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CHAPTER 6 

 

NANOPARTICLE DEPOSITION ON SUBSTRATES OF  

VARYING SURFACE ENERGY

 

6.1 Introduction  

 The deposition of stabilized nanoparticles via gas-expanded liquids onto silicon-based 

surfaces for microtribology control is a fundamentally new concept and, therefore, little is known 

about how nanoparticles deposit onto the surfaces.  The opportunity exists to deposit various 

self-assembled 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 coating.  Before the deposition of nanoparticle films on SAM-

coated silicon becomes a viable option for anti-stiction coatings, the behavior of GXL-deposited 

nanoparticles on such surfaces must be characterized.  In this chapter, dodecanethiol-stabilized 

gold nanoparticles are deposited by CO2-expanded 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 function of surface energy as well as film 

hydrophobicity and oleophobicity. 
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6.2 Experimental details 

 Si (100) substrates were first prepared following the cleaning process described in 

Chapter 3.  Self-assembled 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 in hexane.  MPTS 

monolayers were formed by immersing the substrates into a solution containing 400 ml MPTS 

and 400 ml DI water in 20 ml electronic grade isopropanol heated to 70 °C for 30 min 

(Vakareslski et al. 2007; Goss et al. 1991).  The samples were then rinsed in isopropanol, hexane 

and DI water consecutively to remove any excess physiosorbed organic molecules.  APhTS 

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 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, and rinsed in isopropanol.  Following monolayer deposition, 

rinsing and drying under nitrogen, all coated substrates were heated at 120 °C for 1 h to anneal 

coatings.  Contact angles of water were then measured to confirm monolayer deposition.  The 

contact angle of water on OTS, FDTS, MPTS, and APhTS coated substrates were 108.7°, 115.5°, 

73.1°, and 67.9°, respectively.  All of these values are in agreement with values that can be found 

in literature.  Dodecanethiol-capped AuNPs were finally deposited in equal concentrations on 

SiO2 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 relate 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 work, six liquids 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/cm) at 25 °C are 

found in Table 6.1.  The measured contact angle (q) of a particular liquid droplet on a surface is 

directly proportional to the known surface tension of the liquid (gL) following Eqn. (6.1): 

          21cos cc L += gq          (6.1) 

where c1 and c2 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 tension (gC) for 

complete liquid spreading can be extrapolated at the point where cos q = 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 illustrates the 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 R
2
 value of 98% and yields the equation: 

     Lgq 0272.05921.1cos -= .          (6.2) 

Extrapolation of Eqn. (6.2) at cos q = 1 yields a critical surface tension, gC, of 21.8 dyne/cm.  

The reported literature value for a close-packed OTS monolayer on silicon is 20.2 ± 1 dyne/cm 

(Tillman et al. 1988).  The disparity in the two numbers can be attributed 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 and liquid surface tension. 
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 Fig. 6.2 presents the combined Zisman plots for FDTS, MPTS and 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 c1 and c2 coefficients for the linear trends which can be inserted into 

Eqn. (6.1) for extrapolation.  The critical surface tension values indicate that the FDTS 

monolayer, with a critical surface tension of 3.6 dyne/cm, likely cannot be completely wetted by 

any liquid.  Meanwhile, MPTS monolayers can only be wetted by liquids with surface tensions 

of 25.2 dyne/cm or less, such as oily substances like methanol.  The critical surface tension of 

very smooth and clean SiO2 is very difficult to determine experimentally due to 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 deposited gold nanoparticles on SAM coated substrates. 

 

6.4 Characterization of AuNPs on SAMs 

 Due to the gold nanoparticles being stabilized by ñoilyò dodecanethiol ligand tails during 

gas-expanded liquid deposition, the hydrophobicity and oleophobicity of surfaces to 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 of dodecanethiol-capped nanoparticles 

deposited onto SiO2, 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 substrate in Fig. 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, MPTS and APhTS coatings on Si (100) 

substrates. 
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Coating Critical surface 

tension (dyne/cm) 

c1 

coefficient 

c2 

coefficient 

SiO2 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 SiO2 at 20X. 
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Figure 6.4.  Optical photograph of AuNPs on OTS-coated silicon at 40X. 
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Figure 6.5.  Optical photograph of AuNPs on FDTS-coated silicon at 40X. 
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of the three surfaces.  SiO2 is an oleophilic surface on which ñoilyò dodecanethiol-capped 

particles can freely deposit.  OTS however is slightly oleophobic, with a hexadecane contact 

angle of 36.8°.  Therefore, there is repulsion between the OTS monolayer and the oily particles 

attempting to deposit on the surface.  Rather than deposit into a uniform nanoparticle film, the 

particles prefer to form aggregates on the surface.  The repulsion by the surface and the desire of 

the particles to aggregate are increased on 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 fashion similar to SiO2.  This will be further illustrated in 

Chapter 8. 

 In order to more closely examine the deposition characteristics of ñoilyò gold 

nanoparticles on the various SAM coatings, samples were examined via both SEM and AFM.  

Figs. 6.6, 6.7, 6.8, 6.9, and 6.10 present SEM micrographs taken at 35000X magnification of 

AuNP films on SiO2, 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.  A 

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 SiO2 in Fig. 6.6 gives indication that the particles prefer to agglomerate 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 out on the AuNP-coated SiO2 substrate.  Fig. 6.11 

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

image depicts ñholesò in two different layers of nanoparticles.  The darker, more visible holes  
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Figure 6.6.  SEM micrograph (35000X) of AuNPs on SiO2. 
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Figure 6.7.  SEM micrograph (35000X) of AuNPs 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.  SEM micrograph (35000X) of AuNPs on APhTS. 
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Figure 6.11.  SEM micrograph (15000X) of AuNPs on SiO2 illustrating ñholesò  

in two individual layers. 
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represent areas where the SiO2 substrate is exposed while the lighter holes exist in an upper 

AuNP layer where a primary AuNP layer already exists. 

 Based on this information, the surface coverage fraction ï the fraction of the surface area 

covered by the nanoparticle film ï was estimated for the five separate samples using simple 

thresholding techniques in ImageJ software.  The surface coverage fractions of AuNPs on SiO2, 

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 between substrate surface energy and particle coverage, as shown in Fig. 6.12.  

Hexadecane, an oily hydrocarbon consisting of a sixteen-carbon chain, was assumed to interact 

similarly to the surface as the exposed twelve-carbon chain of dodecanethiol capping ligands.  

As shown in the graph, the experimental data presents a distinct second-order polynomial trend.  

