
ABSTRACT 
 
 

WALKER, ERNEST MARSHALL. Alignment of Silicon wafers for 3D Packaging. 
(Under the direction of Hans D. Hallen.) 
 

Wafer level self-alignment is investigated with a Self assembled monolayer 

(SAM) deposition, SAM termination modification, friction, dry, and capillary alignment 

forces. SAMs are deposited on oxide layer, and characterized by ellipsometry and contact 

angle. Vinyl-terminated SAMs are oxidized to carboxyl-termination, which changes the 

wetting characteristics. Measurements for characterizing the layers are presented. The 

relative surface energies can also be estimated. From these characteristics it will be 

shown how surface energy is modified for the purpose of generating surface energy 

gradients in use with a self-alignment process. Self-alignment is observed using capillary 

forces, and exhibits a reasonable capture range. The self-alignment masks are used to 

increase this force and will be discussed. 
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Chapter 1: Introduction 
 

Electronics have been making great improvements in complexity over the past 

decades. Moore’s law states that complexity for minimum cost components doubles 

every two years and not every 18 months like popular press has stated. Regardless of this 

trivial difference, the number of transistors for Intel processors from year to year has 

certainly conformed very well. Shrinking the feature sizes and lowering voltage 

requirements allowed addition of transistors to integrated circuits increasing their 

efficiency. The drive for more performance has pushed for refinements in the process by 

which industry builds these integrated circuits. There is a limit to how complex these 

circuits built on two dimension substrates can be. Eventually many problems may 

become unsolvable as scale continues to decrease. Problems arise such as small-scale 

resistance, capacitance, parasitic effects, gate electrostatics, line feature roughness, 

heterogeneous dopant effects, power delivery, heat dissipation, and cost of manufacture.  

The idea of 3D packaging multiple wafers with their independent electronics can 

allow complexity to evolve past 2D limitations. According to several electrical 

engineering faculty at North Carolina State University [Davis 2005], going to 3D wafer 

stacking offers the following advantages: Average wire length, resistance, capacitance , 

and power would decrease by Nw where Nw is the number of wafers in the stack (not to 

be confused with layers in a photolithography process). Transmission delay also 

decreases by Nw. Various types of interconnections are being investigated and more 

people are becoming interested in the move towards 3D. 

One disadvantage of 3D packaging is heat. The heat generated by layers in the 

stack must be conducted out efficiently. However, this is offset by the ability to use 
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different types of substrates. A GaN layer would be more efficient for certain high power 

applications and this could be mixed with Si substrates. Building high frequency 3D RF 

arrays is one application and the major goal for our AFRL (Air Force Research 

Laboratories funding). The antenna array spacing in RF arrays needs to be 
λ
4. For higher 

frequencies the spacing does not allow for necessary electronics to be nearby. 3D 

packaging overcomes this. The top layer would be GaN and would be comprised of 

antenna arrays and power amps. The layers underneath, would do important operations 

(pre amps, phase shifting, antenna switching, etc.) Each antenna would have its own 

processing and support electronics right underneath it. The RF shielding necessary under 

the GaN layer does not allow optical alignment. I will focus on the strategy for aligning 

these wafer stacks without the need to manually align which requires seeing the layers 

optically. I will evaluate the method and improvements necessary for achieving this goal.  

Chapter 2: Hypothesis/Goals 
 
 Through collaboration in our AFRL group, 

work is being done on making vias. Vias are copper 

connections through the wafer for conduction of heat, 

rf, data, and power. I had the goal of aligning the 

wafers in the stack so that the vias can line up to 

within one micron (see figure 2.1). Certain challenges 

arise. In order to align these wafers, alignment marks 

and IR imaging or some other mechanical method 

  
Figure 2.1 Concept wafer stack alignment 

challenge 
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becomes necessary for assessing the alignment quality. The wafers can be aligned 

manually for a two-layer stack. Add more layers, however and they will all tend to move 

when trying to move one wafer and the alignment assessment becomes more complex.  

A self-alignment strategy overcomes these challenges. If self-alignment can be 

reduced to practice, IR imaging may not be necessary past the experimental stage. 

Theoretically patterning of hydrophobic and hydrophilic regions should provide 

alignment forces. Final resolution of self-alignment and bonding needs to be below 1 μm, 

and from literature, this has been demonstrated in similar smaller scale systems.  Self-

alignment forces and bonding methods will be evaluated. The goals are to measure 

friction, find alignment forces, develop alignment masks, and observe phenomena.  
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Chapter 3 Surface Characterization 
 

Surface energies and layer thicknesses over a macroscopic scale are of interest for 

evaluation quality of film growth. I will explore the current methods at my disposal for 

characterizing thin layers. 

3.1 Water contact angle 
 
 The measured contact angle tells a good deal about the surface free energies of the 

solid, liquid, and vapor interfaces. Using images taken from a 5 mega pixel camera with a 

+10 Diopter auxiliary lens, the contact angle between the surface and the water droplet 

edge were measured.  

If a drop of liquid were placed on a solid (see figure 3.1), while surrounded by a 

vapor, there is work of adhesion associated in the boundaries between a solid (S) and a 

liquid (L) in a vapor (V). Figure 3.1 also shows the tangential boundaries for solid to 

vapor (SV), solid to liquid (SL), and liquid 

to vapor (LV). Where γ  represents the 

interfacial energies or surface tensions. 

Summing up the horizontal components in 

this geometry, we have [Ulman, 1991]: 

 

γSL  + γLV  cosθ  - γSV  = 0  (3.2) 

 

. Rearranging the solid interactions on the right side: 

 

γLV cosθ =γSV-γSL   (Young's equation) (3.3) 
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Figure 3.1 Diagram of water droplet 
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This gives the relationship between the contact angle of the droplet and the three 

interfacial energies.                                                                    

  Since the characteristics of the droplet and vapor are not of specific interest, 

deionized water in open air was chosen. Water will flow into a sheet “wetting” when this 

surface energy is high such as a newly cleaned silicon wafer with an oxide layer. Low 

surface energies leave the water droplet cohering to itself. The water droplet in this case 

makes beads with high contact angles. For a droplet’s footprint, the contact angle will 

range between the angle to advance the droplet’s footprint (θa) and the angle to recede it 

(θr). According to [Wasserman, 1989] “This hysteresis is approximately constant in terms 

of energy (that is, the value of cos θa - cos θr = 0.2 is constant).” Dropping .05 ± .005 mL 

from a pipet onto the surface from approximately 1 cm above the surface leaves the 

resulting contact angle in equilibrium somewhere between the advancing and receding 

contact angles. It makes sense that the angle will be closer to the receding angle for low 

interfacial free energies and closer to the advancing angle for high interfacial free energy 

surfaces since the footprint first grows as the droplet spreads while loosing its kinetic 

energy from the fall. As the droplet reestablishes its equilibrium and shape, the footprint 

will recede.  

