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Step and Flash Imprint Lithography (SFIL) is an attractive method for 

patterning sub-100 nm geometries.  SFIL uses photopolymerization of an imprint 

material by exposure with UV light through a rigid, transparent, imprint template 

to define the pattern on planar substrates, without projection optics or lenses 

required for photolithography.  New template design and imprint material 

development introduce promising applications for ultra-large scale integrated 

(ULSI) circuit interconnect fabrication.  In the SFIL process, a complete 

separation at the interface of the template and imprinted material is one of the key 

aspects to success.  The goal of this work was to investigate various treatment 

methods and strategies to assist template release, improving imprint fidelity. 
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A fluorinated, self-assembled monolayer (FSAM) was investigated as a 

release layer to lower the template surface energy.  Hydration conditions on the 

template were demonstrated to be crucial to film quality during FSAM deposition 

from the vapor phase as confirmed by water contact angle, ellipsometry, XPS and 

AFM measurements.  For indium-tin-oxide (ITO), which is a promising template 

material, use of an amine catalyst was necessary to successfully deposit a durable 

and dense FSAM coating.  For multi-tier templates designed for a dual damascene 

process, a hydrocarbon release layer is preferred over FSAM release layers to 

eliminate voids in the imprinted material.    Beyond the strategy of growing a 

release layer on templates to assist separation, addition of a surfactant to the 

imprint material as a way to lower interfacial energy was also studied.  This 

strategy was demonstrated to be effective in reducing the separation force and 

interfacial adhesion energy.  A model for prediction of the surfactant 

concentration profile and the surface tension of the imprinted material as a 

function of surfactant concentration was also developed. 
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Chapter 1:    Introduction and Dissertation Focus 

 

1.1 DEVELOPMENT OF SEMICONDUCTOR PROCESS  

Since the invention of the first integrated circuits in 1960, efforts have 

been made to enhance the device performance through ever-increasing the density 

of devices by scaling down the active device size, which increases circuit speed 

and the functional complexity.1  To scale down the device size, the physical 

geometry of the devices or transistors and the wiring that connects them together 

must be minimized.  It is a universally recognized fact that the growth of device 

density on integrated circuits in the past 30 years follows the well-known 

prediction known as Moore’s Law,2 which states that the density of transistors on 

microprocessor chips will double every 18 months with cost decreasing by 50%, 

and this pace of improvement will continue for another several decades.  Figure 

1.1 illustrates the growth of integrated circuits according with Moore’s Law. 

A key device used in today’s integrated circuits is the metal-oxide-

semiconductor field effect transistor (MOSFET).  Figure 1.2 depicts an n-type 

MOS (NMOS) transistor, which is a three-terminal structure with an input 

(source), output (drain) and a control terminal (gate).  The source and drain of the 

device are n-type semiconductor materials which provide a source of electrons in 



 2

operation. The channel, or the thin region between the source and drain, is p-type 

semiconductor material.  With zero or negative voltage applied across the gate, 

the electrical circuit between the source and drain is incomplete, and ideally, no 

current flows, as illustrated in Figure 1.2a.  When a positive voltage is applied to 

the gate electrode, the charge in the channel completes the circuit, and allows 

current to flow, as shown in Figure 1.2b.  Scaling down the transistor size can 

increase the chip operation speed and density.   
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Figure 1.1 Increase of the number of transistors per die during the past years3,4 
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Figure 1.2 Illustration of Si MOSFET in the “off” state (a) and “on” state (b). 

 

However, scaling down the geometry alone does not solve the problem.  

The interconnect system fabricated in the back-end of line plays a more and more 

important role in the device performance improvement and device geometry 

miniaturization.  The interconnect system is a layer-wiring system consisting of 

metal “wires”, contacts and insulating dielectrics above the devices, which 

functions to distribute clock signals, electrical signals, and power, etc, and to 

connect the devices to the outside world.  At the technology node of 1 µm and 

smaller, interconnect signal delay has become the major performance-limiting 

factor since scaling actually slows down the speed of electrical signals 
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transmission within interconnect levels, and may offset the positive effect of 

increasing device density.5   The transmitted interconnect signal is attenuated and 

delayed due to the coupling of the resistance (R) of the metal wire lines and the 

capacitance (C) between the insulating dielectric layers.  This coupling effect is 

described by the product of R and C, or the RC time delay (τ), which follows the 

relation:6 

2 2 2 2
02 [4 /( ) / ]RC l w d l tτ ρκε= = + +                                                                (1.1) 

where ρ is the resistivity, l the length, t the thickness and w the width of the metal 

line, κ the permittivity (or dielectric) constant  of the dielectric and d the spacing 

between metal lines.  As t and d scale down, τ therefore increases.  To combat this 

parasitic increase in RC delay, materials with favorable properties, low-resistivity 

metals such as Cu and low-k dielectrics, must be used to replace aluminum and 

silicon dioxide which have been traditionally used as the conductor and dielectric, 

respectively.7   

Currently, 65 nm technology has been developed to fabricate 

microprocessors.   As future device technology nodes are being pushed down to 45 

nm and 32 nm, many challenges and research opportunities will abound both in 

the front-end and back-end of ULSI fabrication, which correspond to MOSFET 

fabrication and interconnect fabrication, respectively. 
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1.2 PHOTOLITHOGRAPHY 

As mentioned before, the complexity of a microprocessor significantly 

depends on the number of transistors on the chip and the speed depends upon the 

clock rate of the circuit devices.  The minimum line width, or critical dimension 

(CD), of the gate in a MOSFET defines the minimum clock rate and the ability to 

increase chip density.  Photolithography is the current technology used to pattern 

these small features.  

Figure 1.3 depicts a typical photolithography process.  A Si wafer is spin-

coated with photoresist, then exposed to UV light to change the solubility of the 

photoresist in a given solvent.  Two types of photoresist are used in 

photolithography: negative resist becomes less soluble in the exposed regions 

upon exposure, whereas positive resist becomes more soluble in aqueous base 

(developer).  After developing, the pattern left on the substrate is used as an etch 

mask to transfer the pattern into the underlying material by a reactive ion etch 

(RIE) process.  Finally, the residual photoresist is stripped from the substrate. 
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Figure 1.3 Process flow in a typical photolithography process. 

 

The resolution (R) of photolithography is governed by Rayleigh’s 

equation:8 

1R k
NA
λ

=                                                                                                            (1.2) 

where k1 is a process factor, λ  the wavelength of the light, and NA the numerical 

aperture of the lens.  Different strategies have been used to improve resolution, 

such as modifying the materials and equipment to decrease k1, increasing the NA 
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of the lens system by using bigger lenses, or using shorter exposure wavelengths, 

which is a common strategy.  However, these resolution improvements lead to an 

exponentially increasing cost of photolithography tools over time, as can be seen 

in Figure 1.4.  The next generation lithography (NGL) technologies such as 

extreme ultraviolet lithography (EUV), electron beam lithography, that are 

currently being investigated to allow further resolution improvements to sub-50 

nm feature size may result in an even greater tool cost.  Therefore, an inexpensive 

alternate for sub-100 nm patterning is highly desired. 

 

$100,000

$1,000,000

$10,000,000

$100,000,000

1975 1980 1985 1990 1995 2000 2005 2010

To
ol

 P
ric

e 
($

)
To

ol
 P

ric
e 

($
)

EUV (?)

193nm steppers

YearYear

$100,000

$1,000,000

$10,000,000

$100,000,000

1975 1980 1985 1990 1995 2000 2005 2010

To
ol

 P
ric

e 
($

)
To

ol
 P

ric
e 

($
)

EUV (?)EUV (?)

193nm steppers193nm steppers

YearYear  

Figure 1.4 Exponential cost of photolithography tools over time.9 
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1.3 IMPRINT LITHOGRAPHY 

Various forms of imprint lithography are being explored in many research 

groups as an inexpensive patterning method capable of sub-100 nm resolution on 

various substrates.10-15  Compared to photolithography and NGL techniques, 

imprint lithography has several advantages.  For example, the resolution of 

imprint lithography is determined by the resolution of the features that can be 

generated on the master imprinting template; most importantly, imprint 

lithography does not require an expensive light source or optics for feature 

patterning.   

Imprint lithography can be divided into two major groups:  imprinting a 

thermoplastic or thermoset polymer by heating, or imprinting an ultraviolet (UV) 

light-curable material.  Chou et al.16,17 developed a nano-patterning technique 

based on embossing poly(methyl methacrylate) (PMMA) in a heating cycle that 

allows PMMA to conform to a template, as illustrated in Figure 1.5.  Different 

devices such as high density magnetic storage disks,18 waveguide polarizers,19 

photodetectors,20 light-emitting structures,21 and single-electron transistor 

memory,22 have been fabricated by thermal nanoimprint lithography. 

Jaszewski, et al.23 also developed a nanoimprint patterning technique by 

hot embossing, which is fundamentally similar to the Chou’s method. The authors 

have demonstrated compatibility with metal lift-off techniques using titanium.23 
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However, the thermal nanoimprint technique has serious challenges to 

fabricate semiconductor or optical devices for the following reasons: (1) non-

transparent templates are commonly used, which makes layer-to-layer alignment 

difficult and (2) high temperature and high pressure are necessary to emboss high-

viscosity polymers such as PMMA, which causes mechanical distortion and low 

process throughput.  

Imprinting an UV-curable material is another route adopted in imprint 

lithography.  The disadvantages for thermal imprint lithography mentioned above 

may be overcomed since a transparent template is used and the imprint process is 

carried out at room temperature with minimal applied pressure.  
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Figure 1.5 Thermal nanoimprint lithography process. 
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1.4 STEP AND FLASH IMPRINT LITHOGRAPHY 

Step and Flash Imprint Lithography (SFIL) uses an UV-curable monomer 

formulation with low viscosity.11,24  This allows imprinting at room temperature 

without high imprint pressure, and overcomes the disadvantages introduced by the 

nature of thermal process.  Using a rigid transparent imprint template allows UV 

exposure of the monomer formulation to achieve cure, and enables classical 

optical techniques commonly used in mask aligners, photolithography steppers, 

and scanners for layer-to-layer alignment. 

Figure 1.6 illustrates the details of the SFIL process.  First, a low 

viscosity, UV-curable, organosilicon liquid (etch barrier) is dispensed on the 

substrate.  A transparent template containing the features is aligned and lowered 

onto the substrate, displacing the etch barrier to fill the template features and the 

gap between the template and the substrate.  Exposure with UV light through the 

backside of the template polymerizes the etch barrier into a crosslinked solidified 

film.  A fluorocarbon release layer on the template enables separation from the 

substrate, leaving a replica of the template pattern on the substrate.  A halogen 

RIE is used to break through the residual layer exposing the underlying transfer 

layer.  Finally, an oxygen RIE is used to form high-resolution, high aspect-ratio 

patterns. 
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Figure 1.6 SFIL process. 
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1.5 APPLICATION OF SFIL IN THE OF BACK-END PROCESS 

As mentioned earlier, the interconnect system fabricated in the back-end 

of line (BEOL) plays a critically important role in the performance improvement 

of microelectronic devices, such as microprocessors and DRAMs.  For the 0.25 

µm technology node and below, conventional Al/SiO2 metallization was used.1,25  

To build one metal level, a SiO2 dielectric layer was first deposited, and vias 

(contact holes filled with metal to electrically connect two adjacent metal layers) 

were subsequently etched into the film.  Tungsten metal was deposited to fill the 

vias, and the residual W film was then planarized by an etch-back process or 

chemical-mechanical polishing (CMP).  Next an Al thin film was deposited and 

etched to form the necessary wiring lines on top of the W/SiO2 layer, and another 

layer of SiO2 was deposited to fill the spaces between the Al lines.  CMP was 

used again to planarize the second SiO2 layer and expose the Al line, completing 

the construction of a single Al/SiO2 interconnect level,1,25 which is shown in 

Figure 1.7. 
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Figure 1.7 Cross-section of Al/SiO2 interconnect metallization scheme. 

 

Currently, the Cu/low-k dual damascene approach is the dominant 

technology to fabricate the most advanced microprocessors that may contain 8-10 

levels of wiring and associated vias.1,6  In contrast to the conventional Al/SiO2 

subtractive process described above, the dual damascene process starts with a 

single dielectric film stack and subsequent etching to form contact vias and wire 

trenches.    A conductive barrier layer (Ta or TaN) is deposited conformally inside 

the surface of the trenches and vias, separating Cu from the surrounding dielectric 

since Cu is a fast-diffusing and device-failure-introducing material in dielectrics.  

Therefore, it must be surrounded by a diffusion barrier on all sides to prevent it 

from entering the silicon substrate.  After a Cu seed layer is deposited 

conformally in the damascene structure, an electrochemical plating (ECP) process 

is used to fill the whole structure with Cu and that plated structure is then 
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planarized by CMP.  A simplified dual damascene process is illustrated in Figure 

1.8. 
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Figure 1.8 Schematic illustration of dual damascene process. 

 

The dual damascene process used to form copper interconnect structure 

requires many difficult processing steps.  Each level of metallization created by 

the dual damascene approach may need more than 20 steps including cycles of 

thin film deposition, patterning, etching, cleaning and CMP.6  BEOL processing 

using imprint lithography with a photocurable dielectric material and multi-tier 

imprint template has the ability to significantly reduce the number of processing 

steps since a single SFIL imprint can simultaneously generate both the trench and 

the via in one imprint step.26  A multi-tier template structure is shown in Figure 

1.9 (a) and (b). 
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Figure 1.9 Multi-tier template structure. (Courtesy of Frank Palmieri) 
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1.6 SCOPE AND ORGANIZATION OF THIS DISSERTATION 

In this research, we have studied the interface treatments that assist 

template release in SFIL by evaluating precursor chemistry and release strategy.  

This dissertation is divided into seven chapters.   Chapter 1 provides an 

introduction to the dissertation as well as a brief description of the research 

objectives.  Chapter 2 describes the optimization of deposition conditions to form 

a dense and uniform fluorocarbon release layer on SiO2 substrates by a vapor 

phase method.  This chapter has already appeared in print,27 in which Todd Bailey 

took the lead on SiO2 surface hydration modeling and the author conducted all the 

other experiments.  Chapter 3 explores methods for forming a dense and durable 

fluorocarbon release layer on an ITO substrate in contrast to a SiO2 substrate.  

Chapter 4 compares two surfactant strategies to assist template release and 

explains why surfactants show different release efficiency.  This work was 

performed in collaboration with E. K. Kim, in which he took the lead on surfactant 

synthesis and separation force measurements and the author was in charge of other 

characterizations.  Chapter 5 presents the experimental and mathematical study of 

surfactant segregation under the effect of different template surfaces.  Chapter 6 

details the investigation of four different hydrocarbon release layers for the new 

multi-tier template in the SFIL application for back-end processing.  Chapter 7 
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summarizes the conclusions that are drawn from Chapters 2 through 6 and 

provides recommendations for future work.    
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Chapter 2:     FSAM Release Layer on SiO2 Surfaces 

 

2.1 INTRODUCTION 

In the SFIL process, separation of the template from the imprinted 

material is a key step for success.  In this step, it is imperative that the imprinted 

material remains attached to the substrate and release easily and completely from 

the template.  If the template and the substrate have the same surface energy, there 

is a high chance, based on contact area considerations, that the imprinted material 

will adhere to the template and rip away from the substrate, generating pattern 

defects and template fouling.  Figure 2.1 illustrates perfect separation in contrast 

to complete delamination of the imprint layer from the substrate.  

 

Not GoodNot GoodGoodGood

ImprintImprint
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Figure 2.1 Illustration of perfect separation of template and delamination of the 
imprint layer from the substrate. 
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The separation process is governed by adhesive fracture mechanics, and 

influenced by several factors, such as the surface energy of the different contact 

surfaces, and the bulk properties of the imprinted material.1,2  It is desirable that 

the imprinted material have a high tensile strength, which is beneficial to resist 

cohesive failure, and vinyl ether formulations have been investigated as 

candidates due to their good bulk mechanical properties.3,4  Surface energy 

modification of the different surfaces or interfaces is necessary to promote 

selective release at the desired interface.  Various methods using physical vapor 

deposition (PVD), chemical vapor deposition (CVD) and plasma-enhanced 

chemical vapor deposition (PECVD) of fluoropolymer films5-8 and self-assembled 

monolayer (SAM) films9-13 have been investigated as methods for depositing 

release or non-stick coatings on the template in imprint lithography.  SAM is 

currently the most commonly used release layer in imprint lithography. 

Self-assembled (SA) films of functional alkylsilanes have attracted much 

attention due to their applications such as boundary lubricants, anti-stiction 

coatings, release layers, and deposition masks.9,14-18  During the formation of SA 

films on silicon dioxide surfaces, it is generally believed that alkoxysilanes and 

chlorosilanes first react with adsorbed water to form silanol intermediates, which 

then undergo condensation reactions with neighboring intermediates and hydroxyl 

groups on the substrate surface.  Ultimately a networked film is developed that is 
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thought to be covalently bound to the surface by the Si-O-Si bond between an 

alkylsilane and the silicon dioxide surface. 