This data confirms that the oleophobic nature of the substrate is critical for the deposition of 

dodecanethiol-stabilized AuNP films.  However, the fractional 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 compare the results.  The data in Fig. 6.12 illustrates that as the contact angle of 

hexadecane on a particular surface approaches zero, the wettability of dodecanethiol-capped 

nanoparticles increases allowing for a higher projected particle surface coverage.  Fig. 6.13 

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 hexadecane contact angle) 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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Figure 6.12.  Fractional surface coverage of AuNPs plotted against the cosine of the contact  

angle of hexadecane (cos q). 
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Figure 6.13.  Water and hexadecane contact angles of SAM coatings and fractional surface 

coverage of AuNP films on SAMs. 
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 Fig. 6.14 presents 3 x 3 mm AFM scans of AuNP films on (a) SiO2, (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 nanoparticle films which can provide 

information about the mode of particle film growth.  The peak height of AuNPs on SiO2 

represents a height of about 5 nm which is the approximate diameter of the nanoparticle 

population ï illustrating that the nanoparticles are being deposited in monolayers following the 

Frank-van der Merwe (layer-by-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 > gf.  This is intuitive, as the surface energy of SiO2 is known to be extremely high.  

When low surface energy monolayers are deposited onto SiO2 surfaces, a different mode of film 

growth is experienced.  The line scan of AuNPs on OTS, shown in Fig. 6.14(b), illustrates some 

monolayer growth (~ 5 nm in height) as well as multiple layer islands of about 10 and 15 nm in 

height.  The profile of AuNPs on FDTS exhibits even higher islands of up to 80 nm in height.  

This result suggests that as the surface energy is decreased, the mode of film growth shifts from 

layer-by-layer to a layer-plus-island (Stranski-Krastanov) mode, which occurs when the surface 

energy of the surface is less than that of the film (gs < gf).   

 To further explain the switch from layer-by-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 dodecanethiol monolayer 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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Figure 6.14.  AFM scans and line scan profiles of AuNP films on (a) SiO2,  

 

(b) OTS and (c) FDTS. 
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Liquid  Surface tension 

(dyne/cm) 

Contact 

angle (°) 

Decane 23.8 36 

Hexadecane 27.2 47 

Bicyclohexyl 32.4 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 dodecanethiol-capped particles is greater than the surface energy of an FDTS-coated 

substrate but less than the surface energy of 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).  RMS 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 onto surfaces with 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/cm, has an 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 layer-by-layer to layer-plus-island film growth. 

 

6.5 Conclusions 

 Investigating how nanoparticle 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 dodecanethiol-capped AuNPs deposit on oxide- 

and SAM-coated 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 proved to be false as the critical surface tension of 

SAM-coated silicon does not vary by more than about 3 dyne/cm.  Therefore, the surface 

coverage was compared to the hydrophobicity and oleophobicity (as determined from water and  
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Figure 6.15.  Chart of RMS roughness of AuNP films on examined surfaces in order of 

decreasing critical surface tension.  The dashed line represents the dividing boundary in surface 

tension of 15.3 dyne/cm (dodecanethiol). 
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hexadecane contact angles) of the surfaces.  Interestingly, yet intuitively, the surface coverage of 

the ñoilyò hydrocarbon-capped particles trended with the hexadecane contact angle.  The 

interaction of the long hydrocarbon chains of dodecanethiol and hexadecane were assumed to be 

very similar, indicating that 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 system-specific; i.e., the nanoparticle film morphology is also dependent on 

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 layer-by-layer growth on SiO2 to layer-plus-island growth on surfaces of reduced 

surface energy.  When the critical surface tension of the substrate was reduced below that of the 

film (based on the capping agent used to stabilize the nanoparticles in solution), there was a shift 

from a layer-by-layer mode of film growth to one of layer-plus-islands.  This shift drastically 

increased the surface roughness of the resulting nanoparticle film as well as the average height of 

asperities. 

 The ability to control or predict the morphology of nanoparticle films on surfaces is very 

important for the application of such films.  For example, nanoparticle-based films for MEMS 

tribology control (i.e., anti-adhesion) require some surface roughness in order to reduce the real 

contact area between contacting surfaces.  However, the typical vertical gap between structures 

and surfaces (~ 1-2 mm) places a limitation on the surface roughness and the nominal height of 

asperities.  Therefore, the surface energy of a substrate plays 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 gas-expanded liquid deposition and supercritical drying process.  The nanoparticle 

coatings, which proved to be uniform and conformal, effectively reduced the adhesion between 

polysilicon cantilever beams and the substrate by multiple orders of magnitude.  Based on the 

preliminary results, more experiments were required to determine how varying nanoparticle 

concentrations (and, in turn, surface coverage or surface 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 discussed, these new 

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 surface roughness 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 nanoparticles 

on tribology device chips 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 determined via AFM 

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 drastically decrease 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.  The particles 

were deposited onto six individual SOI tribology chips following the gas-expanded 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 six AuNP coatings A-F.  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 quantify the 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 drastically increase 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 increases the roughness further.  It is expected that  
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Figure 7.1.  AFM scan and SEM micrograph of AuNP coating A with RMS roughness of 8.7 nm. 
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Figure 7.2.  AFM scan and SEM micrograph of AuNP coating B with RMS roughness of 9.0 nm. 
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Figure 7.3.  AFM scan and SEM micrograph of AuNP coating C with RMS roughness of 4.0 nm. 
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Figure 7.4.  AFM scan and SEM micrograph of AuNP coating D with RMS roughness of 6.0 nm. 

 

  



164 

 

 

 

 

 
 

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

 

SEM micrograph 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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Figure 7.7.  RMS roughness values for AuNP coatings in increasing concentrations. 
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Coating 

(increasing 

concentration) 

RMS 

roughness 

(nm) 

Projected 

surface area 

coverage from 

SEM 

Real contact 

surface 

coverage 

from SEM 

Resonant 

frequency 

of MR 

device 

(kHz) 

Surface 

coverage 

from MR 

(± 4%) 

A 8.7 1.2 ± 0.5% 1.2 ± 0.5% 8.31 16 

B 9.0 15.4 ± 2.0% 4.2 ± 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 coatings.  Sample 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 estimated two ways using SEM image analysis as 

described in Chapter 3.  First, the surface coverage was determined as a ñprojectedò surface area 

covered with any morphology of nanoparticle film.  The projected surface area is described by 

Eq. (7.1): 

      %100³=
i

f

P
A

A
A         (7.1) 

where AP is the projected surface area, Ai is the total area of the image analyzed, and Af is the 

area of the image coated by AuNP film.  These projected 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 94.2%.  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 asperities ï or highest features ï was 

also estimated by image analysis.  This method assumes that only the tallest asperities on rough 

contacting surfaces make contact.  This is referred to as the ñrealò contact area.  The ñrealò 

contact area (Ar) is the ratio of the surface area of the tallest asperities (Aa) to the total surface 

area (Ai), as shown in Eq. (7.2): 

     %100³=
i

a
r

A

A
A              (7.2) 

Fig. 7.8 represents a simple illustration of two rough surfaces coming into contact only at the 

points of ñreal contact.ò  The real contact surface coverage 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 7.8.  Illustration of two rough surfaces making contact at areas of ñrealò contact. 
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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 black-and-white images created by the thresholding process using ImageJ.  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 slightly higher 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 area, on the other hand, varies 

significantly.  This is not counter-intuitive, 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 Stranski-Krastanov (ñlayer-plus-islandò) mode of film growth (Zhou et al. 

