CHAPTER 6

NANOPARTICLE DEPOSITION ON SUBSTRATES OF

VARYING SURFACE ENERGY

6.1 Introduction

The deposition of stabilized nanoparticles via-gaganded liquids onto silicemased
surfaces for microtribology control is a fundamentally new concept and, therefore, little is known
about how nanoparticles deposit onto twfaces. The opportunigxists to deposit various
selfassembled monolayers in liquid phase onto MEMS and tribology chips prior to nanoparticle
deposition in order to further reduce microstructure adhesion by providing both a low energy
surface and a rough nanoparticle coatingfoBethe deposition of nanoparticle films on SAM
coated silicon becomes a viable option for &titition coatings, the behavior of GXleposited
nanoparticles on such surfaces must be characterized. In this chapter, dodeestabilirad
gold nanopaitles are deposited by G@xpanded liquids onto monolayers of octadecyl
trichlorosilane (OTS), perfluorodecyl trichlorosilane (FDTS), mercaptopropyl trimethoxysilane
(MPTS), and aminophenyl trimethoxysilane (APhTS). The wetting behavior of the SAM films
is examined by determining the critical surface tensions of the surfaces. The behavior of
nanoparticle coatings is then examined as a functiorsuoface energyas well as film

hydrophobicity and oleophobicity.
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6.2 Experimental details

Si (100) substrats were first prepared following the cleaning process described in
Chapter 3. Seldssembled monolayer coatings were then deposited via a variety of methods.
OTS monolayers were deposited by immersing substrates into a 1 mM solution in hexane. Prior
to substrate immersion, the 1 mM solution was allowed to react for 45 min. Substrates were then
immersed for 45 min before being copiously rinsed in hexane and dried with nitrogen. FDTS
monolayers were formed by a similar method using a 1 mM solution iankexMPTS
monolayers were formed by immersing the substrates into a solution containimd MBS
and 400m DI water in 20 ml electronic grade isopropanol heated to°COfor 30 min
(Vakareslski et al. 2007; Goss et al. 1991). The samples weretsed m isopropanohexane
and DI water consecutively to remove any excess physiosorbed organic molefib3S
monolayers were formed following a procedure outlined by Zhang and Srinivasan (2004).
Samples were first rinsed consecutively in isopropaadl:1 (v/v) mixture of isopropanol and
toluene, and pure toluene. Then the samples were immersed in a 3 mM APhTS solution in
toluene for 30 min. Following monolayer deposition, the samples were rinsed in toluene,
immersed in toluene for 30 min, ands&d in isopropanol. Following monolayer deposition,
rinsing and drying under nitrogen, all coated substrates were heated @@ 1@01 h to anneal
coatings. Contact angles of water were then measured to confirm monolayer deposition. The
contact anglef water on OTS, FDTS, MPTS, and APhTS coated substrates weré, G 5°,
73.1°, and 67.9°, respectively. All of these values are in agreement with values that can be found
in literature. Dodecanethiglapped AuNPs were finally deposited in equalcemrrations on
Si0O, and SAMs on Si (100) following the GXL particle deposition procedure described in

Chapter 3.
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6.3 Critical surface tension of SAMs

The critical surface tension of a surface, developed from experiments by Zisman (1964),
is a way to redte the surface energy of a solid to the minimum liquid surface tension required for
complete spreading (or wetting) on the surface. Utilizing a Zisman plot, the contact angles are
plotted against known surface tensions of various liquids. In this worlkiguids with known
surface tensions were used to create Zisman plots for OTS, FDTS, MPTS, and APhTS
monolayer films. The six liquids and their respective surface tensions (dyne/cmy@ta2b

found in Table 6.1. The measured contact angl®f aparticular liquid droplet on a surface is
directly proportional to the known surface tension of the liqgiffollowing Eqn. (6.1):

cOSg =C,g, +C, (6.1)
wherec; andc; are linear coefficients. When a Zisman plot is created, plotting the cosine of the
contact angles for a variety of liquid surface tensions, the critical surface tems)ofor(
complete liquid spreading can brtrgpolatedat the point where cog= 1.

To further illustrate how a Zisman plot for a particular solid surface produces the critical
surface tension, Fig. 6.1 presents the Zisman plot for an OTS monolayer film using the surface
tension of the six liquids given in Table 6.1. The plot illusséatee linear trend that exists
between the contact angle and surface tension. The linear trend line in Fig. 6.1 trends to the
experimental data with an’Ralue of 98% and yields the equation:

cosg =1.5921- 0.0272, . (6.2)

Extrgpolation of Eqn. (6.2) at cog = 1 yields a critical surface tensiogs, of 21.8 dyne/cm.
The reported literature value for a clgs@cked OTS monolayer on silicon is 2&2 dyne/cm
(Tillman et al. 1988). The disparity in the two numbers can béat#u to parameters such as
liquid purity, temperature and ambient humidity (Brzoska et al. 1992).
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Chemical name Liquid surface tension
at 25°C (dyne/cm)

Methanol 22.5
Chloroform 26.7
Hexadecane 27.5
Dimethyl sulfoxide 43.5
Ethylene glycol 47.3
Water 72.1

Table 6.1. Liquid surface tensions of chemicals used for critical

surface tension measurements (Kulkarni et al 2005).
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Figure 6.1. Zisman plot for an OTS monolayer on Si (100) illustrating the linear trend between

contact angle anliquid surface tension.
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Fig. 6.2 presents theombined Zisman plots for FDTS, MPB&d APhTS coatings on Si
(100). Table 6.2 gives the critical surface tensions determined from the plots for all five surface
coatings, in addition to the, andc, coeficients for the linear trends which can be inserted into
Eqn. (6.1) for extrapolation. The critical surface tension vainelcate that the FDTS
monolayer with a critical surface tension of 3.6 dyne/cm, lyjkeannot be completely wettday
any liquid. Meanwhile, MA'S monolayers can only be wettbd liquids with surface tensions
of 25.2 dyne/cm or lessuch as oily substances like methanol. The critical surface tension of
very smooth and clea8iO; is very difficult to determine experimentally due its extremely
hydrophilic and oleophilic nature. Therefore, the accepted literature value of 140 dyne/cm
(Janssen et al. 2006) is used during this study. The critical surface tensions in Table 6.2 will be

further used to examine the behavior of depaisgold nanoparticles on SAM coated substrates.

6.4 Characterization of AUNPs on SAMs

Due to the gold nanoparticles being stabil
gasexpanded liquid deposition, the hydrophobicity and oleophobicity of eesfto be coated
with nanoparticles becomes increasingly important. To illustrate the impact that surface
oleophobicity has on the deposition of gold nanoparticles, Figs. 6.3, 6.4 and 6.5 present optical
microscope photographs of equal concentrations otledanethictapped nanoparticles
deposited onto Si©) OTS and FDTS, respectively. For the most part, Fig. 6.3 represents an
optically clean surface after particle deposition. However, agglomerations of particles are visible
on the OTS coated substratekig. 6.4. This effect is even more evident on the FDTS coated
substrate in Fig. 6.5. The explanation for this particle agglomeration lies within the

oleophobicity
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Figure 6.2.Combined Zisman plots for FDTS, MPBAd APhTS coatings on Si (100)

substrates.
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Coating Critical surface C1 C2
tension (dyne/cm) coefficient coefficient
Sio; 140 N/A N/A
oTS 21.8 -0.0272 1.5921
FDTS 3.6 -0.0220 1.0797
MPTS 25.2 -0.0147 1.3700
APhTS 22.0 -0.0133 1.2996

Table 6.2.Critical surface tensions and Zisman plot linear coefficients.
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Figure 6.3. Optical photographs of AUNPs on native, 8i20X.
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Figure 6.4. Optical photograph of AUNPs on Gddated silicon at 40X.
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Figure 6.5. Opticgbhotograph of AUNPs on FDF&ated silicon at 40X.

141



of the three surfaces. SiI®@ s an ol eophilic surf ac-eappedn whi
particles can freely deposit. OTS however is slightly oleophobic, with a hexadecane contact
angle of 36.8 Therefore, there is repulsion betweba OTS monolayer and the oparticles
attempting to deposit on the surface. Rather than deposit into a uniform nanopatrticle film, the
particles prefer to form aggregates on the surface. The repulsion byfdeesand the desire of

the particles to aggregate are increased the FDTS monolayer, which exhibits greater
oleophobicity On the other hand, MPTS and APhTS are oleophilic and would, therefore, allow

for nanoparticles to deposit in a cleaner fashiamilar to SiQ. This will be further illustrated in

Chapter 8.

C

I n order t o mor e closely examine t he de

nanoparticles on the various SAM coatings, samples were examined via both SEM and AFM.
Figs. 6.6, 6.7, 6.8, 6.8nd 6.10 present SEM micrographs taken at 35000X magnification of
AuUNP films on SiQ, OTS, FDTS, MPTS, and APhTS, respectively. At first glance, it is easily
determined that the agglomeration occurs on the OTS and FDTS surfaces in Figs. 6.7 And 6.8.
higher percentage of the substrate surfaces coated with MPTS and APhTS appear to be covered
by nanoparticles, as illustrated by Figs. 6.9 and 6.10. Initial glance of the nanoparticles
deposited on SiQin Fig. 6.6 gives indication that the particles preferagglomerate on the
oleophilic surface rather than readily form ordered monolayers. However, since this would
contradict the hypothesis that oleophobic nature is important for particle film formation, further
investigation was performed by zooming art the AuNPcoated Si@ substrate. Fig. 6.11

provides a 15000X magnification SEM image of the same sample imaged in Fig. 6.6. This SEM

i mage depicts Aholeso in two different | ayers
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Figure 6.7. SEM micrograph (35000X) of AuUNPs on OTS.
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Figure 6.8. SEM micrograph (35000X) of AuNPs on FDTS.
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Figure 6.9. SEM micrograph (35000X) of AuNPs on MPTS.
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Figure 6.10. SEMnicrograph (35000X) of AUNPs on APhTS.
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Figure 6.11. SEM micrograph (15000X) of AuNPsonSiQ | ustrating fAhol

in two individual layers.
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represent areas where the SKibstrate is exposed while the lighter holes exist in an upper
AuUNP layerwhere a primary AuNP layer already exists.

Based on this information, the surface coverage fradtithe fraction of the surface area
covered by the nanoparticle filin was estimated for the five separate samples using simple
thresholding techniques imigeJ software. The surface coverage fractions of AUNPs an SiO
OTS, FDTS, MPTS, and APhTS, respectively, were 0.96, 0.67, 0.59, 0.87, and 0.91. The
fractional surface coverage was plotted as a function of hexadecane contact angle to examine the
trend ketween substrate surface energy and particle coverage, as shown in Fig. 6.12.
Hexadecane, an oily hydrocarbon consisting of a sixt@enon chain, was assumed to interact
similarly to the surface as the exposed twealgebon chain of dodecanethiol cappiligands.

As shown in the graph, the experimental data presents a distinct sedengolynomial trend.

