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ABSTRACT 

      
With device scaling, the current optical lithography technique is reaching its 

technological limit to print small features.  Extreme Ultra-Violet (EUV) lithography has 

shown promise to print extremely thin lines reliably and cost-effectively.  Many 

challenges remain before introducing EUV to large scale manufacturing.  The main 

challenge addressed in this study is particle removal from EUV mask surfaces (CrON1, 

CrON2, and fused silica) and thermal oxide (SiO2).  Effective pre-clean procedures were 

developed for each surface.  As chemical cleaning methods fail to meet SEMATECH 

criteria, addition of megasonic energy to EUV mask cleaning baths is seen as a promising 

cleaning methodology.   

As the requirement to print fine lines needs to be met, all materials used in EUV 

mask fabrication either absorb the incident EUV wavelength light or reflect it.  Therefore, 

the masks used in the industry will be reflective instead of the conventional transmissive 

masks.  Also, for the same reason, no protective pellicle can be used leading to all the 

surfaces unprotected from particle contamination.  To avoid the detrimental effect of the 

particle contamination, a cleaning study for nano-particle removal was performed.   

A dark field microscope was utilized to study the removal of gold nano-particles 

from surfaces.  The cleaning procedures utilized H2SO4 and NH4OH chemistries with and 

without megasonic irradiation.  The cleaning variables were bath concentration, 

temperature, and megasonic power.  The contamination variables were the gold nano-

particles charge and size, from 40nm to 100nm.   
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For 100 nm negatively charged gold nano-particles deposited on a CrON1 surface, 

a 1:10 H2SO4:DI bath at boiling temperature (101°C) without megasonics gave high 

particle removal efficiency (PRE) values as did a 1:10 H2SO4:DI bath at 35°C with 100W 

megasonics.  Comparison of removal of poly diallyl-dimethyl ammonium chloride 

(PDAC) coated and uncoated gold nano-particles deposited on a CrON1 surface using 

dilute H2SO4 baths indicated that the coated, positively charged nano-particles were more 

difficult to remove.  PRE trends for different baths indicate surface dissolution (shown to 

be thermodynamically favorable) as the particle removal mechanism.  However, 

experimental etch rates indicated minimal surface etching in a 10 minute bath.  Increased 

surface roughness indicated possible local galvanic corrosion at particle sites.  Low 

surface etching results meet SEMATECH requirements.  

During the fused silica surface cleaning study, particle charge (negative) and size 

(100 nm) of the contamination source and cleaning bath chemistry (NH4OH) were kept 

constant.  Low PREs were obtained at room temperature for all NH4OH bath 

concentrations; however, high PREs were obtained at an elevated temperature (78°C) 

without megasonics and at room temperature in more dilute chemistries with megasonic 

power applied.  Similar PRE trends were demonstrated for thermal SiO2 surfaces.  The 

experimental etch rates of the thermal SiO2 agree with published values.  
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1. INTRODUCTION 

      

I. LITHOGRAPHY AND MASK CLEANING 

 

The semiconductor industry has made a huge impact in the current information 

era.  Progress in the semiconductor industry has historically been made possible by 

advances in optical lithography.  The basic principle of lithography is similar to 

projecting contents (i.e. drawings) of a transparency on a screen.  A lithographic mask (a 

transparency) with an image to be printed (drawings on a transparency) is illuminated 

with light.  The mask has transparent and light blocking regimes.  The light passes 

through the transparent regime and falls on a wafer (a screen) coated with a material 

known as photoresist or simply resist.  Resist materials are chosen so that its properties 

change upon exposure to light, forming a soluble product that is removed by a chemical 

process.  The non-transparent regime does not let the light pass through it and therefore, a 

part of the resist is not exposed to the light.  The unexposed resist remaining on the wafer 

surface acts as a protective layer, while the unprotected (exposed) areas are treated in the 

process steps of doping, etching, and deposition.  In this way, features are printed on a 

wafer surface using lithography.   

The word ‘lithography’ comes from the ancient Greek word lithos ‘stone’, and 

graphein ‘to write’ [1.1]. Lithography was invented by Alois Senefelder in Bohemia in 

1796 [1.2].  The word lithos refers to how at that time a smooth piece of lime-stone was 

used as a surface to write on.  The literal definition of lithography is “a printing process 
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in which the image to be printed is rendered on a flat surface, and treated to retain ink 

while the non-image areas are treated to repel ink” [1.3].   

Semiconductor chip, integrated circuit (IC) manufacturing, requires very 

expensive equipment and fabrication facilities (fabs).  Approximately 35% of the cost of 

IC manufacturing is spent on the processes associated with lithography [1.4].  Also, 

lithography is the key item that determines the development pace of new technology 

generations (known as device scaling or simply scaling).  In scaling, the device size is 

reduced following Moore’s laws to improve device performance [1.5].  To shrink the 

device size, thinner lines must be drawn.  Lithography is used to draw the ever shrinking 

lines.  Being the key pacing item (in addition to the costs involved in the process), 

lithography is arguably the single most important technology in IC device manufacturing.   