It would be more useful to be able to estimate the solid to vapor interfacial energy 

for a sample being studied. This estimation can be done from [Chaudhury, 1991] where 

equation 3.4 was dirived. 

cos θ = -1 + 2
γsv
 γlv

  (Good-Girifalco-Fowkes equation) (3.4) 

where γH2O =72.94 
mN
m  
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3.2 Ellipsometry 
 

The goal of ellipsometry is to gather properties of the surface optically. The 

properties of interest are the thickness and index of refraction of particular homogeneous 

layers. Polarized light can be broken into the components of light polarized in the 

incident plane (s) and perpendicular to the plane of incidence (p). Linearly polarized 

monochromatic light strikes the surface being studied. The s and p components of the 

reflected elliptically polarized light have been changed in both the ratio of amplitudes 

(tan Ψ) and the change in phase to each other (Δ). Light reflected off of a sample has the 

reflection coefficients of rs and rp. These are all related by: 

 

tan Ψ eiΔ = 
rp
rs

         (3.5) 

 

Further, the fresnel model shows a form of:  

 

rp
rs

 = f(Θ,λ, d, namb, nfilm, kfilm, nsub, ksub)      (3.6) 

 

Respectively, these dependencies are the angle of incidence, the wavelength of the light 

source, thickness of the film, the index of refraction of the ambient environment, the 

film’s real and imaginary index of refraction, and the substrate’s real and imaginary index 

of refraction. Solving for 
rp
rs

 through the fresnel model is doable for this and much more 

complicated systems. Rewriting these equations to solve for thickness and index of 

refraction for the film in terms of Ψ and Δ presents extreme difficulty for various reasons 

including cross-correlation and multiple solutions that are beyond the scope of this thesis. 
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In interest of being practical, first Ψ and Δ are first determined experimentally, then 

through an iterative approach, converged to a solution for d and nfilm as defined by the 

Fresnel model or even more complex Virtual-Interface-Fresnel models [Aspnes, 1996]. 

[Kattner, 2002] addresses some of these problems and also has methods for obtaining 

very accurate measurements through the use of multiple incident angle and multiple 

incident media ellipsometry. Dr. Hallen, Dr. Clarke, and their personnel are investigating 

these improvements. For now, single layer ellipsometry has been reduced to commercial 

practice yielding precisions of better than ± 2 Ångstroms for final deposition thicknesses 

of these thin layers. 

A commercial (Rudolph Model AutoEl III, Rudolph Research, 

Fairfield, NJ) automatic null ellipsometer was used for characterizing the thickness of the 

layers. Measurements were necessary before and after deposition of a SAM. Since the 

SAMs being studied have very similar index of refractions to the silicon dioxide of the 

freshly cleaned surface, the difference in thickness before and after deposition was an 

acceptable measurement of these thin layers. Precision of less than ± 0.5 Ångstroms from 

six random spots per sample could only be obtained from the following. Prior to 

measurement, samples were washed with HPLC grade isopropanol while rotating on a 

clean vacuum collar at 3K RPM and continuing for another 30 seconds to dry. Blowing 

off under dry nitrogen was originally done and has since been avoided since due to very 

poor results, especially for smaller sample sizes. Compared to the spinning method, 

typically one would see ± 2 Ångstroms per sample and also a larger mean. This indicated 

both more random and systematic error from possible contaminates left on the surface or 

some other source.  
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Chapter 4: Self Assembled Monolayers 
 

Self Assembled Monolayers (SAMs) are deposited on layers by a variety of 

means. These molecules form domains with the tips of these compounds pointing 

somewhat normal to the surface. These long chains are rigidly attached, but the long 

chain is free to deform under force. This lowers friction while also protecting the 

underlying surface from damage [Ando, 1989; Kopta, 2001]. Others have shown how 

they extended the life of micro gears, protect substrates from wear [Ruths, 2003], reduced 

stiction in MEMS devices [Ashurst 2003]. There is a great deal of tribology on SAMs in 

the microscopic contact region [Chaudhury, 1991]. STM and AFM characterization have 

been well investigated on the nanoscale [Perkins, 1995; Faucheux, 2004].  

Besides, their tribology properties, the tips of these SAMs determine the surface energy 

when they interact with the outside world. Methyl and vinyl terminations have very low 

interfacial free energy. These SAMS prove valuable in application where water must be 

repelled with the thinnest of film thickness. OTS SAMs are thermally stable up to 200°C 

[Ashurst, 2001]. There are also other SAMs that are stable to 400°C. They are very 

resistant to many chemicals except for strong alkali [Wasserman, 1989]. Vinyl 

terminations can be selective oxidized to make carboxyl acid tips that have a significantly 

higher interfacial energy. This allows the generation of hydrophilic regions on a SAM. It 

can be combined with lithography to make high-resolution patterns of these hydrophilic 

and hydrophobic regions.  
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4.1 Materials 
 
The following chemicals were used: 
 
10-unidecenyltrichlorosilane (CH=CH2 vinyl termination SAM precursor from Gelest Keep away from 

water. It will form HCl gas and ruin the precursor     H:3 F:1 R:1 
 
Hexadecyltrichlorosilane (methyl terminated SAM precursor from Fluka Keep away from water. It will 

form HCl gas and ruin the precursor      H:3 F:1 R:1 
 
Hexadecane, anhydrous +99% (solvent for SAM precursors) severe irritant, Hygroscopic H:2 F:1 R:0 C:3 
 