This data confirms that the oleophobic nature of the substrate is critical for the deposition of
dodecanethiettabilized AuNP films. However, tHeactional surface coverage cannot be easily
compared to the substrate critical surface tension due to the values of OTS, MPTS and APhTS
all being within about a 3 dyne/cm range. Therefore, oleophobic and hydrophobic nature is the
only true way to comparthe results. The data in Fig. 6.12 illustrates that as the contact angle of
hexadecane on a particular surface approaches zero, the wettability of dodecaaptedl
nanoparticles increases allowing for a higher projected particle surface coverage6.1B

charts the projected surface coverage of AUNP coatings on the various surfaces along with the
respective contact angles of water and hexadecane. The figure illustrates that the surface
coverage decreases as both oleophobicity (from hexadecataetcangle) and hydrophobicity

(from water contact angle) increase. This trend can be further explained by the mode of film

growth exhibited by the particles on the various surfaces.
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Fig. 6.14 presents 3 xrfim AFM scans of AuNP films on (a) SiQ(b) OTS and (c) FDTS.
A line scan of each AFM scan is shown to illustrate the height profile of the AuNP films on each
respective surface. The line scans illustrate the height of nanopéhidevhich can provide
information about the mode of particle film growth. The peak height of AuNPs op SiO
represents a height of about 5 nm which is the approximate diameter of the nanoparticle
populationi illustrating that the nanoparticles are lpeposited in monolayers following the
Frankvan der Merwe (layeby-layer) mode of film growth (Ohring 2002). This type of film
growth occurs when the surface energy of the surface is greater than the surface energy of the
film, i.e. gs> g. This is ntuitive, as the surface energy of Si® known to be extremely high.
When low surface energy monolayers are deposited ontosBifaces, a different mode of film
growth is experienced. The line scan of AUNPs on OTS, shown in Fig. 6.14(b), illustates
monolayer growth (~ 5 nm in height) as well as multiple layer islafddout 10 and3.nm in
height. The profile of AUNPs on FDTS exhibits even higher islandgpdb 80nm in height.
This result suggests that as the surface energy is decrédasadode of film growth shifts from
layerby-layer to a layeplusisland (StranskKrastanov) mode, which occurs when the surface
energy of the surface is less than that of the iy @).

To further explain the switch from layey-layer film growth to the growth of large
islands, the critical surface tension of dodecanethiol films on a gold (111 orientation) substrate
was estimated using experimental data from literature. Table 6.3 presents the contact angles of
various liquids on a dodecanethimlonolayer as determined by Bain and Whitesides (1989),
along with the liquid surface tensions. Creating a Zisman plot of the data yields a critical surface

tension for dodecanethiol of 15.3 dyne/cm. This indicates that the surface energy of a gold film
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Liquid Surface tension Contact

(dyne/cm) angle (°)
Decane 23.8 36
Hexadecane 27.2 47
Bicyclohexyl 324 56
Bromonapthalene 44.4 68
Water 72.1 112

Table 6.3. Surface tension and contact angle of liquids used for

Zisman plot of a dodecanethiol monolayer.
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made from dodecanethiobpped particles is greater than the surface energy of an-E@at&d
substrate but less than the surfacergnef all the other surfaces examined in this work. To
easily view this phenomenon, Fig. 6.15 charts the RMS roughness of the resulting AuNP film on
each of the five surfaces studied in order of decreasing critical surface tension (or surface
energy). RIS roughness is a reasonable quantitative measurement for island formation as large
islands result in a drastic increase in roughness, as previously shown by Fig. 6.14. The chart in
Fig. 6.15 illustrates that the RMS roughness of films deposited ontacegrfwith a critical
surface tension of greater than 15.3 dyne/cm (designated by the vertical dashed line) have
relatively similar values between 2 and 4 nm. However, the film deposited onto FDTS which
has a critical surface tension of only 3.6 dyne/cag &n RMS roughness of 14.3 nm due to the
large nanoparticle islands that were formed. This confirms that a shift occurs at the surface

tension of the capping ligand from layey-layer to layesplusisland film growth.

6.5 Conclusions

Investigating hownanopatrticle films deposit on surfaces of different surface energies is key
for the ability to engineer nanoparticle films for various applications. This chapter provides a
brief, yet very fundamental, investigation of how dodecanettapped AuNPs degd on oxide
and SAMcoated silicon surfaces. The initial hypothesis was that the surface coverage (projected
by SEM image analysis) of AuNP films would trend directly with the Zisman critical surface
tension of the coated surfaces. However, this prowdsk false as the critical surface tension of
SAM-coated silicon does not vary by more than about 3 dyne/cm. Thereforsurlaee

coverage was compared to the hydrophobicity and oleophobicity (as determined from water and
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hexadecane contact angles) of the surfaces. Integlstyet intuitively, the surface coverage of

the Aoi | y o-cappaddparticlesatrebdedn with the hexadecane contact anpie
interaction of the long hydrocarbon chains of dodecanethiol and hexadecane were assumed to be
very similar, indicating Hat the oleophobic nature of the surface is very important for the
morphology of the resulting nanoparticle film. It is important to note, however, that this
investigation is very systeispecific; i.e., the nanoparticle film morphology is also dependent o

the choice of stabilizing/capping ligand and the interfacial interactions.

Of unique importance is the apparent effect of surface energy on the mode of
nanoparticle film growth. AFM scan analysis of AuNP films on different surfaces illustrates a
shift from layerby-layer growth on Si@to layerplusisland growth on surfaces of reduced
surface energyWhen the critical surface tension of the substrate was reduced below that of the
film (based on the capping agent used to stabilize the nanoparticlelsiiton), there was a shift
from a layerby-layer mode of film growth to one of laypiusislands. This shift drastically
increased the surface roughness of the resulting nanoparticle film as well as the average height of
asperities.

The ability to cotrol or predict the morphology of nanoparticle films on surfaces is very
important for the application of such films. For example, nanopatieded films for MEMS
tribology control (i.e., antadhesion) require some surface roughness in order to réduiceal
contact area between contacting surfaces. However, the typical vertical gap between structures
and surfaces (~-2 mm) places a limitation on the surface roughness and the nominal height of
asperities.Therefore, the surface energy of a substpdys a very integral role in the deposition

of nanoparticle thin films.
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CHAPTER 7

TRIBOLOGICAL EFFECT OF NANOPARTICLE FILM ROUGHNESS

7.1 Introduction

In Chapter 5, gold nanoparticles were successfully deposited onto silicon cantilever
beams using a gaxpanded liquid deposition and supercritical drying process. The nanoparticle
coatings, which proved to be uniform and conformal, effectively redu@ddhesion between
polysilicon cantilever beams and the substrate by multiple orders of magnitude. Based on the
preliminary results, more experiments were required to determine how vargimgparticle
concentrations (and, in turrsurface coverage or gace number density) would affect
tribological properties of MEMS devices.

This chapter presents a systematic study on the effect of varying the surface coverage of
nanoparticles deposited onto Si (100) SOI tribology chips. As previously discussetdhese
single crystalline devices are extremely smooth (ca. 0.2 nm). Therefore, it was hypothesized that
even very low concentrations of very small nanoparticles should have a very grand effect on the
device tribology by drastically increasing the surfaceghness and reducing the real area of
contact. For the systematic study, 4.5 nm diameter gold nanoparticles were used to examine the
effect of particle surface coverage and surface roughness. The surface coverage of nanopatrticles
on tribology device clpis were determined by measuring the difference in resonant frequencies

of mass resonator devices as described in Chapter 3 and by SEM image analysis. The surface
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roughness values of various particle concentrations on tribology chips were determineiivia AF
measurements. The overall hypothesis of this work was that some optimal surface coverage or
surface roughness would exist in which a maximum decrease in adhesion energy would be
achieved. This decrease in adhesion and surface energy would drastiehgate both

micromechanical stiction and static coefficients of friction between contacting microstructures.

7.2 Estimation of roughness and nanoparticle surface coverage

Gold nanoparticles were synthesized as previously described in Chapter 3. fidhespar
were deposited onto six individual SOI tribology chips following the-eygmnded liquid
particle deposition technique. Figs. 7.1 through 7.6 present AFM scans and SEM images used to
determine RMS roughness and surface coverage estimates for SR éaatings AF. The
figures are presented in order of increasing nanoparticle concentration in the original dispersions
used for film deposition. Using Gwyddion software, the AFM scans were analyzed to produce
RMS roughness values in order to quantifg surface roughness. The RMS values are given in
Table 7.1. Fig. 7.7 charts the RMS roughness attained for each of the six coatings in increasing
order of nanoparticle concentration. Unfortunately, the exact nanoparticle concentrations are
difficult to attain. However, the plot shows that as the particle concentrations are increased the
RMS roughness decreases before significantly increasing. This is an intuitive result, as
depositing a small number of particles on a smooth surface would drastivalgase the
roughness. However, as more particles are deposited, monolayers will form causing a decrease
in overall surface roughness. Depositing even more particles causes the formation of bulk gold

islands as shown in Fig. 7.6, which drastically insesathe roughness further. It is expected that
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162 nm

0 nm

Figure 7.1. AFM scan and SEM micrograph of AuNP coating A with RMS roughness of 8.7 nm.
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271 nm

Figure 7.2. AFM scan and SEM micrograph of AuNP coating B with RMS roughness of 9.0 nm.
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145 nm

Figure 7.3. AFMscan and SEM micrograph of AuNP coating C with RMS roughness of 4.0 nm.
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158 nm

0 nm

Figure 7.4. AFM scan and SEM micrograph of AuUNP coating D with RMS roughness of 6.0 nm.
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93 nm

0 nm

Figure 7.5. AFM scan of AUNP coating E with RMS roughness of 13 nm.

SEMmicrograph is not available.
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Figure 7.6. AFM scan and SEM micrograph of AUNP coating F with RMS roughness of 56 nm.
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Coating RMS Projected Real contact Resonant  Surface

(increasing roughness  surface area surface frequency coverage
concentration) (nm) coverage from  coverage of MR from MR
SEM from SEM device (x 4%)
(kHz)
A 8.7 1.2+ 0.5% 1.2+ 0.5% 8.31 16
B 9.0 15.4+ 2.0% 42+ 1.1% 8.24 47
C 4.0 30.5+£5.7% 23.2+2.6% 8.19 70
D 6.0 76.0+6.3% 1.1+0.7% 8.26 37
E 13. n/a n/a 8.21 61
F 56. 94.2+4.8%  18.5+ 7.0% 7.96 176

Table 7.1. RMS roughness and particle surface coverage values for the

various AuNP coatingsSample E was not available for SEM imagining.
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if even more particles were deposited onto the sample shown in Fig. 7.6, the islands will fill in
more of the free space and actually reduce the RMS roughness.

The nanoparticle surface coverage was estioh two ways using SEM image analysis as
described in Chapter 3. First, the surface ¢
covered with any morphology of nanoparticle film. The projected surface area is described by

Eq. (7.1):
:ﬁs 100% (7.1)
A

whereAp is the projected surface areq,is the total area of the image analyzed, and the

area of the image coated by AuNP filnTheseprojected surface area coverages (presented in

Table 7.1) trend with increased nanoparticle dispersion concentration, as expected. The highest
nanoparticle concentration, used to create coating F, produced the highest projected surface area
coverage of 8.2%. The SEM micrograph of coating F (Fig. 7.6) shows darker regions (typically

near larger islands) which represent the ~6% of uncoated substrate area. In addition to the
projected surface area coverage, the surface coverage of aspeadtiésghestfeaturesi was

also estimated by image analysis. This method assumes that only the tallest asperities on rough
contacting surfaces make contact. This is r
contact areaA;) is the ratio of the surface ar®f the tallest asperitied) to the total surface

area A\), as shown in Eq. (7.2):
A = %3 100% (7.2)

Fig. 7.8 represents a simple illustration of two rough surfaces coming into contact only at the
points of fiTheer@al contact surface doverage values are also presented in Table

7.1. Fig. 7.9 charts both the projected surface coverage and real contact areas for five of the six
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Figure 7.9. Projected surface coverage and real contact areas for individual AUNP coatings.
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AuNP coatings. To better visualize the real contact area of the various AuNP coatings, Fig. 7.10
presents the blaekndwhite images createtly the thresholding process using Imaged. The
black regions in the images represent the contact area provided by the highest features of each
coating. Please note that the real contact area determined in this work by image analysis may
still be slightlyhigher than the actual contact area due to the inability to take asperity shape and
topography into account.