1999).  The Stranski-Krastanov (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 islands begin 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 formation of these 

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 a complete 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.  Illustration of Stranski-Krastanov 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 towards this method is that 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 was so much higher than from image 

analysis for Sample A ï coated with the lowest nanoparticle concentration ï as 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 an average height of about 15 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 the case ï 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, this is not the true case, as 

shown by the line scan in Fig. 7.13(b) which illustrates large gold islands of approximately 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 islands.  Due 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 was examined on the 

adhesion and stiction of SOI cantilever beams.  The hypothesis for these experiments, based on 

previous results and the theory behind ñrealò contact surface area, was that the apparent work of  
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Figure 7.13.  AFM line scan profiles of (a) AuNP coating A and (b) AuNP coating F. 
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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 formation of nanoparticle islands, the real contact area would also increase ï in turn 

causing the adhesion energy to increase.  Adding additional surface roughness through the 

addition of more nanoparticles would then once again cause a decrease in adhesion energy as the 

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. 7.14 plots 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 

nanoparticles (~ 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 AuNP-coated sample (56 nm RMS) exhibits drastically reduced adhesion energy of 

around 1 mJ/m
2
 ï lower than the adhesion energies associated with RMS roughness of 10-13 nm.  

The data points shown in Fig. 7.14 agree with the initial hypothesis of the study.  The dashed line 

in Fig. 7.14 represents the hypothesized trend of the data, where 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.  However, it is important to note that the data points are specific for 

the system.  In other words, the data presented in Fig. 7.14 are for dodecanethiol-capped gold 

nanoparticle films on smooth silicon oxide.  The dodecanethiol-capped particles represent a 

specific system which has a specific surface energy.  Results will vary when different ligand tails  
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Figure 7.14.  Trend of average cantilever beam adhesion energy with increasing  

 

RMS roughness of gold nanoparticle coatings. 
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are used to stabilize the original 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 also compared 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 smooth SiO2 assumes 

that 100% of two surfaces are in 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 surfaces would have 

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 roughness 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 static friction for devices coated with native oxide 

(control) and AuNP thin films in order of increasing particle concentration.  The coefficient of 

static friction, ms, for the control devices coated only by native silicon oxide films was 1.98 

which is in good agreement 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 micro- and 

nano-scales.  Upon the introduction of surface roughness by a low concentration of AuNPs, the  
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Figure 7.15.  Adhesion energy as a function of estimated ñrealò contact surface area. 
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Figure 7.16.  Coefficients of static friction determined experimentally for SOI friction testers 

coated with native oxide and increasing concentrations 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 number of 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 popular surface 

treatments.  The results indicate 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. 7.17 illustrates 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 assumed 100% for 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 their respective coefficients of static friction.  The figure exhibits a 

nearly perfect linear trend (R
2
 = 0.998), which confirms the correlation between adhesion and 

friction. 

 

7.5 Conclusions 

 In this study, the effects of surface roughness and nanoparticle surface coverage ï both 

projected and real contact area ï on microstructure adhesion and friction were examined.  As 

expected, the adhesion of silicon cantilever beams sharply decreased when nanoparticles were  
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Surface modification Coefficient of static 

friction (ms) 

Adhesion energy 

(mJ/m
2
) 

Native SiO2 1.98 37.4 

OTS 0.07 0.01 

FDTS 0.15 0.01 

AuNP coating A 0.08 0.02 

AuNP 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 

 

Table 7.2.  Coefficients of static friction and adhesion energies for various surface modifications. 

 

  



184 

 

 

 

 

Figure 7.17.  Effect of estimated real contact area on the coefficient of static friction. 
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Fig. 7.18.  Correlation between adhesion energy (stiction) and 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 roughness value.  This trend was expected and was further explained by the effect of ñrealò 

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 theory of Stranski-

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 AuNP films ï and by extension most 

nanoparticle-based films ï can be engineered to achieve a desired surface roughness, surface 

coverage, or adhesion energy. 

 In addition, the effect of nanoparticle surface coverage of the coefficient of static friction 

was also examined.  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 had the lowest 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 together the data represents a nearly perfect trend.  This 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 apparent work of adhesion of 

polysilicon cantilever beams.  However, once the beams made mechanical contact with the 

underlying substrate, nanoparticles were translated across the surfaces creating nanoparticle-free 

regions as shown in Fig. 5.13.  These regions, consisting of high-energy native silicon oxide 

contacts, could once again be subject to high interfacial forces and cause strong or permanent 

adhesion.  Therefore, more robust nanoparticle-based anti-stiction coatings are required which 

are more durable to the mechanical contact of contacting microstructures. 

 This chapter investigates the use of certain self-assembled monolayers to create more 

robust nanoparticle coatings by grafting, or permanently immobilizing, nanoparticles to the 

microstructured surfaces.  In particular, 3-mercaptopropyl trimethoxysilane (MPTS) and p-

aminophenyl trimethoxysilane (APhTS) are examined, 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 cleaning and 

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 of H2O2 (30 wt%) and H2SO4 at 

70 ºC for 30 min.  This process is considered to leave behind approximately five reactive OH 

groups per nm
2
 on 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 stream.  When silicon-based 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 

substrates into a solution containing 400 ml MPTS and 400 ml DI water in 20 ml electronic grade 

isopropanol heated to 70 °C for 30 min (Vakareslski et al. 2007; Goss et al. 1991).  The samples 

were then rinsed in isopropanol, hexane and DI water consecutively to remove any excess 

physiosorbed organic molecules.  p-Aminophenyl trimethoxysilane (APhTS) 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 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, and rinsed in isopropanol.  Si (100) substrates were coated along-side silicon tribology 

chips in order to prove SAM formation on the surfaces. 

 Following SAM formation, 5-nm gold nanoparticles dispersed in hexane were deposited 

by gas-expanded liquid deposition as described in Chapter 3.  Fig. 8.1 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 MPTS and APhTS coated silica surfaces.  

Following nanoparticle deposition, silicon substrates were ultrasonicated in hexane for several 

minutes and rinsed with de-ionized water to wash away unbound nanoparticles and then dried 

under a stream of nitrogen.  Tribology 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 were first performed to compare the thickness 

of the organic monolayer/silicon oxide films to the thickness of reference silicon oxide.  The 

average thickness of smooth, oxygen plasma-induced silicon oxide films was about 18.4 ± 0.6 Å.  

The average measured thickness of APhTS/SiO2 and MPTS/SiO2 films were 23.0 ± 1.3 and 29.9 

± 3.5 Å, respectively.  Therefore, the thickness of the organic monolayer films of APhTS and 

MPTS were roughly 5 and 11 Å, respectively.  These values are in good agreement with 

measurements in literature of 6 Å for APhTS (Ishizaki et al. 2007) and 9 Å for MPTS (Yakimova 

et al. 2007).  Contact angle measurements of water on the monolayer films were also compared.  