Isopropanol HPLC grade from Fisher       H:1 F:3 R:0 
 
CH2Cl2 (dichloromethane) ACS grade from Fisher H:2 F:1 R:1; HCl [13N]  H:3 F:0 R:2 C:4 
 
H2SO4 [37N] will break through improper types of gloves    H:3 F:0 R:2 C:4 
 
H2O2 30% Strong oxidizer       NaOH   H:4 F:0 R:2 C:4 
 
KMnO4 [.005M]     H:1 F:0 R:0;  NaI04 [195mM]  H:1 F:0 R:3 C:1 
 
K2CO3 [19.5mM]    H:3 F:0 R:0,  
 
C4H11BO [1M] - BH3-THF (Borane-tetrahydrofuran) from Aldrich Keep away from water! Can form 

explosive peroxides!        H:2 F:3 R:3 
 
C4H8O - THF (tetrahydrofuran) 99.9% from Aldrich Keep away from water! Can form explosive 

peroxides!        H:2 F:3 R:3 
 
CHCl3 - Chloroform ACS grade From Fisher      H:3 F:1 R:1 C:3 
 
Microposit S1818 Positive Photoresist - from Rohm&Haas (avoid drawing from bottom of container as 

particulate count rises especially in old containers)    H:2 F:2 R:0 
 
Microposit Remover 1165 - from Rohm&Haas (photoresist stripper)   H:1 F:2 R:0 
 
Microposit MF319 - developer from Rohm&Haas (organic developer designed for S1800 line photo resists) 
          H:3 F:0 R:0 
 
Most of these chemicals are dangerous and require special handling. The chemicals that 

do need to stay away from water are stored and used in a drybox under nitrogen gas. The 

rest were used under fume hoods and precautions taken to avoid exposure.  
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4.2 Preparation and Deposition 
 
 Silicon wafers are cleaned in a piranha solution of 2:1 H2SO4 (~34N) and 30% 

H2O2 for 1 hour. Adding the H2SO4 last, we mix up this solution slowly. It will get hot 

and can be quite violent during disassociation and initial organic contaminant exposure. 

Others like to first ultrasonicate samples in solvents to remove organics. The wafers 

being used are simply too thin to withstand ultrasonic baths. After cleaning, the surface of 

the silicon wafer shows high interfacial free energy as verified through surface wetting by 

water. After cleaning, we rinse with sample twice with deionized water and dispose of the 

waste. Rinse with HPLC isopropanol. Do not allow concentrated H2SO4 to react with 

isopropanol. Transfer the wafer to the nitrogen filled dry box and in a new beaker with 

HPLC isopropanol.  

 With a clean oxide layer, trichlorosilane compounds readily bond to the surface. 

The Silicon, while loosing the chlorine atoms, then 

bonds to three oxygen atoms on the surface. 

Another type of surface bond involves two oxygen 

atoms of neighboring SAM molecules and is more 

typical if a monolayer of H2O is present, 

[Wasserman, 1989] The water on the surface reacts 

with the trichlorosilane end of the long molecules 

producing HCl that is released as gas. These bonds 

also allow for the bonding of the trichlorosilane 

molecules that do not attach to the surface, allowing 

a polymer layer to form above the SAM layer. The 
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Figure 4.1 10-unidecenyltrichlororsilane 

deposition 
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10-UDTS and hexadecyltrichlorosilane SAM solutions consists of 2% (V/V) precursor 

diluted in anhydrous hexadecane. Methods of deposition were revised a few times 

throughout the study. The silicon wafer sample stays in one beaker throughout the whole 

washing, rising, and deposition. We are concerned with the top surface only. However, 

during washing or rinsing the beaker must be shaken enough to circulate the solvent 

under the wafer. During empting of the beaker, the wafer stays in the beaker by capillary 

force. Initially the cleaned sample goes from ethanol to hexadecane washes before 

deposition. After deposition, the sample goes to hexadecane and ethanol washes. One 

problem is that ethanol is not soluble in hexadecane. Using this method, just like 

[Wasserman, 1989], we found a white film developed on samples. His conclusion was 

that water exposure to the deposition solution was the cause. Since the film formed only 

after exposure to air and the reagents used are hygroscopic, I agree that precursor solution 

must still be adhering to the surface despite the washing. A number of solvent washes all 

were ineffective at removing this polymer layer once it has formed. Rubbing the sample 

moderately with kimwipes got rid of the film after a few minutes.  

Revision was made to the method to prevent the white polymer layer from 

forming with the addition of chemical steps. After cleaning and transferring a sample to a 

drybox in an isopropanol solution, wash with dichloromethane, chloroform, and 

hexadecane in this respective order. Afterward, wash with dichloromethane, chloroform, 

and Isopropanol. Throughout these steps these chemicals are soluble with each other. The 

majority of SAM density occurs after about 30 minutes of deposition [Wasserman, 1989] 

as indicated by their ellipsometry and water contact angle data. Deposition times of 24 

hours were chosen for insuring maximum density.  
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4.3 Characteristics 
 

The methyl and vinyl terminated SAMs have θr ~100° and θa ~110° from 

literature [Wasserman, 1989]. Also, ellipsometry from literature expects a thinkness of 

23.7 Ångstroms for Hexadecyltrichlorosilane and 16 Ångstroms for 10-

undecenyltrichlorosilane. These characteristics will give some indication of the quality of 

the SAM layer. 

The results of the contact angles were in good agreement overall with literature. 

Care was taken to prevent a polymer layer from forming. Results showed a contact angle 

of 104° for the methyl termination (figure 4.2) and 100° for the vinyl termination (figure 

4.3).  Above, Figure 3.1 illustrates where this angle is measured. 