During the device manufacturing process, it is very critical to control the 

properties of surfaces on which the devices are fabricated, and to avoid any 

contamination that can adversely affect the device properties.  This objective is achieved 

with surface cleaning processes.  The surface cleaning process is the most frequently 

repeated process in IC manufacturing.  Particles, metallic impurities, and organic 

contaminants are the main types of contaminants.   This dissertation reports on a nano-

particle removal study on surfaces involved in the lithography process and IC 

manufacturing, thus is related to the most important technology (lithography) and the 

most frequently used technology (surface cleaning).  The overall objective of the study is 

to develop a process to remove nano-particles from surfaces during lithography and to 
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better understand cleaning processes by varying associated parameters such as megasonic 

irradiation and bath chemistry.   

 

1.1. Background of Lithography Process Development:  

 

TABLE 1-1 shows the advances made by the IC industry in the last decade in the 

lithography arena such as increases in memory size of chips and the ability to make 

smaller devices.  Linear dimensions of devices have been reduced approximately 0.7 

times every 3 years.   

 

TABLE 1-1: Overview of the lithography advancements in the last decade [1.6, 1.7]. The ‘???’ 

identifies the single biggest uncertainty about the future technology.  Original source: ITRS by 

SEMATECH.   
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During scaling, as the linear dimension shrinks, two important properties basic to 

the lithography process become critical, namely resolution (R) and depth of focus (DOF).  

Resolution (R) is the ability to distinguish the fineness of detail in an image.  It is 

calculated as   

Resolution = R = k1 NA
λ×     Equation 1-1 

where λ is the wavelength of light used, and NA (= n sinα) is the ability of a lens to 

collect diffracted light.  The value of k1 is dependent on the ability of the resist chemistry 

to distinguish closely spaced features on the wafer structure below the resist and on 

defocusing at the image plane.  The value of k1 is also dependent on the optical 

enhancement features such as off axis illumination, Phase Shift Masking (PSM) and 

Optical Proximity Correction (OPC).  The range for practical k1 values is 0.25 to 0.8.   

Depth of focus (DOF) of an image is the sharpness in the image plane, i.e., from the front 

of the image to the back of the image [1.8].  The formula for DOF is 

DOF = 
2

2

)(NA

k λ±      Equation 1-2   

where k2 is approximately 0.5 and is slightly dependent on resist process parameters.   

To get a better resolution (smaller R), one can reduce the wavelength and/or 

increase NA.  Other options to get better resolution include using optical enhancements 

such as PSM or OPC.  Immersion lithography increases NA to improve the resolution for 

a given wavelength and by controlling the values of k1 and k2 using PSM and OPC.  

However, an increase in NA causes an undesirable reduction in DOF, which is dependent 

on the second power of NA.  Therefore, while optimizing other parameters (including 
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NA) in the equations of R and DOF, the industry is focusing on lowering the values of λ 

for future technologies.  Thus, decreasing feature size requires the use of shorter 

wavelengths (λ) of light in drawing lines in the lithography process.   

 

1.2. Why EUV?  

 

Today, the industry is using λ = 193 nm with the help of technological 

modifications such as phase shift masking, immersion lithography, and off-axis 

illumination.  These modifications have extended the life of the current technology while 

new technologies are developed to draw even finer lines for future technology nodes.  

When the 193 nm optical lithography will no longer be able to draw the ever thinner lines 

reliably and cost-effectively, the industry will shift to other technologies.  The transition 

is predicted to occur near the 32 nm node.  Possible future technologies include e-beam, 

x-ray, and EUV.  Though each technology has shown promise, most e-beam systems 

have the disadvantage of slow scanning speed, while with x-ray technology, the masks 

are fragile and the process requires very expensive equipment.  EUV has noticeably 

higher throughput than the other candidates, and has the potential to cover from 45 nm to 

16 nm half pitches and beyond [1.8].  It has an added advantage of having less deviation 

from the optical lithography process compared to other technologies such as e-beam and 

x-ray.  EUV has shown the most promise, and the industry is focusing on it to meet future 

technological challenges.   
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1.3. EUV Lithography:  

 

EUV lithography utilizes light of 13.4 nm wavelength generated from laser 

excited xenon (Xe) atom plasmas. At this wavelength, light is absorbed by most materials. 

Therefore, instead of traditional transmissive masks used in the optical lithography, the 

EUV masks are reflective.  The substrate of the EUV mask is made of a material having a 

low thermal expansion coefficient (LTE) such as fused silica.  A number of multi-layer 

interference coatings (MLC or ML) are formed by depositing alternating layers (typically 

40) of two materials (silicon (Si) and molybdenum (Mo)) on the substrate to make the 

mask blank reflective at EUV wavelength.  The two ML materials respectively have a 

low (14) and high (42) atomic number to maximize the difference in electron density, 

have a large contrast in their indices of refraction, and absorb less EUV light.  The Si 

layer has little absorption and acts as a spacer, while the Mo layer has higher absorption 

and provides scattering.  The thickness of the ML layers is determined by minimizing the 

absorption and maximizing the scattering.  The period of ML pairs satisfies the modified 

Bragg’s law [1.9]  

mλ = 2d cosθ 
θcos1

2
1 2−

∂−    Equation 1-3 

where m is an integer, d is the period of ML pairs, λ is the EUV wavelength, θ is the light 

incident angle to the mask normal, and ∂ is the bi-layer weighted δn.  δn is defined as (1-

n) with n being the real part of the index of refraction.   
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A schematic of an EUV mask ML coatings is shown in FIGURE 1-1.  Chromium 

is used as an etch stop [1.10] or as an absorber layer [1.11] on top of a buffer layer 

deposited on the ML structure.   