Two approaches are commonly used for depositing SA films, vapor phase 

and liquid phase methods.  For the well studied solution-based approach to 

alkylsilane film formation, the key experimental factors affecting the growth and 

structure of SA films include deposition temperature, availability of water, 

concentration of alkylsilane, and silanol group density on the substrate surface.19-

27  Vapor-phase deposition methods have not been as thoroughly investigated, 

however, recent work indicates that a vapor-phase approach can yield SA films 

with better quality in terms of water repellency and surface roughness.15,28,29 

During vapor phase SA film formation the hydration of silica is crucial to 

film quality.  Mayer et al. studied fluorinated octyltrichlorosilane (FOTS) in the 

vapor phase reacting with dehydrated SiO2, and noted that the adsorbed 

chlorosilane precursors tend to desorb rather than react with the substrate silanol 

groups.15  They concluded that introducing water vapor following adsorption of 

the FOTS molecules caused precursor hydrolysis and subsequent condensation, 

resulting in a more stable film.  Wang and Wunder  also investigated the effect of 

hydration on the formation of SA films on fumed silica using liquid phase 

deposition, and found that saturating the silica surface with adsorbed water led to 

silica samples containing more alkylsilane chains per unit silica area than the 
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same reaction on as-received silica.30  Wang et al. further reported that in solution 

the reaction of octadecyltrichlorosilane (OTS) on dehydrated and dehydroxylated 

silica yielded a disordered structure, but reaction of OTS on hydrated silica 

produced SA films with improved lateral packing.31  This study quantifies the 

degree of surface hydration and relates the hydration effects to the properties of 

FOTS SA films deposited from the vapor phase.  Such quantitative evaluation 

requires removal of all preadsorbed water from the substrate surface and then 

careful rehydration.  

Water desorption from silica has been previously studied.32-38  Gun’ko, et 

al. investigated water desorption from silica using thermogravimetric analysis 

(TGA) and found that there are approximately 7 H2O molecules per nm2 adsorbed 

on the silica surface under ambient conditions, all of which desorb below 500 

°C.32  They also followed the evolution of water from silica using temperature 

programmed desorption (TPD) and suggested water desorption could be 

represented with four reactions: 1) desorption of molecularly-adsorbed water from 

a monolayer, 2) condensation of two densely-populated hydroxyls, 3) 

condensation of two sparsely-populated hydroxyls, and 4) condensation of 

isolated hydroxyls.  Kinetic constants for these reactions were presented; 

however, multilayer desorption was not discussed.32  Zhuravlev offers a 

desorption model that differs in the identity of some of the reactants of Gun’ko et 
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al. and has water formed by similar molecular and hydroxyl condensation 

reactions.35  The adsorbed molecular water desorbs first and this is followed by 

condensation reactions involving geminal, vicinal and isolated hydroxyl groups 

that occur between ~190-400 ºC, which completely deplete the surface of vicinal 

hydroxyl groups and lead to a net increase in isolated hydroxyl groups.35  The 

geminal and isolated hydroxyl groups continue to undergo condensation, 

producing water, at temperatures above 400 ºC.   

In this chapter, we describe the vapor phase formation of an SA film with 

the focus on the silica hydration effects on film quality.  A fluoroalkyl compound 

was used as the SA film precursor since fluoroalkyls can form hydrophobic, low 

energy surfaces useful in the Step and Flash Imprint Lithography (SFIL) process.9  

Understanding how these SA films form on the fused quartz templates used in 

SFIL motivated this investigation; low area SiO2/Si (100) and fumed SiO2 powder 

were used for the studies.  The techniques used for analysis and characterization 

of the SA film include contact angle measurements, ellipsometry, X-ray 

photoelectron spectroscopy (XPS) and atomic force microscopy (AFM).  Using 

these complementary approaches provides data at different length scales that can 

be used to assess the SA films.   
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2.2 EXPERIMENTAL  

2.2.1 Materials 
 

Polished prime grade silicon (100) wafers (p-type, diameter = 100 mm, 

thickness = 500-550 µm, resistivity = 10-21 Ω/cm) were purchased from NOVA 

Electronic.  Tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane 

[CF3(CF2)5(CH2)2SiCl3], which we label FOTS, was purchased from Gelest and 

was used as received.  Bromomethyl-chloro-dimethylsilane [BrCH2(CH3)2SiCl] 

(97%) was purchased from Aldrich.  Acetone (99+%) and IPA (99+%) were 

purchased from Aldrich and were used without further purification. 

2.2.2 Thermogravimetric Analysis 
 

  Fused silica substrates (EQZ 5009 2C AR3) and fumed silica (Cab-O-Sil 

HS-5 and EH-5) used for TGA were supplied by Hoya and Cabot, respectively.  

TGA was performed using a Perkin Elmer TGA 7 Thermogravimetric Analyzer 

with a 5.0 °C/min programmed temperature ramp.  For water desorption 

experiments, fused silica (HOYA) was diced into 1 cm2 samples and ground with 

mortar and pestle; fumed silica was used in powder form as received.  These 

fumed silica samples were moistened with deionized water (DIW) and ground 

with a mortar and pestle, and allowed to equilibrate for a week at ambient prior to 

use to make them easier to handle.   
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For the water adsorption study, fumed silica samples were dehydrated in a 

vacuum oven at 100 °C for 120 min before use.  The samples were then exposed 

to a stream of water vapor from a bubbler containing pure DIW at a N2 flowrate 

of 100 standard cm3 min-1 (sccm) for different periods of time.   

2.2.3 Surface Pretreatment and Film Deposition 
 

In order to make the surface of a silicon wafer as similar to the surface of 

quartz (fused silica) as possible, SiO2 with a thickness of about 100 nm was 

thermally grown on the surface of a silicon wafer at 900 °C with O2 flowrate of 

~3 l/min and H2 flowrate of ~6 l/min, for 30min.  The samples were and cut into 

pieces of 1.5×1.5 cm2 in size and cleaned in an ultrasonic acetone bath for 15 min, 

rinsed with isopropyl alcohol, DI water, dried with pure N2, and finally exposed to 

UV-ozone in a Jelight UVO-42 system for 15 min. 

The SiO2/Si(100) samples were loaded into a 5 cm × 5 cm × 4 cm reaction 

chamber.  Chamber pressure, flowrate and temperature were controlled by 

Labview®.  The pretreated SiO2/Si(100) samples were baked under N2 for 90 min 

at 100 ºC in order to remove at least 99% of the adsorbed water monolayer, and 

then exposed to a humid flow stream from a bubbler containing pure DIW for 

various lengths of time.  The samples were then exposed to FOTS vapor at 1 atm 

(N2 plus FOTS) for 2 hr, and annealed at 100 °C for 15 min.  We found the FOTS 

adsorption reaction to be self-limiting and the 2 hr reaction time was chosen to 
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ensure that a saturated film formed.  The annealing was done to promote 

anchoring of FOTS molecules to the surface and to enhance film durability; the 

effectiveness of this annealing step was not tested.  The FOTS and water vapor 

were transferred by dry N2 into the chamber.   

2.2.4 Film Characterization 
 

The static, deionized water contact angle of SA films was measured at 

ambient temperature using a Rame Hart Model 100 contact angle goniometer.  

Static, sessile drops (10µl) were delivered from a micrometer syringe with a 

minimum division of 2 µl.  Contact angles were measured on at least three 

different spots and averaged.   

The thicknesses of SA films were obtained with a J. A. Woolam variable 

angle ellipsometer at an incident angle of 70° relative to the surface normal of the 

substrates.  A three-layer model was used, in which the thickness of thermally-

grown SiO2 was pre-determined using a two-layer model.  At least four different 

spots were measured for each thickness.  The refractive index reported by Mayer 

et al. of 1.498 was used to calculate the SA film thickness at the observation 

wavelength of 350 nm.15     

XPS measurements were performed on a Physical Electronics PHI5700 

ESCA system equipped with an Al monochromatic source (Al Kα radiation at 



 28

1486.6 eV).  The Ag 3d5/2 XPS peak at 368.3 eV from a sputter-cleaned Ag foil 

was used to calibrate the system. 

The AFM measurements were accomplished with an AutoProbe-LS from 

Park Scientific Instruments.  They were made in contact mode using silicon 

cantilevers with integrated silicon tips under ambient conditions.  A low load 

force of 5 nN was employed.  The results between contact and noncontact mode 

were compared for three samples and the noncontact roughness results were 

within the error bars for the contact results.  The images were recorded with a 

resolution of 512×512 pixels at a scanning rate of 1Hz over an area of 500×500 

nm2.  

 

2.3 RESULTS AND DISCUSSION 

For single layer water desorption, the loss of adsorbed water and silanol 

groups from silica can be predicted using the Gun’ko et al. model and kinetic 

parameters found in Table 2.1 as shown in Figure 2.2.32  As densely- and 

sparsely-populated hydroxyl groups condense, the remaining hydroxyl groups 

become spaced further apart and eventually some of the hydroxyl groups in the 

dense or sparse category become isolated.  We used the changes in vicinal, 

geminal and isolated coverages reported by Zhuravlev35 to empirically generate 

one isolated hydroxyl group for every three densely-populated or sparsely-
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populated hydroxyl group that reacts generating the curves shown in Figure 2.2.  

Gun’ko et al. and Zhuravlev report the kinetic parameters will likely change with 

coverage.  Gun’ko et al. provided a range of values for silica; the model 

simulations in Figure 2.2 used the maximum values for the constants.  

Simulations using the lowest parameter values or the mid-range values produce 

qualitatively similar plots as shown in Figure 2.2. Varying the parameters changes 

the relative temperatures at which sparsely-populated and isolated hydroxyls fully 

desorb.  In all three parameter cases the densely-populated hydroxyl coverage 

shows little change up to 200 ºC. 

According to the model results and consistent with Zhuravlev, all water 

desorbs below 200 °C, and little silanol loss is predicted in this range.  Multilayer 

water desorbs with different kinetic parameters than the more tightly-bound 

adsorbed water layer.35  Therefore, an additional rate expression was added to the 

system to account for multilayer water (Table 2.1), which is expected to desorb at 

lower temperatures than the other species.   
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Table 2.1 Model Parameters (Adapted from Gun’ko et al.32 unless noted) and 
Fit Parameters 

Species Reaction Expressiona EA (kJ/mol) ko (s-1) C0 (nm-2) 
Multi-layer H2O rmulti = kmulti θmulti 49.8 (fit) 1.0×106 (fit) 4.7 (fit) 

Adsorbed H2O rads = kads θads 66 1.6×106 0.25 

OH Type 2  
(densely-populated) 

r2 = k2 (θOH,2)2 106 9.5×107 0.74b 

OH Type 3  
(sparsely-populated)  

r3 = k3 (θOH,3)2 171 4.9×1010 1.84b 

OH Type 4 (isolated) r4 = k4 (θOH,4)2 252 5.2×1014 1.60b 
 

(a) ki = koe-E
A

/RT ; θj = Cj/Cj0 
(b) These values are twice the adsorbed water concentration reported in Gun’ko et 
al. because two hydroxyl groups react to one water molecule. 
* Model was fitted by Todd Bailey39 
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Figure 2.2 Model results for hydroxyl coverage as a function of temperature for 
a ramp rate of 5 °C/min including only the first layer of adsorbed water.  A is the 
sum of OH.  B is isolated OH.  C is sparsely-populated OH.  D is densely-
populated OH. E is first layer H2O.  Data is from Todd Bailey39 

 

In order to determine Emulti, kmulti, and Cmulti, as defined in Table 2.1, mass 

loss by dehydration of Cab-O-Sil and ground fused silica (quartz, for short) 

samples was analyzed by TGA and fitted, to provide the results shown in Figures 

2.3 and 2.4.  Only the data up to 200 °C were used to fit these parameters, since 

Figure 2.2 predicted that the adsorbed water is removed below that temperature.  

The parameters were estimated based on least-sum-of-squared-errors in that 

temperature range.  As can be seen in Figure 2.4, the leading weight loss feature is 
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described well by the model, and yields the parameters for multilayer water 

desorption listed in Table 2.1.   
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Figure 2.3 Comparison of mass loss by TGA for Cab-O-Sil HS-5 fumed silica 
and ground fused silica samples.  The dotted line is fumed silica.  Data is from 
Todd Bailey39 
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Figure 2.4 Comparison of predicted and experimental TGA curves for fused 
silica.  The dotted line is experimental data.  Data is from Todd Bailey39 

 
 

The parameters in Table 2.1 were used to predict the time to remove > 

99% of the adsorbed water monolayer at various temperatures, and also to 

estimate the amount of silanol loss under those conditions.  The multilayer 

desorbs before the monolayer.  Figure 2.5 shows that the model predicts less than 

0.05% silanol loss even at a 140°C bake temperature.  The current equipment is 

capable of heating samples to a maximum temperature of 100°C; samples baked 

at that temperature for 90 min should experience less than 0.02% silanol loss, 

which is negligible.  Based on these results, it was decided to bake substrates prior 

to film deposition for 90 min at 100°C. 
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Figure 2.5 Predicted time in minutes to desorb > 99% of adsorbed water at 
various bake temperatures, and the associated percentage silanol loss.  Data is 
from Todd Bailey39 

 
 
 

The effect of silica hydration on FSAM growth was studied by exposing 

dehydrated SiO2/Si(100) samples to a stream of water vapor for various times.  In 

an effort to make these results transferable between experimental systems, we 

multiply the exposure time and water vapor partial pressure and report it as torr-

sec.  Below we show that the best FSAM is realized after 30 min of water vapor 

exposure (4.1 × 104 torr-sec) and TGA was used to study the amount of water 

adsorbed on silica samples during sample hydration.  Since SiO2/Si(100) samples 

have very small surface area and different forms of silica appear to act alike in 
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regards to water adsorption,33 high surface area, fumed silica (Cab-O-Sil EH-5 

with a surface area of 380 m2/g ) was used in the TGA experiments.  Following 

water exposure for various times the silica powder was heated to record the water 

mass loss.  Replicate runs with different masses of silica powder were performed 

to ensure the surface was saturated.  The mass of water desorbing was converted 

into monolayers of water by using the manufacturer’s value of 380 m2/g for the 

Cab-O-Sil EH-5 surface area and a two dimensional density of 1 × 1019 molecules 

m-2.32  Figure 2.6 shows the results of water adsorption measurements on the 

fumed silica samples with and without a purge.  The procedure for SA film 

formation involves a purge step to remove water from the deposition chamber and 

this was simulated in the water uptake studies by purging the silica for 5 min after 

water exposure.  Thirty minutes of rehydration corresponds to the optimum time 

(see below) and the results in Figure 2.6 suggest that the silica has of order one 

monolayer of water adsorbed (0.9 monolayers after the purge and 1.2 monolayers 

without purging).   
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Figure 2.6 Water adsorption on fumed silica as a function of water exposure 
time. 

 
 

Water contact angle was found to be strongly dependent on coating 

conditions, especially the hydration of the substrate surface.  The results indicate 

that the deposition of FOTS on the substrate increases with increasing water 

exposure, as shown in Figure 2.7.  This is consistent with results presented by 

Wang et al.31  The water contact angle trend appears to be asymptotic, suggesting 

that the film growth is self-limiting even at longer water exposure time.  The 

values of water contact angle are larger than 100°, indicating that all films are 

highly hydrophobic.  The water repellency of these samples treated with FOTS is 

close to or better than that of poly(tetrafluoroethylene) (PTFE), which is reported 
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to be 108°.40  Compared with FOTS films prepared by solution methods, with a 

reported water contact angle of 105°,41 the vapor phase film seems to have better 

quality.   
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Figure 2.7 Water contact angle of FOTS films as a function of water exposure 
at 25°C. 

 

The thickness of FOTS films increases with increasing water exposure, 

indicative of increasing coverage of FOTS on the surface, as shown in Figure 2.8.  

The saturated thickness of the FOTS monolayer is dependent on the fluoroalkyl 

chain length.  The molecular length of FOTS (from the Si atom at one end to the 

C atom at the other) is about 1.06 nm.42  Considering the OH group or Si-O bond 
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at one end and F-C bond at the other, the saturated thickness of the FOTS 

monolayer with extended alkyl chains should be about 1.2 nm.  At 0 min water 

exposure (no hydration), the thickness of the FOTS film is only about 0.57 nm.  If 

the FOTS molecules are assumed to be inclined in the SA films, the angle of 

inclination was calculated to be 68° to normal based on the monolayer thickness 

of 1.2 nm.  However, this low thickness could also be a result of disordered FOTS 

molecules in the film.   At 4.1 × 104 torr-sec water exposure (30 min), the 

thickness of the FOTS film was 1.03 nm, and likewise the angle of inclination 

was calculated to be 31° to normal.  This angle is smaller than the reported 

inclination angles of ~35° for 1,1,2,2-perfluorodecyldimethylchlorosilane 

(PFDCS) SA monolayers.29  This is believed to be due to the fact that the 

dimethyl groups are replaced by two Si-OH (or Si-Cl) groups that bind to the 

surface or to other molecules and not by two CF2 groups, resulting in more dense 

packing of  FOTS than PFDCS.  Unfortunately, fluoroalkyl chains do not order as 

well as alkyl chains because of gauche kinks and weaker van der Waals 

interactions.15  Therefore, the FOTS molecules forming the SA films in our 

experiment are thought to be both inclined and disordered to some extent.  

Multilayers are suspected for those films with thicknesses larger than 1.2 nm.  

The 4.1 × 104 torr-sec water exposure sample was cycled through the process a 
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second time (hydration and vapor exposure to FOTS), and the resulting sample 

had about the same thickness, 1.03 nm. 
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Figure 2.8 Thickness of FOTS films as a function of water exposure at 25°C. 