 

 

 

 

 

 

 
Figure 4.2 Contact angle of 

hexadecyltrichlorosilane SAM 
with methyl termination = 104°  

 
Figure 4.3 Contact angle of 10-

unideceyltrichlorosilane SAM 
with vinyl termination = 99° 

Table 3.1 Ellipsometry results for methyl and vinyl terminated SAMs 
*Thickness [Wasserman, 1989] 
SAM Precursor  Thickness 

(Ångstroms) 
*Thickness 
(Ångstroms) 

Hexadecyltrichlorosilane 24.3 ± .8 23.7 
10-undecenyltrichlorosilane 16.5 ± 1.5 16 
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The contact angles and ellipsometry agree well with the literature. The uncertainty 

of the contact angle between the advancing and receding angles needs to be addressed for 

increased precision. However, the contact angles were closer to the receding contact 

angles in literatures. This conforms that the momentium from the fall distorts the droplet 

and the water solid interface recedes as the droplet finds equilibrium.  
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Chapter 5 SAM Termination Modification & Characterization 
 
 Modifying the termination of a SAM allows 

changing its interfacial surface energy. This allows 

for localizing areas of a SAM that you want more 

hydrophilic. The low friction characteristics of the 

SAM should stay preserved. 

10-unidecenyltrichlorosilane contains a vinyl termination on one end. After 

deposition on a substrate, this will be changed into a carboxyl termination with a 24-hour 

oxidation by a solution, which consists of KMnO4 [0.5 mM], NaI04 [19.5 mM], K2CO3 

[1.8 mM] with a pH of approximately 7.5 [Wasserman, 1989]. Figure 5.1 shows that 

change made to the end group. Expected contact angles from carboxyl terminated SAM 

range between θa ~30° and θr  ~12°. They concluded that not all the vinyl terminations 

were being converted to carboxyl since carboxyl terminal SAMs have a contact angle of 

0° when deposited on a surface. I introduce the Cassie Eqn. [Tsukruk, 1999] for 

determining the percent coverage for heterogeneous layers. 

cos θm = β cos θ1 + ( )1- β  cos θ2   (Cassie Eqn) (5.1) 

Where θm is the measured contact angle, θ1 is the contact angle for layer one, and θ2 is the 

contact angle for layer two. Through the Cassie Eqn. the carboxyl layer would have 

approximately 80% of the exposed interface consisting of carboxylic acid while the 

remainder is hydrocarbons with lower energy. This is supported by [Collet, 1998] who, 

comparing peaks from ATR-FTIR, also stated that approximately 77% of the interface is 

carboxyl. 
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Figure 5.1 Vinyl to Carboxyl terminal end 

group 
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In a two-step process from [Wasserman, 1989], 10-

unidecenyltrichlorosilane can also be modified to a 

hydroxyl group. Figure 5.2 shows the end 

replacement. First the SAM layer was completely 

submerged in BH3-THF [1M] for 2 hours. Next 

wash the sample in THF. This process was carried out in the nitrogen drybox because 

these previous two chemicals are dangerous near water and North Carolina is humid with 

varying 90% to 50% relative humidity throughout the day. Finish by hydrolysis with a 

solution of H2O2 30% and NaOH [.1N] pH~11 for 3 minutes. Care must be taken in 

mixing this solution. H2O2 becomes unstable at high pH and it will not last long. Final 

washes with isopropanol and water are performed. [Wasserman, 1989] obtained 45-55° 

for their hydroxyl terminated SAMs. They concluded that since hydroxyl mercaptans 

deposited on gold have a water contact angle of 0°, through the Cassie Eqn 5.1 for 

dealing with heterogeneous layers only 70% of the SAM had hydroxyl groups. 

 
Figure 5.3 shows the result of 33° for the 

carboxyl modification. Figure 5.4 shows 58° water  

contact angle for hydroxyl modification. It appears 

that not all of the end groups are being modified. Also 

of interest, one vinyl terminated layer was exposed to 

pH~13 in a hydroxyl modification attempt. Although 

its contact angle was at 14° (see figure 5.5) 

ellipsometry before showed a thickness of 24 ± 4 
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Figure 5.2 Vinyl to Hydroxyl terminal end 

group 
 

 
 

Figure 5.3 Contact angle of 10-
unideceyltrichlorosilane SAM 
with carboxyl termination ~ 33° 

 

 
Figure 5.4 Contact angle of 10-

unideceyltrichlorosilane SAM 
with hydroxyl termination = 58° 

 
Figure 5.5 Contact angle of 10-

unideceyltrichlorosilane SAM 
with hydroxyl termination =14° 
in sol with pH=13 
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Ångstroms. Afterward it had a thickness of 36 ± 5 Ångstroms. This indicated a change to 

the surface from too much alkalinity. The Si-O bond hydrolyzes under basic conditions. 

The layer macroscopically changed and caused more phase change when performing 

ellipsometry due to the disorder of the SAM layer and possible polarization.  

 The Carboxyl modification has the best performance for raising the surface 

interfacial energy of the SAM. Localizing the conversion process can be accomplished 

through Photolithography. A sample with vinyl SAM termination is put on the vacuum 

collar of the spinner. It is then spun at 3000 rpm while spraying with isopropanol. The 

surface is allowed to spin for an additional 30 seconds to air dry. Shipley 1818 (a G line 

photoresist) is added and spun at 3000 rpm for 30 seconds leaving a layer approximately 

2.3 micron thick. The wafer is then baked on a hotplate at 115°C for 3 minutes. Next it is 

exposed to UV through a mask. With our UV source the exposure takes 11 seconds. Next 

it is developed in MF 319 developer for 1 to 1.5 minutes at room temperature. The UV 

exposure should be adjusted so that the exposed zones are distinguishable from 

unexposed zones during the development process. The development is stopped with 

water. Surface modification at this point will only affect the areas where photoresist was 

removed during development. The sample should be inspected under a microscope. Too 

much development time may damage small features in the mask design. Afterward, 

photoresist is best removed with 1165 photoresist stripper at 80°C for 2 minutes. The 

following flow chart (figure 5.6) summarizes: 
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Figure 5.6 Lithography flowchart for carboxyl modification 



 18

Chapter 6 Macroscopic Friction 
 
 Friction from the SAMs on substrates needs to be studied in order know what 

forces must be overcome in dry self-alignment. There is a good deal of information on 

the tribology for SAMs. However, the majority focuses on microscopic or single point 

contact friction. On the wafer scale, the goal of the final product is to have vias through 

the wafers. This means the wafers will be very thin. Thin wafers distort and can easily 

cold weld to objects if conditions are right. Previous work found that OTS 

(octadecyltrichlorosilane) has a static coefficient of friction of about μs=.073 ±.005 

[Ashurst, 2001]. This is a similar SAM precursor, and one might expect to find similar 

results on the macroscopic wafer scale. 