As previously noted, the projected surface coverage area increases with increasing
nanoparticle concentration. The estimated real contact ameathe other hand, varies
significantly. This is not countentuitive, however, as the trend can be explained by the
formation of gold thin films. The formation of gold nanoparticle thin films on silicon has been
shown to follow the Stransi{rastanov{i | aplusirs| ando) mode of film g
1999). The Stranskrastanov (SK) growth mode, illustrated by Fig. 7.11, is an intermediary
mode in which particles initially form a monolayer before creating nucleation points at which
large islandsegin to form (Venables 2000; Ohring 2002). This mode of growth leads to the
formation of large, triangular plates (Zhou et al. 1999; Yu et al. 2004) which appear to be
forming in Fig. 7.6. Fig. 7.12 presents another SEM micrograph depicting the farrohtieese
triangular plates a large concentration of gold nanoparticles. SK film growth explains the
transition in estimated real contact area between AuNP coatings C (Fig. 7.3) and D (Fig. 7.4). In
Fig. 7.3, the AuNPs are still attempting for form angdete monolayer whereas in Fig. 7.4 the
monolayer has been formed and AuNPs have begun to nucleate to form larger asperities. These
nucleation sites eventually turn into the triangular plates as in Fig. 7.6, which again increases the

real contact area.
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Figure 7.10. Thresholded SEM images illustrating the real contact area (black regions) of the

various AuNP coatings. Coating indicated by the boxed letter.
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Figure 7.11. lllustration of StransKirastanov film growth.
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Figure 7.12. Triangular plates formed during the deposition of highly

concentrated AuNPs on silicon.
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Table 7.1 also contains the surface coverage determined by coated mass resonator
devices. The method and equations used for determining surface coverage based on changes in
the resonating frequency are described in Chapter 3. The drawback towardshbis isithat it
assumes the formation of up to a single monolayer. Based on the AFM scans and SEM
micrographs of the AUNP coated samples, this was very rarely the case. This fact would explain
why the coverage determined from the mass resonators wasicdo higher than from image
analysis for Sample A coated with the lowest nanoparticle concentrati@s well as Sample F
which was coated by the most particles. The coating in Sample A consists of small particulates
of agglomerated AuNPs which have aremge height of abou5 nm, as shown by the AFM
line scan in Fig. 7.13(a). The mass resonator method of surface coverage calculation assumes
that the mass of the particles on the device are no taller than 5 nm (one particle diameter), which
was not thecaseil yielding an overestimated surface coverage. The same is true for the coating
consisting of the most particles (F). The projected surface coverage from SEM image analysis
was about 94%, which basically assumes monolayer coverage. Again, thighis trae case, as
shown by the line scan in Fig. 7.13(b) which illustrates large gold islanaispobximately 150
nm in height. The mass resonator technique estimated a surface coverage of greater than 100%
due to the high mass of the large AuNP iskandDue to this limitation, the surface coverages

determined from mass resonators were not included in the tribological analysis.

7.3 Effect of surface coverage and roughness on adhesion
The effect of the varying RMS roughness and surface coverage waasnexi on the
adhesion and stiction of SOI cantilever beams. The hypothesis for these experiments, based on

previous results and the theory behind fireal o
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adhesion (referred to as the adhesion energy) would drastically decrease with the introduction of
low surface roughness. At some point, although the surface roughness continues to increase
through the formatiof nanoparticle islands, the real contact area would also incraagern

causing the adhesion energy to increase. Adding additional surface roughness through the
addition of more nanoparticles would then once again cause a decrease in adhesicsdhergy

film growth mechanism shifts from layer to island formation. This trend would be expected to
repeat up to a point where the cantilever beams are no longer usable due to the formation of
extremely large nanoparticle agglomerations.

Fig. 7.14plots the average adhesion energies of cantilever beam arrays with the RMS
roughness of the respective AuNP coatings. The plot shows a very steep decline in adhesion
energy from the control (0.2 nm RMS) case with the introduction of a low concentration of
nangarticles (~ 4 nm RMS roughness). As the RMS roughness increases, the adhesion energy
decreases before showing an increase when the RMS reaches beyond 10 nm. The highly
concentrated AuNfeoated sample (56 nm RMS) exhibits drastically reduced adhesiogyesfe
around 1 mJ/Mi lower than the adhesion energies associated with RMS roughnes4 ®hif
The data points shown in Fig. 7.adree with the initial hypothesis of the spudThe dashed line
in Fig. 7.14represents the hypothesized trend of taeadwhere an unknown local maximum
exists between 13 and 56 nm RMS roughness. It may also be possible that multiple maxima and
minima exist within this region. At any rate, the expected trend between adhesion energy and
surface roughness occurred. Hoeg it is important to note that the data points are specific for
the system. In other wordie data presented in Fig. 7.&de for dodecanethiaapped gold
nanoparticle films on smooth silicon oxide. The dodecanetiasipped particles represent a

specific system which has a specific surface energy. Results will vary when different ligand tails
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are used to stabilize thariginal nanoparticle dispersions. Nonetheless, the concluding results
indicate that introducing a certain surface roughness can drastically reduce the adhesion between
contacting microstructures.

In addition to RMS roughness, the adhesion energy was @mpared to the estimated
ratios of real contact surface area as determined by Eq. (7.2). Fig. 7.15 plots the adhesion energy
as a function of real contact surface area (%). The control data point for smogésSithes
that 100% of two surfaces aie contact. The results illustrate a very intuitive trend in that the
adhesion energy decreases with decreased real contact surface area. Intuitively, it follows that if
two surfaces could not make contact (0% real contact surface area), the two sunidddsave
no desire to adhere to one another. The trends illustrated by Figs. 7.14 and 7.15 suggest that
nanoparticle films can be engineered to have specific surface coverage, RMS roughness and

adhesion energy.

7.4 Effect of surface coverage and roughess on friction

The effect of surface coverage and surface roughness of gold nanoparticle films on friction
was also examined utilizing SOI friction testers as described in Chapter 3. Fig. 7.16 charts the
experimentally determined coefficient of stafrection for devices coated with native oxide
(control) and AuNP thin films in order of increasing particle concentration. The coefficient of
static friction, m, for the control devices coated only by native silicon oxide films was 1.98
which is in goodagreement with values found in literature (Cha and Kim 2001). The high value
is attributed to the inclusion of severe adhesion which plays a large role in friction at amdro

nanascales. Upon the introduction of surface roughness by a low conaamwéfiuNPs, the
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Figure 7.16. Coefficients of static friction determined experimentally for SOI friction testers
coated with native oxide and increasoancentrations of AUNPs. Data for coating D is

unavailable.
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static friction decreases drastically to about 0.08. This prominent reduction is very likely
attributed to the strong decrease in adhesion energy. As the concentration of particles deposited
onto the surfaces increased, the static friction also increased slightly. This trend is similar to the
trend of increasing RMS roughness on adhesion, exhibited in Fig. 7.14. The reason for the
increased static friction of coatings utilizing a greater benof nanoparticles is likely due to the
increased contact area and adhesion energy of the higher concentrated coatings. Table 7.2
compares the AuNP coatings to static friction coefficients determined for other peptikce
treatments. The resultsdicate that AuNP films produced of very low concentrations of
particles and exhibiting minimal contact area reduce the coefficient of static friction to levels
comparable to surface modifications of OTS and FDTS monolayers (Patton et al. 2000).

Fig. 7.17illustrates the effect of the estimated real contact area on the coefficient of static
friction. The figure exhibits the same trend as the effect of real contact area on adhesion energy.
As the estimated real contact area is decreased (from the ass00%dfdr a native oxide
surface) the coefficient of static friction also decreases. This further illustrates that static friction
is highly influenced by stiction in MEMS. Fig. 7.18 plots the adhesion energy of the surfaces
examined in this work with therespective coefficients of static friction. The figure exhibits a
nearly perfect linear trend {R= 0.998), which confirms the correlation between adhesion and

friction.

7.5 Conclusions
In this study, the effects of surface roughness and nanopatidkce coveragé both
projected and real contact arean microstructure adhesion and friction were examined. As

expected, the adhesion of silicon cantilever beams sharply decreased when nanoparticles were
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Surface maodification

Coefficient of static

Adhesion energy

friction ( /m) (md/m?)

Native SiQ 1.98 37.4
OTS 0.07 0.01
FDTS 0.15 0.01
AuUNP coating A 0.08 0.02
AuUNP coating B 0.22 2.6
AUNP coating C 0.44 4.5
AuNP coating D n/a 2.3
AuNP coating E 0.34 5.0
AuNP coating F 0.43 1.1

Table7.2. Coefficients of static friction and adhesion energies for various surface modifications.
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Figure 7.17. Effect of estimated real contact area on the coefficient of static friction.
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introduced to increase the surface roughness. However, as the roughness was further increased
the adhesion also increased, to some unknown maximum, before decreasing again at a higher
RMS roughnessvalueThi s trend was expected and was furt
contact surface area on adhesion. Decreasing the real contact area intuitively decreases the
adhesion of two surfaces in contact. This result, when combined with the theonamgkstr
Krastanov film growth, explains why the adhesion increases and decreases over a range of RMS
roughness values. From these results describing the effect of surface roughness and real contact
area on adhesion, the conclusion can be made that AuNB ifilamd by extension most
nanoparticlebased filmsi can be engineered to achieve a desired surface roughness, surface
coverage, or adhesion energy.

In addition, the effect of nanoparticle surface coveralge coefficient of static friction
was also eamined. The static friction between two surfaces in contact was also highly affected
by the addition of AUNP thin films. The lowest coefficient of static friction determined in the
current work was exhibited by AuNP coating A, which coincidentally haddtvest estimated
real contact area of 1.2%. The effect of real contact area on static friction followed a similar
trend to that of adhesion energy. In fact, when the respective adhesion energies and coefficients
of static friction are plotted togethéne data represents a nearly perfect trefdis trend
confirms the fact that friction is actually dominated by stiction at the microscale. Therefore, any

attempts made which reduce stiction will also inherently reduce friction.
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CHAPTER 8

MONOLAYER -IMMOBILIZED NANOPARTICLE FILMS FOR

MICROTRIBOLOGY CONTROL

8.1 Introduction

The preliminary proof of concept experiments discussed in Chapter 5 revealed that
nanoparticle coatings were indeed effective in reducing the appawahkt of adhesion of
polysilicon cantilever beams. However, once the beams made mechanical contact with the
underlying substrate, nanoparticles were translated across the surfaces creating narfoparticle
regions as shown in Fig. 5.13. These regionssisting of highenergy native silicon oxide
contacts, could once again be subject to high interfacial forces and cause strong or permanent
adhesion. Therefore, more robust nanoparbesed anistiction coatings are required which
are more durable tthé¢ mechanical contact of contacting microstructures.

This chapter investigates the use of certain-asdembled monolayers to create more
robust nanoparticle coatings by grafting, or permanently immobilizing, nanoparticles to the
microstructured surfaces In particular, 3mercaptopropyl trimethoxysilane (MPTS) apd
aminophenyl trimethoxysilane (APhT&jeexamined, which have the capability of attaching to
silicon surfaces on one end of the molecule while attaching to gold, silver, and other metals on
the opposing end. The effects of coupling these SAMs with nanoparticle coatings on adhesion

and stiction are discussed in this chapter.
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8.2 SAM/nanoparticle film preparation
Silicon substrates and tribology chips were first prepped following the cleamdg

oxidation methods described in Chapter 3. Prior to monolayer formation, the silica surfaces were
hydroxylated by immersing the samples in a 30:70 (v/v) mixture,0 KBO wt%) and HSO, at
70°C for 30 min. This process is considered to leave behpptoximately five reactive OH
groups per nfon the silicon oxide surface (Zhuravlev 1987; Laoharojanaphand et al. 1990);
however, the exact number is debatable. The substrates were then copiously rinsed in DI water
and dried under a nitrogen streamhéM silicornbased microstructures and tribology chips were
being coated, the drying step was not performed in order to avoid capillary collapse of the
structures.