 

XPS measurements of FOTS coatings were performed to determine the 

film coverage on the template.  The area of a XPS peak is proportional to the 

number of atoms sampled.  Therefore the peak intensities of XPS spectra may be 

used to get information of relative concentration of different elements in the film 

as well as the film coverage.  The intensities of the F 1s electrons at 686.2 eV in 

XPS of different samples were measured and normalized to the Si 2p peak at 

103.3 eV for SiO2 of the SiO2/Si(100) silicon wafer substrate.  We use the 
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intensity ratio of F 1s over Si 2p to indicate the film coverage.  The results shown 

in Figure 2.9 indicate that the coverage of FOTS films on the SiO2/Si(100) 

substrate increases with increasing water exposure, consistent with the results of 

water contact angle and ellipsometry measurements. 
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Figure 2.9 F 1s: Si 2p XPS peak ratio of FOTS film as a function of water 
exposure at 25°C. 

 

Figure 2.10 shows C(1s) spectra of the SiO2 substrates deposited with 

FOTS at 25°C for 2 hr.  The C(1s) spectra could be deconvoluted into C-H and C-

F peaks, which were identified using the reported chemical shifts.43  The C-F 

peaks centered at binding energies of 290.4, 291.6-291.8 and 294.0 eV, 

correspond to the C* atom in C*F2-CH2-, C*F2-CF2- and C*F3-CF2- groups, 
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respectively.  If FOTS molecules are deposited parallel to the substrate, the XPS 

intensity ratio of CF3 over CF2 groups should be the same as the CF3/CF2 ratio of 

the precursor molecule, which is expected to be 0.2.  However, if the molecules 

grow with a tilt angle to the surface, the detected ratio will be higher compared 

with that of the precursor molecule because of the attenuation of photoelectron 

intensity by the thin film.  So, this ratio could give information about molecular 

orientation in the monolayer.  As Figure 2.11 shows, the CF3/CF2 ratio increases 

with increasing water exposure initially.  With further water exposure (more than 

4.1 × 104 torr-sec), the ratio decreases and approaches a constant value.  The 

increase could correspond to better ordering and the decrease would be consistent 

with multilayer formation and a loss of ordering. 

 

 

Figure 2.10 C 1s XPS spectra of FOTS film at 25°C. 

 



 42

0.12

0.18

0.24

0.30

0.36

0 2 4 6 8 10

C
F 3/C

F 2 In
te

ns
ity

 R
at

io

Water Exposure x 10-4 (torr-sec)  

Figure 2.11 CF3:CF2 XPS peak ratio of FOTS film as a function of water 
exposure at 25°C. 

 
 

The surface morphology and roughness of FOTS thin films were 

investigated by AFM.  The results shown in Figure 2.12 indicate that with less 

than 4 × 104 torr-sec water exposure a SA film forms with a surface roughness 

that is very close to the original surface roughness of the SiO2/Si(100) substrate 

before film deposition (0.2 nm for the bare surface RMS roughness).  With 

increasing water exposure, surface roughness increased significantly.  This might 

be due to different growth mechanisms.  Previous studies have shown that 

chlorosilane needs water to react with the OH group on a silica surface.44,45  In our 

experiment, we first dehydrate the surface and subsequently expose it to water 

vapor to get a water film (of one or several molecular layers), then deposit FOTS 



 43

molecules.  When the water film is just enough for FOTS molecules to hydrolyze, 

FOTS molecules are still free before they reach the substrate surface.  In this case, 

FOTS molecules tend to form a monolayer, and the observed morphology of the 

SA thin film is very smooth with low RMS roughness.  When the substrate 

surface is exposed to too much water, FOTS molecules appear to react with other 

FOTS molecules to form aggregates.  These aggregates adsorb on the substrate 

surface and may react with surface silanol groups and are thought to be cross-

linked before they reach the surface.  Although the hydrophobic tails of FOTS 

molecules are mostly facing up toward air, there are still enough hydrophilic 

silanol groups exposed to continually react with other aggregates and the surface, 

resulting in a multilayer structure with high RMS roughness.   
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Figure 2.12 RMS roughness of FOTS film as a function of water exposure. 
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In order to determine whether the FOTS film is dense, uniform and 

without vacancy defects for the 4.1 × 104 torr-sec hydration case, we further 

reacted the FOTS film with bromomethyl-chloro-dimethylsilane 

[BrCH2(CH3)2SiCl] and analyzed it with XPS to detect the Br 3d signal.  Because 

this molecule has a very short chain, the steric hindrance is expected to be fairly 

small, which makes it easier for BrCH2(CH3)2SiCl to react with the residual 

substrate OH groups if there is a defect.   Br is expected to have a detection limit 

of ~0.01 monolayer in XPS.  We also deposited this Br-containing precursor on a 

clean SiO2/Si(100) substrate to make a control sample and a FOTS film with less 

than the optimal hydration.  Figure 2.13 shows the Br 3d spectra for these cases.  

Br 3d should have a binding energy of ~71 eV.43  From curve (A), corresponding 

to 4.1 × 104 torr-sec (30 min) water exposure, we can only see the background 

noise in the Br 3d binding energy range indicating bromine, if present at all, is 

below the detection limit and that a dense film formed.  While curve B, 

corresponding to 1.37 × 104 torr-sec water exposure, shows a weak peak for Br 

3d.  Curve C, corresponding to BrCH2(CH3)2SiCl adsorption on a 4.1 × 104 torr-

sec hydrated surface has an intense Br 3d peak indicating the maximum intensity 

for a fully brominated layer.  Separate time-of-flight secondary ion mass 

spectroscopy studies (not shown) detected very weak Br intensity for the 4.1 × 

104 torr-sec hydration case, which indicates Br-containing molecules only 
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adsorbed on this FOTS film very slightly.  Taken together these studies indicate 

that the FOTS film we deposited on the 4.1 × 104 torr-sec water exposure sample 

is very densely packed and uniform and the Br-containing precursor molecules 

barely penetrates the FOTS film to react with silanol groups on the substrate 

surface. 
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Figure 2.13 Br 3d XPS spectra of the sample: (A) sample with 4.1 × 104 torr-sec 
water exposure treated first with FOTS and then with BrCH2(CH3)2SiCl;  (B) 
sample with 1.37 × 104 torr-sec water exposure treated first with FOTS and then 
with BrCH2(CH3)2SiCl; and, (C) treated with BrCH2(CH3)2SiCl. 
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Anhydrous solutions have been shown to be critical in forming 

mechanically and topologically uniform SAM films as described in recent studies 

by Wang and Lieberman46 and Wang et al.27  These solution studies involved 

hydrated SiO2 surfaces and by working in an anhydrous environment they likely 

restricted hydrolysis reactions to the SiO2 surface and prevented cross-linking 

reactions between the alkyltrichlorosilane molecules in solution.  The results 

presented herein are in agreement with these solution studies and demonstrate that 

a monolayer of water is optimal to form dense and uniform FOTS films.  Stevens 

has reasoned that to form dense, fully covered monolayers, cross polymerization 

should be avoided and that alkyltrichlorosilanes have the steric ability to cover the 

surface with a density equal to the substrate hydroxyl density.47  Working with a 

fluorinated alkyltrichlorosilane we have found the best films, as defined by water 

contact angle, thickness, roughness, and completeness of coverage, are realized 

when ~ 1 ML of adsorbed water is present.  In view of Stevens’ model, the FOTS 

films likely contain some cross polymerization so they are not as dense and fully-

covered as could be realized by packing the molecular chains would permit.    
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2.4 CONCLUSIONS 

It is essential that the template has a low surface energy and the imprinted 

material has a high tensile strength to achieve selective release at 

template/imprinted material interface in SFIL.  FSAM has been investigated as a 

release layer to reduce the template surface energy.  Based on a model which was 

developed to predict the conditions necessary to desorb all of the adsorbed water 

on a fused silica surface without significantly altering the concentration of surface 

hydroxyl groups, water content studies were performed and substrate hydration 

was demonstrated to be crucial to film quality during FOTS film deposition from 

the vapor phase.  There is an optimum degree of substrate hydration that 

corresponds to approximately one monolayer to get a dense, uniform FOTS film 

with high water repellency and a smooth surface.  To comprehensively 

characterize the FOTS SA film quality, further research is needed to investigate 

the ordering, orientation, and mechanical durability. 
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Chapter 3:     Amine-Catalyzed  Deposition of Fluorinated SAM 
on Indium Tin Oxide 

 

3.1 INTRODUCTION  
 

Indium tin oxide (ITO) films are being widely utilized in both commercial 

and technical applications such as flat panel displays,1 solar cells,2 gas sensor 

devices,3 optical waveguides4 and organic light emitting diodes (OLED)5-8 

because these films are conductive and highly transparent in the visible spectral 

region.  Recently, ITO has also been used to fabricate templates for SFIL.9,10  Its 

conductivity prevents charge build-up during electron beam writing and facilitates 

template inspection, and its UV transparency at λ = 365 nm  permits 

photopolymerization of the imprinted material.  ITO also features hydroxyl 

groups11 that can be used to form a durable fluorinated self-assembled monolayer 

(FSAM). 

Although preliminary research on the application of ITO to nanoimprint 

lithography is promising,12 a number of issues need to be addressed before ITO 

templates can be used in practical nanoimprint applications.  The durability of the 

FSAM release layer on the ITO template is a primary concern.  There have only 

been a few reports discussing this subject.  A vapor phase surface treatment 

reaction was used to produce an FSAM on ITO, which resulted in catastrophic 
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release failure during imprinting.12  This indicates very limited durability of the 

FSAM on the ITO template.  FSAM was also formed on ITO by exposing it to an 

aqueous solution of tridecafluoroctyltriethoxysilane.13  X-ray photoelectron 

spectroscopy (XPS) measurements showed that the fluorine level decreased 

dramatically after ultrasonic bathing in water, propanol, acetone and mechanical 

rubbing.  This fluorine depletion is caused by the weak bonding of the FSAM on 

the ITO surface.  More recently, it was reported that a FSAM was coated on ITO 

as a resist for patterning using supercritical carbon dioxide.14  The FSAM showed 

remarkable etch resistance, but with uncertain mechanical durability.   

The durability problems associated with FSAMs have been attributed to 

the poor nucleophilicity of the hydroxyl groups on the ITO surface.15-17   A 

nucleophilic substrate aids in the formation of covalent bonds to the chlorosilane 

molecules commonly used to form the FSAM.  The formation process of FSAMs 

on ITO is similar to that of SAMs on SiO2.5,6,18  In this process, water first 

hydrolyzes the silane.  The resulting silanol undergoes nucleophilic attack by a 

surface hydroxyl group.  Since ITO and SiO2 both have surface hydroxyl groups, 

many of the approaches reported in the literature for surface treating ITO are 

identical to methods for treating SiO2.5,6,19  An ITO surface model was proposed 

by Donley et al.,11 in which there are high concentrations of hydrolyzed oxides 

and oxy-hydroxides or In-OH in the near-surface region.  Different pretreatment 
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conditions were investigated and XPS results showed that solution and vacuum 

treatments changed the relative surface coverage of the hydroxides.  Despite the 

similarities between the surfaces, ITO is less likely than SiO2 to form covalent 

bonds to the silanol because the surface hydroxyl groups of the ITO are poor 

nucleophiles.15-17  Consequently, the durability of the FSAM is reduced, limiting 

the use of the FSAMs in repeated contact-type applications in which the durability 

is an important property. 

Previously, we investigated pretreating the ITO with base solutions to 

increase the nucleophilicity of the ITO hydroxyl groups, via deprotonation, 

toward (heptadecafluoro-1,1,2,2-tetrahydodecyl)trichlorosilane.20  This was 

shown to be an effective method for dramatically improving the durability of the 

ITO silanization process.  Although this liquid phase process forms a durable 

FSAM, it has several limitations.  The process is very moisture sensitive since the 

trichlorosilane polymerizes in the presence of water.  The polymer can physisorb 

on the surface, blocking reactive sites required for forming durable covalent 

bonds.  Similarly, solution impurities and salt by-products may block reactive 

sites on the surface.   

In this chapter, FSAMs are deposited onto ITO via vapor phase reaction.  

Vapor phase reactions reduce the impurity and moisture limitations associated 

with liquid phase reactions.  Amine has been reported to effectively increase the 
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nucleophilicity of SiO2 hydroxyl groups,21 and a vapor phase amine is used herein 

to increase the nucleophilicity of the ITO hydroxyl groups.  The goal of this study 

is to investigate the conditions necessary to form a durable FSAM release layer on 

ITO substrate.    

 

3.2 EXPERIMENTAL 

 

3.2.1 Materials 

4 in ITO silicon (100) wafers were provided by Motorola and have an 

average ITO thickness of ~90 nm with a RMS roughness of ~1.8 nm.  

Tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane [CF3(CF2)5(CH2)2SiCl3], 

referred to herein as FOTS, was purchased from Gelest and was used as received.    

Triethylamine (TEA) (99.9%) was purchased from Arcos.  In(OH)3 powder 

(99.99%), acetone (99+%) and IPA (99+%) were purchased from Aldrich and 

were used without further purification. 

 

3.2.2 CVD Chamber 

The chemical vapor deposition (CVD) chamber shown in Figure 3.1 is a 

high vacuum chamber pumped by a turbomolecular pump and a mechanical 

roughing pump.  The chamber base pressure was maintained at 1×10-7 Torr.  An 

in situ O2 plasma cleaning system was incorporated in the chamber.  An Evenson-
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type microwave cavity surrounding a quartz flow tube was used to excite O2 for 

cleaning.  The discharge was maintained at 0.05 Torr O2 with a flowrate of 5 

sccm and at 30 W forward power using 2.54 GHz excitation. 
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Figure 3.1 Schematic diagram for CVD chamber. 
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3.2.3 Film Preparation 

The ITO wafers were cut into 1×3 inch sample pieces used for FSAM 

deposition.  These samples were cleaned in an ultrasonic acetone bath for 15 min, 

rinsed with isopropyl alcohol, DI water, then dried with pure N2, and finally 

exposed to UV-ozone (UVO-Cleaner Model No. 42, Jelight Company, Inc.) for 

15 min to remove most residual organic contamination,22,23 and this was 

confirmed by our study using XPS analysis.  Furthermore, the relative surface 

coverage of the hydroxides was also increased, which is consistent with Donley et 

al.’s study.11 

After cleaning, samples were loaded into the CVD chamber and exposed 

to an O2 plasma for 10 min immediately prior to the film deposition.  The samples 

were baked under vacuum at 150 ºC for 20 min to remove at least 99% of the 

adsorbed water and cooled down to 20 ºC.   The samples were then exposed to 

TEA vapor at a static pressure of 1.0 Torr for 5 min.  The chamber was purged 

with ultrapure N2 gas for 10 s and pumped down to 1.5×10-6 Torr in about 10 min.  

FOTS precursor was then slowly introduced into the chamber.  Upon reaching the 

desired pressure of 0.1 Torr, the inlet for FOTS precursor was shut.  The samples 

were then allowed to react with the precursor for 1 hr followed by annealing at 

130° C for 1 hr in an oven. 
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The method described by Mayer24 was used to prepare a control sample 

and is referred to as the conventional vapor phase treatment.  FOTS precursor was 

introduced into the chamber to a static gas pressure of 0.1 Torr.  Then water vapor 

was admitted to a total pressure of 0.8 Torr in the chamber.  The samples were 

then allowed to react for 1 hr. 

 

3.2.4 Durability Test 

After coating, the ITO samples were rinsed with acetone and DI water to 

remove the physisorbed species and annealed for another 3 hr at 130° C.  The 

samples were then sonicated in acetone for 60 min, followed by mechanical 

rubbing 10 times on a stationary cylindrical cleaning apparatus that applied a 

constant 10 N force.  The cylinder was sheathed in an acetone soaked clean room 

wipe (Vectra Alpha 10 Texwipe).  The mechanical rubbing removed any 

remaining physisorbed species and provided an initial durability stress to the 

surface.   

90º peel tests were performed using an Instron 5848 Microtester, which 

measures the force necessary to remove a film at a constant velocity normal to the 

substrate along the sample length, as shown in Figure 3.2.  In addition to 

removing weakly bonded species, this peel test also provides a qualitative 

measure of the work of adhesion.  To perform the peel test, a pliable clean wipe 
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with large tensile strength (Berkshire LabX123 Item #:LB123.090.60) was 

photopolymerized to the surface using a 1:1 mixture of thiol-ene, pentaerythritol 

tetrakis(3-mercaptopropionate) (Aldrich) and tris [4-(vinyloxy)butyl] trimellitate 

(Aldrich).    During each peel test, an average force was measured in the region 

between 25 and 75% of total extension to eliminate end effects.  Five peel tests 

were performed on each sample and the average was calculated and reported.   

After each step of rinsing, sonicating, rubbing and peeling, XPS measurement was 

conducted on the sample.  Water contact angle was obtained after rinsing and 

final peeling step. 
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Figure 3.2 Schematic diagram for peel test. 
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3.2.5 Measurement of Water Contact Angle and XPS 

The water contact angle was measured at ambient temperature using a 

Rame Hart Model 100 goniometer.  Static, sessile DI water drops (10µl) were 

delivered from a micrometer syringe with a minimum division of 2 µl.  On each 

sample contact angles were measured at three different spots and averaged.       

XPS measurements were performed using a Physical Electronics PHI5700 

ESCA system equipped with an Al Kα monochromatic source (1486.6 eV).  The 

takeoff angle was fixed at 45°.  The Ag 3d5/2 XPS peak at 368.3 eV from a 

sputter-cleaned Ag foil was used to calibrate the system. 