6.1 Instrumentation 
 

The force measuring apparatus consists of a 

servo (DC motor with encoder) driven anti-backlash 

linear bearing table with an adjustable height vacuum 

collar and a cantilever mounted up above the sample. 

This provides clean motion with minimal vibration. 

The vacuum collar holds the large wafer and as the 

servomotor turns, the bottom table including the 

attached wafer moves. See figures 6.1, 6.2, and 6.3. 

The cantilever above the sample is stationary 

and free to exert force on any object it contacts. The 

cantilever consists of a Wheatstone bridge with foil 

resistors that changes length as the cantilever bends. 

Figure 6.1 Whole force measuring apparatus 

Figure 6.2 Wafer sliding on force apparatus 
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This produces a measurable voltage from the outputs of the excited bridge. Heat 

generation accounts for initial drift in the measured voltage. The cantilever heats up 

somewhat before it stabilizes. Insulation around the cantilever helps reach a stable 

equilibrium while also restricting disturbing airflow.  

The precision of the most sensitive cantilever 

is ± 1 μN with a maximum undamaging displacement 

of about 200 mN. Three additional cantilevers 

increase in thickness allowing coverage of the next 

three higher orders of magnitude. Each cantilever has it’s own linear calibration file for 

converting bridge excitation voltage to force. The small thin top wafer with a glued on 

weight contacts this cantilever and is pushed. The alignment of the table was set such that 

minimal height change occurs as the servo drives the table. Any other source of normal 

force is negligible.  

6.2 Case 1: Rubbed polymer layer 
 

In the following experiment, a series of masses were added to a top wafer of 1-

inch diameter and 30μm thickness, and it was slid across a bottom wafer. These wafers 

were coated with the vinyl terminated SAMs. Measurements were taken for vinyl on 

vinyl, carboxyl on vinyl and carboxyl on carboxyl surface interactions.  

Interesting results from the friction study were found for the case where the 

polymer layer was rubbed off. Static friction was found to increase in a non-linear 

manner as the normal force was increased. Van der Waals forces may play a part in this. 

Friction results included SAMs with Vinyl and Carboxyl terminations for both the top 

and bottom wafers. However, the carboxyl acid tipped SAM, interacting with another 

Figure 6.3 Cantilevers 
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carboxyl acid tipped SAM, showed much more sticking behavior and higher coefficients 

of friction than the other combinations.  

 Figure 6.4 shows coefficients of friction for all of the various surface interactions. 

The coefficients of friction all increased as the normal force increased. The carboxyl on 

carboxyl interactions (green triangles) are scaled by the second y-axis on the right, and 

the coefficients of friction increased much more rapidly than the other surface 

interactions. 

 

The Carboxyl interaction had major stick and slip events. Visibly, samples were seen to 

stick and rotate about stiction points. In the following figures, the cantilever is moving at 

1
8 

mm
s . Motion was started at the same points for time=0. In figure 6.5, sticking events 

start to appear as the normal force is increased. The sticking appear to have occurred at 

the same spot, only with more normal force the effects are amplified. 
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Figure 6.4 Coefficients of static friction rubbed case 
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With 0.5 N normal force, the sticking becomes very large to the point of putting too much 

force on the cantilever. Maximum force measured was 20 N in these sticking events. 

Figure 6.6 shows a sticking event. As the cantilever contacts the top wafer at about 12 

seconds, a large buildup of force occurs until the sticking point is over come and the top 

wafer returns to kinetic friction at 2 orders of magnitude smaller. 

 
 
 
 
 
 
 
 

 
Figure 6.5 Carboxyl to carboxyl stiction becomes more apparent as normal force is increased 
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Figure 6.6 0.5 N normal force carboxyl stick and slide motion. The top wafer is 

sticking during a large build up of load on the cantilever until the 
stiction is overcome with an audible pop and the system returns to 
kinetic friction. 
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6.3 Case 2: Polymer free  
 

After results were obtained for the case 

where white polymer had to be rubbed off, the 

experiment was repeated with the additional 

chemical steps to prevent polymer formation. Also, 

wafers of 10μm, 30μm, and 400μm thickness were 

used to see if there could be any dependence on the 

top wafers ability to shape match the slight 

imperfections inherent in the bottom wafer.  

This experiment showed vastly different 

results. Figures 6.7 through 6.9 showed all 

coefficients of static friction (μs) between .04 and .5 

for the different thickness of wafers and masses 

used. It is interesting how the vinyl interactions 

tighten up for the 400 μm wafer (see figure 6.9). 

Causes may come from the wafer being less likely 

to flatten out under increased normal force 

combined with having more consistent microscopic contact zones. Figure 6.10 shows an 

excellent comparison between this and the previous cases. These are vinyl to vinyl 

interfaces on 30 μm wafers with .2 N normal forces. The absence of peaks suggest very 

little stick and slip behavior. The magnitudes are also vastly different.  
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Figure 6.8 Coefficients of static friction (no polymer) 

(30 μm sliding wafer ) 
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Figure 6.7 Coefficients of static friction (no 
polymer) (10 μm sliding wafer) 
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Figure 6.10 Comparison between data of (a) layer with rubbed off polymer; (b) data 

from polymer free  
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6.4 Conclusion  
 
 The contact angle results showed that water will interact with the tops of the 

SAMs on the macroscopic level. It will not tell anything about point defects. 