The contact angles of water on APhTS and MPTS films, respectively, were 51.4 ± 1.9° 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 layer deposition was 

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 scan in Fig. 8.2 represents the APhTS film with 

respect to the silicon oxide seed layer background.  The large peak at 1100 cm
-1
 is characteristic 

of the formation of Si-O-Si bonds between the APhTS molecules and the silicon oxide seed 

layer.  Another important peak at 1584 cm
-1
 illustrates the existence of primary amines which are 

free and available for attachment with nanoparticles.  Negative peaks around 1650 cm
-1
 and 

3100-3600 cm
-1
 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 1100 cm
-1
 indicating the 

formation of Si-O-Si bonds.  The peak at 825 cm
-1
 is also representative of Si in the system.  The 

peaks between about 1200 and 1500 cm
-1
 are various modes of C-H indicating the presence of 

the hydrocarbon while the small but sharp peak at 2350 cm
-1
 represents available ïSH groups 

(Brzezinski et al. 1995; Bellatreccia et al. 2009).  However, adsorbed CO2 from the ambient 

atmosphere can often interfere with the peak at 2350 cm
-1
 (Bellatreccia et al. 2009).  To review, 

Table 8.1 lists the characteristic FTIR peak wavenumbers for APhTS and MPTS films. 

 The ability for monolayer films to immobilize gold nanoparticles was also examined on 

APhTS- and MPTS-coated Si (100) substrates.  Gold nanoparticles were deposited via CO2-

expanded hexane onto silicon oxide, APhTS, and MPTS films.  Following deposition and critical 

point drying, the particle-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. 

 

  



193 

 

 

 

 

 
 

Figure 8.3.  FTIR scan of MPTS monolayer on silica seed layer coated ZnSe crystal. 
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Wavenumber (cm
-1
) Species, bond, or mode 

825 Si-C 

1100 Si-O-Si 

1200 ï 1500 CH deformation 

1584 primary NH2 

1650 adsorbed H2O 

2350 SH vibration 

2800 ï 3000 CH stretching 

3100 ï 3600 OH stretching 

 

Table 8.1.  Characteristic FTIR wavenumbers of APhTS and MPTS films on silica. 
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Figure 8.4.  SEM micrographs of Au nanoparticles on (a) SiO2, (b) APhTS, and (c) MPTS films 

on Si (100) substrates after ultrasonication in hexane. 
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following ultrasonication on (a) SiO2, (b) APhTS, and (c) MPTS.  The micrographs illustrate that 

while some nanoparticles remain on the SiO2 surface, most are washed away and resuspended 

into the hexane solvent.  Meanwhile, the majority of particles remain on the APhTS- and MPTS-

coated substrates indicating the immobilization of the nanoparticles. 

 SAM and nanoparticle coatings were also deposited onto polysilicon cantilever beams to 

initially study the effect the deposition processes have on device integrity.  Fig. 8.5 presents 

optical photographs of cantilever beam arrays coated with (a) APhTS and (b) MPTS, followed 

by GXL nanoparticle deposition and supercritical drying.  The images illustrate that in both cases 

a majority, if not all, of the beams were released and free-standing following the deposition 

procedures due to the lack of interference fringes.  However, the APhTS/nanoparticle-coated 

array in Fig. 8.5a appeared to be much dirtier than the MPTS/nanoparticle-coated array in Fig. 

8.5b.  Using SEM to increase the magnification revealed several large ñboulderò like features on 

the surface of the APhTS/nanoparticle-coated sample, as shown in Fig. 8.6.  Such features were 

not exhibited on the APhTS-coated Si (100) substrate imaged in Fig. 8.4b, indicating that the 

inability to rinse or sonicate cantilever beams following deposition may leave behind 

agglomerated APhTS molecules or reaction byproducts. 

 It has also been widely shown in literature that CO2 can 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 al. 1995).  Chang et al. (2009) illustrated that two nearby primary 

amines grafted onto silica can bind with a CO2 molecule to form ammonium carbamate and, in 

the presence of water, further react to ammonium bicarbonate.  FTIR studies were performed to 

further investigate this possible reaction and determine if the ñbouldersò in Fig. 8.6 were 

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 cantilever beam arrays coated with  

 

(a) APhTS/AuNPs and (b) MPTS/AuNPs. 

 

 

 

 

 

 

(b) 
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Figure 8.6.  SEM image of boulder-like 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 CO2 at ca. 8 bar. 
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silica seed layer both before and after exposure to CO2 at a pressure of ca. 8 bar.  The spectrum 

of APhTS prior to ex situ CO2 exposure was used as a background so that the spectrum following 

exposure would signify only increases or decreases in species.  The difference spectrum after 

exposure to CO2 exhibits a broad peak between 1400 and 1500 cm
-1
.  While this peak could be 

attributed to some adsorbed moisture 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 cm
-1
, as shown in Fig. 8.8, very small peaks appear at 1580 and 1620 cm

-1
.  The appearance 

of these two weak peaks are attributed to the N-H bending mode of ammonium and the C=O 

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 of a surface.  

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 indicator of how an anti-stiction coating will behave.  

The contact angle of water droplets on SiO2, AuNP, 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 on surfaces coated with (a) native silicon oxide, (b) non-

immobilized gold nanoparticles on silicon oxide, (c) APhTS, (d) MPTS, (e) APhTS/AuNPs, and 

(f) 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 nanoparticle films were effective in reducing stiction as shown in Chapters 5 and 
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Figure 8.8.  FTIR spectrum of APhTS film exposed to ex situ CO2. 
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Surface 

modification 

Contact angle  

Native SiO2 < 20.0° 

AuNP    71.6° 

APhTS    51.4° 

MPTS    69.8° 

APhTS/AuNP    80.1° 

MPTS/AuNP    91.4° 

 

Table 8.2.  Contact angles of various surface modifications on silica. 
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Figure 8.9.  Photographs illustrating the contact of water droplets on (a) native SiO2,  

(b) unattached AuNPs on SiO2, (c) APhTS, (d) MPTS,  

(e) APhTS/AuNPs, and (f) MPTS/AuNPs. 
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7.  The addition 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 80.1° and 91.4°, which indicate increases of 56% and 31%, respectively.  The phenomenon 

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/AuNP 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 translated 

and worn away during mechanical contact, which is undesirable for anti-stiction 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 water droplet erosion 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 angle represents 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/AuNP composite films after 

1 h were in the same range ï 19% for APhTS/AuNP and 46% for MPTS/AuNP ï indicating 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 shown decreased 

stability of siloxane films in aqueous environments (Barbier et al. 2006; Anderson and Ashurst 

2009).  Fig. 8.11 demonstrates how the water contact angle ratio, 1 ï q/q0, changes for each  
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Figure. 8.10.  Water contact angle for various surface modifications with  

increasing water erosion time. 
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Figure 8.11.  Change in water contact angle ratio following 1 and 10 h water erosion. 
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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 presents 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 percent surface 

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 erosion test.  The coverage area of 

nanoparticles on the surface remained constant at 52-54%.  This indicates that the MPTS/AuNP 

composite coating is much more robust than non-immobilized nanoparticle films. 

 Fig. 8.13 presents SEM images of (a) a non-immobilized 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 is no discernable 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 illustrated.  As shown in the figure, the mechanical contact of the in-plane surfaces 

was not enough to remove the weakly bound nanoparticles from the organic monolayer films, as 

opposed to non-immobilized nanoparticles which now show regions of nanoparticle translation.  