3-Mercaptopropyl trimethoxysilane (MPTS) monolayers were formed by immersing the
substrategto a solution containing 4081 MPTS and 400 DI water in 20 ml electronic grade
isopropanol heated to 7€ for 30 min (Vakareslski et al. 2007; Goss et al. 1991). The samples
were then rinsed in isopropandiexane and DI water consecutively to remoany excess
physiosorbed organic moleculegp-Aminophenyl trimethoxysilaneAPhTS monolayers were
formed following a procedure outlined by Zhang and Srinivasan (2004). Samples were first
rinsed consecutively in isopropanol, a 1:1 (v/v) mixture of igppnol and toluene, and pure
toluene. Then the samples were immersed in a 3 mM APhTS solution in toluene for 30 min.
Following monolayer deposition, the samples were rinsed in toluene, immersed in toluene for 30
min, and rinsed in isopropanol. Si (108)bstrates were coated aleside silicon tribology
chips in order to prove SAM formation on the surfaces.

Following SAM formation, Enm gold nanopatrticles dispersed in hexane were deposited

by gasexpanded liquid deposition as described in Chaptei@.8F presents simple schematic
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Figure 8.1. Schematic representation of a gold nanoparticle attached to (a) an MPTS

SAM coated silica surface and (b) an APhTS SAM coated silica surface.
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diagrams of the attachment of a gold nanoparticle to MBAGBAPhTS coated silica surfaces.
Following nanoparticle deposition, silicon substrates were ultrasonicated in hexane for several
minutes and rinsed with denized water to wash away unbound nanoparticles and then dried
under a stream of nitrogen. Tolbgy chips, however, were simply removed from the GXL
apparatus and were not rinsed to ensure they remained dry. Dried samples were then heat treated

at 115°C for 1 h to anneal the SAM/nanoparticle composite films.

8.3 Characterization of SAM/NP films on Si substrates

Monolayer films were first deposited onto clean Si (100) substrates following the
methods described above in order to characterize the deposition and examine the immobilization
of gold nanoparticles. Ellipsometry measurements wereprsormed to compare the thickness
of the organic monolayer/silicon oxide films to the thickness of reference silicon oxide. The
average thickness of smooth, oxygen plagmaaced silicon oxide films was about 1&4.6 A.
The average measured thickeed APhTS/SiQ and MPTS/Si@films were 23.G: 1.3 and 29.9
+ 3.5 A, respectively. Therefore, the thickness of the organic monolayer films of APhTS and
MPTS were roughly 5 and 14, respectively. These values are in good agreement with
measurements in literature of6for APhTS (Ishizaki et al. 2007) and?9for MPTS (Yakimova
et al. 2007). Contact angle measurements of water on the monolayer films were also compared.
The contatangles of water on APhTS and MPTS films, respectively, weres51.9 and 69.8
+ 2.1°, which are also in good agreement with literature values (Sieval et al. 2001; Aswal et al.
2005).

FTIR was performed on APhTS and MPTS films to ensure the presence of primary (free)

amines and thiols which are required for the immobilization of nanoparticles. First, a silicon
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oxide seed layer was deposited onto a ZnSe FTIR crystal. The seed lagsitidepvas
performed following the procedure of Anderson et al. (2008a). After a baseline FTIR scan of the
silicon oxide seed layer was completed, APhTS was deposited onto the crystal following the
same method as previously described. The FTIR schig.i8.2 represents the APhTS film with
respect to the silicon oxide seed layer background. The large peak at T1@araracteristic

of the formation of SO-Si bonds between the APhTS molecules and the silicon oxide seed
layer. Another important pkaat 1584 crit illustrates the existence of primary amines which are
free and available for attachment with nanoparticles. Negative peaks around 16%ham
31003600 cni indicate the removal of adsorbed water and the reaction of surface OH groups
from the silicon oxide layer. Fig. 8.3 presents an FTIR scan of an MPTS film on a silica
seed/ZnSe background. Again, the spectrum exhibits a large peak at 11@@daating the
formation of SiO-Si bonds. The peak at 825 ¢iis also representative of @ the system. The
peaks between about 1200 and 1500' @re various modes of-8 indicating the presence of

the hydrocarbon while the small but sharp peak at 2356 represents availableSH groups
(Brzezinski et al. 1995; Bellatreccia et al. 200%lowever, adsorbed Gdrom the ambient
atmosphere can often interfere with the peak at 2350 (&ullatreccia et al. 2009). To review,
Table 8.1 lists the characteristic FTIR peak wavenumbers for APhTS and MPTS films.

The ability for monolayer filmsa immobilize gold nanoparticles was also examined on
APhTS and MPTScoated Si (100) substrates. Gold nanoparticles were deposited yia CO
expanded hexane onto silicon oxide, APhTS, and MPTS films. Following deposition and critical
point drying, the partle-coated substrates were ultrasonicated in hexane for 10 min to remove
as many particles as possible. The substrates were then examined by scanning electron

microscopy (SEM).Fig. 8.4 presents SEM micrographs of gold nanoparticles that remained
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Figure 8.2. FTIR scan of APhTS monolayer film on silica seed layer

coated ZnSe crystal.

192



1100

825

2350
/

Absorbance (a.u.)

3700 3200 2700 2200 1700 1200 700

Wavenumber (em'1)

Figure 8.3. FTIR scan of MPTS monolayer on silica seed layer coated ZnSe crystal.
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Wavenumber (cni*) Species, bond, or mode

825 Si-C

1100 Si-O-Si
12007 1500 CH deformation

1584 primary NH

1650 adsorbed KD

2350 SH vibration
280071 3000 CH stretching
31007 3600 OH stretching

Table 8.1. Characteristic FTIR wavenumbers of APhTS and MPTS films on silica.
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Figure 8.4. SEMnicrographs of Au nanoparticles on (a) §i(®) APhTS, and (c) MPTS films

on Si (100) substrates after ultrasonication in hexane.
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following ultrasonication on (a) SiQ(b) APhTS, and (c) MPTS. The micrographs illustrate that
while somenanoparticles remain on the Si6urface, most are washed away and resuspended
into the hexane solvent. Meanwhile, the majority of particles remain on the ABh@I$IPTS
coated substrates indicating the immobilization of the nanopatrticles.

SAM and nanoarticle coatings were also deposited onto polysilicon cantilever beams to
initially study the effect the deposition processes have on device intedfty.8.5 presents
optical photographs of cantilever beam arrays coated with (a) APhTS and (b) MR&Bedol
by GXL nanoparticle deposition and supercritical drying. The images illustrate that in both cases
a majority, if not all, of the beams were released anddtaeding following the deposition
procedures due to the lack of interference fringes. KWewehe APhTS/nanoparticloated
array in Fig. 8.5a appeared to be much dirtier than the MPTS/nanopadatid array in Fig.
8.5Db. Using SEM to increase the magnificatio
the surface of the APhTS/ngmarticlecoated sample, as shown in Fig. 8.6. Such features were
not exhibited on the APhTF8oated Si (100) substrate imaged in Fig. 8.4b, indicating that the
inability to rinse or sonicate cantilever beams following deposition may leave behind
agglomeratd APhTS molecules or reaction byproducts.

It has also been widely shown in literature thatb €&n absorb onto or react with primary
amines (Aresta et al. 2000; Hampe and Rudkevich 2003; Chang et al. 2009; Culler et al. 1983;
Battjes et al. 1991; Leal et. 1995). Chang et al. (2009) illustrated that two nearby primary
amines grafted onto silica can bind with a Q@blecule to form ammonium carbamate and, in
the presence of water, further react to ammonium bicarbonate. FTIR studies were performed to
fur t her i nvestigate this possible reaction an

ammonium carbamate or bicarbonate. Fig. 8.7 presents FTIR spectra of an APhTS film on a
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Figure 8.5. Optical photographs of polysilicon cantildweam arrays coated with

(a) APhTS/AuNPs and (b) MPTS/AuNPs.
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Figure 8.6. SEM image of bouldike features on APhTS/NP composite films on Si (100) in

plane cantilever beams.
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Figure 8.7. FTIR spectra of an APhTS film on silica before and after

exposure to C@at ca. 8 bar.
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silica seed layer both before and after exposure tpa@ pressure of ca. 8 bar. The spectrum

of APhTS prior toex situCO, exposure was used abackground so that the spectrum following
exposure would signify only increases or decreases in species. The difference spectrum after
exposure to C@exhibits a broad peak between 1400 and 1500. ckivhile this peak could be
attributed to some adsorbetbisture from the ambient atmosphere, it is also attributed to-the C

O bending mode of carbamate (Leal et al. 1995). Zooming in to the region between 1300 and
1800 cni', as shown in Fig. 8.8, very small peaks appear at 1580 and 1620T¢ra appearance

of these two weak peaks are attributed to thEl Bending mode of ammonium and the C=0

stretching of carbonate (Leal et al. 1995).

8.4 Surface energy of SAM/NP composite films

Adhesion and hydrophobicity are both intrinsically related to the energy safrface.
Surfaces with high free surface energies will also exhibit increased adhesion energies and greater
affinities to attract moisture and water. Therefore, examining the surface energy by means of
contact angle analysis can also be a good indicdtbow an antstiction coating will behave.
The contact angle of water droplets on SiI@UNP, MPTS/AuNP, and APhTS/AuNP films were
measured to qualitatively compare the surface energies of the films. Fig. 8.9 presents
photographs of water droplets @urfaces coated with (a) native silicon oxide, (b) -non
immobilized gold nanoparticles on silicon oxide, (c) APhTS, (d) MPTS, (e) APhTS/AuNPs, and
(H MPTS/AuNPs. Table 8.2 presents the contact angles corresponding to the six surface
modifications in Fig.8.9. The images illustrate that the hydrophilic and rough nature of the
nanoparticles alone are enough to significantly reduce the surface energy of silicon oxide,

explaining why nanopatrticle films were effective in reducing stiction as shown in Chaeds
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Figure 8.8. FTIR spectrum of APhTS film expose@xasituCO,.
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Surface Contact angle

modification
Native SiIQ <20.0
AuNP 71.6
APhTS 51.4
MPTS 69.8
APhTS/AuNP 80.1°
MPTS/AuNP 91.#

Table 8.2. Contacingles of various surface modifications on silica.
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(a) (b)

(c) (d)

Figure 8.9. Photographs illustrating the contact of water droplets on (a) natiye SiO
(b) unattached AuNPs on Si(c) APhTS, (d) MPTS,

(e) APhTS/AuNPSs, and (f) MPTS/AuNPs.
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7. Theaddition of the rough nanoparticle films onto SAMs also further reduces the surface
energy. The contact angles of APhTS and MPTS films when coated with nanoparticles increase
to 80.T and 91.4, which indicate increases of 56% and 31%, respectively. pheeomenon
illustrated by the addition of hydrophobic features to an already hydrophobic surface was

described by Wenzel (1936) and Cassie and Baxter (1944).

