system was equilibrated for 24 hours at asgn ow rate. Initial settings
ranged from 5.0 ml/min to 0.1 ml/min as the experiment beforebegining with the highest
settings and gradually stepped down to the lower values. Fmothis initial test- a set ow rate
of 0.1 to 2.0 ml/min was required to obtain measurable conveion. The lower ow rates gave
higher conversions and better selectivities toward {products as measured with GC. The
best conversion values were obtained at 28C a temperature which was much higher than
what was expected. This high temperature could be indicatvof reduced thermal contact

with the MCSS membrane. This microreactor system is a low psure system relying on only
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the pressure drop accross the reactor to aid in conversion.egults obtained for conversion
were very poor and no products above {Owvere observed.

To close the loop on the experiments a di erent reactor geortrg was analyzed (cone
type) with a higher built in pressure drop. As no RTD distribution or pressure drop mea-
surements were performed on this reactor it is di cult to detrmine the true in uence of this
geometry. The experiments were repeated with thex situ reduction of the catalyst. The
catalyst amount was the same by mass even though a di erent g®etry was placed into the
reactor. The same experimental scheme as mentioned predtyuwas performed stepping
down ow rates and temperatures for comparative purposes. He results of the experiments
were similar to what was observed previously and not directénd data was obtained.

Work was discontinued on this project.
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Figure 10.1: Typical Fischer Tropsch product distributionbased on chain growth probability.
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Figure 10.3: Representation of gas ow through a standard pked bed reactor.
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Figure 10.7: Water evolution during the reduction ofCo;0,4 with a 100 ml/min 3% H,/
Helium ow and ramp rate of 10 C/min as a function of pore size.
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Figure 10.8: [Left] MCSS Sheet prior to solution impregnatn. [Right] Individual particle
from MCSS Sheet.
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Figure 10.9: [Left] MCSS Sheet that has been impregnated awdied by blotting method
and subsequently calcinated [Right] Individual particle #&er calcination.
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Figure 10.10: lllustration of the microreactor system fabicated for this work.
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Figure 10.11: Measured pressure drop across the microrescas a function of compression
as tted by Darcy's law.
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Reynolds Number vs Volumetric Flow Rate
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Figure 10.12: Reynolds number calculations in a MCSS as a @tion of variable compression,
void volume, and volumetric ow rate.
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Figure 10.13: F(t) Break-through curve He! O, at 5.0 ml/min, T= 298 K at 1016 m
compression.

165



Figure 10.14: F(t) Break-through curve He! O, at 5.0 ml/min, T= 298 K at 508 m
compression.
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Figure 10.15: E(t) Break-through curve He!l O, at 5.0 ml/min, T= 298 K at 1016 m
compression.
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Figure 10.16: E(t) Break-through curve He! O, at 5.0 ml/min, T= 298 K at 1016 m
compression.

Figure 10.17: F(t) Break-through curve Hel O, at variable ow rates, T= 298 K at 1016
m compression.
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Figure 10.18: E(t) Break-through curve He O, at variable ow rates, T= 298K at 1016
m compression.

Figure 10.19: F(t) Break-through curve He! O, at variable ow rates, T= 298K at 508
mcompression.
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Figure 10.20: E(t) Break-through curve Hel O, at variable ow rates, T= 298K at 508
mcompression.

Figure 10.21: Residence time distribution as a function oktnperature at a set ow rate of
5.0 ml/min.
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Figure 10.22: Photograph of microreactor fabricated for ik work.
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Part 111

Interfacial Engineering of Micro uidic Devices
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Chapter 11

Surface Engineering of Poly(dimethylsiloxane) Micro uidc Devices

11.1 Motivation

Polydimethylsiloxane (PDMS) has become a material of cha@dor the fabrication of mi-
cro uidic devices. It is inert, bio-compatible and maintans a transparency that has proven
convenient for visualization and detection. The exibility of PDMS is suitable for the inte-
gration of ow control devices such as, micro valves and micrpumps, that can be easily
incorporated due to PDMS ability to be manipulated via soft ithography [188]. Despite
its advantages, the use of PDMS is limited because of poor ¢tah of its surface proper-
ties. Surface chemistry is of great importance in micro uitt devices due to the high surface
area-to-volume ratio. There has been much research dediedtto modi cation of the sur-
face properties of PDMS to overcome the limitations assotgm with micro uidic devices,
such as; protein absorption, solvent incompatibility, andsurface wet ability. Water vapor
di usion in PDMS also limit many applications that require increased temperatures and is
particularly important as related to PCR Applications [189. It is the limitation associated
with temperature cycling as related to PCR investigations liat prompted this work.