In addition, Fig. 8.14 presents an MPTS/AuNP film beneath a 500-mm Si (100) in-plane 

cantilever beam (illustrated by the black outline) following actuation and mechanical contact. 

 The differences in the evaluation of the coating durability in Figs. 8.12 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 of a 50 ml droplet of water impinging the  
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Figure 8.12.  SEM images of Si (100) 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) AuNP-coated 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) in-plane cantilever tip contact on MPTS/AuNP  

composite film following actuation.  
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surface due to gravity is on the order of 500 mN.  This was obviously enough force to wash away 

nearly all non-immobilized AuNPs and even some of the SAM/AuNP coatings as evidenced 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 shown in Fig. 8.15.  In the figure, the 

applied electrostatic force (Fel) is a distributed load that occurs over a distance a and the 

restrictive force (Fr) is implied by the underlying substrate which keeps the beam tip deflection 

u(x) to the maximum deflection umax at 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. 8.16, u1(Fel) and u2(Fr) are 

the individual beam tip deflections due to the electrostatic and restrictive forces, respectively.  

The two individual deflections can be combined to describe the overall tip deflection, u, 

following 

      ( ) ( )rel FuFuu 21 +=          (8.1) 

under the method of superpositioning (Gere and Timoshenko 1997).  The tip deflections of the 

individual forces shown in Fig. 8.16(a) and (b) are well known solutions found in various texts.  

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

     ( ) ( )aL
EI

aF
Fu el

el -= 4
24

2

1         (8.2) 

where a is the length of the actuation pad distributing the load (80 mm), L is the beam length, E is 

the Youngôs modulus of the beam, and I is the moment of inertia where 
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Figure 8.15.  Cantilever beam subjected to an electrostatic force (Fel) and a restrictive force 

caused by the underlying substrate (Fr). 
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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 actuate the beams, as shown in Eqn. 

(8.3): 

         
2

0

2

2

1

g

waV
F r

el

ee
=          (8.3) 

where V is the voltage, e0 is the permittivity of the free space (8.85 pF/m), er is the relative 

permittivity of air, and g is the gap distance between the beam and the actuation pad/substrate 

which was determined by interferometry to be 2.09 mm.  In this study, the maximum voltage 

applied was 120 V which yields an electrostatic force of 21.0 mN. 

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

Eqn. (8.4): 
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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.  This indicates that the restrictive force between the beam and 

substrate will change based on beam length. 

 When Eqn. (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: 
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Solving Eqn. (8.5) for the restrictive force yields: 
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Following Eqn. (8.6), when a voltage of 120 V is applied, assuming a beam length of 500 mm, 

the restrictive force experienced between the beam tip and substrate is 0.07 mN which 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 to yield different results 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 Chapter 5. 

  

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 (100) in-plane 

cantilever beams were used to examine adhesion.  The typical work of adhesion between polySi 

and Si (100) cantilever beams and the underlying substrates are about 0.700 and over 37 mJ/m
2
, 

respectively.  As previously discussed in Chapters 5 and 7, nanoparticles alone are enough to 

significantly reduce this adhesion by providing rough, low energy asperities.  The addition of 

nanoparticles to self-assembled monolayers would couple the effects of film roughness with the 

very low surface energy of SAM films.  Fig. 8.17 and 8.18 present interferograms of polySi and 

Si (100) in-plane 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 beams are initially 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 MPTS/AuNP-coated 

Si (100) CBAs of lengths 500- and 1000-mm 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 700 mm in length.  A 750-mm long beam, adhered only at the  
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Figure 8.17.  Interferometry images of MPTS/AuNP coated CBAs: (a) polySi before actuation, 

(b) polySi after actuation, (c) 500-mm Si (100) before actuation, (d) 500-mm Si (100) after 

actuation, (e) 1000-mm Si (100) before actuation, and (f) 1000-mm 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) 500-mm Si (100) before actuation, (d) 500-mm Si (100) after 

actuation, (e) 1000-mm Si (100) before actuation, and (f) 1000-mm Si (100) after actuation. 

 

 

 



218 

 

 

 

 

 

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 mJ/m
2
.  Therefore, 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 mJ/m
2
 expected for an 

uncoated array.   

 The Si (100) CBAs coated with MPTS/AuNP presented in Fig. 8.17 yielded beams 

adhered to the substrate in the typical S-shape.  The average crack length of all the adhered  

beams in Fig. 8.17(d) and (f), combined, was 383.9 ± 55.2 mm compared to about 94 mm for 

native oxide coated Si (100) in-plane beams.  The average adhesion energy over all MPTS/AuNP 

coated Si (100) beams studied was 0.655 ± 0.329 mJ/m
2
.  This represents a substantial reduction 

in adhesion energy compared to native oxide coated Si (100) microdevices.  For comparison, the 

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 particulates underneath 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. Fig. 8.18(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 tip is 550 mm 

in length.  This detachment length, for a beam adhered only at the tip, results in an upper bound 

adhesion energy of about 0.040 mJ/m
2
.  This value is slightly higher than what was found for 

MPTS/AuNP coatings on polySi in-plane surfaces, but still two orders of magnitude lower than 

native oxide-coated CBAs. 
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Surface coating Substrate Average 

crack length 

(mm) 

Average 

adhesion 

energy (mJ/m
2
) 

Percent 

decrease from 

native state 

Native oxide PolySi 350-400 0.700 N/A 

 Si (100) 94 37.4 N/A 

AuNP 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 (100) in-plane  

cantilever beams adhesion. 
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 Fig. 8.18(c) through (f) are interferograms of APhTS/AuNP coated Si (100) in-plane 

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 267.5 ± 17.1 mm.  This 

average crack length for APhTS/AuNP coated Si (100) beams was more than 100 mm shorter 

than that for the MPTS/AuNP coated counterparts, indicating a stronger work of adhesion.  The 

average work of adhesion for APhTS/AuNP coated Si (100) beams was 1.66 ± 0.37 mJ/m
2
 ï 

more than 1 mJ/m
2
 greater 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 of adhesion energy was calculated based on the 

native oxide-coated states of 0.700 mJ/m
2
 for polySi and 37.4 mJ/m

2
 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 self-assembled monolayers with functional groups 

known to attract gold and other noble metals.  Analysis showed that AuNPs deposited by the 

GXL deposition method onto MPTS or APhTS monolayers could not be redispersed into 

solution from SAM-coated silicon substrates, proving that particles could be immobilized.  

Further examination of SAM/AuNP composite films on silicon substrates showed 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 cantilever beams 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 studies.  Both types of coatings reduced the adhesion energy of polySi and 

Si (100) in-plane 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 

energy on such surfaces was only reduced by about 94%.  The inability to reduce adhesion on the 

level of MPTS/AuNP films could potentially be related to the large agglomerates left behind on 

the surface due to either APhTS polymerization or reaction of primary amines with CO2. 