 
3.2.6 Fourier Transform Infrared Spectroscopy Measurement 

FTIR measurements were performed using Infinity Gold® FTIR 

spectrometer equipped with a wide band MCT detector.  The IR spectra were 

recorded for 256 consecutive scans with a resolution of 4 cm-1.  The in situ 

variable temperature glass IR cell used in this work is shown in Figure 3.3.  The 

cell consisted of a quartz upper section with a heater enabling temperatures up to 

1000°C, a lower section with KBr windows, and a sample holder.  Magnets were 

used for raising and lowering the sample.  Since it is very difficult to study 

triethylamine adsorption on an ITO thin film surface by single-pass transmission 

measurements, In(OH)3 powder was used instead.  The samples were prepared by 

making pellets (about 60 mg/cm2) of In(OH)3 and KBr powder mixture with the 
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mass ratio of 1:4 using a pressure of about 1000 lb.  Then the pellet was loaded 

into the furnace region of the IR cell, dehydrated by annealing at 130°C for 90 

min in the vacuum.  After cooling to room temperature, the pellet was exposed 

with TEA for 5 min, followed by a 5 min evacuation.  All spectra were recorded 

at room temperature. 
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Figure 3.3 Schematic diagram for the in situ variable temperature infrared cell. 
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3.3 RESULTS AND DISCUSSION 

To study the adsorption of amine on the ITO hydroxyl groups, In(OH)3 

powder was used instead of an ITO thin film.  The thin film surface area is too 

small, leading to an unacceptably low signal to noise ratio.   Furthermore, in the 

Donley et al. surface model,11 In(OH)3 and surface In-OH hydroxyl groups exist 

in the near-surface region.  Therefore, In(OH)3 powder is a reasonable model 

system to study amine adsorption on ITO thin films.  Figure 3.4 shows the FTIR 

spectra of dehydrated In(OH)3 powder after annealing at 130°C for 90 min in the 

vacuum (30 mTorr).  The IR bands at 3220 cm-1 and 3112 cm-1 are assigned as the 

O-H stretching mode of In-OH.25  Two absorption bands near 1155 cm-1 and 1070 

cm-1 may correspond to deformation vibration modes of bridging and terminal 

hydroxyl groups of In-OH.26  The bands near 864 cm-1 and 783 cm-1 may also be 

assigned as In-OH deformation vibration mode.27  These vibrations disappeared 

when heating the samples above 300 °C (Figure 3.4, spectrum C), indicating 

transformation of In(OH)3 to In2O3 with two absorption bands at 569 and 605  

cm-1.27 
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Figure 3.4 FTIR spectra: (A) In(OH)3 after baking at 130 °C, before dosing 
TEA, (B) after (A), dosing TEA for 5 min and evacuated for 5 min, (C) baking 
In(OH)3 to 300 °C. 
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Figure 3.5 FTIR spectra of In(OH)3 after addition of TEA for 5 min and 
evacuated for 5 min. 

 

 

The FTIR spectra changed after exposing the In(OH)3 sample with TEA 

for 5 min, followed by a 5 min chamber evacuation (Figure 3.4, spectrum B) and 

this is best viewed with the difference spectrum in Figure 3.5.  The absorption 

bands with main peaks near 2979, 2952 and 2930 cm-1 may correspond to various 

C-H stretching modes of adsorbed TEA.  There are weak negative peaks in the 

3300 to 3000 cm-1 region for InOH and at the positions of other In-OH 

deformation modes.  A peak at 2683 cm-1 is observed, which might be assigned to 

hydrogen-bonded In-OH.  These results suggest a hydrogen-bonding interaction 

between TEA and the surface In-OH groups.  In a previous study of amine 

adsorption on silica, a peak at 2800 cm-1 was assigned to hydrogen-bonding 
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interactions between amine and Si-OH.21  The different positions, 2863 versus 

2800 cm-1, might be due to the structural difference of the two substrates.  Weak 

peak changes were observed after dosing TEA in our experiment as compared to 

studies on SiO2.  This is most likely attributed to the method used to prepare the 

IR pellet, which results in a decreased signal.  In contrast to silica, In(OH)3 

strongly absorbs IR light, requiring KBr to dilute the concentration of low area 

In(OH)3 in the FTIR sample.  The control pellet sample with only KBr showed no 

spectral changes in the amine adsorption experiment. 

Figures 3.6 and 3.7 show the XP spectra intensity of the fluorine (F 1s) 

signal FSAM-treated ITO samples prepared with and without amine, respectively.  

The F 1s peak intensity decreases after each durability test step for both samples.  

The total fluorine loss after all the durability test steps is only 30.6% for the amine 

catalyzed sample, whereas the fluorine loss of the conventional vapor phase 

sample is 51.0%.  These results indicate that a more durable FSAM forms when 

the ITO is pretreated with TEA.   
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Figure 3.6 XP spectra of FSAM thin film on ITO with amine catalyzed after 
durability test steps.  Curves are (A) after rinse with acetone, IPA and DI water, 
(B) after ultrasonic bath in acetone, (C) after mechanical rubbing, and (D) after 
peel test. 
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Figure 3.7 XP spectra of FSAM thin film on ITO without amine catalyzed after 
durability test steps.  Curves are (A) after rinse with acetone, IPA and DI water, 
(B) after ultrasonic bath in acetone, (C) after mechanical rubbing, and (D) after 
peel test. 
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Amines are reported to form very strong hydrogen bonds with the surface 

silanols on SiO2 and thus make the Si-O group of silanol more nucleophilic.21  In 

this study, TEA was adsorbed on the ITO sample surface and formed hydrogen 

bonds with the surface In-OH, rendering a more nucleophilic substrate.  The 

nucleophilic hydroxyl group attacks an approaching alkyltrichlorosilane molecule 

to form a covalent bond, creating a more durable film.  Moreover, the coverage of 

this layer, indicated by the F 1s XPS intensity, is much higher on the sample with 

amine than that on the sample without amine, both before and after the durability 

tests.  Hankins et al. used an amino-functionalized fluorinated precursor instead 

of a chlorosilane to form a release layer on microelectromechnical systems 

(MEMS).28  They found that when the chlorine was substituted by dimethylamine 

functional group, the reaction was more vigorous, and the precursor molecule was 

more likely to form covalent bonds to the silicon surface.  Details of the reaction 

mechanism were not discussed in the literature; however, the amino group is 

believed to play an important role to enhance the surface reaction, leading to a 

release film with better durability.  This may also be attributed to the more 

substrate nucleophilicity due to catalysis by the amino functional groups.  Note 

that amine is a product of the reaction, and this reactive product can act as a 

catalyst. 
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Another method to quantify the advantages of using an amine pretreatment 

compared to the conventional vapor phase techniques is to measure the relative 

thickness change of the FSAM before and after durability tests. The FSAM 

thickness change with different post deposition experiments is plotted in Figure 

3.8.  This thickness was estimated from attenuation of the substrate In 3d XPS 

peak area using the following equation: 

θλ sinln
0I
It −=                                                                                                    (1) 

where t  is the FSAM thickness, λ  is the inelastic mean free path of the In 3d 

photoelectron (≈26.8 Å estimated from IMFPWIN Program provided by NIST) 

and θ  is the photoelectron take-off angle ( ≈ 45°).  I and 0I  are the peak area 

intensities following and prior to FSAM deposition, respectively.  With each 

durability test step, the FSAM layer thickness decreases, indicating some loss of 

molecules from the thin film.  This result is consistent with the fluorine XPS area 

analysis (Figure 3.6 and 3.7).  The film formed with amine is much thicker than 

that of the control sample after durability tests, suggesting that the amine 

deposition method is superior to the conventional method for ITO substrates. 
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Figure 3.8 Relative thickness change of FSAM thin film on ITO by XPS peak 
attenuation. 

 

Water contact angle measurements and peel tests were also used to 

characterize the FSAM and the results are shown in Table 1.  In contrast to the 

conventional vapor phase method (i.e. alkyltrichlorosilane precursor only), the use 

of amine during deposition created a high initial water contact angle of about 

110°, indicating a high F 1s coverage and low surface energy.  After the stressing 

the surface with the durability test, the water contact angle decreased from 110° to 

102°, whereas for the conventional method, water contact angle decreased from 

105° to 90°.  The peel test measures the force required to peel a film from a rigid 
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substrate.  It is indicative of the adhesion at the peel film - substrate interface.  

The average peel force of the conventional method was 0.092 N, which was about 

a factor of two larger than that of the amine catalyzed method after the durability 

test, consistent with the water contact angle data and XPS analysis. 

 

Table 3.1 Durability Test on FSAM treated ITO Sample 

 

 

 

 

 

 

 

 

 

 

 

 With Amine Without Amine 

Water Contact Angle (°) 110    102 105    90 

Peel Force (N) 0.052 0.092 

Fluorine Loss (%) 30.61 50.95 
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Although it has been shown that a FSAM formed on ITO by amine-

catalyzed reaction is more durable than that deposited by conventional methods, 

the imprint durability of FSAM on ITO and how it compares to that of FSAM on 

quartz are still unknown.  Previous study has revealed that the FSAM on quartz 

has a moderate durability and can last over 100 imprints.12  More work is needed 

to explore the imprint durability of FSAM on ITO. 

 
 
3.4 CONCLUSION 

A more durable FSAM with better coverage was deposited on an ITO film 

by an amine vapor catalyzed method instead of the conventional vapor phase 

surface treatment method, which does not use a base pretreatment.  FTIR 

measurements indicate that triethylamine molecules adsorbed on the ITO sample 

surface form hydrogen bonds with the surface In-OH, increasing the substrate 

nucleophilicity. This increased nucleophilicity favors covalent bond formation 

with the alkyltrichlorosilane that improves the durability of the resulting FSAM.  

XPS analysis showed that the amine pretreatment resulted in more fluorine 

coverage on the ITO surface compared to the conventional method.  Water 

contact angle and peel force measurements corroborated the XPS findings.  
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Chapter 4: Surfactant Application in Imprint Lithography  

 

4.1 INTRODUCTION 
 

A major challenge for imprint lithography is to minimize the tendency of 

the resist polymer to adhere to the template, which leads to imprint defects.  Large 

adhesive forces between the template and the imprinted material can result in 

cohesive failure of the etch barrier material and distort the imprint alignment.1,2  

The typical approach to reducing such interfacial forces is to form a hydrophobic 

FSAM from tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane on the template 

as a release layer,3,4 as discussed in Chapter 2.  However, there are concerns that 

remain unresolved about the durability of these FSAM layers for thousands of 

imprints.   Adding surfactant into the etch barrier liquid may help lower surface 

energy; consequently, the durability of FSAM layers might be enhanced or the 

need for a FSAM layer mitigated. 

Surfactants, even at low concentrations, have the characteristic feature of 

lowering surface or interface tension of the system efficiently by selective 

adsorption on the interface and thus have many applications in different fields.6  

The introduction of fluorinated compounds into a photopolymerizable monomer 

formulation can also lower the surface energy by forming a concentrated 

fluorocarbon layer on the surface since the hydrophobic part of the fluorinated 
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surfactant not only repels water but repels hydrocarbon organic material as well.  

Bender et al. used 1H,1H,2H,2H-perfluorooctyl-triethoxysilane as a release agent 

to reduce the surface energy of UV-cured imprint material, and this enabled 

multiple imprints (50 times) without mold cleaning.7  Bongiovanni et al. studied 

both acrylate and vinyl ether systems and found adding fluorinated monomer to 

the photopolymerizable resin can significantly increase the water contact angle 

because of surfactant segregation to the air/resin interface;8-10 furthermore, the 

surface or interfacial tension varied in response to the amount of surfactant added 

to the liquid phase.   

In this chapter, the effect of two fluorinated surfactants in a vinyl ether etch 

barrier formulation on reducing the adhesion energy and separation force was 

investigated.  This work was motivated by the need to eliminate defect formation 

during the separation process between the template and the imprinted material, and 

prolong the lifetime of the release layer.  
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4.2 EXPERIMENTAL 

 

4.2.1 Materials 

Two vinyl ethers, cyclohexyl vinyl ether (CHVE) and ethylene glycol 

divinyl ether (EGDVE), were used as received from Aldrich to form the etch 

barrier.  The photoacid generator (PAG) (4,4’-bis-(t-butylphenyl) iodonium tris-

(trifluoromethanesulfonyl)methide) was kindly provided by 3M.  The fluorinated 

acetate surfactant (FA), methyl perfluorooctanoate, was purchased from 

Fluorochem.  (Heptadecafluoro-1,1,2,2,-tetrahydrodecyl) dimethylchlorosilane 

(DMCS) was purchased from Gelest.  The fluorinated vinyl ether surfactant 

(FVE)  (heptadecafluoro-1,1,2,2-tetrahydrodecyl) vinyloxymethyloxy 

dimethylsilane was synthesized from DMCS according to the procedures reported 

elsewhere.11  The chemical structures of the two vinyl ethers and the two 

surfactants are presented in Figure 4.1, and the FVE synthetic scheme is shown in 

Figure 4.2.  In this research, five etch barrier formulations were studied; Table 4.1 

summarizes the formulations. 
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Figure 4.1 The chemical structures of: (a) cyclohexyl vinyl ether (CHVE), (b) 
ethylene glycol divinyl ether (EGDVE), (c) Methyl perfluorooctanoate (FA) and 
(d) (heptadecafluoro-1,1,2,2-tetrahydrodecyl) vinyloxymethyloxy dimethylsilane 
(FVE). 
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Figure 4.2 The synthetic scheme of fluorinated vinyl ether surfactant. 

 

Table 4.1 The etch barrier formulation with calculated Fluorine/Carbon (F/C) 
atom ratio 

 

 CHVE 
(wt%) 

EGDVE 
(wt%) 

PAG 
(wt%) 

FVE 
(wt%)

FA 
(wt%) 

Calculated 
F/C 

Control 68.0 30.0 2.0 0 0 0.0045 

FVE 1 66.0 30.0 2.0 2.0 0 0.0140 

FVE 2 63.0 30.0 2.0 5.0 0 0.0289 

FA 1 66.0 30.0 2.0 0 2.0 0.0169 

FA 2 63.0 30.0 2.0 0 5.0 0.0363 
 

 



 82

4.2.2 FSAM Coating on Glass Slide 

Glass slides (75×25×1 mm) were used for separation force measurement.  

To simulate the same conditions as the silicon wafer-template separation process, 

the glass slides were also treated with FSAM.  After sonication in acetone for 15 

min, the glass slides were rinsed with IPA and DI water, and blown dry with N2.  

Then the glass slides were exposed to UV/ozone for 15 min.   To grow a FSAM 

coating on the surface, the glass slides were immersed in freshly prepared 2.0 

wt% (heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane solution 

(xylene) for 20 min.  Then the glass slides were rinsed with xylene, IPA, acetone 

and DI water, and dried with N2 until no trace of water drops was visible. 

 

4.2.3 Separation Force Measurement 

 The separation force at the interface between the FSAM treated glass 

slide and the etch barrier was monitored using a four-point bend method.  Such a 

separation force represents the force required to initiate a crack of interfacial 

separation, which indirectly describes the interfacial adhesion energy.    

To prepare a specimen used for separation force measurement, the vinyl 

ether etch barrier solution was dispensed onto an untreated glass slide, then a 

FSAM treated glass slide was used to sandwich the liquid against the glass slide 

substrate to make a cross-shaped structure.  The specimen was then exposed to 
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UV light to cure the etch barrier using a JBA LS 65 UV lamp with a dose of 2.2 

J/cm2.  After UV curing, the specimen was loaded in a modified four-point bend 

set-up shown in Figure 4.3, and the untreated glass slide substrate was pushed 

downward.  The separation force, which was defined by the maximum load used 

to push the untreated glass slide, together with the etch barrier, off the top FSAM 

treated glass slide, was recorded by an Instron 3340.  Some defects may exist at 

the glass slide/cured etch barrier interface, causing the variance in the 

measurement.  For each etch barrier formulation, three parallel samples were 

measured, and the average values are reported. 

 

Etch barrier

Untreated glass slide
FSAM treated glass slide

Etch barrier

Untreated glass slide
FSAM treated glass slide

 

Figure 4.3 Schematic diagram for separation force measurement. 
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4.2.4 Water Contact Angle and ARXPS Measurement 

After separation force measurement, the surface properties of the cured 

etch barrier remaining on the untreated glass slide were characterized using water 

contact angle and angle resovled X-ray photoelectron spectroscopy (ARXPS).  

(This is the surface that was in contact with the FSAM-treated template.)  The 

water contact angle was measured at room temperature using a Rame Hart Model 

100 contact angle goniometer.  A micrometer syringe with a minimum division of 

2 µl was used to deliver water drops (10µl) precisely.  On each sample at least 

three different spots were measured and results were averaged. 

XPS measurements were performed to analyze the concentration of 

fluorine and carbon in the cured etch barrier using a Physical Electronics PHI5700 

ESCA system equipped with an Al Kα monochromatic X-ray source (1486.6 eV).  

The base pressure in the XPS UHV chamber was 1×10-10 Torr.  The Ag 3d5/2 XPS 

peak at 368.3 eV from a sputter-cleaned Ag foil was used to calibrate the system.  

Depth profile information was obtained from measurements at electron take-off 

angles of 15° and 75°, as shown in Figure 4.4.  The sample depth d  is calculated 

with  

θλ sin3=d                                                     (4.1) 
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where λ  is the inelastic-mean-free-path and was calculated using IMFPWIN 

provided by NIST.  For F 1s, 2≈d  nm at a 15° take-off angle and 7 nm at a 75° 

take-off angle.   
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Figure 4.4 Schematic diagram for Angle-Resolved XPS. 
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4.2.5 Peel Test 

In this research, the peel force test was conducted to qualitatively evaluate 

the adhesion energy between the treated FSAM surface and the etch barrier 

surface.  This peel force represents the force required to propagate the initiated 

crack of separation. 