8.5 Durability of SAM/NP composite films

The durability of AUNP, SAM, and SAM/AuUNP films were examined using the water
erosion technique described in Chapter 3 and by examining the substrate via SEM imaging
following mechanical contact. AuNP films have previously been shown to be easily gdnslat
and worn away during mechanical contact, which is undesirable fostatibn coatings for
MEMS. Therefore, more robust and durable coatings are desired. Fig. 8.10 presents the change
in contact angles of the various samples with increased wateletierosion time up to 10 h.
When only AuNPs were deposited onto Si (100) substrates, the contact angle decreased from
about 72° to less than 20° after 1 h of water droplet erosion, indicating practically no film
durability. This decrease in contact Engepresents a reduction of 70%. APhTS and MPTS
monolayers on Si (100) substrates experienced percent decreases in contact angle of 17% and
24%, respectively, after 1 h of water erosion. The erosion of SAM/AuUNP composite films after
1 h were in the sam@angel 19% for APhTS/AuNP and 46% for MPTS/AuNRndicating that
the erosion of the composite coatings is limited by the rate of erosion of the monolayers from the
silicon surface. This is not unexpected, however, as previous studies have showredecreas
stability of siloxane films in agueous environments (Barbier et al. 2006; Anderson and Ashurst

2009). Fig. 8.11 demonstrates how the water contact angle ratggd, changes for each

204



Water contact angle (°)

100

OAuNP
® APhTS
hil) ANPTS
o O AuNP/APRKTS
60 1 A O o A AuNP/MPTS
A o)
o A : A Q
| o @ n
40 " i
O
20 - O O O O 0]
'[' T | | I
0 2 4 6 8 10

Water erosion time (h)

Figure. 8.10. Water contact angle for various surface fications with

increasing water erosion time.
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coating after 1 and 10 h of water erosion. This phenomenon is further illustrated by SEM in Fig.
8.12 which presaets AUNP and MPTS/AuNP coatings on silicon before and after 1 h of water
droplet erosion. Fig. 8.12(a) and (b) illustrate that a majority of the nanoparticles in the non
immobilized AuNP film are removed due to the impinging water droplets as the psuctade

area covered by particles decreased from about 45% to 16.5%. In the case of MPTS/AuNP
coatings in Fig. 8.12(c) and (d), the only discernable difference is the disappearance of the larger
multi-layer AuNP islands after exposed to the water erosgmt. The coverage area of
nanoparticles on the surface remained constant-84%2 This indicates that the MPTS/AuNP
composite coating is much more robust than-memobilized nanopatrticle films.

Fig. 8.13 presents SEM images of (a) a-imamobilized AUNP coating and (b) an
MPTS/AuNP composite coating beneath a polysilicon cantilever beam following electrostatic
actuation of 120 V. The areas between the dashed lines indicate the areas of sliding contact at
the tip of the beam. Remarkably, there isdmrernable difference in the coating in the area of
contact compared to the rest of the substrate on the MPTS/AuNP coating, indicating that the
composite coating was much more resilient to mechanical contact than nanoparticles alone, as
previously illustated. As shown in the figure, the mechanical contact of tpéaime surfaces
was not enough to remove the weakly bound nanoparticles from the organic monolayer films, as
opposed to neimmobilized nanoparticles which now show regions of nanopartichslagon.

In addition, Fig. 8.14 presents an MPTS/AuNP film beneath an®®0Si (100) inplane
cantilever beam (illustrated by the black outline) following actuation and mechanical contact.

The differences in the evaluation of the coating durabilityigs..12 and 8.13 can be
explained by the amount of force experienced by the coatings during each durability test. In

terms of the water erosion studies, the impact force ofrd 8fbplet of water impinging the
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Figure 8.12. SEM images of @i00) substrates coated with AUNPs only (a) before and (b) after
1 h water erosion and MPTS/AuNP composite films (c) before and (d) after 1 h water erosion.

Coverage area of nanoparticles on the surface was determined by image analysis.
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Figure 8.13 SEM images of (a) AuNBoated polysilicon and (b) MPTS/AuNP coated
polysilicon following cantilever beam actuation. The area between the dashed lines indicates the

region of mechanical contact of the beam tip.
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Figure 8.14. Region of Si (100)-plane cantilever tip contact on MPTS/AuNP

composite film following actuation.
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surface due to gravity is on the order of 580 This was obviously enough force to wash away
nearly all noAimmobilized AuNPs and even some of the SAM/AuNP coatingsvatenced by
Figs. 8.10 through 8.12. The mechanical contact force experienced between a deflected
cantilever beam and the underlying substrate, however, is much smaller and is a direct result of
two separate forces acting on the cantilever beam as showig. 8.15. In the figure, the
applied electrostatic forceF{) is a distributed load that occurs over a distaacand the
restrictive force ;) is implied by the underlying substrate which keeps the beam tip deflection
u(x) to the maximum deflectioonaxat x = L. This restrictive force is the force experienced by
the coating when the beam and substrate come into mechanical contact.

The restrictive force can be calculated by superpositioning the individual beam tip
deflections due to the individual forces as shown in Fig. 8.16. In Fig. &g andu,(F,) are
the individual beam tip deflections due to the electrostatic and restrictive forces, respectively.
The two individual deflections can be combined to desctie overall tip deflectiony,
following

u=u,(F,)+u,(F) (8.1)

under the method of superpositioningefe and Timoshenko 1997). The tip deflections of the
individual forces shown in Fig. 8.16(a) and (b) are well known solutions foumdrious texts.

The deflection due to the electrostatic force is expressed by Eqn. (8.2):

w(F) =22 (4 - o) 82)

wherea is the length of the actuation pad distributing the loachf@), L is the beam lengtlk is
t he Young6s modullisuhe monfent of mertia wleee m, and

Wt3

12
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Figure 8.15. Cantilever beam subjected to an electrostatic fesgarid a restrictive force

caused by the underlying substrate) (
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Figure 8.16. Diagrams illustrating the individual contributions of (a) the electrostatic actuation

force and (b) the restrictive contact force experienced by a cantilever beam.
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The electrostatic force is a function of the voltage applied to actuateetims, as shown in Eqn.
(8.3):

_1V’gewa
el 2 92

(8.3)
whereV is the voltageg is the permittivity of the free space (8.85 pF/m),s the relative
permittivity of air, andg is the gap distance between the beam and the actuation pad/substrate
which was determined by interferometry to be 2088. In this study, the maximum voltage
applied was 120 V which yields an electrostatic force of 2INO

The tip deflection due to theoint force associated with the restrictive force is given by

Eqgn. (8.4):

FL
uz(Fr):_ 3rE| :

(8.4)

Notice that both deflections in Eqn. (8.2) and (8.4) are not only dependent on the forces but also
on the overall beam length. Thisdicates that the restrictive force between the beam and
substrate will change based on beam length.

When Eqgn. (8.2) and (8.4) are substituted into Eqn. (8.1) and setting the deflection equal

to the maximum value, the resulting tip deflection becomes:

F,a’ F L
u=u, =g=——(4L- a)- —. 8.5
o =97 o (4L - ) (8.5)
Solving Eqn. (8.5) for the restrictive force yields:
2 - -
= - Faa’(4L- a)- 24EIg. ©.6)

r 8L’
Following Eqn. (8.6), when a voltage of 120 V is applied, assuming a beam length @500

the restrictiveforce experienced between the beam tip and substrate igrl.@vhich is four
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orders of magnitude less than the force experienced by a coating due to a falling droplet of water.
Therefore, the water erosion tests and beam actuation are expected toffgedahtdresults in

terms of coating durability. From these experiments, it is evident that the SAM/AuNP coatings
are much more resilient to the miniscule forces experienced during mechanical contact than non

immobilized AuNP coatings as shown in Chagger

8.6 Effect of SAM/NP composite films on adhesion

The effect of SAM/AUNP composite coatings on stiction and adhesion of microstructures
by actuating cantilever beams which have been coated. Both polysilicon and Si (pRG)ein
cantilever beams wergsed to examine adhesion. The typical work of adhesion between polySi
and Si (100) cantilever beams and the underlying satestare about 0.700 and overB8J/nf,
respectively. As previously discussed in Chapters 5 and 7, nanoparticles alemagh to
significantly reduce this adhesion by providing rough, low energy asperities. The addition of
nanoparticles to setissembled monolayers would couple the effects of film roughness with the
very low surface energy of SAM films. Fig. 8.17 and8tesent interferograms of polySi and
Si (100) inplane CBAs which have been coated with MPTS/AuNP and APhTS/AuNP composite
films, respectively. Fig. 8.19 depicts the vertical profile of a selected beam from Fig. 8.17(c) and
(d) to prove that the beameeanitially free standing and not adhered to the substrate.

Fig. 8.17(a) and (b) present a polySi CBA coated with an MPTS/AuNP composite film
before and after electrostatic actuation. Fig. 8.17(c) through (f) present two MPT Sthahéel
Si (100) CBAs 6 lengths 500 and 1000mm before and after manual actuation. None of the
adhered polySi beams in Fig. 8.17(b) illustrate a characteristic crack length. The longest

unadhered beam in this array was #@®in length. A 756hm long beam, adhered only aet

215



==
(a)

ALLLLL TS
AL LLTIPT
LR Rl TT g™

I

Figure 8.17. Interferometry images of MPTS/AuNP coated CBAs: (a) polySi before actuation,
(b) polySi after actuation, (c) 58@m Si (100) before actuation, (d) 58@n Si (100) after

actuation, (e) 1008m Si (100) before actuation, and (f) 16@ Si (100) after actuation.
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Figure 8.18. Interferometry images of APhTS/AuNP coated CBAs: (a) polySi before actuation,
(b) polySi after actuation, (c) 58@m Si (100) before actuation, (d) 58@n Si (100) after

actuation, (e) 1008m Si (100) befee actuation, and (f) 106@m Si (100) after actuation.
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Figure 8.19. Vertical profile of a selected beam from Fig. 7.15(c) and (d)

showing the initial and final beam shape.
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beam tip would yield a work of adhesion of less than 0.010 fnJliherefore, it can be said that

the expected adhesion energy for an MPTS/AUNP coated polySi array is less than this value.
This value is two orders of magnitude lower than the typical 0.700 frebmected for an
uncoated array.

The Si (100) CBAs coatl with MPTS/AuNP presented in Fig. 8.17 yielded beams
adhered to the substrate in the typicah@pe. The average crack length of all the adhered
beams in Fig. 8.17(d) and (f), combined, was 383%b.2 nm compared to about 94m for
native oxide co&d Si (100) irplane beams. The average adhesion energy over all MPTS/AuNP
coated Si (100) beams studied was 0.6%6329 mJ/m. This represents a substantial reduction
in adhesion energy compared to native oxide coated Si (100) microdevices. Forisom pae
crack length and adhesion energies of MPTS/AuNP composite films on polySi and Si (100)
CBAs are presented in Table 8.3. There are two beams in Fig. 8.17(b) which do not indicate a
characteristic crack length due to potential large particulatdsrneath the beam near the 384
mm region which prevented the beam from making contact and sticking. These beams were not
included in the analysis.