 The results from this study suggest that the use of SAMs such as MPTS or APhTS could 

provide a means for attached nanoparticles in order to create robust, rough surface modifications 

for permanent anti-adhesion properties.  The only downside 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 in 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-based microdevices by means of functionalized self-assembled monolayers.  The studies 

found that SAMs with specific functional tail groups were very effective in immobilizing 

nanoparticles and allowing for the creation of robust AuNP thin films for microtribology 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 nanoparticle-immobilizing 

monolayers in the previous chapter is undesirable in industrial 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 superhydrophobicity. 

 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 creating anti-adhesive coatings for MEMS.  

The vapor-phase 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 industrial MEMS fabrication.  The second method utilizes 

a novel vapor phase deposition (VPD) apparatus developed by Integrated Surface Technologies 

(Menlo Park, CA, USA).  The VPD apparatus has been shown to produce rough and durable 

superhydrophobic thin films.  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 oxide (Al2O3) 

nanoparticles from a gas phase reaction which can then be anchored and coated by the SiO2 and 

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 pre-deposited nanoparticle films is to entrap the particles and create rough, durable coatings 

as illustrated by Fig. 9.1. 

 

9.2   CVD experimental setup and details 

 In order to create durable anti-stiction coatings for MEMS and tribology chips, gold 

nanoparticles (AuNPs) were first deposited onto SOI tribology chips and treated (cleaned) Si 

(100) substrates following the gas-expanded liquid deposition procedure described in Chapter 3.  

Following supercritical drying, the dodecanethiol ligand tails were burned off from the 

nanoparticle films by exposing the samples to a 30W oxygen plasma for 2 min.  The AuNP- 

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 AuNP-based coatings (not to scale). 
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Figure 9.2.  Illustration of the ultra low pressure CVD system utilized for  

vapor phase coating deposition. 
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and carried to the reaction chamber for thin film deposition.  The precursors in this study were 

water, tetrachlorosilane (SiCl4), 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 reaction utilizes small amounts of water and tetrachlorosilane which 

are respectively introduced to the two expansion volumes shown in Fig. 9.2 in sub-atmospheric 

conditions.  After the system, including the reaction chamber containing the desired samples to 

be coated, is pumped down to a base pressure of about 4 mTorr, the expansion volumes are 

opened to allow for the precursors to react within the chamber for 10 min.  The hydrolysis of 

SiCl4 follows the reaction 

    )(4)()(2)( 224 vHClsSiOvOHvSiCl +­+        (9.1) 

where two water vapor molecules react with a molecule of SiCl4 to 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 depending on the pressures of 

SiCl4 and water precursors utilized for the reaction.  In order to produce the most conformal and 

uniform silica coating possible, this study utilized 20 Torr of water vapor and 20 Torr of 

tetrachlorosilane.  In theory, the increased roughness 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 monolayers on SiO2. 
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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 SiO2 and AuNP/CVD thin films were characterized by ellipsometry, AFM and 

contact angle goniometry to 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 25W O2 plasma to grow a smooth SiO2 layer which was 

measured by ellipsometry to be 1.8 ± 0.1 nm thick.  This was measured in order to keep track of 

any additional thickness added by the CVD process.   

 Following a quick 30W O2 plasma for 2 min to remove any residuals from the surface, 

chips were subjected to water and SiCl4 vapor as described in the previous 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 SiO2 film.  The total SiO2 thickness was 6.1 ± 0.1 nm as 

measured by ellipsometry, which indicates that an additional 4.3 ± 0.1 nm of SiO2 was deposited.  

The contact angle of a static water droplet on the surface of the CVD deposited SiO2 was < 10°, 

illustrating extreme hydrophilicity.  Fig. 9.4 presents an AFM scan of the CVD deposited SiO2 

surface.  Although the surface appears to be quite ñbumpyò and rough, the RMS roughness of the 

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 that the majority 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 CVD SiO2 deposition will be the   
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Figure 9.4.  AFM scan of a CVD deposited SiO2 layer on a smooth silicon substrate. 
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Figure 9.5.  Line scan of CVD SiO2 on smooth silicon.  
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contributing factor towards increasing surface roughness.  In addition, the deposition of the CVD 

SiO2 layer, due to its low inherent roughness, should not suppress the roughness given to the 

surface by any underlying nanoparticle films. 

 The same CVD process was performed on samples coated with AuNP thin films 

deposited by the GXL process.  Prior to CVD SiO2 deposition, the ñoilyò ligand tails were 

burned off by exposure to UV-ozone 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 SiO2 layer in Fig. 9.4.  In order to ensure that 

the CVD deposited SiO2 layer will not add considerably to the overall surface roughness, the 

same procedure (reacting 20 Torr water vapor and 20 Torr SiCl4) was performed on the AuNP 

thin film shown in Fig. 9.6.  The AFM scan in Fig. 9.7 depicts the resulting AuNP/CVD SiO2 

film.  The RMS roughness of the composite AuNP/CVD SiO2 film is 5.40 nm which is only 

slightly higher than that of the original AuNP film.  This is proof that the CVD SiO2 layer does 

not contribute to the surface roughness.  The static contact angle of water on the AuNP/CVD 

SiO2 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 overall surface 

energy resulting in an increased contact angle measurement. 

 In addition to studying SiO2 covered AuNP films, self-assembled monolayers of FOTS 

were also deposited via CVD to further reduce the surface energy of the films.  FOTS 

monolayers were deposited 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 SiO2 film 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 SiO2 composite thin film. 

  



235 

 

 

 

 

 

 

 

 
Figure 9.8.  AFM scan of AuNP/CVD SiO2/FOTS composite thin film.  
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SiO2/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 known to occur.  The contact angle of a 

static water droplet following FOTS deposition on an accompanying Si (100) substrate increased 

to 113°.  The contact angle of a perfect monolayer of FOTS is typically around 108°, and 

therefore, any additional increase in contact angle from 108° is attributed to surface 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/CVD/FOTS coatings was examined using the unique water 

erosion technique, as was previously performed on SAM-immobilized AuNP coatings.  To gain 

perspective on the durability of these new composite coatings, the AuNP/CVD/FOTS coating 

was compared directly to non-immobilized AuNPs and MPTS/AuNP composite coatings under 

water droplet erosion for 10 h.  Fig. 9.9 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 rapid coating degradation.  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 32.7% and 63.5%, respectively, after 1 and 10 h of erosion.  

The new AuNP/CVD/FOTS composite coatings, however, exhibited only minute changes in 

contact angle, maintaining a water contact angle above 110° well after 10 h of water erosion.  

The percent decrease in 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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Figure 9.9.  Average water contact angle with increasing water erosion time for AuNP,  

MPTS/AuNP and AuNP/CVD/FOTS coatings. 
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change in contact angle was achieved, indicating that AuNP/CVD/FOTS coatings are extremely 

durable compared to other nanoparticle-based coatings examined in this work. 