90º peel tests were performed using an Instron 5848 Mircotester, which 

measures the force necessary to remove a film at a constant velocity normal to the 

substrate along the sample length.  To prepare a specimen for a peel test, the vinyl 

ether etch barrier solution was dispensed onto a FSAM treated glass slide, and 

covered with a piece of pliable Kapton® film (100× 20× 0.05 mm).  Then the 

specimen was exposed to UV light from the glass side to photopolymerize the etch 

barrier.  During each peel test, an average force was obtained from the 

measurement in the region between 10 and 90% of total extension to eliminate end 

effects.  Three parallel peel tests were performed on each etch barrier formulation 

and the average was calculated and reported.  
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4.3 RESULTS AND DISCUSSION   

Figure 4.5 shows the separation force at the template/cured etch barrier 

interface using the etch barrier formulations given in Table 4.1.  The separation 

force decreases with an increase of surfactant in the etch barrier formulation.  This 

indicates that both surfactants are effective in lowering the adhesion energy.  

Comparing the two surfactants used, the separation force was reduced more when 

using FA in the formulation than using FVE.  For FVE, adding 5% reduces the 

separation force by about 20%.  Whereas, when only 2% of FA was added to the 

etch barrier, the separation force was reduced by a factor of two; at an addition of 

5% FA in the etch barrier solution, the separation force was less than one-third of 

the value with no surfactant in the formulation  This suggests that FA is more 

effective than FVE in lowering the separation force.   
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Figure 4.5 Separation force of template/cured etch barrier as a function of 
fluorinated surfactant concentration. 

 

Water contact angle measurement was performed on the cured etch barrier 

surface after the separation force measurement; the results are given in Figure 4.6.  

The water contact angle of the pure vinyl ether formulation with 2% PAG and 0% 

surfactant was ~ 66°.  When the fluorinated vinyl ether surfactant (FVE) was 

added to the formulation, the water contact angle increased to about 95º for the 

etch barrier formulation containing 5% surfactant, indicating the surface is more 

hydrophobic and less wettable.  This wettability change might be attributed to the 
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change in the surface composition of cured etch barrier.  From Figure 4.6, the 

water contact angle increases with the surfactant concentration.  Since the contact 

angle has to reach a maximum value, the data in Figure 4.6 suggest the contact 

angle is approaching an asymptotic level with further increase in the surfactant 

concentration.   
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Figure 4.6 Water contact angle versus the FVE concentrations of the cured 
formulation. 
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XPS analysis was conducted to measure the cured etch barrier surface 

composition after separation.  The results are presented in Figure 4.7 for FVE 

confirm the wettability measurements described above; the F/C ratio increased 

when the surfactant was added in the formulation.  At a 15° take-off angle, the 

surfaces of cured FVE1 and FVE2 formulations exhibited more than one order of 

magnitude higher F/C atomic ratio than the calculated bulk F/C ratio which was 

0.014 for FVE1 and 0.029 for FVE2.  This suggests that the fluorinated surfactant 

migrated toward the template/etch barrier interface before polymerization, which 

can be attributed to the intrinsic tendency of surfactants to migrate to an interface 

with similar chemical properties and thereby minimize the interfacial energy.  For 

F 1s, the sample depth, d , is 2≈  nm at a 15° take-off angle and 7 nm at a 75° 

take-off angle.  The different F/C ratios at different take-off angles indicate that a 

concentration gradient exists from the inner surface (obtained from higher take-

off angle) to the external surface (obtained from smaller take-off angle).  A 

mathematical simulation of this distribution will be described in Chapter 5.  

Furthermore, for the same take-off angle, the F/C ratio also increased with 

increasing surfactant concentration, consistent with the water contact angle 

measurements. 
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Figure 4.7 F1s/C1s atomic ratio versus the FVE concentration at different take-
off angles. 

 

Compared with the FVE formulation, the surface of the cured FA 

formulation showed a higher fluorine concentration, as shown in Figure 4.8.  This 

might be explained from the fact that the F/C of FA is higher than that of FVE 

(1.67 versus 1).  Another possible explanation is that FVE molecule has two 

methyl groups on the silicon atom, leading to larger steric hindrance that results in 

worse ordering and less adsorption of FVE molecules at the interface.  From 
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kinetic point of view, FVE might migrate to the interface slower than FA does 

due to its larger molecule size.  In our experiment, the specimen was cured 

immediately after preparation, which might be insufficient for either surfactant to 

reach equilibrium, resulting in incomplete adsorption.  Since FVE formulation 

showed less F/C ratio than FA, this may also be a reason that FA is more effective 

in lowering the interfacial adhesion.  More work may be needed to explore the 

kinetics of surfactant migration. 
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Figure 4.8 F1s/C1s atomic ratio versus the surfactant concentration for FVE and 
FA at a take-off angle of 15°. 
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The peel test results are shown in Figure 4.9.  Figure 4.9(a) presents 

examples of typical peel force curves for the etch barrier formulations without 

surfactant, with 5% FVE and with 5% FA.  Figure 4.9(b) shows the average 

values calculated from the measurement in the region between 10% and 90% of 

total extension.  As expected, the peel test results further corroborate the water 

contact angle, XPS and separation force measurement results.  The peel force of 

the cured vinyl ether formulation with surfactant was much smaller than that of 

the pure vinyl ether formulation and the FA formulation exhibited the smallest 

peel force, which indicates that the both surfactants are effective to lower the 

interfacial adhesion energy and FA is more effective than FVE.   
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Figure 4.9 Peel force measurement: (a) peel force curve of vinyl ether 
formulation without surfactant, with 5% FVE and with 5% FA, (b) peel force 
versus surfactant concentration for different formulations. 
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  Griffith studied the fracture strength (σf) of elastic materials and found 

that the fracture strength depends on fracture energy, modulus and crack tip 

radius,12 which is defined in Equation 4.2.   

1/ 2

f
EG

a
σ

π
 =  
 

                        (4.2) 

where E is the elastic modulus, a crack tip radius and G the fracture energy.  

Bikerman further developed the Griffith criterion for adhesive fracture13 and gave, 

1/ 2
a

f
EG

a
σ

π
 =  
 

                       (4.3) 

where Ga is the adhesive fracture energy, which is related to the interfacial energy 

and plastic energy.  Obviously, reducing either adhesive fracture energy Ga at the 

interface or the elastic modulus of the film E will result in a lower fracture 

strength, or separation force.   

Water contact angle and XPS analysis have shown that the fluorinated 

surfactant migrated toward the template/etch barrier interface, thus the interfacial 

adhesion energy and consequently the separation force was reduced. FA shows 

better efficiency than FVE in lowering the force.  One explanation is greater 

surface migration of FA in the cured etch barrier than that of FVE, which is 
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demonstrated by XPS analysis.  Another explanation may be provided by a 

different modulus (E) of the very thin fluorinated surfactant rich layer (< 10 nm) 

on the top surface of the cured etch barrier.  FVE can be polymerized with other 

vinyl ether monomers in the formulation since it contains a vinyl ether functional 

group.  Therefore, the modulus of the cured FVE film is almost the same with that 

of the cured control sample.11  Although the bulk tensile modulus of the cured FA 

film is also very close to that of the cured control, the modulus of the FA rich thin 

interface layer between the FSAM treated glass slide and the cured etch barrier is 

much smaller since FA is not polymerizable11 as illustrated in Figure 4.10.  Thus, 

FA is more efficient than FVE in reducing separation force and lowering the 

adhesion energy. 
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Figure 4.10     Schematic diagram for the structure of cured FA formulation. 
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4.4 CONCLUSION 

The addition of fluorinated surfactant to the etch barrier significantly 

changes the surface wettability due to the migration of the low surface energy 

component at the interface, which is confirmed by water contact angle and 

ARXPS analysis.  Separation force and peel force measurements show that both 

surfactants, FVE and FA, can reduce the separation force and adhesion energy, 

while FA is more effective than FVE.  This might be attributed to the smaller 

modulus of the thin FA rich layer on the top surface of the cured etch barrier 

because FA is not polymerizable.  XPS results at different take-off angles suggest 

that there exists a distribution of surfactant concentration across the etch barrier.  

A mathematical simulation of this distribution will be described in Chapter 5. 
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Chapter 5: Effect of Template Surface on Surfactant Segregation 

 

5.1 INTRODUCTION 
 

In Chapter 4, we have shown that adding a surfactant into the SFIL etch 

barrier liquid lowers the separation force and interfacial adhesion.  This may 

provide a potential solution for the limited durability of the release layer on 

imprint templates.  In this chapter, the effects of template surface composition on 

fluorinated surfactant segregation were investigated for imprint lithography with 

photopolymerizable vinyl ether formulations.  Heptadecafluoro-1,1,2,2-

tetrahydrodecyl vinyloxymethyloxy dimethylsilane (FVE) was employed as the 

surfactant, which has been used in Chapter 4.   

Thermodynamic analysis of the adsorption of surfactant at the interface 

between the template and the resin can be done using the Gibbs adsorption 

equation:  

)/)(/( CRTC ∂∂−=Γ γ                                                                                          (1) 

where, Γ  is the surface (interface) excess concentration of the surfactant, C  is the 

molar concentration of the surfactant in the solution, γ  is the surface or interfacial 

tension, and R  and T are the molar gas constant and temperature, respectively.  

In general, γ  and Γ  can be easily obtained for the liquid-air interface but they are 
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not readily measurable at solid-liquid interface.  The relevant surface excess 

quantities, in this case, are therefore estimated using spectroscopic or gravimetric 

methods.1,2 

However, these methods are not applicable for the flat and smooth solid-

liquid interface in imprint applications.  This study employs a surfactant that can 

be incorporated into the polymer backbone and thereby frozen in place.  After 

polymerization and removal of the template the surfactant concentration profile 

can be established using conventional analytical approaches.  Blanket surfaces 

consisting of bare quartz, high density polyethylene, and quartz treated with 

fluorinated SAM (FSAM) afforded templates with different surface energy and 

polarity.  The goal of this study is to find how the surface properties of templates 

affect surfactant segregation and how the surface energy of the imprinted material 

changes with surfactant concentration.  Furthermore, a thermodynamic model is 

developed to predict the surface segregation profiles and surface energy of the 

imprinted materials.  This may provide guidance to optimize the surfactant 

concentration in the etch barrier formulation.    
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5.2 EXPERIMENTAL 

 

5.2.1 Materials 

Cyclohexyl vinyl ether (CHVE), ethylene glycol divinyl ether (EGDVE), 

diiodomethane and glycerol, available from Aldrich, were used as received.  The 

photoacid generator (PAG) 4,4’-bis-(t-butylphenyl) iodonium tris-

(trifluoromethanesulfonyl)methide was provided by 3M.  The fluorinated vinyl 

ether surfactant (heptadecafluoro-1,1,2,2-tetrahydrodecyl) vinyloxymethyloxy 

dimethylsilane was synthesized according to the procedures reported elsewhere.3   

5.2.2 Film Preparation  

The monomer formulations were prepared as shown in Table 5.1.  The 

monomer solution was dispensed onto clean glass slides and imprinted by a 1 in × 

1 in template.  Quartz mask blanks, FSAM-treated quartz,4 and a high density 

polyethylene (HDPE) plate were employed as templates.  The time between 

dispensing the monomer solution and template imprinting was ~ 5 s, and the time 

between template imprinting and initiating the curing reaction was ~ 240 s.  The 

curing reaction was performed using a JBA LS 65 UV lamp with a dose of 2.2 

J/cm2 for 200 s.  Polymer films were at least 2 µm thick.  After curing, the 

template was separated and the imprinted film was characterized by measuring 

the liquid contact angles, and the concentration profile of the surfactant with 
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angle-resolved X-ray photoelectron spectroscopy (ARXPS).  To eliminate the 

sample errors, each imprinted film was cut into two halves; one was used for 

contact angle measurement, one was used for XPS measurement. 

 

Table 5.1 Monomer Formulations 

 

Fluorinated VE 
Surfactant (wt%) 

CHVE 
(wt%) 

EGDVE 
(wt%) 

PAG 
(wt%) 

0.0 69.9 30.0 0.1 
1.0 68.9 30.0 0.1 
1.5 68.4 30.0 0.1 
2.0 67.9 30.0 0.1 
2.5 67.4 30.0 0.1 
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5.2.3 Contact Angles and XPS Analysis  

The static contact angles of deionized water, diiodomethane and glycerol 

on the imprinted films were measured at ambient temperature using a Rame Hart 

Model 100 contact angle goniometer.  Static, sessile drops (10µl) were delivered 

from a micrometer syringe with a minimum division of 2 µl.  Contact angles were 

measured on at least three different spots and averaged.   

The XPS measurements for the surfactant concentration in the polymer 

film were performed on a Physical Electronics PHI5700 ESCA system equipped 

with a monochromatic source (Al Kα at 1486.6 eV).  The Ag 3d5/2 XPS peak at 

368.3 eV from a sputter-cleaned Ag foil was used to calibrate the system.  Depth 

profile information was obtained from measurements at take-off angles of 15° and 

75°.  The penetration depth d  is calculated with  

θλ sin3=d                                                                                   (2) 

where λ  is the inelastic-mean-free-path and was calculated using IMFPWIN 

provided by NIST.  For F 1s, 2≈d  nm at a 15° take-off angle and 7 nm at a 75° 

take-off angle.  At least three points were scanned for each sample and the 

average value was used. 
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5.3 THERMODYNAMIC MODEL 

The excess free energy of a unit area of interfacial surface, F∆ , is based 

on the gradient theory of inhomogeneous systems,5 and is calculated with  

∫
∞

+∆+Φ=∆
0

2 ])/([)( dzdzdxkfxF s                                                                    (3) 

where )( sxΦ  represents the contribution to the free energy of a unit area of 

template solid surface, sx is the limiting composition (molar fraction) of the fluid 

at z =0 (i.e., interface), 0)( xx =∞  is the bulk composition of the fluid, 

000 )/)(()()( xxfxxxfxff ∂∂−−−=∆  is the free energy needed to create a unit 

volume of uniform fluid of composition x  from a large reservoir at composition 

0x , and 2)/( dzdxk  is the contribution a gradient makes to the free energy.   

The maximum bulk surfactant concentration is 3.82 × 10-2 M and because 

of this low concentration (of order 10-2 M), the model is simplified by assuming 

)( sxΦ  is a linear function of sx  ( ss Kxx =Φ )( ) and the free energy of the fluid 

is ( ) ( )ln 1 ln 1f RT x x x x = + − −  .6  Then,  

( ) ( ) ( ) ( )
( ) ( )

0 0 0 0

0 0 0

ln 1 ln 1 ln 1 ln 1

ln ln 1

f RT x x x x x x x x

x x x x

   ∆ = + − − − + − −   
 − − − − 

                          (4) 
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Defining 0x x x= + ∆ , 

  
( ) ( ) ( ) ( )
( ) ( ) ( )

0 0 0 0

0 0 0 0 0 0

ln 1 ln 1

ln 1 ln 1 ln ln 1

f RT x x x x x x x x

x x x x x x x

∆ = + ∆ + ∆ + − −∆ − −∆ −  
+ − − − − − ∆      

                          (5) 

Using a Taylor Expansion, Eq. (5) becomes 

( ) ( )

2 3

2 2
0 0 00

1 1
2 1 6 1

x xf RT
x x xx

 ∆ ∆
∆ = + − + 

− −  
                                                 (6) 

and omitting terms )( 3xO ∆ yields 

( ) ( )

22
0

0 0 0 0

1
2 1 2 1

xx xf RT
x x x x

 ∆
∆ ≈ = − − −  

                                                           (7) 

Using the result by Cahn for f∆ ,5 by standard methods of variational 

calculus at infinity boundary conditions, one obtains  

2dxf k
dz

 ∆ =  
 

                                                                                                                          (8)  

and the boundary condition 
 

2s

dx K
dz k

  = 
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Combining Eq. (5) and (6), and sorting 
 

( )
0

0 0

1
2 1

RTxdx x
dz k x x

 
= − − −  

                                                                                  (9) 

Eq. (9) is integrated to give the surfactant composition profile )(zx  

( )
( )

0 0 0
0

0 00

2 1
exp

2 12

Kx k x RTx zx x
k x xk RTx

 −
= − −  − 

                                               (10) 

Finally, Eq. (10) can be integrated over the appropriate XPS sampling depth to find 

an average mole fraction, such as 

2

0
2

0

( )
(0 2 )

x z dz
x nm

dz
− = ∫

∫
                                                                                       (11) 

against which the XPS data (see below) are fit to determine the values of K and k 

for each template surface. 
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5.4 RESULTS AND DISCUSSION 

Contact angle measurements were used to calculate the surface tension of 

imprinted films, and the XPS measurements were carried out to obtain the 

surfactant composition profile.  The water contact angle of the pure VE 

formulation was ~57°, which is typical for a surface with medium polarity 

containing both hydrophilic and hydrophobic groups.  As shown in Figure 5.1, 

when the fluorinated surfactant was added to the formulation, the water contact 

angle increased and the rate of increase with weight percent surfactant was 

dependent on the solid surface.  The FSAM-treated surface had the greatest effect; 

the water contact angle increased to 93º for a polymer formulation containing 2.5 

wt% surfactant.  The water contact angle increased for the HDPE imprinted 

surface, changing to 84º for 2.5 wt% surfactant.  Whereas the untreated quartz 

surface did not appreciably influence surfactant segregation and water contact 

angle increased to only 63º. 

 



 108

50

60

70

80

90

100

0 0.5 1 1.5 2 2.5 3

FSAM treated template 
HDPE plate
Untreated template

W
at

er
 C

on
ta

ct
 A

ng
le

 (°
)

Fluorinated Surfactant Concentration (wt%)  

Figure 5.1 Water contact angle versus the surfactant concentration. 