Fig. 8.18(a) through (f) present interferograms of APhTS/AuNP coated CBAs before and
after actuation. Fig8.18(a) and (b) show a polySi CBA coated with APhTS/AuNP before and
after electrostatic actuation. In Fig. 8.18(b), the longest beam adhered at the beam tipns 550
in length. This detachment length, for a beam adhered only at the tip, resultsppesirbound
adhesion energy of about 0.040 mA/nThis value is slightly higher than what was found for
MPTS/AuUNP coatings on polySidplane surfaces, but still two orders of magnitude lower than

native oxidecoated CBAs.
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Surface coating | Substrate Average Average Percent
crack length adhesion |decrease from
(nm) energy (mJ/nf)| native state

Native oxide PolySi 350400 0.700 N/A
Si (100) 94 37.4 N/A
AuUNP only PolySi 700 0.010 98.6
Si (100) 250 1.260 96.6
MPTS/AuNP PolySi 750 0.010 98.6
Si (100) 384 0.655 98.2
APhTS/AuNP PolySi 550 0.040 94.3
Si (100) 268 1.66 95.6

Table 8.3. Comparison of surface coatings on polySi and Si (1-@larne

cantilever beams adhesion.
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Fig. 8.18(c) through (f) are interferograms of APhTS/AuNP coated Si (160pne
CBAs before and after actuation. Again, two different lengths of beams were studied; 500 and
1000 mm. The average crack length for every beam examined was 26751 nm. This
average crack length for APhTS/AuNP coated Si (100) beams was more tham 1s}brter
than that for the MPTS/AuUNP coated counterparts, indicating a stronger work of adhesion. The
average work of adhesion for APhTS/AUNP coated Si (100) beamd %@ 0.37 mJ/m i
more than 1 mJ/fmgreater than the average adhesion energy for MPTS/AuNP composite
coatings. The crack length and adhesion energies for the various coatings on various substrates
are presented in Table 8.3. The percent decrease ediadrenergy was calculated based on the

native oxidecoated states of 0.700 mJ/for polySi and 37.4nJ/nf for Si (100).

8.8 Conclusions

In this chapter, gold nanoparticles were weakly immobilized on the surface of silicon and
silicon-based microstructures by means of -ssembled monolayers with functional groups
known to attract gold and other noble metals. Analysis showed that Audfiesitkd by the
GXL deposition method onto MPTS or APhTS monolayers could not be redispersed into
solution from SAMcoated silicon substrates, proving that particles could be immobilized.
Further examination of SAM/AUNP composite films on silicon subssrathowed that there
increased film durability compared to AuNP films when subjected to falling droplets of water
with a high impact force. Studies also suggested that the SAM/AuNP coatings were more robust
towards mechanical contact made between caetileeams and the underlying substrate than

AUNPs alone.
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In terms of adhesion energy, MPTS/AuNP composite films were equally as effective
towards reducing the apparent work of adhesion of cantilever beam arrays as were AuNP
coatings in previous studiedoth types of coatings reduced the adhesion energy of polySi and
Si (100) inplane surfaces by at least 97%. APhTS/AuNP composite films, on the other hand,
were not as effective in reducing adhesion on either polySi or Si (100) surfaces. The adhesion
erergy on suctsurfaces was only reduced by abou¥®4The inability to reduce adhesion on the
level of MPTS/AuUNP films could potentially be related to the large agglomerates left behind on
the surface due to either APhTS polymerization or reaction of priamaines with CQ@

The results from this study suggest that the use of SAMs such as MPTS or APhTS could
provide a means for attached nanopatrticles in order to create robust, rough surface modifications
for permanent anthdhesion properties. The onlywdoside towards this method is the use of
liquid-phase processing to deposit the monolayer films prior to GXL particle deposition and
supercritical drying. The use of such processing may not be suitable for the large scale

processing typically performed the MEMS industry.
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CHAPTER 9

ROUGH VAPOR PHASE DEPOSITED SILICA FILMS FOR

MICROTRIBOLOGY AND SUPERHYDROPHOBICITY

9.1 Introduction

In the previous chapter, gold nanoparticle films were immobilized on silicon surfaces and
silicon-basedmicrodevices byneans offunctionalized setassembled monolayers. The studies
found that SAMswith specific functional tail groupsvere very effective in immobilizing
nanoparticles and allowing for the creation of robust AUNP thin films for niibaddgy control.
However, there is still room to improve mechanically robust and durable nanoparticle coatings.
In addition, the extensive use of solvents for the deposition of nanopartitiebilizing
monolayers in the previous chapter is undesirabiedustrial settings. Therefore, this chapter
focuses on techniques for depositing rough, durable coatings from vapor phase techniques. The
rough, vapor phase deposited (VPD) coatings have potential for both tribological properties as
well as superhyaphobicity.

In this chapter, two methods are used to create coatings using vapor phase precursors.
Chemical vapor deposition (CVD) is utilized to deposit silica and hydrophobic organic
monolayers onto silicon surfaces for the purpose of creatingadigsive coatings for MEMS.

The vaposphase hydrolysis of silicon tetrachloride in order to form amorphous silica films has
been demonstrated to occur at room temperature (Bannikova et al. 1969; Anderson and Ashurst
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2008b), which would be desirable for inthil MEMS fabrication. The second method utilizes

a novel vapor phase deposition (VPapparatusleveloped by Integrated Surface Technologies
(Menlo Park, CA, USA). The VPD apparatus has been shown to produce andgturable
superhydrophobic thin fil;m The combination of surface roughness and low surface energy
provides durable superhydrophobic coatings which have potential as water proof coatings for
consumer electronics. Such surfaces, which typically link appropriately roughened surfaces with
low surface energy materials such as fluorinated compounds (Lacroix et al. 2005), have the
potential to greatly reduce the surface energy and effectively reduce detrimental interfacial
phenomena. The VPD apparatus has the ability to produce aluminum oxig®s)(A
nanoparticles from a gas phase reaction which can then be anchored and coated byathé SiO
hydrophobic layers. Superhydrophobic coatings have the potential revolutionize not only the
MEMS industry, but the consumer electronics industry as well. The purpose of depositing silica
over predeposited nanoparticle films is to entrap the pasiend create rough, durable coatings

as illustrated by Fig. 9.1.

9.2 CVD experimental setup and details

In order to create durable astiction coatings for MEMS and tribology chips, gold
nanoparticles (AuNPs) were first deposited onto SOI triboldgps and treated (cleaned) Si
(100) substrates following the gagpanded liquid deposition procedure described in Chapter 3.
Following supercritical drying, the dodecanethiol ligand tails were burned off from the
nanoparticle films by exposing the sampltoa 30W oxygen plasma for thin. The AuNR
coated samples were then placed into the CVD chamber, illustrated by Fig. 9.2. The vapor

delivery system vials shown in the figure contain liquid precursors of which vapor is drawn off
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Figure 9.1. Schematic illustration of rough, durable AtdéiBed coatings (not to scale).
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Figure 9.2. lllustration of the ultra low pressure CVD system utilized for

vapor phase coating deposition.
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andcarried to the reaction chamber tbin film deposition. The precursors in this study were
water, tetrachlorosilane (Sig}] and perfluorooctyl trichlorosilane (FOTS).

The first reaction involves the deposition of a thin silica layer over the top of the GXL
deposited AuNP films. The aetion utilizes small amounts of water and tetrachlorosilane which
are respectively introduced to the two expansion volumes shown in Fig. 9.2-atnsogpheric
conditions. After the system, including the reaction chamber containing the desired samples to
be coated, is pumped down to a base pressure of dbwdiorr, the expansion volumes are
opened to allow for the precursors to react within the chamber for 10 min. The hydrolysis of
SiCl, follows the reaction

SiCl, (V) + 2H,0(V) - SiOy(s) + 4HCI(V) (9.1)
wheretwo water vapor molecules react with a molecule of Si€form one molecule of solid
silicon oxide. Anderson and Ashurst (2008b) illustrated that the morphology of the resulting
silica thin film from tetrachlorosilane hydrolysis can vary widely depegain the pressures of
SiCl, and water precursors utilized for the reaction. In order to produce the most conformal and
uniform silica coating pssible, this study utilized 20orr of water vapor and 20 Torr of
tetrachlorosilane. In theory, the increasedghness of the silica layer created by the underlying
rough AuNP film should be enough to reduce the adhesion of microstructures. However, the
rough silica film still maintains a very high surface energy. Therefore, the surface energy can be
further reduced by the chemical vapor deposition of an organic SAM (i.e. FOTS). The
deposition of FOTS follows a similar hydrolysis reaction at ultra low pressures, as shown in Fig.
9.3.

In this study, the morphology of AUNP/CVD silica films (with and without FOTS top

layers) is examined by ellipsometry and AFM. The effect of the films is also examined on
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Figure 9.3. Schematic of the reaction of FOTS with water to form monolaye3g.
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adhesion by depositing the films on SOI tribology chips consisting of cantilever beam arrays.
The durability of AUNP/CVD films is also investigated by the water erosion method and by

determining the coefficients of friction.

9.3 Characterization and durability of AUNP/CVD thin films

CVD SiO, and AuNP/CVD thin films were characterized by ellipsometry, AFM and
contact angle goniometrtp ensure film deposition.In situ ATR-FTIR spectroscopy was not
readily available at the time to analyze interactions within the films. Freshly cleaned Si (100)
substrates were uniformly oxidized by a 25Wplasma to grow a smooth Si@yer which was
measured by ellipsometry to be £&.1 nmthick. This was measured in order to keep track of
any additional thickness added by the CVD process.

Following a quick 30W @plasma for 2 min to remove any residuals from the surface,
chips were subjected to water and $izpor as described in thpeevious section. After letting
the precursors react for 10 min and pumping out the system for another 15 min, the samples were
removed to analyze the resulting CVD Sifdm. The total SiQ thickness was 6.1 0.1 nm as
measured by ellipsometry, whichdicates that an additional 4:3).1 nm of SiQ was deposited.
The contact angle of a static water droplet on the surface of the CVD depositedaSi© 10,
illustrating extreme hydrophilicity. Fig. 9.4 presents an AFM scan of the CVD deposited SiO
sur face. Al 't hough the surface appears to be
surface is only 0.92 nm which is representative of a fairly smooth surface. A line scan taken
from Fig. 9.4 is shown in Fig. 9.5. The line scan indicates Heatrtajority of the peaks in the
film are only 1.0 to 1.5 nm in height. This provides excellent evidence that any surface

roughness created by GXL deposited nanoparticles prior to CVpdsiidsition will be the
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Figure 9.4. AFM scan of a CVBeposited Si@layer on a smooth silicon substrate.
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Figure 9.5. Line scan of CVD Sj@n smooth silicon.
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contributing factor towards increasing surface roughness. In addition, the deposition of the CVD
SiO, layer, due to its low inherent rougbss, should not suppress the roughness given to the
surface by any underlying nanopatrticle films.

The same CVD process was performed on samples coated with AuNP thin films
deposited by the GXL process. Prior to CVD Sieposi ti on, t lsewerdioi | y O
burned off by exposure to U¥zone for 30 min. Fig. 9.6 presents an AFM scan of an AuNP
thin film deposited onto a silicon substrate. The RMS roughness of the AuNP film in Fig. 9.6 is
4.68 nm, considerably more rough than the CVD,3&er in Fg. 9.4. In order to ensure that
the CVD deposited SiOlayer will not add considerably to the overall surface roughness, the
same procedure (reacting 20 Torr water vapor and 20 Tors)Si&k performed on the AuNP
thin film shown in Fig. 9.6. The AFM saa in Fig. 9.7 depicts the resulting AUNP/CVD &iO
film. The RMS roughness of the composite AUNP/CVD Sin is 5.40 nm which is only
slightly higher than that of the original AuNBm. This is proof that the CVD SiQayer does
not contribute to thesurface roughness. The static contact angle of water on the AuNP/CVD
SiO, composite layer was 39.5 This film still consisted of very hydrophilic silica, however, the
surface roughness provided by the underlying AuNP film slightly decreased the suefadie
energy resulting in an increased contact angle measurement.