 

 

9.4 Tribological effect of AuNP/CVD thin films  

 The effect of rough AuNP/CVD SiO2 and AuNP/CVD SiO2/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 sample AuNP-coated chip 

after the deposition of a CVD SiO2 layer.  The RMS roughness increased only slightly to 1.76 

nm.  Following the deposition of silica, the tribology chip was exposed to UV-ozone 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. 9.12 presents an interferogram of an array of 500-mm long cantilever beams coated 

with the AuNP/CVD SiO2 thin film following actuation.  The average crack length over multiple 

arrays of cantilever beams (including that shown in Fig. 9.12) was 315.5 ± 13.3 mm.  This crack 

length is comparable to the average crack lengths achieved from MPTS/AuNP and 

APhTS/AuNP thin films investigated in Chapter 8.  The apparent work of adhesion for this 

particular sample was reduced to 1.36 ± 0.14 mJ/m
2
.  This result was surprising because the 

AuNP/CVD SiO2 films are still very hydrophilic.  This indicates, surprisingly, that surface 

roughness ï and likely the real contact area that results from adding surface roughness ï can 

drastically reduce adhesion regardless of the composition of 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. 

  



240 

 

 

 

 

 

 

 
Figure 9.11.  AFM scan of AuNP/CVD SiO2 thin film on an SOI tribology chip. 
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Figure 9.12.  Interferogram of 500-mm cantilever beams coated with AuNP/CVD SiO2. 
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approximately 10% which illustrates that the real contact surface area plays a large role in 

adhesion regardless of surface energy. 

 To further investigate the effect of reducing the surface energy on adhesion, a FOTS 

monolayer was deposited on top of the AuNP/CVD SiO2 film in Fig. 9.12.  Rough SiO2-coated 

silicon substrates accompanied the microtribology chip in order to confirm 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 when too 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 tribology chips coated with AuNP/CVD SiO2 or AuNP/CVD SiO2/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 in Fig. 9.13, coated with AuNP/CVD SiO2/FOTS, were 285.5 ± 239.9 mm and 1.24 ± 1.27 

mJ/m
2
, respectively.  These results can said to be approximately equal to those collected from the 

AuNP/CVD SiO2 coated cantilever beams. 

 To compare the effect of AuNP/CVD SiO2 films with tribology chips coated only with 

silica, Fig. 9.14 presents an interferogram of cantilever beams coated only by the CVD SiO2 thin 

film.  Interestingly, the beam array presented in Fig. 9.14 exhibits slightly increased adhesion 

compared to native SiO2 coated beams.  The particular array shown in Fig. 9.14 exhibits an 

average crack length of 84.2 ± 2.5 mm and an average apparent work of adhesion of 38.0 ± 4.0 

mJ/m
2
.  The decreased crack length when compared to previous samples coated with native SiO2  
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Figure 9.13.  Interferogram of 500-mm cantilever beams coated with AuNP/CVD SiO2/FOTS. 
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Figure 9.14.  Interferogram of 500-mm cantilever beams coated with only CVD SiO2 layer.  
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films could simply be a result of the ambient conditions (relative humidity) in the laboratory 

during the time of actuation.  In this study, the effect of AuNP/CVD composite coatings on 

friction was not investigated due to the results discussed in Chapter 7.  When 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 substrates.  The apparatus consists of a stainless steel coating chamber, a 

high vacuum pump and four lines for reaction precursor injection connected by 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 various pneumatic 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 precursors.  Figs. 9.15 and 9.16 present photographs of the 

front and back of the VPD apparatus.  Fig. 9.17 provides a simplified illustration of the chemical 

delivery systems shown in Fig. 9.16.   

 The primary difference in this study is that AuNPs were not used as the surface 

roughness material for superhydrophobic films.  Instead, a vapor phase deposition of Al2O3 

nanoparticles is performed using trimethylaluminum (TMA, Al2(CH3)6) as a precursor.  The 

reaction of TMA to form alumina particles follows Eqn. (9.2) (Lakomaa et al. 1996; Gosset et al. 

2002): 

          ( ) )(6)()(3)( 4322632 vCHsOAlvOHvCHAl +­+          (9.1) 
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Figure 9.15.  Digital photograph of the backside of the ROGER-1 VPD apparatus showing gas  

 

carrier lines and precursor chemical containers. 

  

Precursor containers 
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Figure 9.16.  Digital photograph of the front of the ROGER-1 VPD apparatus. 

  

Pressure gauges 

Coating chamber door 
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Figure 9.17.  Simple schematic diagram of the ROGER-1 VPD apparatus.  ñXò indicates a 

 

 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 for microtribological 

purposes.  Fig. 9.18 presents an AFM scan of the rough Al2O3 deposited 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 surface are roughly 400 to 800 nm tall.  The RMS 

roughness of the sample in Fig. 9.18 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 SiO2 formation and then 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-1, all with Al2O3 

nanoparticles as a rough, base coating.  Table 9.1 presents 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 low energy 

surface, as described in the proceeding section.  Recipes B and C utilize SiO2 layers as linkers to 

entrap the nanoparticles.  Recipe D, rather than SiO2, uses a dual functionality of aminopropyl- 

and epoxypropyl-trimethoxysilane precursors which enclose the nanoparticles.  Recipes E and F 

take advantage of SiO2 formation catalyzed by pyridine.  The pyridine catalysis allows for low 

temperature SiO2 film formation (Du et al. 2007).  The ALD in recipe E refers to atomic layer 

deposition, in which the film deposition process takes place in very short, sequential steps (or 

ñhalf-reactionsò) in order to create very thin and uniform layers.  Meanwhile, the chemical vapor 

deposition (CVD) used in recipe F creates a thicker, slightly more unorganized, silica layer.  For  
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Figure 9.18.  30 x 30 mm AFM scan of Al2O3 particles on Si (100). 
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Figure 9.19.  Line scan of Al2O3 particles on Si (100) imaged in Figure 9.18. 
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Recipe Coating name Brief process description 

A TMA Baseline Unlinked Al 2O3 nanoparticles 

(no SiO2 layer) covered by a 

FOTS monolayer 

B TMA/Linker Al 2O3 nanoparticles linked 

together with a thin SiO2 layer 

and coated with FOTS 

C TMA/Linker300 Al 2O3 nanoparticles linked 

together with a much thicker 

SiO2 layer and coated with 

FOTS 

D Amine/Epoxy Al 2O3 nanoparticles linked by 

a coupling film combining 

amino- and epoxy- 

functionalization and coated 

with FOTS 

E ALD Pyridine Oxide Al 2O3 nanoparticles linked 

together by a pyridine-

catalyzed ALD SiO2 layer and 

coated with FOTS 

F CVD Pyridine Oxide Al 2O3 nanoparticles linked 

together by a pyridine-

catalyzed CVD SiO2 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 were performed 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 

encapsulates a nanoparticle-coated surface within a thin layer of SiO2 involves the hydrolysis of 

a silicon precursor, tetrachlorosilane (SiCl4).  The gas phase reaction of water with SiCl4 is given 

by Eqn. (9.1) (Jia and McCarthy 2003; Anderson and Ashurst 2008b; Anderson 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 SiCl4 and water are allowed to react.  By performing 

the reaction in cycles with very small injections, the topography of the SiO2 layer 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, SiO2 layer, a hydrophobic 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 was then 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, as shown in Table 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 increased injection 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 chamber 35.0 

TMA canister 40.0 

Water canister 45.0 

SiCl4 canister 25.0 

FOTS canister 90.0 

TMA line 40.0 

Water line 45.0 

SiCl4 line 25.0 

FOTS line 80.0 

 

Table 9.2.  Operation temperatures for ROGER-1 coating chamber,  

precursor canisters and gas lines. 
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(Mayer et al. 2000).  For a more detailed description about the operation of ROGER-1, refer 

Appendix B. 