Ellipsometry measurements were not available during the case 1 (rubbed layer) study as 

the equipment was being repaired, but it can be argued that the macroscopic beam size 

for ellipsometry will also limit the ability to detect point defects. [Wasserman, 1989] 

found that rubbing these layers vigorously with tissue or cotton did not change measured 

thickness or contact angle. However, sticking was explicitly present with rubbed samples, 

and microscopic point defects are suspected for this result. The Si-O, Si-C, or C-C bonds 

may break at polymer bonding points when the polymer was rubbed off removed, or the 

rubbing may generate ridge distortions that catch ridges on the interfacing surface. As the 

normal force was increased, point defect interaction may become more likely and explain 

the greater effect. AFM may tell us more, and others have shown that this SAM doesn’t 

exhibit self-healing properties. Literature on this topic can be found [Liu, 1999; Ashurst, 

2003]. Batch point defect analysis could be done reliably by observing friction 

macroscopically. In the case where polymer was prevented and no rubbing occurred, 

coefficients were all below 0.5. No stiction events occurred. In figure 6.7 the 

macroscopic static friction coefficient dropped below the microscopic coefficient in 

literature. Future work might look into what caused this, and if the wafer’s thickness 

contributes to this effect. 
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Chapter 7 Alignment Force 
 

Forces necessary to cause dry alignment need to be understood. Friction was first 

studied in an effort to see what forces the self-alignment system would need to over come 

on the wafer scale. Since the Vinyl terminated SAM can be modified to Carboxyl, this 

should present an easy way to change the interfacial energies while maintaining the low 

friction properties of these SAMs.  

In a simple experiment using a 3-inch thick Si wafer and a thinner 1-inch wafer, a 

force from surface energy gradients was examined. The bottom wafer was configured 

with a vinyl coated .5x1” rectangle with the remaining area oxidized to carboxyl 

termination. Next the top wafer is coated with vinyl terminated SAM and slid out and 

into the vinyl rectangle region. Forces will be measured by the forcemeter described in 

the previous chapter. The frictional force should be similar going in both directions. Any 

difference in force magnitudes is then concluded to come from these interfacial energies. 

The experiment repeats with a carboxyl SAM on the top wafer. 

7.1: Measured forces 
 
 Dry surface energy gradient forces were 

evident. From figure 7.1, qualitatively, the force 

necessary to drive the top vinyl wafer into the 

rectangle region is greater than the force to retract 

it. Stick and slip motion is present. These samples 

were rubbed to remove polymer during 

preparation. The top wafer remained in the rectangle region between 0 and 12mm. Notice 

the increasing forces as the position goes from 0 to 12mm. The two sets seem to mirror 
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each other well in this region. Since the two set have roughly the same overall slope 

going from 0 to 12mm, I conclude that the increasing force is coming from the increase 

in friction. Possibly, increasing total carboxyl contact area could cause this. Taking the 

differences of the forces in the data between 0 and 12 mm and averaging results in a force 

of 0.57 ± 0.53 mN away from the rectangle  

Figure 7.2 shows larger differences in the two 

directional forces. The top wafer has been 

modified to carboxylic acid with higher surface 

interfacial energy.It is clear that it was harder to 

push the top wafer into the rectangle than to 

remove it. Again there is stick slip motion. The 

top wafer momentrarily comes to rest and force 

builds until the stiction is overcome (represented by the peaks). Also, interesting are the 

initial trends of the forces that intersect(marked by sloped lines in figure 7.2. From two 

peaks that line up in figure 7.2, the maximum force observed is approximately 3 mN 

away from the rectangle. Taking the differences of the forces in the data between 0 and 

12 mm and averaging results in a force of 2.29 ± 0.64 mN away from the rectangle. This 

is the force that is resulting from energy differences in the system’s interfaces. It’s 

important to note that in both figures 7.1 and 7.2, the magnitude of the frictional force is 

larger than the driving forces. 

7.2: Surface energies 
  

From these two scenarios, an estimate in surface interfacial energy can be 

obtained. The force from the surface energy gradient can be written as: 
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F = - dU
dx          (7.1) 

Surface Energy=γ1A1+ γ2A2+ γ3A3+ γ4A4     (7.2) 

F = -w ⎝⎜
⎛

⎠⎟
⎞γ1

dA1
dx  + γ2

dA2
dx  + γ3

dA3
dx  +γ4

dA4
dx      (7.3) 

F = w ( )γ2 + γ4 -γ1 - γ3    (7.4) 

 

Here we have γ1, γ2, γ3, γ4 from figure 7.3 representing 

respectively the interfacial energies. We can see that 

the force will rely on these interfacial energies. Now 

we have: 

Ftv = w ( )γvv + γca -γva - γcv  (7.5) 

Ftc = w ( )γvc + γca -γva - γcc  (7.6) 

where Ftv and Ftc represent the top wafer being respectively vinyl and carboxyl. 

Add eqns. 7.5 and 7.6 and assuming γvc = γcv 

Ftv+ Ftc = w ( )γvv+2γca - 2γva -γcc     (7.7) 

using Good-Girifalco-Fowkes equation 3.4, estimates for the solid to air interfacial 

energies give: γva =24.0 
mN
m  γca =68.1 

mN
m ; w=.5” Substituting the appropriate values into 

eqn 7.7, we obtain:  
Ftv+ Ftc

w +2( )γva - γca  =  γvv -γcc= 137 ± 92 
mN
m  
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Figure 7.3 Wafer sliding and surface 

interaction energies per area 
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7.3: Conclusion  

The error is very large for the result from eqn. 7.7. The stick and slide motion is 

interfering and causing this large uncertainty. However we can see that the energy is 

lowered as area increases for the carboxyl on carboxyl interface. This is an important 

result because, in final packaging, the wafers are likely to be the same size and solid 

surface to air energies are not as important. Therefore the dominant force would be 

driven by γvv -γcc, but, these solid to vapor interfacial energies could play a massive role 

in this particular experiment since the carboxyl to vapor interfacial energy is estimated 

toγca =68.1 
mN
m  and system would like to lower this energy. These two main driving 

points may partially explain the converging trends in figure 7.2, but this is speculative 

and requires more data with better method. This experiment should be repeated without 

polymer formation. This should eliminate stick and slip effects and obtain more precise 

quantitative results. Dependence of normal force with symmetric weight distribution over 

the top wafer should be studied.  
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Chapter 8 Self-Alignment  
 

Self-alignment is the final and main goal of this entire project. The vias for 3D 

packaging must be lined up with a precision better than 1 micron. Masks must be 

designed to maximize the alignment forces and keep them aligned until a bonding 

process can be performed. With the weak evidence of a dry aligning force from Chapter 

7, capillary forces must also be investigated.  