 

Diiodomethane and glycerol contact angles were also measured.  The 

same trends are seen in Figures 5.2 and 5.3, respectively.  A FSAM-treated 

surface caused the most surfactant segregation, the HDPE surface was less 

effective than the FSAM-treated surface and untreated quartz had a very modest 

effect.  The static water, diiodomethane and glycerol contact angle measurements 

allow calculation of the surface tension of the cured polymer film using the Acid-

Base theory;7 Figure 5.4 shows the calculated surface tensions.  The template 

surface tensions were determined in a similar manner and are 12.9, 35.2 and 65.5 
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mN/m for FSAM-treated quartz, HDPE and untreated quartz, respectively.  The 

results clearly indicate that the interface property is modified by the fluorinated 

additive when a template with low polarity is used and this is a consequence of 

surfactant segregation to the imprint template-monomer interface. 
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Figure 5.2 Diiodomethane contact angle versus the surfactant concentration. 
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Figure 5.3 Glycerol contact angle versus the surfactant concentration. 

 

To measure the degree of surfactant segregation after 

photopolymerization, XPS analysis was performed for different bulk surfactant 

compositions for the three different templating surfaces.  Table 5.2 presents the F 

1s to C 1s atomic ratios for two different take-off angles.  Published sensitivity 

factors are used to estimate the F 1s/C 1s ratio for the bulk compositions.  The 15º 

take-off angle data represent an average value over approximately the top 2 nm of 

the polymer, while the 75º values are an average of the top 7 nm.  A higher F 1s/C 

1s ratio means there is more surfactant in the sampled region.  In all cases there is 

more surfactant in the top 2 nm of the film than in the top 7 nm of the film.  In 
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general the FSAM-treated surface caused the greatest degree of segregation, as 

measured by the F 1s/C 1s ratio.   

The F 1s/C 1s ratios were transformed into a surfactant mole fraction by 

assuming the relative mole fractions for CHVE, EGDVE and the PAG remain 

constant and independent of thickness for a given formulation; these components 

are lumped together into an “effective compound”.  This effective compound has a 

fixed F 1s/C 1s intensity ratio and this approach leads to a pseudo binary system of 

surfactant and effective compound.  The F 1s signal intensity is then apportioned, 

by atomic percent, to either the surfactant or the PAG content of the effective 

compound.  Similarly, the C 1s signal intensity is apportioned to either the 

surfactant or the effective compound (at the proper fixed composition [Table 5.1]).  

Through this process an average surfactant mole fraction, ( )x  can be computed for 

each XPS data set as listed in Table 5.2. 
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Table 5.2 XPS Results at Different Take-Off Angles 

 
FSAM 

F 1s/C 1s        
(Atom Ratio) 

(2 )x nm  (7 )x nm

Bulk 
Surfactant 

Concentration
(wt%) 15° 75° 15° 75° 

1.0 0.165 0.086 0.156 0.074 

1.5 0.211 0.118 0.203 0.105 

2.0 0.245 0.146 0.237 0.134 

2.5 0.309 0.155 0.283 0.165 

HDPE 
F 1s/C 1s        

(Atom Ratio) 
(2 )x nm  (7 )x nm 

15° 75° 15° 75° 

1.0 0.090 0.047 0.087 0.048 

1.5 0.105 0.060 0.103 0.063 

2.0 0.121 0.066 0.120 0.074 

2.5 0.140 0.079 0.143 0.081 

Untreated Quartz  Bulk  F 1s/C 1s 
F 1s/C 1s        

(Atom Ratio) 
(2 )x nm  (7 )x nm 

15° 75° 15° 75° 
  

1.0 0.013 0.008 0.014 0.009  0.00496 

1.5 0.018 0.010 0.020 0.011  0.00739 

2.0 0.022 0.012 0.024 0.013  0.00982 

2.5 0.023 0.013 0.026 0.016  0.01230 
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A nonlinear least squares method was used to fit the parameters, K and k, 

for each template.  The appropriate the integral (Eq. (11)) for 0-2 nm or 0-7 nm was 

fit to the average mole fractions in Table 5.2 for each template as the concentration 

of surfactant in the bulk increased from 1 to 2.5 wt%.  The parameter values are 

summarized in Table 5.3.  Interestingly, the K value for the untreated quartz is 

almost one order of magnitude smaller than the values for HDPE and the FSAM-

treated quartz. 

 

Table 5.3 Calculated Parameters K and k for Different Templates 

 K ( 2/ mJ ) k ( J ) 
FSAM treated template -2.76×10-4 2.76×10-12 

HDPE plate -1.07×10-4 2.76×10-12 
Untreated template -1.77×10-5 2.76×10-12 
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Equation (10) along with the fitted values for the parameters can be used 

to compute the surfactant composition at the interface )0( =zxs   

( )0 0
0

1

2s

K x x
x x

kRT

−
= −                                                                                        (12) 

The Gibbs adsorption equation (Eq. (1)) can be reformatted using the bulk 

surfactant concentration, c0 

00 // cRTdcd Γ⋅−=γ                                                                                          (13)     

Γ  can be considered the actual surface concentration without significant error,8 

which is expressed as  

NNcs /)( 3/2×=Γ                                                                                              (14) 

where N  is the Avogadro’s number, and the surface concentration )0( =zcs  is 

calculated from sx .  Thus )( 0cγ  can be obtained by numerically solving Eq. (13).  

The calculated surface tension as a function of surfactant concentration is plotted 

in Figure 5.4 for each template. 
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Figure 5.4 Surface tensions predicted by the model (lines) and calculated from 
the contact angle measurements (points) versus surfactant concentration. 
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untreated quartz template is employed.  Ameduri et al. reported segregation of 

fluoromonoacrylates, which were added at concentrations less that 1 wt%, to the 

air-polymer interface;10 the driving force for segregation was reasoned to be the 

high surface activity of the monomers.  Others8 have reasoned the low polarity of 

the air drives the segregation of the fluoromonomer to the air-polymer interface 

prior to polymerization (for all surfactants, not only a fluoromonomer).   

The system investigated herein has two solid interfaces, a glass slide and a 

template, in contact with the monomer containing a polymerizable, fluorinated 

vinyl ether.  The driving force for surfactant segregation to the template-polymer 

interface is related to the polarity of the surface.  The lowest polarity surface, the 

FSAM-treated quartz, had the greatest effect on surfactant segregation as 

measured by contact angle, and F 1s/C 1s XPS ratios.  Stated differently, the 

FSAM-treated template presents the most compatible environment on which the 

fluorinated surfactant can adsorb.   

When a template with a particular surface energy is brought in contact 

with the monomer solution, surfactant segregation adjusts to minimize the free 

energy of the system.  The model developed in this work predicts both the 

distribution of surfactant in the cured polymer (Eq. (10)) and the surface tension 

of the polymer after imprint as a function of surfactant concentration.  The model 

parameter K  is clearly related to the polarity and surface energy of the template.  
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FSAM-treated quartz had the lowest surface tension, 12.9 mN/m and is thereby 

expected to have the lowest polarity.  Consistent with the template surface tension 

values, the model predicts the most negative K value for a FSAM-treated 

template.   

The more negative the K , the more favorable it is for the surfactant to 

migrate to the interface.  Fluorinated surfactant segregation ultimately lowers the 

surface energy of the cured polymer and makes the surface more hydrophobic.  

Imprint lithography processes, such as Step and Flash Imprint Lithography, have 

relied on several strategies to facilitate release of the patterned template from 

cured etch barrier, including treating the template with fluorinated chlorosilanes 

to lower the template surface energy and adding surfactant to the monomer.11  

FSAM durability on the imprint template remains unresolved and this study 

shows that it may not be necessary to form a dense FSAM layer when a treated 

template is used in conjunction with surfactant in the monomer.  Provided the 

surface energy of the treated template remains sufficiently low as the FSAM layer 

degrades with multiple imprints, a surfactant may assist in extending the number 

of imprints possible before a template needs to be retreated.  The model provides 

a means to optimize the surfactant concentration and template properties 

necessary to affect template release and treatment cycle lifetime.  Finally, the 

results with untreated quartz show that a surfactant alone is insufficient to lower 
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the surface energy at the template-polymer interface, rather it is the properties 

both of the surfactant and the template that must be considered. 

The model-predicted surface tension values agree reasonably well with the 

experimental results (Figure 5.4).  Some of the disagreement could be related to 

the model assumptions.  An ideal solution assumption was used for the free 

energy and this may not be valid since the surfactant concentration is slightly 

greater than 10-2 M.  Further the model assumes the interactions between the 

template surface and fluid are short-range, and the free energy due to the template 

surface effect, )( sxΦ , is linearly related to the surfactant surface composition, sx .  

In addition, the application of Taylor expansion to obtain the analytical solution 

for )(zx  may lower the accuracy of the model.  Additional study is required to 

more accurately model the effect of the template surface on surfactant migration. 

 

5.5 CONCLUSION 

The effect of template surface on the fluorinated surfactant segregation in 

the etch barrier formulation was investigated.  Template with low surface energy 

and polarity is beneficial to the migration and adsorption of the surfactant at the 

template-polymer barrier interface, which efficiently reduces the surface tension 

of the cured etch barrier.  This phenomenon was confirmed by contact angle and 

XPS analysis.  A model developed for the prediction of the surfactant 
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concentration profile and the surface tension of the etch barrier after imprint as a 

function of surfactant concentration is presented.  The model predictions in 

surface tension are shown to be in qualitative agreement with experimental 

results. 
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Chapter 6:   Hydrocarbon Release Layer 

 

6.1 INTRODUCTION 

 Previous chapters have discussed template surface treatments for imprint 

lithography applications whose objective was forming dense and uniform FSAMs 

of alkylsiloxanes on both quartz and ITO surfaces.  Hydration of the quartz 

template was shown to be a key factor for FSAM formation.  For an ITO surface, 

amine is an imperative coreactant for the FOTS precursor to form a dense and 

durable SAM.  It was shown in Chapter 4 that adding surfactant in the etch barrier 

can significantly reduce the separation force between the FSAM treated template 

and the cured etch barrier.  Experimental results obtained in this research clearly 

indicate that FSAM treatment benefits the imprint processes that use small and 

single-tier featured templates.   

However, for the dual damascene technique, which employs multi-tier 

templates, the hydrophobic surface of the template treated with FSAM appears to 

generate voids in the imprint material as shown schematically in Figure 6.1.  This 

is due to poor wetting of the hydrocarbon imprint material on a FSAM surface.  

As a consequence, the capillary force is not sufficient to drive the liquid to fully 

fill the tall and wide features on the multi-tier template.  Therefore, in this 

situation, a hydrocarbon release layer may be preferred for multi-tier templates 
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since the photocurable functional materials are wetting on a hydrocarbon release 

layer and the features can be completely filled, as illustrated in Figure 6.2.  In 

support of this hypothesis, two different types of hydrocarbon release layers were 

studied: an organic hydrocarbon anti-stiction coating and diamond-like carbon 

films.  

 

 

VoidVoidVoidVoid
      

Figure 6.1 Voids formation when using FSAM treated multi-tier template in 
dual damascene application. (Courtesy of Kane Jen) 
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Figure 6.2 Schematic illustration of the wetting problem. 
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6.1.2 Organic Hydrocarbon Anti-Stiction Coatings 

Organic hydrocarbon anti-stiction coatings based on alkyl-trichlorosilane, 

dichlorosilane and alkene-based SAMs have been widely used in MEMS;1,2 these 

coatings are usually formed by either liquid phase or vapor phase methods.   

Among the various kinds of these release films, SAMs of 

octadecyltrichlorosilane (C18H37SiCl3, OTS) deposited by the solution method are 

the most extensively studied and used.  SAM formation is generally portrayed 

pictorially using two-dimensional reactions on planar substrates, as shown in 

Figure 6.3.  Indeed, the FOTS films generated in Chapter 2 follow a similar self-

assembly scheme. 
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Figure 6.3 Idealized reaction of alkyltrichlorosilane on hydroxylated silica. 
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Studies show that OTS films formed in this (Figure 6.3) manner can 

significantly reduce the surface energy of SiO2.  For example, Srinivasan et al. 

deposited the OTS release coating on microstructures and showed that stiction 

was effectively decreased and the work of adhesion was reduced by three orders 

of magnitude with respect to fully oxidized SiO2.3  Clear et al. studied OTS SAM 

coating by lateral force microscopy (LFM) and demonstrated OTS coating to be a 

promising post-release anti-stiction lubricant.4   

In addition to applications in MEMS, OTS SAM was also used as release 

layer in imprint lithography.  Chen used DC20 (Dow Corning), a dilutable PDMS 

material, and OTS in separate imprinting experiments in the fabrication of T-gate 

devices using nanoimprint lithography.5  They found that the DC20 film lasted 

only one or two imprints; in contrast, the OTS film survived more imprint 

sessions.  However, no quantification of durability was presented.   

Although chlorosilane SAMs coatings deposited by the solution method 

exhibit many favorable characteristics, there exist several limitations that are 

intrinsically related to their chemistry and the liquid environment.  One limitation 

arises from the tendency of the precursor molecules to polymerize.  The 

precursors with di- or tri-functional groups are usually used to form a cross-

linking structure in the film to enhance the durability, and the higher the 

functionality, the greater the likelihood for polymerization.6  To avoid such 



 125

polymerization, anhydrous conditions are required during deposition.  However, 

water adsorbed on the sample surface or dissolved in the bulk solution is a key for 

the precursor molecules to form a fully covered SAM on the substrate since 

precursor hydrolysis is the first step in the reaction sequence as shown in Eq. 

(6.1).1,7,8 

R-SiCl3 + 3H2O  R-Si(OH)3 + 3HCl       (6.1) 

Therefore, it is critical to control the hydration conditions during chlorosilane 

SAMs deposition.  Too much water in the bulk phase causes the formation of 

clusters in the bulk and oligomer deposition on the substrate, leading to films of 

inferior quality; while less water leads to defects associated with low coverage of 

the SAM.  Another limitation of solution-based synthesis schemes for 

chlorosilane SAM coatings arises from the need to freshly prepare the precursor 

solution with the appropriate conditions before each coating.  This is due to the 

sensitivity of the chlorosilane precursor to the ambient humidity, as the absorption 

of water will induce polymerization of the precursor described above.  

Compared to solution-based processes, vapor phase processes exhibit a 

number of advantages.  Vapor phase processing eliminates the use of organic 

solvents and greatly simplifies handing of the samples as well as process control 

schemes.  Moreover, vapor phase processing has the ability to provide efficient 
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mass transport into sub-micron and high-aspect ratio structures.  To that end, 

dimethyldichlorosilane ((CH3)2SiCl2, DDMS) has been shown to be a promising 

precursor to deposit an effective anti-stiction surface coating for MEMS by vapor 

phase reaction.2  Water and hexadecane contact angles on DDMS-treated surfaces 

are reported as 102° and 38°, respectively, which are comparable with those on an 

OTS surface.  Other monolayers from precursors of the general R2SiCl2 form 

have been studied by Kim et al,9 particularly dichlorodiethylsilane ((C2H5)2SiCl2, 

DDES) and dichlorodipropylsilane ((C3H7)2SiCl2, DDPS).  They found that 

increasing the alkyl chain length of the dichlorosilane precursor does not improve 

anti-stiction properties and the thermal stability of the DDES and DDPS SAMs is 

inferior to that of the DDMS SAM.   

Another surface modification strategy is to anchor a primary alkene (e.g. 

C16H33CH=CH2, 1-octadecene) on hydrogen terminated silicon through a free 

radical reaction.10,11  The precursor molecule is covalently bonded to the silicon 

without an oxide layer.  Therefore, this method is not appropriate for SiO2 surface 

modification. 

Hexamethyldisilazane (HMDS) and dipodal depositions are also studied 

for surface modification.  HMDS is widely used for modification of oxides 

containing surface OH groups in diverse fields,12-14 especially silica due to its 

high reactivity with silica silanols according to the following reaction: 
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2Si-OH + [(CH3)3Si]2NH  2Si-O-Si(CH3)3 + NH3        (6.2) 

Functional dipodal silanes such as (C2H5O)3Si(CH2)2Si(OC2H5)3 have significant 

impact on substrate bonding due to their ability to form six bonds to the substrate 

surface and more chances to form a cross-linking structure.  Much stronger 

adhesion of coatings on inorganic substrates are obtained when only 10 % of a 

dipodal precursor is used with a conventional coupling agent, such as 

methacrylate silane.15   

 

6.1.3 Diamond-like carbon film 

Diamond-like carbon or DLC films have received considerable attention 

recently due to the combination of attractive properties, such as high level of 

hardness, chemical inertness, low friction coefficient, high thermal conductivity, 

and optical transparency over a wide spectral range.16,17  In addition, the 

roughness of DLC films is comparable with that of a silicon wafer.18  DLC films 

have been widely used to solve a number of technical problems such as protective 

optical or tribological coatings.16,19  DLC films were chosen as a candidate 

hydrocarbon release layer in this research due to its high hardness, optical 

transparency, and mild hydrophobicity.  Meanwhile DLC films may have good 

durability and good film integrity because of its network bonding structure.   
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Since the first report by Aisenberg and Chabot in 1971,20 DLC films have 

been prepared by a variety of methods, including plasma-enhanced CVD 

(PECVD),21 sputtering,22 ion beam deposition,20 and electrodeposition.23  Among 

these deposition methods, different forms of PECVD are most commonly 

employed to deposit DLC films. 