A Molecular Vapor Deposition (MVD) silica layer has been shwn to deposit onto
PDMS surfaces resulting in a stable reactive surface capaldf sustaining much of the same
chemistries associated with glass surfaces [190]. Due ® lbw-temperature deposition con-
dition, controlled coverage and process tunability it is gxected that this silica layer could
also be capable of improving the water barrier properties saciated with PDMS micro uidic
devices. Investigations are performed to characterize theater di usion as in uenced by an

added silica layer. Prior to this investigation, PDMS devies are custom fabricated and a
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baseline testing method was established for water di usiomeasurements. In addition, a de-
tailed investigation of water vapor di usion as in uenced ly curing conditions is illustrated

as this information proved vital and unattainable current lterature.

11.2 Background Research

There has been signi cant research aimed at miniaturized anfully integrated lab-
on-chip systems for applications, such as drug screeningellolar assays, protein analysis,
and point-of-care diagnostics. PDMS an inexpensive elasteric polymer has emerged as a
promising material for lab-on-chip applications [191]. Ta ease in fabrication with both rapid
prototyping and mass production techniques as well as loweost relative to silicon and glass
makes it particularly attractive for the development of mico uidic applications [192]. These
systems o er a drastically reduced liquid sample and reagemolume, and an increase the
speed of analysis [192,193]. In addition, these miniatued lab-on-chip systems, also known
as micro- uidic devices, o er the potential for parallel aralysis of multiple samples on a single
chip. Within these devices there must be precise micro- uid control via the integration
of pumps, valves, mixers, separation units, reactors and téetors. Recent developments in
miniaturization technology have already had a great impaobn the biomedical research eld.
The MEMS-based polymerase chain reaction (PCR) chamber is® of the great progresses.
PCR is a well-characterized method for the selectively idéoal replication of DNA molecules.
By an enzymatic ampli cation process, the concentration od DNA species is nearly doubled
through a cycling between three di erent temperatures. Inhis way, the DNA concentration
can be multiplied more than a million times by about 30 cyclesf temperature.

PDMS is a silicon-based organic polymer consisting of reped [SIO(CHs),] units. The
PDMS used for our micro structure application is a RTV-615 §tone rubber, (:e: Room
Temperature Vulcanizing) silicone composed of two compams: a base and a curing agent.

Upon curing, the siloxane base oligomers containing vinyt@ups are linked to the hydrogen
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containing curing agent oligomers through a hydrosilylatin reaction, forming Si-CH-CH,-

Si linkages. The curing agent contains a platinum-based @dyst that is needed to catalyze
the hydrosilylation reaction. As seen from the reaction dgram in Figure 11.1, the multiple
reaction sites on both the base and curing agent oligomerdaals for 3-D cross linking.

The ability of PDMS to serve as a useful substrate for micro idic fabrication extends
from advantages such as high gas permeability, good opticinsparency, mold ability,
non toxicity or bio compatibility, low curing temperature, and ease of sealing with other
materials [194]. It can be bonded to a variety of materials oluding glass, quartz, silicon,
polystyrene, and polyethylene after oxygen plasma oxidain [195]. Although PDMS has
many advantages, there are some physical properties thamii its broad application. PDMS
is hydrophobic, and small hydrophobic molecules, biopolyens, and cells can all irreversibly
adsorb to the surface [196]. Water vapor di usion in PDMS hagalso been shown to limit
many applications that require increased temperatures.