 

9.6 Durability of AuNP/VPD superhydrophobic coatings 

 Another ultimate goal utilizing the ROGER-1 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 Technologies, was also 

examined.  Table 9.3 presents the water erosion time for the six superhydrophobic coating 

recipes examined in this work.  The table indicates that Al2O3 particles either unbound or very 

weakly linked to the surface (recipes A and B) are easily eroded and coating exhibit drastic 

contact angle changes in less than 1 h.  When a thicker SiO2 linking 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 in water durability; however, this film requires high temperature (> 

100 °C) for film deposition.  The two types of pyridine-catalyzed SiO2 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 seen in Table 9.3, Recipes E and F ï the most durable superhydrophobic coatings 

examined thus far ï utilize pyridine as a catalyst to produce 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 happens to the pyridine after the reaction.  FTIR spectroscopic analysis can 

offer suggestions to whether or not residual pyridine may become an issue.  Fig. 9.20 presents  
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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 9.20.  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.  At 25 °C, sharp peaks 

exist between about 1500 and 1650 cm
-1
.  These four peaks are characteristic of pyridine and 

pyridium ions (Barzetti et al. 1996).  The ATR crystal was heated to 50 °C and allowed to cool 

back to room temperature before the spectrum was taken again.  After heating to 80 °C, very 

little change, other than the loss of water, is experienced 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 120 °C in Fig. 9.20 removes only absorbed pyridine 

molecules on the surface of the film.  Therefore, the ñtrappingò of pyridine by the SiO2 layer was 

examined to ensure that residual pyridine could not escape from the interior of the film.  A ZnSe 

ATR crystal was first coated in-house with a silica seed layer.  The crystal was then shipped to 

Integrated Surface Technologies where a pyridine-catalyzed SiO2 layer was deposited.  The 

FTIR spectrum of the initial pyridine-containing film was first acquired at room temperature 

(r.t.).  This spectrum was then used as a background to acquire the difference spectra after 

heating to 80 and 120 °C.  Fig. 9.21 presents the resulting FTIR spectra.  The initial background 

spectrum shows the characteristic peaks for pyridine around 1600 cm
-1
 and the characteristic 

SiO2 peaks around 1100 cm
-1
.  After heating to 120 °C, there is no noticeable difference in either 

of these wavenumber regions.  The only noticeable difference is the loss of water around 3000 

cm
-1
.  This result indicates 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 9.21.  FTIR spectrum of pyridine-containing SiO2 layer at room temperature and 

difference spectra after heating to 80 and 120 °C. 
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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. 161° (Sun et al 2005a; Sun et al. 2005b).  Lotus leaves 

consist of a combination of two-scale roughness: a micro-scale roughness around 10 mm and a 

nano-scale roughness of less than 100 nm (Sun et al. 2005a).  It is widely presumed that the 

superhydrophobic nature of lotus leaves arise from the combination of this two-scale roughness 

along with a waxy secretion that alone has a contact angle of 110° (Sun et al. 2005b), similar to 

that of many SAMs including FOTS which has a contact angle of 108°.  The coatings produced 

in ROGER-1 combine the roughness of Al2O3 nanoparticle films along with the hydrophobic 

nature of self-assembled monolayers.   

 Recently, a third consideration, asperity coverage and density, has been considered to be 

an important factor in the creation 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. 9.22 presents this data which illustrates that superhydrophobic surfaces (> 160°) can be 

achieved over a very wide range of surface roughness values (35-450 nm).  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) developed an 

algorithm in which height data from AFM scans, the same data used to quantify roughness, is re-

binned and analyzed using imaging software in order to determine the coverage of asperities on a 

given surface.  Fig. 9.23 presents data from two AFM scans, each with RMS roughness values of  
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Figure 9.22.  Water contact angle for various coatings plotted against  

RMS roughness from AFM surface scans. 
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Figure 9.23.  Re-binned AFM data with equal RMS roughness values (3.3 nm)  

and varying asperity coverages. 
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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 surface in Fig. 9.23(b) exhibits a coverage of 43%.  The 

asperities with heights greater a baseline height are indicated by the darker color.   

 By performing the re-binning algorithm on a variety of sample coatings, the asperity 

coverage (or density) could be plotted against water contact angle as shown in Fig. 9.24.  The 

data indicates that while coatings over a wide range of coverage densities can exhibit either 

superhydrophobic or non-superhydrophobic properties, there exists a range between 30-50% 

coverage where the superhydrophobic 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 shown in Fig. 9.23(a), exhibit larger areas where asperities are not 

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 contact exist, resulting 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 adhesion to 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 density.  Fig. 9.25 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 data in Fig. 9.24. 

 In order to better characterize the combined effect of RMS roughness and coverage 

density on the hydrophobicity of surfaces, Fig. 9.26 plots the RMS roughness-to-coverage 

density ratio with water contact angle.  The plot indicates that any surface with an RMS/density  
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Figure 9.24.  Water contact angle for various coatings plotted against  

asperity coverage density from AFM surface scans. 
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Figure 9.25.  Theoretical effect of asperity coverage density on surface energy  

and real contact area.  Not based on actual data. 
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Figure 9.26.  Effect of RMS to coverage density ratio 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 ratios less than 4 can also yield superhydrophobic properties.  Figs. 9.27 through 

9.32 present AFM scans of the six recipes provided in Table 9.4.  Table 9.4 then provides 

information generated from the scans such as RMS roughness, coverage density, RMS to density 

ratio, and initial water contact angle.  As the data suggests, the pyridine-catalyzed 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 the fact that the 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 and IST to 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 SiO2 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 SiO2 layers can be deposited over rough AuNP films without 

the SiO2 providing significant film roughness.  Silicon cantilever beams coated with the CVD 

SiO2 layer (without any surface roughness) exhibited extremely high adhesion similar to native 

oxide coated beams.  However, when rough AuNP thin films were first introduced and then 

coated by a top layer of CVD SiO2, the adhesion decreased drastically even though the CVD 

SiO2 was still very high in surface energy (hydrophilic).  This interesting result illustrates that the  
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Figure 9.27.  AFM scan of TMA Baseline (Recipe A) surface coating. 
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Figure 9.28.  AFM scan of TMA/Linker (Recipe B) surface coating. 
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Figure 9.29.  AFM scan of TMA/Linker300 (Recipe C) surface coating. 
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Figure 9.30.  AFM scan of Amine/Epoxy (Recipe D) surface coating. 
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Figure 9.31.  AFM scan of ALD Pyridine Oxide (Recipe E) surface coating. 
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Figure 9.32.  AFM scan of CVD Pyridine Oxide (Recipe F) surface coating. 

  