Lee et al. deposited DLC film on silicon with an Ar and C2H2 gas mixture 

in plasma immersion ion deposition (PIID).24  They found the film stress and 

hardness were strongly dependent on bias voltage and a maximum hardness of 30 

GPa and compressive stress of 9 GPa was achieved.  In subsequent studies, other 

elements like fluorine, boron and silicon were incorporated into the DLC film to 

reach special physical and mechanical properties, such as reducing the stress and 

improving hydrophobicity.   

Kudoyarova et al. studied DLC films for protective coatings by three 

different methods: reactive magnetron sputtering of a graphite target in an Ar + 

H2 mixture, reactive magnetron sputtering of a graphite target in a CH4 + Ar 

mixture and PECVD in a CH4 + Ar mixture.22  Three different phase structures 

were characterized by ellipsometry: DLC with a refractive index n = 1.9-2.2, 

graphite-like carbon with n =1.8 and polymer-like carbon with n = 1.7. 

DLC films have also been developed as a resist material for lithography 

and as hard coatings.25,26  Smooth surfaces are required for these applications.  Ali 
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et al. studied the surface morphology of DLC films deposited by PECVD with 

CH4 by atomic force microscope (AFM).18  The roughness of the DLC films is 

highly dependent upon the distance between the substrate and the plasma 

discharge. 

In this research, four hydrocarbon release strategies were pursued for the 

multi-tier template in the dual damascene processing application: 1) HMDS 

release layer, 2) dipodal silane release layer, 3) trichloromethylsilane (TCMS) 

release layer, and 4) DLC film by vapor phase deposition.  HMDS was chosen 

since it is commercially available and has a high reactivity with the SiO2 

substrate.  The dipodal silane release layer was selected due to its potential long-

term durability.  TCMS is of interest here since it can form a multi-layer 

crosslinking structure.  The goal of this research is to find the hydrocarbon release 

strategy that satisfies the requirements of release layer properties, low contact 

angle with the organic functional material, good release performance, as well as a 

high degree of durability. 
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6.2 EXPERIMENTAL 

6.2.1 Materials 

Polished prime grade silicon (100) wafers (p-type, diameter = 100 mm, 

thickness = 500-550 µm, resistivity = 10-21 Ω/cm) were purchased from NOVA 

Electronic.  HMDS was purchased from Gelest.  1,2-bis(trimethoxysilyl)decane 

(C16H38O6Si2), which was called “dipodal”, was purchased from Gelest.  

Triethylamine (TEA) (99.9%) was purchased from Arcos.  TCMS, acetone 

(99+%), IPA (99+%), n-butyl acrylate (n-BA) (99+%) and ethylene glycol 

diacrylate (EGDA) (90%) were purchased from Aldrich.  Darocur 1173 (photo 

radical initiator) was purchased from Ciba.  All chemicals were used as received 

without further purification. 

6.2.2 Film Deposition 

The blank wafer samples were cut into pieces of 1.5×1.5 cm2 in size.  

These samples were cleaned in an ultrasonic acetone bath for 15 min, rinsed with 

isopropyl alcohol, DI water, then dried with pure N2, and finally exposed to UV-

ozone (UVO-Cleaner Model No. 42, Jelight Company, Inc.) for 15 min to remove 

any residual organic contamination and to increase hydroxyl group concentration 

by surface oxidation.  After cleaning, wafer samples were loaded into the CVD 

chamber and exposed to an O2 plasma for 10 min just prior to the film deposition. 
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HMDS Deposition.  The wafer samples were baked under vacuum in the 

growth chamber described earlier (Figure 3.1) at 130ºC for 10 min to remove at 

least 99% of the adsorbed water.   HMDS precursor was slowly introduced into 

the chamber.  Upon reaching the desired pressure (~ 1 Torr), the inlet for HMDS 

precursor was shut.  The wafer samples were then allowed to react with the 

precursor for varying lengths of time to investigate the optimum reaction time.  

Dipodal Deposition.  The dipodal liquid precursor has a low vapor 

pressure, so the precursor was heated to about 100°C to generate enough vapor 

pressure.  The precursor was then introduced into the CVD chamber initially at 

1.0×10-6 Torr until a static gas pressure of 0.005 Torr was reached, which was 

established in about 2 hr.  Upon reaching the desired pressure, the dipodal inlet 

valve was closed, and TEA was filled into the chamber to a total pressure of 0.5 

Torr.  Then TEA supply was shut and water vapor was admitted to a total pressure 

of 1.0 Torr.  These gas mixtures were left to react with the wafer surface under 

static conditions for varying lengths of time. 

TCMS Deposition.  The wafer samples were baked under vacuum (Figure 

3.1) at 130ºC for 10 min to remove at least 99% of the adsorbed water and cooled 

down to 20ºC.   The wafer samples were then exposed to TEA vapor at a static 

pressure of 1.0 Torr for 5 min.  The chamber was purged with ultrapure N2 gas 

and pumped down to 1.0×10-6 Torr.  For single-layer deposition, TCMS was 



 132

introduced into the chamber to a pressure of 0.2 Torr and then was allowed to 

react with the wafer sample for 20 min.  For multi-layer deposition, after the first 

layer deposition, the wafer sample was exposed to a 1:3 TEA/H2O mixture for 5 

min, evacuated to 1.0×10-6 Torr, and exposed to TCMS again.  This process with 

the exposure of TEA/ H2O followed by TCMS can be repeated several times as 

desired.  The process for each individual layer deposition is called one deposition 

cycle.  To prevent any possible exposed OH group, HMDS was deposited finally 

as a capping agent for both single layer deposition and multi-layer deposition.  

The whole process is illustrated in Figure 6.4. 

 

 

Figure 6.4 Schematic diagram of TCMS ALD-like process. 
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DLC Film Deposition.  Figure 6.5 illustrates a scheme of the PECVD 

chamber used for DLC film deposition.  An r.f. power generator at a frequency of 

13.56 MHz was connected to the two parallel electrodes.  The chamber was 

evacuated by a turbomolecular pump and a mechanical roughing pump to achieve 

a base pressure of about 2×10-7 Torr.  Ethylene gas (C2H4) was introduced into the 

system at a flowrate of 5 sccm.  The operating pressure was varied from 0.01 Torr 

to 1.0 Torr.  Upon reaching the desired operating pressure, the plasma was 

excited.  The r.f. power was varied from 20 W to 100W.    
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Figure 6.5 Schematic diagram of the r.f. plasma system. 
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6.2.3 Film Characterization 

The deposited hydrocarbon film samples were characterized using water 

contact angle, spectroscopic ellipsometry (SE), X-ray photoelectron spectroscopy 

(XPS), and a direct imprint test.  In addition, DLC films were also characterized 

for its hardness, residual stress and adhesion to the substrate.   

The water contact angle was measured at ambient temperature using a 

Rame Hart Model 100 contact angle goniometer.  Static, sessile drops (10µl) were 

delivered from a micrometer syringe with a minimum division of 2 µl.  On each 

sample, contact angles were measured for at least three different spots and 

averaged.   

The thicknesses of deposited films were obtained with a J. A. Woolam 

variable angle spectroscopic ellipsometer (VASE) at an incident angle of 70° 

relative to the surface normal.  A three-layer model was used to simulate the 

sample cross section structure, which includes the silicon wafer, SiO2 and the 

hydrocarbon layer.  At least three different spots were measured for each sample.  

The refractive index of the self-assembled hydrocarbon film was assumed to be 

1.50 to calculate thickness at the observation wavelength of 632.8 nm.3     

XPS measurements were performed using a Physical Electronics PHI5700 

ESCA system equipped with an Al Kα monochromatic X-ray source (1486.6 eV).  

The base pressure in the XPS UHV chamber was 1×10-10 Torr.  Wide range 
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(survey) scans were obtained with a step size of 1 eV and pass energy of 93.9 eV; 

high resolution scans were taken with a step size of 0.1 eV and pass energy of 

11.75 eV.  The Ag 3d5/2 XPS peak at 368.3 eV from a sputtered-clean Ag foil was 

used to calibrate the system. 

The long-term imprint durability was quantified by direct imprint tests.  

An acrylate formulation (n-BA: 66 wt%, EGDA: 30 wt%, Darocur 1173: 4 wt%) 

was used as the imprint material.  For each imprint, acrylate drops were dispensed 

on a clean glass slide and then covered with the treated blank template to form a 

sandwich structure, which was cured using a JBA LS 65 UV lamp with a dose of 

2.2 J/cm2 (~ 200 s).  Then the template was separated from the cured acrylate 

manually.  Each imprint takes about 5 min.  After every 10 imprints, the template 

was characterized using water contact angle.  Separate experiments empirically 

reveal release layer failure for the acrylate formulation (see above) when the 

water contact angle is ~ 55°.  Since imprint durability testing is tedious and time 

consuming, each deposited film sample was tested for 120 imprints and the time 

to reach a 55° water contact angle was extrapolated with the 120 imprint data.   

The hardness of DLC films was determined by a micro hardness tester 

(Intron Tukon® 2100).  The surface morphology of the films was studied by 

means of AFM with an AutoProbe-LS from Park Scientific Instruments.  

Measurements were made in contact mode using silicon cantilevers with 
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integrated silicon tips under ambient conditions.  A low level load force of 5 nN 

was employed.  The images were recorded with a resolution of 512 × 512 pixels 

at a scanning rate of 1Hz over an area of 500 × 500 nm2. 

The residual stress of the DLC films was analyzed using a bending beam 

technique, as illustrated in Figure 6.6.  The curvature of a Si wafer sample with 

the size of 3 × 48 mm was measured using a laser reflection method before and 

after DLC film deposition and the stress was calculated from the curvature using 

Stoney’s equation:27 

f
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2

=σ            (6.3) 

where sM  is the biaxial modulus of the substrate defined as )1/( υ−= EM s  ( E  

is the Young’s modulus, υ  is the Poisson ratio), st  is the substrate thickness, ft  

is the film thickness, and R  is the radius of curvature.  Thin Si substrates (125-

250 µm) were used to amplify the curvature change.  The changes in curvature 

were monitored using position-sensitive detectors.   
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Figure 6.6 Schematic diagram of bending beam system for measuring residual 
stress of DLC film.  
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Adhesion of DLC films to the substrate was characterized by the four-

point bend test.  The four-point bend test involves the induced delamination of the 

interface of the sandwich structure by applying mixed-mode loading, a 

simultaneous combination of interface normal and shear stresses, to separate the 

interface.  A typical sample configuration is given in Figure 6.7.  As the bending 

moment increases, a pre-crack initiates from the top surface and propagates 

vertically to the interface.  A constant rate of bending displacement is applied to 

propagate the delamination after the crack deflects into the interface.  When the 

crack tip is far enough away from the vertical precrack, the strain energy release 

rate becomes independent of the crack length.  When the top and bottom bending 

beams are identical, the strain energy release rate can be determined using:28 
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where E and υ are Young’s modulus and Poisson’s ratio for the bending beam, 

respectively, B  the sample width, h the sample thickness, P the load and l the 

distance between inner and outer loading points.   
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Figure 6.7 Schematic diagram for 4-P bend test: (a) a simplified test 
“sandwich” structure of two interfaced layers and (b) the delamination of a bilayer 
structure undergoing the 4-P bend test.   

 
 
 
 
 
 



 140

6.3 RESULTS AND DISCUSSION 

 

6.3.1 HMDS Release Layer 

Aminofunctional silanes are reported to be much more reactive than their 

hydrocarbon analogs, such as alkoxysilanes and chlorosilanes.29  A possible 

mechanism involves the proton-acceptor capability of nitrogen.  Since silica 

surface silanols are somewhat acidic and nitrogen on HMDS is basic, a hydrogen 

bond can be formed between Si-OH and nitrogen.  Therefore, the oxygen on the 

silanol takes on a greater negative charge due to hydrogen bonding rendering it 

more nucleophilic, which then attacks the Si atom of an approaching silyl 

molecule to form a covalent bond.  This has been verified by some researchers 

with IR.30   

Figure 6.8 shows the results of the water contact angle of HMDS films 

deposited as a function of reaction time at two different temperatures, 20°C and 

80°C, respectively.  For both experiments, the increase of water contact angle is 

initially rapid; an asymptotic limit is approached after reacting for about 20 min 

with no obvious change in water contact angle noticed at longer reaction times, 

which indicates the HMDS reaction proceeds at a rapid rate.31  The water contact 

angle reaches the asymptotic value faster at higher temperature, indicating an 

acceleration of the reaction by increasing temperature. It thus appears that the 

reaction is nearly complete after only a few minutes at HMDS vapor pressure of 1 
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Torr; however, the film coverage may continue to increase through the entire time 

range.  The maximum water contact angle obtained for HMDS films at the two 

temperatures is about 82°, which is much lower than the water contact angle of 

FSAM32 or OTS films33 (~ 110°).  This indicates that the surface might be mildly 

hydrophobic.  The effect of HMDS pressure was not explored further since the 

results show at 1 Torr HMDS pressure and 80°C, a reaction time of 60 min is 

sufficient to reach the maximum deposition.      

 

 

 
 



 142

40

50

60

70

80

90

0 20 40 60

20 degree C
80 degree C

W
at

er
 C

on
ta

ct
 A

ng
le

 (d
eg

re
e)

Reaction Time (min)

HMDS P = 1 Torr

 

Figure 6.8 Water contact angle of samples treated at 20°C and 80°C for various 
reaction time. 

 

The imprint durability of HMDS films was assessed on blank templates 

with an acrylate formulation by water contact angle.  The results are presented in 

Figure 6.9, with the symbols representing the experimental data and the line was 

obtained from polynomial fitting.  The water contact angle decreases mildly from 

82° to about 72° after 10 imprints, and remains almost a constant for the next 20 

120
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imprints with some further less drastic decrease for the next 70 imprints.  This 

trend of water contact angle change indicates that the HMDS release layer has 

limited durability.  The fact that the contact angle did not decrease to the value for 

quartz (~5-10°) can be attributed to the covalent bonds formed between the 

HMDS precursor molecules and the template surface.   

Our studies have shown that when the water contact angle is below about 

55°, the release performance for acrylate-based etch barriers is not acceptable.  By 

extrapolation of the fitted curve in Figure 6.9, a water contact angle of 55° would 

be reached after about 250 imprints.  Combining the surfactant strategy 

introduced in Chapter 3, the useful number of imprints may increase with HMDS.  

However, to form a more reliable and robust release layer film, a cross-linking 

siloxane network is likely also very important,34-36 and such a cross-linking 

structure can not be formed by HMDS.  Therefore, the long-term imprint 

durability of HMDS films is questionable, and additional work is required to 

resolve this issue.   
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Figure 6.9 Water contact angle on HMDS treated surface after various numbers 
of imprints.   

 

Unlike FSAM release layers, the HMDS release layer can be regenerated.  

The HMDS release layer can be easily removed by exposure to an O2 plasma or 

UV O3.  This is an advantage for hydrocarbon release layers over FSAM release 

layers.  For FSAM release layers, there is always some residual F on the template 

surface even after several cycles of piranha or O2 plasma cleaning.  Therefore, it 

is relatively difficult to re-deposit a new release layer on a FSAM-treated 

template.  However, on the HMDS treated sample surface, there will be a layer of 

SiO2 formed due to the oxidation of Si-C.  The thickness of this SiO2 layer 
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increases with the increase of the number of cleaning-deposition cycles, as shown 

in Figure 6.10.  This thickness might become significant enough to affect the 

feature size on the template after a number of cycles.  Meanwhile, this SiO2 layer 

is less dense than fused silica due to less Si coverage generated from the 

replacement of Si-(CH3)3.  Consequently, the surface quality of this accumulated 

SiO2 layer is inferior to that of fused silica and the quality of the regenerated 

HMDS release layer might be deteriorated eventually.  Therefore, in order to 

regenerate a durable release layer, it may be necessary to clean the template with 

a very dilute HF solution to completely remove the SiO2 and such work deserves 

further exploration.   
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Figure 6.10 Thickness of SiO2 layer growth with cleaning-deposition cycles. 

 

 

 

 

 



 147

6.3.2 Dipodal Release Layer 

Since a robust release layer with long-term imprinting durability is needed 

for the template, a dipodal silane precursor with a chemical structure shown in 

Figure 6.11 was investigated to achieve a better durability performance. 

 

Si(OCH3)3

Si(OCH3)3

 
 

Figure 6.11 Molecular structure of the dipodal precursor. 

 

Dipodal film samples were characterized using water contact angle, spectroscopic 

ellipsometry (SE) and X-ray photoelectron spectroscopy (XPS).  Both water 

contact angle and C:Si XPS peak area ratio continuously increased with the 

increase of the reaction time under the conditions reported in Figure 6.12.  The 

dipodal reaction with the quartz substrate is much slower than the HMDS reaction 

even though TEA was used as a catalyst.  This is most likely attributed to the 

much lower dipodal pressure of 0.005 Torr in the chamber compared to the 

HMDS pressure of 1 Torr.  Even when the precursor was heated to about 100°C, 

it still took about 2 hr for the pressure in the chamber to reach 0.005 Torr.  

Therefore, in terms of surface treatment processing efficiency, it seems that this 

dipodal precursor is not appropriate for a vapor phase reaction.   
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The asymptotic value for the water contact angle is about 86°, similar to 

that of the HMDS-treated surface.  This value is much lower than the water 

contact angle on OTS SA films although the dipodal molecule also has a long 

carbon chain with nine atoms in the backbone.  This may be ascribed to the low 

dipodal film coverage as indicated by XPS shown in Figure 6.11, which is much 

lower than C/Si ratio (~5) of a fully covered OTS SA film.37  The dipodal 

molecule shown in Figure 6.10 is not a symmetric structure.  If both Si atoms 

anchor on the substrate, the backbone chain may have to tilt to a certain angle.  