There have been numerous investigations of water vapor dision in PDMS as related
to membrane applications. The techniques involved have rgad from simple gravimetric
techniques, quartz crystal micro balance measurements,espproscopic systems based on va-
por phase absorption of IR, and various iterations and impr@ments on vapor permeation
cells [197,198]. Recognition of the problem of water vaporusion as applied to micro uidic
devices has prompted some studies on ways to eliminate or wed the di usion of water.
Lounaciet al. placed a PDMS microdevice in a controlled humidity chamberotcontrol dehy-
dration by manipulating the partial pressure of water aroud the microdevice thus controlling
the driving force [199]. Other researchers have investigat techniques to deposit either inter-
nal barrier layers or external barrier layers. These inveigfations have incorporated solution
coating methods, sol-gel techniques and CVD deposition oinous materials ranging from
oxide layers to di erent polymeric materials to produce baier layers [189, 194, 200{202].

Although these investigations have provided some improvemt, micro udic devices are still
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limited to applications that require reduced temperature®r are designed in such a way that

water vapor di usion is controlled.

11.3 Investigation of Water Vapor Di usivity in PDMS Device s as In uenced

by Curing Conditions

One production step often overlooked and under-examined tise choice of the curing
scheme as related to vapor di usion properties within a mieruidic device. Despite the
manufacturers' recommended curing time for PDMS, many unige protocols exist for the
production of micro uidic devices. Many of the protocols hee focused on ways of optimizing
valving processes, modifying overall micro uidic deviceeactivity, or on improving inherent
bonding di culties in PDMS [203]. In fact, there are not many research groups who perform
the same manufacturing protocol for micro uidic devices. Wile many curing technigues
have been optimized and widely studied, it is hard to ascerita if one method has an ad-
vantage over another in terms of vapor di usion propertiesFor example, the recommended
cure time for RTV 615 is 24 hours at room temperature. But resech indicates that PDMS
curing can be accelerated by applications of heat for shoriepods and that to much heat
will create a sti PDMS structure which can prove detrimentd to pumping processes [204].
It has also been shown that PDMS can be made more stable by thally aging micro uidic
devices [205]. Because chemical cross linking can alter t@mposition of a polymer, and
can consequently increase or decrease molecular permégpthe choice of a curing regimen
could drastically in uence the cross linking in PDMS and hag strong implications toward
water vapor di usivity [206].

This research focuses on a simple gravimetric approach thatilizes TGA-MS to inves-
tigate the steady state di usion of water vapor from within a PDMS device as a function
temperature. PDMS test devices are created by utilizing twali erent curing mechanisms.
The rst being a 24-hr room temperature cure as recommendedy lihe manufacturer and

a second that relies on a brief exposure (1hr to 10C) followed by a 24 hour exposure to
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room temperature. The intent of this work is to measure and htify any di erences in the
steady state di usivity measurements of water vapor as a iruence by curing conditions.
The choice of temperature cycling ranges from ambient to 7% (lowest maximum) to 95
C(highest maximum) both to expedite the measurement procesand to mimic the condi-
tions encountered in PCR measurements. This work was neaagsto establish a baseline for
di usivity measurements as in uenced by curing conditionsand provides a means to decou-
ple any changes in vapor di usion as in uenced by barrier lagrs and the various techniques
utilized to incorporate the barrier layers. This work was neessary to provide a baseline for
di usivity measurements and provides a means to monitor ousubsequent investigations on

surface modi cation which will be explained in more detailn a later section.

11.4 Experimental Details

11.4.1 Materials

Silicon wafers, p-type, with (100) orientation were obtaiad from University Wafer
(Boston, MA). GE Silicon RTV 615a and RTV 615b were purchasettom Allied Electronics
and used as received. Deuterated Water was purchased fromrég Organics packaged in
0.75 ml ampules with a molecular weight of 20.02 g/mol. Eachrgule was opened just prior

to use and the DO was utilized within 10 minutes of opening.