Self-alignment using capillary force has been achieved by [Srinivasan, 2001]. 

They were able to arrange small hydrophobic chips on substrates with matching 

hydrophobic binding sites while submerged in water and hydrophobic bonding lubricant/ 

UV activated glue. These chips were sub millimeter in size and between 15 and 50 

microns in thickness. The alignment precision was less than 1 micron and the rotational 

alignment was about .3 degrees per binding site. [Terfort, 1997; Breen, 1999] has also 

achieved self-assembling 3D components into larger structures. The driving force for 

minimizing interfacial energy was 

demonstrated where the hydrophobic 

regions aligned and bonded with each other 

while displacing the suspending solution. In 

these cases the parts were small and 

submerged, but alignment on the wafer scale 

presents different challenges.  

Capillary forces always operate to lower the energy of the system. In figure 8.1 

water repels from the vinyl rectangle in favor of contacting carboxyl terminated regions 

of higher interfacial energy.  

 
Figure 8.1 Water repelled from vinyl rectangle toward 

carboxyl 
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Figure 8.2 illustrates capillary force for water trapped 

between two substrates with hydrophilic and 

hydrophobic zones. Water will remain present in the 

hydrophilic zones. Water between the substrates can 

have the useful effect of floating the top wafer 

around. Friction becomes a non-issue as long as the 

wafers remain separated across the entire surface. 

After contact, capillary forces should align and hold the wafers in place until some 

process can remove the water and a bonding agent finishes the job. Capillary forces are 

also expected for the submerged case. The force should act to displace water and line up 

the hydrophobic zones. The submerged case will have a obstacle. Even though the top 

wafer has some buoyancy, it is still going to contact the bottom wafer during the 

alignment and generate friction.  

8.1: Mask Design 
 

A series of self-alignment masks were designed based on certain criteria. These 

masks were then compared through a simple model and the best one evaluated. The 

criteria are as follows: 

• Large capture area 
• Greater forces near critical alignment – small features away from center 
• Non periodic features - prevent local minima trapping 
• Large enough hydrophilic zones to maintain water necessary to suspend the top 

wafer (for capillary design) 
• Internal hydrophilic flow channel for displacement of water throughout the mask 

design (for capillary design) 
• External hydrophilic flow channels for uniform drainage. Removes water and 

lowers the wafer for final placement (for capillary design) 
 

Less system energy (aligned)

hydrophilic hydrophobichydrophilic hydrophobic

More system energy (misaligned)

Less system energy (aligned)

hydrophilic hydrophobichydrophilic hydrophobic

More system energy (misaligned)

  
Figure 8.2 Wafer alignment by capillary force 
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First the mask must have a large capture area. Initially, placement to within a certain 

precision must be done to start the self-alignment process. Two mm was the initial goal. 

Larger features present in the center of the mask help provide this capture effect. 

Secondly, alignment forces need to increase as the structure nears critical alignment. In a 

typical linear restoring force system, the forces drop substantially as the displacements 

get small. It is then unlikely to overcome other dissipative forces in the system near 

alignment. The gradient for the contact regions of hydrophobic and hydrophilic is 

proportional to force. The masks are designed with progressively smaller and smaller 

features to provide an increasing gradient near critical alignment. These features are best 

positioned near the sides to provide a rotational alignment.  

Next the design needs to have non-periodic features to prevent local minimum 

trapping when the smaller features in the design travel over each other from large 

misalignments. The rest of the design needs to overcome these local minima. If not, the 

alignment process will get stuck. Next, enough hydrophilic zones must be maintained for 

the purpose of holding onto the appropriate amount of water (if capillary forces are used) 

necessary to suspend the top wafer. Next the hydrophilic regions should be connected to 

provide flow of water throughout the design. This will level the overall water levels and 

keep the top wafer flat. Otherwise the wafer may contact at some point and cause too 

much friction. Finally, the design should have drainage flow channels for allowing the 

water level to slowly lower as the top wafer lines up with the bottom features.  
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There needs to be a simple model to evaluate these masks and select the best 

candidates. Ideally all candidates could be tested, but there must be some initial selection 

pressure in the interest of time and increasing quality. From a raster image of the mask, 

the number of overlapping pixels could be determined by subtracting one image from 

another. By repeating this for each pixel displacement along a line from center and taking 

the change per displacement or pixel gradient, a comparison of the mask can be achieved 

for selecting the best candidates. This pixel gradient relates to the force in some 

proportion. Figures 8.3 through 8.9 show different mask designs with the model pixel 

gradient evaluations.  

Figure 8.3 showed a design using lines with progressively smaller lines toward the 

center. This initial design showed a higher gradient near alignment at zero displacement. 

This occurred as the large and thinner lines all lined up with their counter parts. Away 

from alignment, the gradient varied substantially with a local minimum trapping every 

0.1 inches or so. This occurred as the larger lines overlapped with multiple thinner lines 

and therefore lowering the gradient. 
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Figure 8.3 Initial design using lines with progressively smaller lines toward the center 
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The design in figure 8.4 had more lines progressing downward in width. In 

comparison to the previous design, it showed more unwanted local minima trapping.  

However, it did show a sharper alignment maximum as a result of having more numerous 

fine features overlapping near alignment   

Figure 8.5 shows a design with increasingly smaller and smaller squares and right 

triangles. This design had a smoother increase in the gradient forces towards alignment. 

This would be in part because the design did not allow for as many local minima from 

small features being overlapped by larger features. However, the maximum alignment 

gradient does not exceed the previous design.  
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Figure 8.4 Compared to previous design, this design had more lines progressing downward in width 
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Figure 8.5 Design with increasingly smaller and smaller squares and right triangles 
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Figure 8.6 shows a design with a square in the center and increasingly thinner hollow 

squares toward the edges. For each step outward, the thickness of each black or white 

side decreased by one third. Most notably, this design showed a gradient smoothly 

increasing near alignment. This make for a better capture range than previous designs.  