In addition to studying Si©covered AuNP films, selissembled monolayers of FOTS
were also deposited via CVD to further reduce the surface energy of the fiims. FOTS
monolayers were degited at ultra low pressures by letting approximately 200 mTorr FOTS and
400 mTorr water vapor react for 10 min. Fig. 9.8 presents an AFM scan of a FOTS monolayer

deposited over the AUNP/CVD Si@lm from Fig. 9.7. The RMS roughness of the AUNP/CVD
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Figure 9.6. AFM scan of AuNP thin film on silicon.
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Figure 9.7. AFM scan of AUNP/CVD Sj@omposite thin film.
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Figure 9.8. AFM scan of AUNP/CVD SYB-OTS composite thin film.
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SiIOG,/FOTS composite film in Fig. 9.8 was 7.27 nm. This indicates just under a 2 nm increase in
surface roughness by the addition of the FOTS layer. This increase is likely due to the formation
of FOTS agglomerations on the silica surface which are knowodaro The contact angle of a
static water droplet following FOTS deposition an accompanying Si (100) substratzeased

to 113. The contact angle of a perfect monolayer of FOTS is typically arounti 268
therefore, any additional increase in @mttanglefrom 108° is attributed tgurface roughness.

In this study, based on varying AUNP concentrations, the final contact angles ranged from 107°
to as high as 120°.

The durability of AUNP/CVIDFOTS coatings was examined using the unique water
erosio technique, as was previously performed on SiAivhobilized AuNP coatings. To gain
perspective on the durability of these new composite coatings, the AuNFFCNTS coating
was compared directly to nemmobilized AuNPs and MPTS/AuNP composite coatingseund
water droplet erosion for 10 hiFig. 99 presents the water contact angle measurements for the
three different coating types with increasing erosion time. To recap, early AuNP coatings
experienced rapid contact angle decreases indicating very raggidgcdegradation. After 1 and
10 h of water erosion, the contact angle of water on AuNP coatings decreased by 58.4% and
73.9%, respectively. MPTS/AuNP coatings also exhibited fairly steep declines in contact angle,
experiencing percent decreases of 32 and 63.5%, respectively, after 1 and 10 h of erosion.
The new AuNP/CVIDFOTS composite coatings, however, exhibited only minute changes in
contact angle, maintaining a water contact angle above WD after 10 h of water erosion.

The percent decrease contact angle over 10 h was only 4.4%, which is small enough that it

could be based solely on measurement error. In fact, after 40+ h of water erosion, no significant
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change in contact angle was achieved, indicating that AUNP/CVD/FOTS coatings are extremely

durable compared to other nanoparticlssedcoatings examined in this work.

9.4 Tribological effect of AUNP/CVD thin films

The effect of rough AUNP/CVD Siand AuNP/CVD SIQ/FOTS thin films on adhesion
was investigated by depositing the films on SOI microtribology chips. Fig. 9.10 presents an
AFM scan of a microtribology chip coated with AUNPs via the GXL deposition process with a
surface roughness of 0.90 nm. Fig. 9.11 presents an AFM scan of the samplegsaiéiPchip
after the deposition of a CVD Sjdayer. The RMS roughness increasedyaslightly to 1.76
nm. Following the deposition of silica, the tribology chip was exposed t@idvie for 1 h to
ensure that no organic contaminants were on the surface. Arrays of cantilever beams were then
actuated to quantify the adhesion.

Fig. 9.12presents an interferogram of an array of 6®® long cantilever beams coated
with the AUNP/CVD SiQ@thin film following actuation. The average crack length over multiple
arrays of cantilever beams (including that shown in Fig. 9.12) was 31B3nm. This crack
length is comparable to the average crack lengths achieved from MPTS/AuNP and
APhTS/AuUNP thin films investigated in Chapter 8. The apparent work of adhesion for this
particular sample was reduced to 18®.14 mJ/M. This result was surprisj because the
AuNP/CVD SiQ films are still very hydrophilic. This indicates, surprisingly, that surface
roughness and likely the real contact area that results from adding surface roughcass
drastically reduce adhesion regardless of the compositi the contacting surfaces. The real

contact surface area of the microtribology chip imaged in Fig. 9.12 is estimated to be
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Figure 9.10. AFM scan of AuNP thin film on an SOI tribology chip.
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Figure 9.11. AFM scan of AUNP/CVD Sj@hin film on an SOl tribology chip.
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Figure 9.12. Interferogram of 5@fin cantilever beams coated with AUNP/CVD &iO
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approximately 10% which illustrates that the real contact surface area plays a large role in
adhesion regardless of surfaaergy.

To further investigate the effect of reducing the surface energy on adhesion, a FOTS
monolayer was deposited on top of the AUNP/CVD.Silth in Fig. 9.12. Rough Sig@coated
silicon substrates accompanied the microtribology chip in ordeotdirm FOTS deposition.
The contact angle following FOTS deposition increased to 103°, which is slightly lower than the
108° expected for a complete FOTS monolayer. The reduced contact angle could be a result of
sticky FOTS agglomerations that form whism many molecules were available for monolayer
deposition. Such agglomerations have been exhibited in numerous FOTS examinations
(Maboudian et al. 2002; Ashurst et al. 2006). Interestingly, there was virtually no difference in
adhesion between tribolgghips coated with AUNP/CVD Sigr AUNP/CVD SIiQ/FOTS thin
films. Fig. 9.13 presents an interferogram of a previously unactuated CBA found on the same
tribology chip as the CBA in Fig. 9.12. The average crack length and adhesion energy of the
array inFig. 9.13, coated with AUNP/CVD SHB-OTS, were 285.5 + 239r8m and 1.24 + 1.27
mJ/nf, respectively. These results can said to be approximately equal to those collected from the
AuNP/CVD SiQ coated cantilever beams.

To compare the effect of AUNP/CVD @ films with tribology chips coated only with
silica, Fig. 9.14 presents an interferogram of cantilever beams coated only by the CMBIBiO
film. Interestingly, the beam array presented in Fig. 9.14 exhibits slightly increased adhesion
compared to nate Si0, coated beams. The particular array shown in Fig. 9.14 exhibits an
average crack length of 84.2 + Zvth and an average apparent work of adhesion of 38.0 = 4.0

mJ/nf. The decreased crack length when compared to previous samples coated withi®ative
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Figure 9.B. Interferogram of 50@m cantilever beams coated with AUNP/CVD SFEDTS.
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Figure 9.14. Interferogram of 5@fin cantilever beams coated with only CVD gigyer.
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films could simply be a result of the ambient conditions (relative humidity) in the laboratory
during the time of actuationIn this study, the effect of AUNP/CVD composite coatings on
friction was not investigated due to the results discussed in Chapta/hen the adhesion

energy is reduced, the coefficient of static friction is also inherently reduced.

9.5 VPD experimental setup and details

In the case of superhydrophobic coatings, a special VPD apparatus was used to produce
the coatings on silicon substratéBhe apparatus consists of a stainless steel coating chamber, a
high vacuum pump and four lines for reaction precursor injection ctethdy a number of
pneumatic valves. The chamber, precursor lines and precursor canisters are all equipped with
thermocouples and heating tape in order to accurately control the temperature digitally.
LABVIEW software is utilized to operate the variopgeumatic valves for precise, and even
automated, control of precursor injections into the deposition chamber. Bottled nitrogen is
utilized as a carrier gas for each of the precursbigs. 9.15and 916 present photographs of the
front and back of th&PD apparatusFig. 9.17provides a simplified illustration of the chemical
delivery systems shown ifig. 9.16

The primary difference in this study is that AUNPs were not used as the surface
roughness material for superhydrophobic films. Insteada@or phase deposition of &l;
nanoparticles is performed using trimethylaluminum (TMAy(8Hs)s) as a precursor. The
reaction of TMA to form alumina patrticles follows Eqgn. (9.2) (Lakomaa et al. 1996; Gosset et al.
2002):

Al (CH3) (V) +3H,0(v) - Al,O5(S) + 6CH 4 (V) (9.1)
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Figure 915. Digital photograph of the backside of the ROGERPD apparatus showing gas

carrier lines and precursor chemical containers.
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Figure 916. Digital photograph othefront of the ROGERL VPD apparatus.
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Ny Chemical
containers

Figure 917. Simple schematic diagram of the ROGER/PD apparatusii X6 i ndi cat es

pneumatic valve controlled by LABVIEW software.
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During the reaction, vapor drawn from a canister containing liquid TMA reactions with water
vapor to form solid alumina particles and methane gas. The alumina particles create
significantly more roughness than AuNP films, which would be too large footrnianlogical
purposes. Fig. 9.18 presents an AFM scan of the rougBs;Aleposited onto a Si (100)
substrate. The associated line scan performed using Gwyddion imaging software, in Fig. 9.19,
illustrates that the particulates formed on the surfacecaighty 400 to 800 nm tall. The RMS
roughness othe samplen Fig. 9.8 is 182 nm, compared to a roughness of about 0.2 nm for the
original Si (100) substrate sample. Following alumina deposition, the particles are linked
together by Si@ formation and hen coated with a hydrophobic FOTS coating. These
hydrophobic film samples were also characterized by AFM, ellipsometry and water erosion
durability.

Various types of superhydrophobic films were created using ROGER with AlL,O;
nanoparticles as a ugh, base coating.Table 9.1presents the names of various coating
techniques along with brief descriptions of the processes. All of the superhydrophobic coatings
examined in this work were completed with a coating of FOTS in order to provide a logy ener
surface, as described in the proceeding section. Recipes B and C utilizay8i® as linkers to
entrap the nanoparticles. Recipe D, rather than,Si§es a dual functionality of aminopropyl
and epoxypropytrimethoxysilane precursors which enddfe nanoparticles. Recipes E and F
take advantage of Sydormation catalyzed by pyridine. The pyridine catalysis allows for low
temperature Siofilm formation (Du et al. 2007). The ALD in recipe E refers to atomic layer
deposition, in which the filndeposition process takes place in very short, sequential steps (or
Ahalefacti onso) in order to create very thin an

deposition (CVD) used in recipe F creates a thicker, slightly more unorganized, siica Fay
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Figure 918. 30 x 30mm AFM scan of AJO3 particles on Si (100).
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Figure 9.19 Line scan of AlO; particles on Si (100) imaged in Figure 9.18.
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Recipe Coating nhame

Brief process description

A TMA Baseline

B TMA/Linker

C TMA/Linker300

D Amine/Epoxy

E ALD Pyridine Oxide

F CVD Pyridine Oxide

Unlinked Al ,O3 nanoparticles
(no SiQ layer) covered by a
FOTS monolayer

Al O3 nanoparticles linked
together with a thin Sigayer
and coated with FOTS

Al O3 nanoparticles linked
together with a much thicker
SiO; layer and coated with
FOTS

Al O3 nanoparticles linked by
a coupling film combining
aminc and epoxy
functionalization and coated
with FOTS

Al,O3 nanoparticles linked
together by a pyridine
catalyzed ALD SiQlayer and
coated with FOTS

Al,O3 nanoparticles linked
together by a pyridine
catalyzed CVD Si@layer and
coated with FOTS

Table 9.1 Table of superhydrophobic coating names and brief descriptions.
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this study, all superhydrophobic film depositions wperformed by Jeff Chinn at Integrated
Surface Technologies (Menlo Park, CA).

The VPD apparatus utilizes well known gas phase reactions to produce thin films of
materials on surfaces placed within the deposition chamber. The first reaction which
encapsudtes a nanoparticleoated surface within a thin layer of Sif@volves the hydrolysis of
a silicon precursor, tetrachlorosilane (S)CIThe gas phase reaction of water with $i€lgiven
by Egn. (9.1) (Jia and McCarthy 2003; Anderson and Ashurst 2008terson and Ashurst
2008c). This reaction occurred by a cyclic process in which, starting at a base pressure of about
10 mTorr, very small partial pressures of Si@hd water are allowed to react. By performing
the reaction in cycles with very smaljections, the topography of the SiCayer can be
controlled compared to CVD processes in which the partial pressures of the reactants exceed 10
Torr (Anderson and Ashurst 2008c).