11.4.2 Wafer preparation and cleaning

Both silicon wafers and diced silicon samples are used inghiork. Silicon samples are
prepared by cutting the silicon wafers into 8mm 8mm squares with a dicing saw. Silicon
wafers and diced silicon are sonicated in acetone for ten mias and then again in isopropanol
for ten minutes and then dried under a stream of nitrogen. Saptes are etched for ten minutes
in concentrated HF to remove the native oxide layer, rinsechicopious amounts of deionized
water, and then dried under a stream of nitrogen. Samples atken loaded into a custom-

built vacuum deposition system, the design of which is basesh a previously described
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system [88], for oxygen plasma treatment. Briey, the vacum deposition system consists
of a rotary vane pump (base pressure 0.4 Pa) which is coupleal & glass reaction chamber
that contains perforated electrodes which can be biased toeate anin situ, capacitively-

coupled radio frequency (RF) plasma (13.56 MHz). MKS Baratm capacitance manometers
are used to monitor the system pressure up to 1.30* Pa. After introducing the samples

into the vacuum system, the system is evacuated to a presswéless than 2.6 Pa. Oxygen
gas is then allowed to ow through the system, and an oxygen bkground is established
by multiple pump-purge cycles with oxygen gas. Then, the oxgen pressure is allowed to
stabilize around 33.3 Pa, at which point the chamber is isdiad from the pump. An RF

plasma is struck at 50 W forward power, and the samples are eoged to the plasma for ve

minutes. This treatment grows an oxide layer about 2 nm thiclon the silicon surface. The
samples are removed from the vacuum deposition system andletd again for ten minutes
in concentrated HF, rinsed in copious amounts of deionizecater, and dried under a stream
of nitrogen. An additional oxygen plasma treatment is empiged to re-grow an oxide layer.
Treating the samples by this method \peels o " the uppermostiayers of the crystal surface,
revealing a clean, at surface. This iterative cleaning métod is repeated until inspection
by contact angle and AFM indicate that a clean (contact anglec 5), at (RMS roughness

0.2 nm) surface has been obtained, but usually two iteratiensu ce.

11.4.3 Te on Mold Fabrication

A te on mold was fabricated and incorporated onto a silicon afer. This mold consisted
of a 4.0 inch diameter machined te on disc (1/4"thick) conssting of multiple holes with an
outer hole diameter of 1/4". The te on ring was attached to the silicon wafer surface and
an inner te on cylinder with and outer diameter of 1/8 " was centered in each of the holes.
The te on disc and center cylinders were secured by applyirg light layer of PDMS to both

the disc and the cylinders. An illustration of the mold is shan in Figure 11.2. The mold
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and silica unit was inserted into an aluminum pan for contaiment and placed in the furnace

at 100 C for 1-hour prior to utilization.

11.4.4 PDMS Preparation

GE RTV 615 Parts (a and b) were mixed according to the manufaates' instructions in
a ratio of 10:1 by weight. The components were stirred for 3 mites and then the mixture
was pored over the te on mold described in 11.2. Enough PDMSas applied to ensure that
the entire mold would be completely submerged within the PDM solution. The PDMS was
also poured onto into an ZnSe ATR accessory to be utilized f&TIR analysis. The PDMS
lled mold and ATR accessory were placed in the vacuum chambgreviously described in
section 11.4.2. The PDMS mixture was degassed under vacuumtiuthe pressure was less
than 10 mtorr.

Clean diced silicon squares were placed over each of the kad@ the mold. Pressure
was applied until the silica wafer laid at against the mold. The silica wafer was initially
applied at an angle which ensured that there would be no air sapment between the silica
and the di usion cell. The PDMS mold structure and ATR accessry were cured either by
placing in an oven for 1hr at (100 C) and followed by room temperature for 24 hours or
by leaving at room temperature for 24 hours. After curing themold the silica squares are
removed exposing a clean smooth surface. The wafer is themowed from the mold which
exposes the individual di usion cells which are still attabed to the wafer. These cells are
then removed by a gentle peeling and the center te on cylinde are removed by applying a

light pressure with a center punch.

11.4.5 Deuterated Water Loading and Plasma Treatment for De vice Sealing

The PDMS Di usion cells are placed on a clean piece of silicaand placed into the
vacuum system. Placing the device on a clean piece of silicatiows for isolation of the