On the other hand, since the dipodal molecule has two Si atoms, there exists much 

larger steric hindrance for the molecules to complete the self-assembled process.  

Therefore, a disordered thin film with low packing density was generated.   
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Figure 6.12 Comparison of (a) water contact angle and (b) C:Si XPS peak area 
ratio for samples treated at 80 °C and 0.1 Torr TEA for various reaction times. 
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Imprint durability was also investigated on a blank template treated with 

dipodal.  As plotted in Figure 6.13, the water contact angle decreases only about 

3° (from 86° to 83°) after 20 imprints, which may suggest that the dipodal release 

layer has better durability than the HMDS release layer due to more anchoring 

sites on the precursor or the potential to a cross-linking network between 

molecules.  Again by extrapolation, the imprint durability for a dipodal release 

layer is about 400 imprint times. 
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Figure 6.13 Water contact angle on a dipodal treated surface after various 
numbers of imprints. 
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6.3.3 TCMS Release Layer 

Trichloromethylsilane (TCMS) was chosen as a precursor for the 

hydrocarbon release layer because it has sufficient vapor pressure (150 Torr at 

25°C) and the ability to form the cross-linked network structure that is also very 

important for a robust film.34-36  Figure 6.14 shows the water contact angle of 

TCMS release layer obtained at various deposition cycles.  When only one 

deposition cycle of TCMS was applied, the water contact angle was about 81°, the 

same as that of HMDS.  However, the water contact angle increased to over 90° 

with three deposition cycles, indicating an increased hydrophobicity. 
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Figure 6.14 Water contact angle on TCMS treated surface as a function of 
deposition cycle. 
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Results from ellipsometry and XPS measurements are shown in Figure 

6.15 and 6.16, respectively.  Assuming the film with a 2-D structure instead of 

island morphology, the thickness of TCMS release layer was 0.6 nm for one 

deposition cycle, and increased to 1.1 nm for two deposition cycles and 1.8 nm 

for three deposition cycles, indicating multilayer formation.  This multilayer 

structure may possess the potential to increase the useful number of imprints 

when compared to the monolayer formed by HMDS (~0.3 nm).  The thickness 

increased almost linearly as a function of deposition cycles, which suggests that 

using TCMS deposition the release layer can be well controlled as desired.  It 

takes about 2.5 hrs to treat a sample with two deposition cycles and the HMDS 

capping layer, longer than the HMDS treatment method (~1.5 hrs).  The intensity 

ratio of C/Si by XPS analysis (Figure 6.16) also increased with increasing 

deposition cycles, indicating more TCMS molecules anchored on the substrate 

surface, and thus caused the increase in hydrophobicity and deposition film 

thickness. 
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Figure 6.15 Thickness of TCMS release layer as a function of deposition cycle. 

 



 154

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1 2 3

XP
S 

C
:S

i A
re

a 
R

at
io

Deposition Cycles  

Figure 6.16 XPS C/Si intensity ratio of TCMS release layer as a function of 
deposition cycle. 

 

In this study, the imprint durability was investigated on blank templates 

treated by TCMS with 2 deposition cycles.  As shown in Figure 6.17, water 

contact angle decreased very gently over 100 imprints, indicating that the TCMS 

release layer has much better durability than HMDS release layer due to the cross-

linked network formed between the adjacent molecules within the multilayer 

structure.  The durability for this TCMS release layer is predicted to last about 

600 imprints. 
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Figure 6.17 Water contact angle on TCMS treated surface after various numbers 
of imprints. 

 

6.3.4 DLC Release Film 

Figure 6.18 presents the refractive index of the DLC films deposited at 

different bias voltages as characterized by ellipsometry.  The refractive index 

increased from ∼ 1.5 at a bias voltage lower than -100 V to ∼ 2.0 at a bias voltage 

above -100 V.  This indicates that there are two different phase structures in DLC 

release film: diamond-like carbon with refractive index n = 1.9-2.2 and polymer-
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like carbon with n = 1.5-1.7.  This result is consistent with the study by 

Kudoyarova.22   
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Figure 6.18 Refractive index change with negative bias voltage. 

 

These two different phase structures were also confirmed by hardness 

measurements, as shown in Figure 6.19.  The hardness of the coating deposited 

with a bias voltage of -20 V is only about 1 GPa, and this film can be easily 

scratched with a blade.  When the bias voltage is above -100 V, the resulting film 

exhibits functional hardness (>10 GPa).  Since the deposition of DLC films is a 

non-equilibrium process characterized by the interaction of energetic ions with the 
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substrate surface, it has to be done on negatively biased substrates to provide 

bombardment of the growing film with energetic ions.  At low bias voltage, ions 

have low energy to bombard the film, leading to a less dense DLC film with low 

hardness.  On the other hand, high bias voltage generates high energetic ions 

giving a strong bombardment, which results in dense and hard films.    
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Figure 6.19 Hardness of the DLC films as a function of the bias voltage. 
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Residual stress is another important property of DLC films.  The stress 

may be tensile or compressive.  Tensilely stressed films contract parallel to the 

substrate surface, whereas films in compressive stress expand parallel to the 

substrate.  Highly stressed films are generally undesirable because they are more 

likely to generate cracking or delamination.  Figure 6.20 depicts the stress of the 

DLC films deposited at different bias voltages.  A film with tensile stress of about 

0.5 GPa was deposited at a bias voltage of -20 V.  With increasing bias voltage, 

the stress trend changed from tensile to compressive, which indicates the stress is 

strongly dependent on bias voltage.  For the DLC film deposited over -300 V, 

buckling and delamination were observed after deposition.  This is most likely 

attributed to the bombardment of energetic ions.  The DLC films have a dense 

structure when impacting ions have high energy, thus would like to expand, 

exhibiting compressive stress; whereas when DLC films are impacted by low 

energetic ions, the film structure is loose, presenting tensile stress after 

deposition.38    
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Figure 6.20 Stress of the DLC films as a function of the bias voltage. 

 

To characterize the adhesion between the DLC film and substrate, the 

scotch-tape test was first performed for all samples deposited at different 

conditions; all samples passed the test with no DLC film delamination detected.  

Further analysis of the adhesion was conducted using the four-point bend method.  

Figure 6.21 presents the peeling force versus displacement for DLC films on 

SiO2/Si (100) wafers.  The features of the plot have been interpreted and related to 

events that occurred during sample bending.  Ideally, there should be a steady-

state delamination following the phase of wafer cleavage at the notch and the 
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interfacial adhesion energy is calculated from the load at the point where steady-

state delamination is occurring (a relative minimum is present).  However, elastic 

bending of lower substrate layer was observed and the debonding occurred at the 

epoxy/DLC film interface, which was visually observed clearly.  This suggests 

that the DLC film exhibits stronger adhesion to the substrate than epoxy does to 

DLC film.  From Figure 6.21, a debonding energy of about 18.4 J/m2 was 

calculated using Eq. (6.4), a value for epoxy and DLC film interface, which 

indicates a strong adhesion at this interface.39,40  Since the adhesion between the 

DLC film and substrate should be larger than that between epoxy and DLC film, 

it can be concluded that DLC film strongly adhered to the substrate.  In our study, 

the sample was exposed to UV-ozone for at least 15 min to remove residual 

organic contamination just prior loading it into the PECVD chamber to ensure a 

clean substrate for strong adhesion achievement.  It was noted that without UV-

ozone exposure, low interfacial adhesion energy of only 3 J/m2 was obtained. 

Surface morphology of DLC film was obtained by AFM.  For all DLC 

samples deposited under various conditions, the RMS surface roughness was 

between 0.3-1.1 nm at a thickness of about 100 nm, indicating a very smooth 

surface as expected.  Figure 6.22 shows an AFM image of a DLC sample film 

grown at a bias voltage of -100 V. 
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UV transparency of DLC film was measured by UV-VIS absorption 

spectrometer.  A 15 nm thick DLC film possessed 86% transmission at 248 nm 

and 92% transmission at 365 nm, which is enough for application in SFIL. 
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Figure 6.21 Load versus displacement curve for the DLC/SiO2 structure four-
point bend test.  A load of 970 gram was used to calculate the adhesion energy. 
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Figure 6.22 AFM image showing the morphology of the DLC film grown at a 
bias voltage of -100 V. 

 

Imprint durability of the DLC release layer on blank quartz templates was 

investigated.  Water contact angle decreases only about 4°, from 77° to 73°, after 

20 imprints shown in Figure 6.23.  This might suggest that the DLC release layer 

has better durability than HMDS release layer which can be explained from its 

high hardness, good film integrity and network bonding structure.  However, after 

about 50 imprints, it was observed that a small part of the imprint material 

adhered to the template, which suggests defects in the DLC films.  This result 

seemed to contradict the strong adhesion to the SiO2/Si (100) surface described 

earlier.  A possible explanation for this paradox could be illustrated from the 
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measurement methods.  The DLC film may contain point defects.  Adhesion is 

measured as a bulk property and it is not affected by these point defects.  

However, imprint durability is monitored as a long-term property; therefore, point 

defects could propagate and generate certain areas of delamination of the DLC 

film from the substrate.  In this study, the DLC film was deposited in non-clean 

room environment and small particles might be incorporated in the DLC films 

during deposition.  Therefore, clean room condition might be essential for DLC 

films deposition to achieve long-term imprint durability.   
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Figure 6.23 Water contact angle of DLC film as a function of imprint times   
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The DLC film deposition rate can be tuned by adjusting the operating 

pressure to obtain a DLC film with the desired thickness.  A deposition rate of 

about 3.2 nm/min at a reaction pressure of 0.01 Torr and a 5:1 argon-to ethylene 

gas ratio was found.  For the other extreme, at a reaction pressure of 1 Torr, a 

deposition rate of 100 nm/min can be achieved.  Therefore, one can manipulate 

the deposition rate to obtain different DLC film thicknesses for different 

applications.  For example, a thin DLC film with thickness of a few nanometers 

could be used as release layer for a patterned template; while, a DLC film with 

thickness of 100-200 nm could be deposited on a blank template and patterned 

with features directly.  However, the imprint durability of thin DLC films is not as 

promising as the observed adhesion.  Also there exist concerns about the 

feasibility of direct feature formation on thick DLC films because partial 

delimination or defect in the DLC film might cause the rejection of the whole 

template.  Future work is needed to further explore these issues and this was 

beyond the scope of this study.  
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6.4 CONCLUSION 

SFIL looks promising in the back-end of line processing for interconnect 

system fabrication.  For multi-tier templates used in the dual damascene 

technique, a hydrocarbon release layer is preferred over FSAM release layer to 

eliminate voids in the imprint material.  Four hydrocarbon release strategies were 

pursued, including a HMDS release layer, a dipodal silane release layer, a TCMS 

release layer and DLC films by vapor phase deposition.  HMDS release layer is 

most easily deposited and showed acceptable imprint durability since HMDS 

forms covalent bonds with the SiO2 substrate.  The formation of dipodal silane 

release layer is extremely slow due to the low vapor pressure and slow reaction 

chemistry of the precursor, and the imprint durability seemed only slightly better 

than that of HMDS release layer.  TCMS can be deposited into a cross-linking 

multi-layer release film by a well controlled “ALD-like” process and showed 

much improved durability relative to HMDS.  However, the deposition process 

takes longer.  The DLC film was deposited by PECVD and showed certain 

imprint durability initially; however, part of the release film failed after less than 

100 imprints.  This might be attributed to the point defects in the DLC film 

induced by particles in the ambient environment.  Therefore, clean room 

conditions might be essential for DLC films deposition to achieve better imprint 

durability.  To compare these four types of hydrocarbon release layers 
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comprehensively, HMDS and TCMS seem more applicable when considering 

both deposition simplicity and durability.  There are several issues concerning the 

hydrocarbon release layers in real applications that need to be addressed in the 

future work.  
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Chapter 7: Conclusions and Recommendations  

for Future Work 

 

The research presented in this dissertation attempted to find the proper 

interface treatments to assist template release in Step and Flash Imprint 

Lithography by evaluating precursor chemistry and release strategies.  It is 

essential for the template to have a low surface energy to minimize defect 

generation during separation of the template from the substrate.  FSAM was 

investigated as a release layer to reduce the quartz template surface energy and is 

applicable to both acrylate and vinyl ether formulation.  Based on the water 

content study, substrate hydration was demonstrated to be crucial to film quality 

during FOTS film deposition from the vapor phase as confirmed by water contact 

angle, ellipsometry, XPS and AFM measurements.  There is an optimum degree 

of substrate hydration that corresponds to approximately one monolayer to get a 

dense, uniform and smooth FOTS film with high water repellency.  More work is 

needed to comprehensively characterize the FOTS SA film quality such as the 

ordering and orientation. 

ITO is an attractive material for template fabrication.  FSAM deposited on 

ITO with the conventional vapor phase method lacks imprint durability due to the 

poor nucleophilicity of the hydroxyl groups on the ITO surface.  A more durable 
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FSAM, with better coverage, was deposited on ITO by an amine vapor catalyzed 

method.  FTIR measurements indicate that triethylamine molecules adsorbed on 

the ITO sample surface form hydrogen bonds with the surface In-OH, increasing 

the substrate nucleophilicity. This increased nucleophilicity favors covalent bond 

formation with the chlorosilane, resulting in the improvement in the durability of 

the FSAM release layer.  Both water contact angle and XPS analysis revealed that 

the amine pretreatment resulted in more fluorine coverage on the ITO surface 

compared to the conventional method. 

Adding surfactant in the imprint material formulation looks very 

promising to promote selective release and enhance release layer durability.  Two 

fluorinated surfactants, FVE, which is reactive and FA, which is non-reactive 

were investigated in the vinyl ether formulation.  The addition of fluorinated 

surfactant to the formulation significantly changed the surface wettability due to 

the segregation of the low surface energy component at the interface, which is 

confirmed by contact angle and ARXPS analysis.  Separation force and peel force 

measurement showed that both FVE and FA surfactants can reduce the separation 

force and adhesion energy, while FA is more effective.  This may be attributed to 

the smaller modulus of the thin FA rich layer on the top surface of the cured etch 

barrier because FA is not polymerizable.  Future work should include an 

investigation of optimal concentration of surfactant in the formulation and the 
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effect of surfactant structure on the release efficiency.  Additionally, a study on 

the kinetics of surfactant segregation in the formulation might be helpful to 

understand the time that the surfactant needs to migrate to the interface and thus 

improve both release and imprint efficiency.  

The template surface properties have a great influence on the fluorinated 

surfactant segregation in the etch barrier formulation.  Templates with low surface 

energy and polarity enhance surfactant adsorption at the template-polymer barrier 

interface, which efficiently reduces the surface tension of the cured etch barrier.  

This phenomenon is confirmed by contact angle and XPS analysis.  A model 

developed for the prediction of the surfactant concentration profile and the surface 

tension of the etch barrier after imprint as a function of surfactant concentration 

was presented.  The model predictions in surface tension are shown to be in 

qualitative agreement with experimental results.  Meanwhile, the model provides 

a means to optimize the surfactant concentration and template properties 

necessary to affect template release.  This study shows that it may not be 

necessary to form a dense FSAM layer when a treated template is used in 

conjunction with surfactant in the monomer.  A surfactant may assist in extending 

the number of imprints possible before a template needs to be retreated. 

SFIL is a promising technique for ULSI circuit interconnects fabrication in 

the back-end of line processing.  For multi-tier templates used in the dual 
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damascene process, hydrocarbon release layers are preferred over the FSAM 

release layer to eliminate voids in the imprint material.  Four hydrocarbon release 

strategies by vapor phase deposition were investigated.  HMDS release layer is 

most easily deposited and showed acceptable imprint durability since HMDS 

forms covalent bonds with the SiO2 substrate.  The formation of a dipodal silane 

release layer is extremely slow due to the low vapor pressure and slow reaction 

chemistry of the precursor, and the imprint durability seems to be only slightly 

better than that of HMDS release layer due to the dipodal’s ability to form six 

bonds to substrate surface or more chances to form a cross-linking structure.  

TCMS can be deposited into a cross-linking multilayer release film by a well-

controlled “ALD-like” process and showed much improved durability relative to 

HMDS.  However, the deposition process takes longer.  DLC film was deposited 

by PECVD and showed certain imprint durability initially; however, part of the 

release film failed after less than 100 imprints.  This might be attributed to the 

point defects in the DLC film induced by particles in the processing environment 

available during film growth.  Therefore, clean room conditions might be 

essential for DLC films deposition to achieve better imprint durability.  To 

compare these four types of hydrocarbon release layers comprehensively, HMDS 

and TCMS seem more applicable when considering both deposition simplicity 

and durability.  A thorough analysis of imprint durability is needed for a real 
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imprint process with a patterned template and in conjunction with surfactant in the 

imprint material.  A mixture of fluorocarbon and hydrocarbon release layers 

might be considered to tune the surface energy of the template; therefore, the 

template can have a surface energy as low as possible and still meet the wetting 

requirement for the imprint material to fill the features.  Hydrocarbon surfactant 

study is also necessary for the SFIL application in the damascene process.  

Future work may include an investigation of the template release initiation 

process.  Crack initiation is important to template separation and is related to both 

physical and chemical mechanisms.  The research in this area should yield 

valuable suggestions to design proper imprint materials and processes.  Coupling 

agents or adhesion promoters for substrate/imprint material interface provide 

another interesting area for research.  This method may substantially increase the 

adhesion at substrate/imprint material interface, thus improve imprint fidelity.   
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