Following the deposition of a thin, but very hydrophilic, Sl@yer, a lydrophobic FOTS
monolayer film is deposited. This reaction occurred by first injecting about 2.4 Torr of water
into the chamber, allowing water vapor to adsorb onto the surface, and pumping out the water
down to the base pressure. 100 mTorr of FOTS tes introduced to the chamber and allowed
to react with the surface water molecules for 30 min before the system was purged with nitrogen,
pumped down, and vented to the atmosphere with nitrogen. The temperatures of the precursor
canisters and lines, aB@vn inTable 9.2 are elevated to assist in increasing the vapor pressure
of the precursors and avoid condensation throughout the lines. However, these reactions could
take place at room or slightly elevated temperatures resulting in only inciegs#on times to
achieve sufficient precursor partial pressures. The reactions themselves take place at only 35 °C

within the coating chamber, much lower than vapor phase SAM reactions in previous studies
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Component Maintained
temperature (°C)

Coating damber 35.0
TMA canister 40.0
Water canister 45.0
SiCl, canister 25.0
FOTS canister 90.0

TMA line 40.0
Water line 45.0
SiCly line 25.0
FOTS line 80.0

Table 9.2 Operation temperatures for ROGHRo0ating chamber,

precursor canisters and daees.

254



(Mayer et al. 2000). For a more detailed description about the operation of ROGERr

Appendix B.

9.6 Durability of AuNP/VPD superhydrophobic coatings

Another ultimate goal utilizing the ROGER apparatus is to create durable,
superhydrophobic coatings for electronic devices such as cellular phones. The water durability
of various hydrophobic coating recipes, produced by Integrated Surface Technolegiedso
examined. Table 9.3presents the water erosion time for the six superhydrophobic coating
recipes examined in this work. The table indicates thgDAparticles either unbound or very
weakly linked to the surface (recipes A and B) are eastyest and coating exhibit drastic
contact angle changes in less than 1 h. When a thickeii8kihg film is deposited, the water
erosion time until failure increases by a factor of 20. The amine/epoxy linking system (recipe D)
shows good improvement wvater durability; however, this film requires high temperature (>
100°C) for film deposition. The two types of pyridioatalyzed Si@deposition, however, can
be accomplished at room temperature and provide very durable coatings. The water erosion for
these two coatings (recipes E and F) were suspended after 80 hours without experiencing any
decline in contact angle.

As seenin Table 9.3,Recipes E and F the most durable superhydrophobic coatings
examined thus far utilize pyridine as a catalyst tproduce very thin and ordered layers of
silicon oxide. The catalysis of silicon oxide formation using pyridine is a well known reaction
and has been widely studied (Klaus and George 2000; Du et al. 2005; Du et al. 2007). One
consideration is what happeto the pyridine after the reaction. FTIR spectroscopic analysis can

offer suggestions to whether or not residual pyridine may become an Bgué.20presents
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Recipe Coating name Water erosion time
until failure (h)

A TMA Baseline 0.25
B TMA/Linker 0.50
C TMA/Linker300 10
D Amine/Epoxy 35
E ALD Pyridine Oxide >80
F CVD Pyridine Oxide >80

Table 9.3.Water erosion times until coating failure for various

superhydrophobic coating recipes.
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Figure 920. FTIR spectra of pyridine absorbed on a silica seed layer after heating to various

temperatures.
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ATR-FTIR spectroscopy scans of pyridine vapor which has been absorbed on the surface of a
silica seed layer deposited on a ZnSe ATR crystal at room temperature. °@f 8barp peaks
exist between about 1500 and 1650 'cniThese four peaks are charagttci of pyridine and
pyridium ions (Barzetti et al. 1996). The ATR crystal was heated tt&C58nd allowed to cool
back to room temperature before the spectrum was taken again. After heatin§Qp &0y
little change, other than the loss of waterexperienced by the sample. However, after heating
to 120°C, there is a drastic decrease in the characteristic pyridine peaks, suggesting that surface
pyridine molecules can be removed by heating the thin films.

The loss of pyridine from heating to 12C in Fig. 9.20removes only absorbed pyridine
mol ecul es on the surface of the fil,layerwag her ef
examined to ensure that residual pyridine could not escape from the interior of the film. A ZnSe
ATR crystalwas first coated Hinouse with a silica seed layer. The crystal was then shipped to
Integrated Surface Technologies where a pyridiawalyzed Si@ layer was deposited. The
FTIR spectrum of the initial pyridineontaining film was first acquired at rootemperature
(rt.). This spectrum was then used as a background to acquire the difference spectra after
heating to 80 and 12TC. Fig. 921 presents the resulting FTIR spectra. The initial background
spectrum shows the characteristic peaks for pyridirmind 1600 cfh and the characteristic
SiO, peaks around 1100 ¢ After heating to 120C, there is no noticeable difference in either
of these wavenumber regions. The only noticeable difference is the loss of water around 3000
cm™. This result initates that pyridine that exists inside the vapor deposited silica film is not

released due to heating and will remain trapped within the film.
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Figure 921. FTIR spectum of pyridine-containing SiQ layer at room temperature and

difference spec#rafter heating to 80 and 12C.
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9.7 Effect of roughness and asperity density on hydrophobicity

One of the most famous examples of a superhydrophobic surface is that of a lotus leaf
which exhibits contact angles of ca. 2gBun et al 2005a; Sun et al. 2005b). Lotus leaves
consist of a combination of tw&cale roughness: a miesgale roughness around it and a
nanascale roughness of less than 100 nm (Sun et al. 2005a). It is widely presumed that the
superhydrophobic nare of lotus leaves arise from the combination of this$amle roughness
along with a waxy secretion that alone has a contact angle 8f(3L@ et al. 2005bkimilar to
that of many SAMs including FOTS which has a contact angle of. 108e coatingproduced
in ROGER1 combine the roughness of 8k nanoparticle films along with the hydrophobic
nature of sekassembled monolayers.

Recently, a third consideration, asperity coverage and density, has been considered to be
an important factor in the eation of superhydrophobic surfaces (Extrand 2002). This fact
became apparent when the water contact angle for various samples were plotted with surface
RMS roughness values calculated using Gwyddion from AFM scans of the surface coatings.
Fig. 9.22preents this data which illustrates that superhydrophobic surfaces (3 ¢&0 be
achieved over a very wide range of surface roughness valuetb(36m). However, every
surface with an RMS roughness above about 200 nm exhibited superhydrophobic properties.
Anderson (2009) discussed that roughness was not enough information to characterize
superhydrophobicity and illustrated that surfaces with comparable RMS roughness values can
have drastically different asperity coverages. Therefore, Anderson (2009)omblean
algorithm in which height data from AFM scans, the same data usedribfguoughness, is re
binned and analyzed using imaging software in order to determine the coverage of asperities on a

given surface Fig. 923 presents data from two AFM a&as, each with RMS roughness values of

260



[
=
=

=
-
=

124)

100

= o]
=

Water contact angle (°)

=
=]

40

¢ Superhydrophobic
O Borderline
A Not Superhydrophobic

100 200

300 400

RMS roughness (nm)

Figure 922. Water contact angle for various coatings plotted against

RMS roughness from AFM surface scans.
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Figure 923. Re-binned AFM data with equal RMS roughness values (3.3 nm)

and varying asperitgoverages.
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3.3 nm, which illustrate completely different asperity coverage densities. The surface in Fig.
9.23(a) has a coverage of 23% while the surfac&im 923(b) exhibits a coverage of 43%. The
asperities with heights greater a baseline height are indicated by the darker color.

By performing the réinning algorithm on a variety of sample coatings, the asperity
coverage (or density) could be plotted againstewaontact angle as shown king. 9.24. The
data indicates that while coatings over a wide range of coverage densities can exhibit either
superhydrophobic or nesuperhydrophobic properties, there exists a range betwe&0%30
coverage where the superhgdhobic samples exist. This makes perfect sense fundamentally, as
one would expect an optimal coverage density to exist assuming a monolayer base height. Low
coverage densities, such as showrkig. 923(a), exhibit larger areas where asperities are no
detected. These regions would have higher surface energies and real contact areas, resulting in
greater adhesion and lower hydrophobicity. As the coverage density increases, these higher
surface energy regions shrink as fewer real areas of conta¢f eegslting in increased
hydrophobicity. If the coverage continues to increase beyond about 50%, although the higher
surface energy surface available decreases, the actual number of real contact points begins to
increase offering more regions for adhesio occur. This also results in lower hydrophobicity.
Theoretically, a surface with 0% asperity coverage would exhibit similar interactions as a coated
surface with 100% asperity coverage denskyg. 925 illustrates this intuitive trend by showing
how the surface energy and real contact area is affected by coverage density. The inverse of the
trend exhibited in the figure could nearly be placed upon the d&ig.if24.

In order to better characterize the combined effect of RMS roughness andgsove
density on the hydrophobicity of surfacdsg. 926 plots the RMS roughneds-coverage

density ratio with water contact angle. The plot indicates that any surface with an RMS/density
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Figure 924. Water contact angle for various coatings teldtagainst

asperity coverage density from AFM surface scans.
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Figure 925. Theoretical effect of asperity coverage density on surface energy

and real contact area. Not based on actual data.
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Figure 926. Effect of RMS to coverage densritio on water contact angle.
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ratio greater than 4 exhibits superhydrophobicity. Therefore, this value can become a new
standard for superhydrophobic films that may be developed in future studies even though
coatings with ratiosess than 4 can alsgeld superhydrophobic propertiesigs. 927 through

9.3 present AFM scans of the six recipes providedlable 9.4. Table 9.4hen provides
information generateffom the scans such as RMS roughness, coverage density, RMS to density
ratio, and initialwater contact angle. As the data suggests, the pyoditadyzed coatings
exhibit RMS to density ratios of less than 3; however, they still provide superhydrophobicity and
are very durable based on water erosion testing. This is likely due to thbdtatie pyridine
catalyzed oxide films exhibit lower surface energy than typical silicon oxide films, and therefore,
requiring less surface roughness to produce superhydrophobic properties. The results presented
here have opened the door for Auburn an8T Ito collaboratively examine new

superhydrophobic coatings in the future.

9.8 Conclusions

In this chapter, chemical vapor deposition (CVD) was utilized to deposit solid and
smooth SiQ thin films over rough AuNP films in the attempt to create extremely durable
composite films for microtribology control. AFM, ellipsometry and goniometry analysis
provided confirmation that smooth Si@yers can be deposited over rough AuNP films without
the SiQ providing significant film roughness. Silicon cantilever beams coated with the CVD
SiO, layer (without any surface roughness) exhibited extremely high adhesion similar to native
oxide coated beams. However, when rough AuNP thin films wereirirstduced and then
coated by a top layer of CVD Sj0Othe adhesion decreased drastically even though the CVD

SiO, was still very high in surface energy (hydrophilic). This interesting result illustrates that the
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Figure 927. AFM scan of TMA Badie (Recipe A) surface coating.
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Figure 928. AFM scan of TMA/Linker (Recipe B) surface coating.

269



2.61 um

0.00 pm

Figure 929. AFM scan of TMA/Linker300 (Recipe C) surface coating.
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Figure 930. AFM scan of Amine/Epoxy (Recipe D) surfamaating.
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3.8 um

Figure 931. AFM scan of ALD Pyridine Oxide (Recipe E) surface coating.
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Figure 932. AFM scan of CVD Pyridine Oxide (Recipe F) surface coating.
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