plasma to the exposed surface (top). After introducing theasnples into the vacuum system,
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the system is evacuated to a pressure of less than 2.6 Pa. Tlanples are exposed to a 300
mtorr O, plasma for 30 seconds. The samples are immediately removeud @ clean glass
cover slip (6 mm diameter) is sealed on the plasma treated sidf the sample. The sample is
inverted (glass side down) and reintroduced into the vacuurthamber where it is exposed to
a second round of plasma following the aforementioned pracee. Afterward, Deuterated
water is syringe loaded in to the center chamber. The chamber then sealed with a second
clean glass cover slip. This addition of water and the nal s all occur within 5 minutes of
removal of the di usion cell from the plasma chamber. The PDI that was molded into the
ATR accessory is removed from the accessory and contact angleasurements are performed
it is then placed upside down on a glass slide. The samples asgosed to a 300 mtorr @
plasma for 30 seconds. Upon removal from the vacuum systenmetRDMS is measured via
contact angle analysis then placed back into the ATR accesgo(plasma side down) and
pressure clamped down into the accessory in order to maintaa consistent contact on the

ZeSe crystal to allow for reproducibility in the FTIR measuements.

11.5 Analytical Techniques

11.5.1 Contact Angle Analysis

Water contact angle measurements are obtained by the sessilrop method on a Rarre-
Hart model 200 automated goniometer (Rane-Hart, Inc. Moutain Lakes, NJ) using DROPim-
age Standard software. Measurement error for this technigus 2:0 . The samples that
were prepared for ATR/FTIR analysis were characterized fonydrophilic activity before and
after after plasma treatments using contact angle measuremts. Deionized water droplets
were delivered on the PDMS surface by a calibrated syringe.h& samples are then blown
dry with dry nitrogen. Results showed that the PDMS as cured lahad contact angles of

around 120 which dropped to 5 after plasma treatment.
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11.5.2 Fourier transform infrared (FTIR) spectroscopy

The PDMS Ims before and after plasma treatment were charaetized using FTIR spec-
troscopy (PerkinElmer spectrum 2000 spectrometer) equipd with a deuterated triglycine
sulfate detector. The samples were analyzed using horizahtattenuated total re ection
(HATR) accessory, which consists of a steel plate with an aghuated total re ection (ATR)
element sealed to it that rests on top of an optical alignmertox. The optical alignment box
contains two planar mirrors into focal mirrors which can be @djusted to focus the infrared
beam on the incident face of the ATR Crystal. All spectra areecorded at room temperature
at 4.0cm ! resolution with 284 co added scans. In this study, trapezaitlZnSe and ATR
elements are used (50 x 20 x 2 min45 face angle) enabling acquisition of spectral data

from 4000 to 640 cm?.

11.5.3 Thermogravimetric Analysis and Mass Spectroscopy

A schematic of the TGA Module used for this analysis is illusated in Figure 11.3.
The water lled PDMS diusion cells are loaded into a TA Instruments Q-5000 IR. This
system consists of an isolated thermo balance, an IR furnaepiartz sample chamber, purge
inlets and outlets, and a capillary connection to a mass speameter. The thermo balance
is maintained at 40 C in a well insulated, gas purged chamber isolated from therfuace by
a water cooled plate. Evolved gas products are analyzed by aagirapole mass spectrometer
(P e er Thermostar) via a heated transfer line. The technicl speci cations for this unit can
be found in more detail on the manufacturers' website, but rlude a weighing accuracy of

0:1% and a weighing precision of :01%. The furnace consists of four symmetrically placed
IR lamps with a quartz lined sample compartment that is a chemally inert and resistant

to adsorption of o -gas products.
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11.6 Results and Discussion

A gravimetric method was utilized for a direct determinatiom of steady state water va-
por di usivity as inuenced by curing methods and exposure ¢émperature. Sample cells
fabricated from PDMS, as illustrated in Figure11.2, were lded with liquid D,O and sealed
following the methodology in section 11.4.5. Weight loss wanonitored with TGA in con-
junction with mass spectral observation of PO vapor evolution with respect to time. The
advantage of this method, is its simplicity, allowing for tle continuous recording of sample
weight change as a function of time and vapor activity. In adtion, the arrangement allowed
for water to be trapped inside the test device, allowing for enore representative comparison
to the di usion mechanism associated with micro uidic devtes as opposed to membrane
measurements.

Water transport can be described as a three-step processarsing with the absorption
of water molecules to the interior surface of the polymer, dision through the polymer and
as the third step, external surface desorption.