Figure 8.7 shows a similar design to the previous. It also consisted of squares and 

increasingly thinner hollow squares toward the edges. The wall black and white 

thicknesses were decreased by half for each step outward. This change resulted in a factor 

of 5 increase in the gradient near alignment. However, the smoothness near alignment is 

substantially decreased due to the tendency toward local minima trapping when using the 

half thickness steps. 
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Figure 8.6 Design with a square in the center and increasing thinner hollow squares toward the edges. Wall 

thickness decreased by 1/3 each step outward. 
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 Figure 8.8 shows the previous design idea broken up into alternating black and 

white triangles and isosceles trapezoids. The design showed a higher and smoother 

gradient near alignment than the previous design. Local minima trapping is still present 

but reduced. Since the length of each trapezoid increases going outward, the cause from 

overlapping large features with smaller features decreased. 

Figure 8.9 shows a design with the previous trapezoids broken up into smaller 

trapezoids and parallelograms. This resulted in a higher and smoother gradient near 
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Figure 8.7 Design consisted of squares and increasingly thinner hollow squares toward the edges. Wall 

thickness decreased by 1/2 each step outward. 
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Figure 8.8 Design with alternating black and white triangles and isosceles trapezoids 
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alignment. Local minima trapping remained very small through the displacement. 

Alignment marks were added, and experimental testing was done on this design.  

From the evaluation of the pixel gradients, the estimated force predicts that the design 

in figure 8.9 performs best for its large and smooth gradient near critical alignment as 

well as its large capture range of about 2 mm. In progressing though these designs, 

problems such as local minima trapping were reduced. Also a large maximum gradient 

was obtained. The important goal of incorporating hydrophilic flow channels will be 

presented in future papers.
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Figure 8.9 Design with the smaller trapezoids and parallelograms 
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8.2: Experimental Evaluation of Mask Design 
 

The mask in figure 8.9 was chosen for its superior performance from modeling. 

Dry alignment was tested. The two types of capillary (submerged and floating) were also 

tested. The design was first used to make samples with vinyl and carboxyl regions. A 

microscope was setup for IR imaging through the silicon wafers with a 100 watt 

incandescent bulb as the IR source. The second test used alignment marks and methyl 

terminated SAM with regions of bare wafer acting as the hydrophilic regions. This was 

accomplished by evaporating aluminum on the sample. Then either lift off or etching are 

used to leave aluminum where hydrophilic regions are wanted. Next we perform SAM 

deposition. Then we etch the remaining aluminum, but first protecting alignment marks 

with photoresist. The etched regions are now bare silicon and are fully hydrophilic. For 

the floating capillary tests, deionized water was sprayed on both surfaces. Then the top 

wafer is placed over the bottom wafer within 2mm of the aligned position and dropped. 

Submerged testing is carried out in a Petri dish with just enough water to cover the 

bottom and top wafers. Again the top wafer is brought into the capture range of the 

bottom wafer.  

Wafers with vinyl and carboxyl areas were unable to create an alignment event in 

dry, submerged, or suspended capillary conditions. With HTS hydrophobic and blank 

oxide substrate, self-alignment events in the capillary suspended condition were 

observed. However, dry and submerged alignments attempts were unsuccessful. Figure 

8.10 shows an alignment event with water in between two wafers. The wafer could be 

displaced laterally or rotationally and it would return to center. The top wafer was a 1-

inch square of 30 μm thickness and the bottom wafer was 3-inch disc of 400 μm 
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thickness. This pattern was generated with a soft mask (printed with standard inkjet at 

600 dpi). One hard mask (chrome/quartz 1μm resolution) test with a thicker wafer was 

also successful but not reproducible for documentation. However, the displacement 

capture range was significantly less.  

 
Figure 8.10 IR imaging of successful alignment within 60 micron of two stacked Si wafers. The top wafer 

could be displaced laterally or rotationally and released to return to center. 
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8.3 Conclusion 
 

The soft mask with lower resolution had the unforeseen effect of creating flow 

channels between the features as seen in the bottom right of the images in figure 8.10. 

This may be why it performs subjectively better than the hard mask. Flow channels will 

be designed into the next generation of hard masks designed specifically for floating 

capillary self-alignment. The methyl terminated SAM with bare wafer hydrophilic zone 

had the only observable self-alignment. The quality of the hydrophilic zones appears to 

be a main issue. Carboxyl did not show very hydrophilic characteristic. However, 

[Wasserman, 1989] showed a correlation between pH of water and the contact angle on 

Carboxyl modified SAM. At higher pH around 9 the contact angle drops from 30° to 9°. 

This effect is not expressed on the vinyl termination. It may be worth repeating this 

experiment in the other pH ranges. Dry alignment was also nonexistent. However, 

vibration was not tried. A stage supported with piezo transducers may allow an alignment 

force if present to overcome the frictional forces.
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Chapter 9 Future Directions 
 

Though this project, we are closer to the goal of self-alignment. Quality film 

depositions have been achieved as determined by contact angle, ellipsometry, and 

macroscopic friction. Although it was not done, stricter measurements would be obtained 

by adding or subtracting liquid in a controlled manner while measuring contact angles in 

the advancing and receding equilibrium. [Parikh, 1994] used a system where a He-Ne 

laser strikes the center of the water droplet along the normal to the surface. The system 

involves tilting the sample to static friction equilibrium at which point both the advancing 

and receding angles can be measured off the same image provided the droplet is small.  

Measuring stiction may prove useful in determining the quality of SAM 

deposition through a relation to microscopic point defects on SAM layers. Modifications 

of the vinyl terminated SAM agree with literature. It is unclear as to the future of using 

carboxyl modified SAM in future alignment processes. But, there is the unanswered 

question of pH dependence that might prove useful to answer.  

Qualitatively dry forces were observed from the differing solid surface interfacial 

energies. However, more study must be done in order to quantify these forces. The error 

involved was too large. The improved method of preventing polymer formation may 

solve this problem and eliminate the stick slip motion. Then better estimates of the 

surface energies involved can be obtained.  

The main goal of self-alignment was achieved only by using capillary forces with water 

in between wafers, and this was done with methyl terminated SAM and bare wafer for the 

hydrophobic and hydrophilic zones respectively. New masks need to be designed 

specifically to address the floating capillary criteria.   
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