The transport phenomena is usually characterized by threeugntities: di usivity D
(m2=9), solubility S (m3/(m3 Pa)) and permeability P (m,=(s Pa)). Solubility is the
molecular concentrationC in the polymer near its surface divided by the partial presse p
(P a) of the molecules in the nearby gaseous phase: according to Henry's law:C = Sp.
Permeability is the product of di usivity and solubility P = DS [207]. The solubility limit
of water in PDMS, which has been estimated in various experants to be between 0.1 and
0.2 wt% at 300 K [208, 209].

The linear relation between the ux (J, which is the amount ofmolecules going through a
unit area within the polymer matrix during a unit time) and th e gradient of the concentration
of these molecules (C) is related by the rst Ficks law: The permanent ux through the
PDMS device is given by:

J=D A (TC) (11.1)
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whereD is the di usion coe cient and C and x are the concentration within the fabri-
cated system and external to the system and the wall thicknesespectively. The PDMS test
device design restricts di usion to one dimension (radialicection) due to the utilization of
glass seals on the top and bottom.

The di usivity values were calculated based on assuming stdy state. This assumption
was validated by the linear weight loss measured for our testevice. Water transport as

limited to the radial direction is modeled with.

@C_le@ @
@t F@I(rD @ (11.2)
Steady State Assumed
_ @ @
0= @I(r6 (11.3)
Thus simplied to
_ 2Dt (C; Cy)
Q= Iogg (11.4)

With Q = mass measured from TGA weight loss (mass di erence in lineaegime) (g)/ unit
length in (m), D (m3®=seg, b and a = internal and external radius (m), t = time for the
weight loss interval Geg and C = concentration (g=nr).

The driving force of water transport is the di erence betwer the partial pressures of
water vapor on the interior and exterior sides. If the water apor's partial pressure on both
sides are dierent, a gradient of water concentration is eablished within the device. A
schematic representation of the TGA system is shown in Figarl1.3. The external portion
of the cell was maintained at a zero concentration by consty sweeping a dry helium
through the TGA-MS module. The balance assembly is isolatefdom the furnace and dry
helium was continuously owed through the module at 10 ml/mm such that positive pressure

was maintained (no moisture regression into balance chammpeDry Helium was owed into

182



the purge lines into the purge lines at a ow rate of 20.0 ml/m. The IR furnace is ramped
at 10 C/min to the selected temperature (75, 85, 95C) where it is held and weight loss
is monitored with time. D,O resulting from vapor transport from within the PDMS Cell
is monitored by mass spectroscopy. The experiment is alladvéo proceed until there is
no longer evident weight loss and the BD concentration falls back to a zero baseline. An
example of the data evolved is indicated in Figure 11.5, show both weight loss and water
evolution as a function of time at a temperature of 95C. The initial unsteady state start
(ramping from ambient to temperature of interest) of vapor tansport was ignored during
calculations. The di usivity calculations were performedon the data found in the linear
region of weight loss. This linear region can be identi ed ifrigure 11.5 following an initial
transient period. The internal concentration was calculad based on the vapor pressure
associated with water as a function of hold temperatures. Enrate of vaporization was
calculated and compared to the ux from the cell and was fountb be 10000X higher than
the di usion rate from within the cell, thus indicating the r ate controlling step was the vapor
di usion through the PDMS membrane.

The composition and morphology of a polymer play a signi canrole in determining
transport properties. The factors having the greatest in @nce fall into two categories: those
relating to the chemical composition and structure such ase degree of cross linking, and
the degree of saturations. As well as those that involve hetgeneities in the polymer,
such as orientation, crystallinity, and the presence of pfticizers and llers [206]. The
PDMS material presented lacks plasticizers or llers and th test devices were formed in the
absence of shearing such that orientational e ects as assachinconsequential. It has also
been shown that when cured at room temperature that no prefential transport pathways
exist in PDMS as commonly noted in heterogeneous polymers.

The data in Figure 11.6 show that regardless of the curing pcedure as temperature
increases water di usivity increases. This increase is due a higher chain mobility within

the PDMS network as in uence by increased thermal energy. Ehdi usion mechanism in
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PDMS is described by the polymer's ability to continually povide opportunities for perme-
ants to progress through randomly generated voids \holes2(9]. Conformations of polymer
chains change successively by the thermal motion, resulgiin the uctuation of the occupa-
tion volume of the chains and the formation of holes, which are ective transport channels
allowing molecules to permeate easily. The plots in Figurel6 of the logarithm of the di u-
sion coe cient vs. the inverse absolute temperature follow a linear relationship con rming
that no preferential transport pathways exist in PDMS desge the di ering curing regimes.

In addition, the PDMS cell that was cured at a higher temperaire had lower di usivity
values across all temperatures investigated. This result consistent with increased chemical
cross linking due to the higher curing temperature. This imease in cross linking has been
shown contribute to a lowered chain segment mobility resuttg from an increasing extent of
saturation [210]. The decreased segment mobility resultsom conformational changes being
limited by steric hinderences and ionic repulsions. Thesdanges often limit the path of
di usion for molecules forcing a more tortuous path (oftendnger) due to a limited number
of \holes" formed and thus lowering di usivity.

Previously reported experimental water vapor di usivity values at 300 K show a wide
divergence. The equilibrium sorption and permeation studs of Barrie and Machin obtain a
value of D = 4.0 x 10 ® cn?/s. While Favre et al. obtained a di usion constant of D 10
[209]. For higher concentrations, aggregation e ects canebsigni cant in determining the
transport coe cients for water in PDMS. Watson and Baron whase values is most often cited
indicate a value of D = 2.0 x 10° cm? ruling out the theory of water cluster formation. The
values reported herein range from D = 1.0 x H0cn? to 9.7 x 10 cn? at between 348-368K
and are in agreement with previously reported ranges.

The activation energy determines the magnitude of di usion The contribution of tem-
perature as a driving force can generally be evaluated frometrmination of activation

energy over a temperature range [211]. Temperature depentéeli usion coe cients have
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been used to calculate the activation energies for the di u@n processes by using the equa-
tion D = D ge E¢“RT. Slope of the Arhenious plot of In D vs. 1/T (T in kelvin) Figure 11.7
provides the activation energies (Ed). If we look at the actation energies for di usion they
can generally be explained by considering both the chemicalnity with PDMS and the
molecular size of the penetrants. Barrie and Platt found thiaclustering of water molecules
into dimers and trimers can lead to a 3-5-fold reduction in t measured di usion constants.
We feel this mechanism of clustering has been prevented withe PDMS test cells kept
at high temperature, and thus di usive species are expecteh be only water monomers.
Activation energies for the two di erent curing conditions (1) RT Cure vs (2) 100 C(1hr)
followed by 24 hr are calculated at 13.9 kJ and 9.8 kJ respeatly. Watson and Baron calcu-
lated that the energy to generate voids of su cient size to abcommodate the water molecules
within the PDMS (cured at 30 C for 24 hrs) is 14.0 kJ/mol which is in close agreement
with our experimental value for the RT Cure [212]. The activlion energy for the higher
cure condition was slightly lower and it is suspected that oss linking limits the available
free volume \holes" such that less energy is required to stathe di usion process but, due
to the tortuous path, the overall di usivity is reduced as canpared to the room temperature
cure. In addition, the PDMS cured at the lower temperature Wi have a higher level of
unsaturated bonds contributing to more hydrogen bonding wh the di using molecules as
compared to the higher cured case resulting in a higher aditwon energy.

FTIR analysis was performed to provide a comparison betweehe two curing regimes.
No di erences were noted as illustrated in Figure 11.4 in thETIR spectra of the PDMS cells
regardless of the curing procedure utilized. The data presed represent the PDMS devices
post plasma treatment as it is known that plasma treatment cases surface activation and

some modi cation of surface reactive groups.
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11.7 Conclusion

It has been shown that the choice of curing scheme directly ects the water vapor
di usivity from within a PDMS cell. PDMS test devices cured & a higher temperature
indicate a lower di usivity and lower activation energy. This indicated that while less energy
was needed to initiate di usion a lower di usivity value was obtained. It is suggested that
increased cross linking contributes to a lowered chain segnt mobility limiting the path
of di usion for molecules, forcing a more tortuous path dued a limited number of \holes"
formed. FTIR analysis showed no obvious structural di ereces between the two curing
temperatures. Because cross linking is shown to decreasdeuolar permeability, the choice
of a curing regimen should be investigated by individual gups to ascertain the starting
point for di usivity improvements. This information will p rove vital to discriminate between
barrier layer improvement as compared to structural rearragements caused by heating steps

required for their attachment.

Figure 11.1: Reaction diagram of platinum catalyzed PDMS cing. The R group is either
CHs or H.
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Figure 11.2: (A) lllustration of mold platform used for fabication of the PDMS test devices
and (B) PDMS di usion cell.

Figure 11.3: Representation of the gravimetric system utiled for this work.
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Figure 11.4: Representative FTIR spectra of PDMS (1) 24-hroom temperature cure after
30-sec oxygen plasma (2)1hr at 10@ followed by 24 hr room temperature cure after 30 sec
oxygen plasma

Figure 11.5: Example of data collected from TGA-MS experinms. Both weight loss and
ion current are measured as a function of time. Ramp was 1C/min to 95 C and held
until until no observable weight loss.
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Figure 11.6: Diusion coe cients as a function of temperatue.

Figure 11.7: Data used to calculate activation energy.

189



11.8 Investigation of MVD silica Layers for Water Vapor Barr ier Improvement

Prior Work on Utilizing Silica layers on Polymer Surfaces- | mplications toward

utilization on PDMS

Research has shown thin transparent SiObarrier coatings deposited on polymer sub-
strates exhibit a substantially reduced oxygen and water yer permeability while main-
taining stability in terms of reactivity, time and temperature. Such coatings possess highly
desirable properties, such as transparency, recycle afyiliand microwave use as demon-
strated in their use for food packaging and biomedical apphtions. One of the bene ts of
these coatings lies in the exibility by which they can be depsited on polymer surfaces. Thus
far, sputtering, electron beam deposition, and plasma-eahced chemical vapor deposition
(PECVD) have all been utilized successfully to produce SjOcoatings on polymer sub-
strates [213{216]. Work done by Erlatet al. on PECVD SiO, on polymer Ims has revealed
a correlation between SiOx morphology (including defectgnd barrier performance [217].
Their group utilized phase-imaging atomic force microscgpand energy- ltered transmis-
sion electron microscopy to compare morphological and peeation results to identify some
of the physical factors governing water vapor permeation tbugh SiQ,-modi ed polymers.
The focus of their research e ort was on PET Ims. This reseaih intend on depositing a
Molecular Vapor Deposition (MVD) silica layer onto PDMS sufaces resulting in a stable
reactive surface capable of sustaining much of the same ch&tnees associated with glass
surfaces. Due to its controlled coverage and process tunépiit is expected that this silica
layer can provide the water barrier properties necessaryrfBDMS micro uidic devices. The
surface roughness, surface activation procedure, coatitijckness and uniformity of SiQ
coatings have been shown to be contributing factors a ectg barrier performance on al-
ternative polymer substrates. This work intends on explong these factors on water vapor

barrier improvement as related to MVD silica layers deposid on PDMS.
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11.8.1 Results and Discussion

Di erent morphologies of silica layers were produced by ctmolling the design space
associated with precursor dosing pressures. The morphaksyand thicknesses were charac-
terized via AFM and ellipsometry, and subsequent investig@mns when viable were performed
on the TGA-MS to characterize the water di usion as a functiom of morphology and thick-
ness. If we consider a two layer structure, the total permedity is governed by the less
permeable layer. In the case of an inorganic coating on a pezable polymer Im, the per-
meability depends mostly on the permeability coe cient of hie coating and on its thickness.
The MVD silica coatings that were produced proved to be full fodefects regardless of the
deposition conditions. In addition the coating was suscejple to delamination if exposed to
any type of compressive stress regardless of the surfacewation procedure. This delamina-
tion occurred with gentle manipulation of the PDMS test celland device sealing. Di erent
thicknesses produced similar failures. A PDMS Im with and wthout coating is illustrated
in Figure 11.8. We were unable to produce a uniform Im as degded on PDMS surfaces
regardless of the deposition conditions utilized. As a relsuwork was discontinued on this

project.
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Figure 11.8: PDMS Im (top), silica coated PDMS Im (bottom) .
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