 

FIGURE 1-1: Cross-sectional TEM image of a forty-pair Mo-Si ML mask blank.  [1.8]. 

 

1.4. Challenges:  

 

During the replacement of optical lithography in the fabrication process with the 

novel EUV technology, there will be a shift in methodology from transmissive to 

reflective masks and new surfaces will be introduced.  Due to these and many other 

technology changes EUV technology faces many challenges.  Some major challenges 

[1.8, 1.12] are listed as follows: 
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1. To have a vacuum environment (due to strong material absorption at EUV 

wavelength) in the light path, all-reflective optics for the lithography tool, and 

reflective blank for the masks,  

2. To produce an efficient and long lasting EUV light source in a cost-effective manner 

and that operates economically, 

3. To develop EUV resists,  

4. To optimize the performance of the optics in the system,  

5. To meet the low printable defect level for mask blanks,  

6. To control and to clean the contamination of optics and related surfaces, and  

7. To protect the mask surfaces (without a protective pellicle) from unintentional 

contamination and defects.   

These challenges represent disruptive technologies for EUV and mask manufacturers. For 

example, due to the reflective nature of the EUV mask as compared to the current 

transmissive optical mask technology, EUV masks must meet stringent specifications in 

mask substrate and blank fabrication processes, and the mask making process involves 

several additional steps, increasing the cost per mask.  

To introduce EUV into volume production in a timely fashion, these and many 

other issues need to be resolved and the solutions must satisfy both technical and 

economic considerations. Finding solutions to the challenges is “critical for the industry 

advancement” as highlighted in the recent ITRS executive summary [1.12].   
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1.5. Motivation Behind Cleaning Studies and Scope of The Dissertation Study:  

 

Of the seven major issues listed in the previous section, the last three issues, 

namely to meet the low printable defect level for mask blanks, to control and to clean the 

contamination of optics and related surfaces, and to protect the mask surfaces without a 

protective pellicle from unintentional contamination and defects are all related in varying 

degrees to the study reported in this dissertation.  A brief description of defects, mask 

protection, and cleaning follows.  

 

1.5.1. Defects: 

 

The effects caused by a defect or a particle to the ML of an EUV mask are 

illustrated in FIGURE 1-2.  This figure shows cross-sectional TEM images for a Mo-Si 

ML structure deposited on a gold nano-particle (approximately 60 nm diameter) [1.13] 

that represents a defect.  During ML deposition, the substrate surface defects or particles 

will be covered by the ML stack.  Depending upon the deposition techniques and 

processes, the substrate defect can either be magnified (FIGURE 1-2a) or de-magnified 

(FIGURE 1-2b).  However, any non-uniform ML structure on the mask will cause 

imperfect printing on wafers due to a reflectivity change.   
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(a)       (b) 

FIGURE 1-2: Cross-sectional TEM images for a Mo-Si ML structure on gold nano-particles 

(approximately 60 nm diameter) on substrate [1.13].  The substrate defect can either be magnified (a) 

or de-magnified (b).  The non-uniform ML structure on the mask will cause incorrect printing on 

wafers due to a reflectivity change.   

 

Henry [1.8] has stated that, “the biggest challenge for EUV mask blank 

fabrication is the defect reduction.”  Any printable defect could be a “killer” defect.  Any 

defect on the substrate surface prior to the multi-layer (ML) deposition or any particle 

falling onto the blank during ML deposition can become a printable defect during wafer 

printing.  Whether the defect is printed or not depends on its size, location in the ML 

stack and other relevant characteristics, while whether a printed defect becomes a killer 

defect or not depends on the mask layout, chip architecture, circuit layout, and the 

graveness of effect of the printed defect on the chip performance.  The industry is 

focusing on controlling the number of printed defects to avoid killer defects.  The 

requirement for defect size for future technology nodes is listed in TABLE 1-2. 
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TABLE 1-2: The requirement for the defect size for future technology nodes [1.12].  A * represents 

noted exceptions for RED font with yellow highlighting (in years 2005 – 2007) as “Solutions NOT 

known, but does not prevent production manufacturing”.  No manufacturable solutions are known 

for year 2008 onwards as shown with white font text highlighted in red.  Original source: ITRS by 

SEMATECH.   

 

 

1.5.2. Mask Protection 

 

Due to lack of a transparent material appropriate for EUV mask pellicles, the 

EUV masks will be handled without a pellicle (a protective cover to protect the 

photomask from damage and contamination).  Due to the absence of pellicle protection 

for the EUV mask, frequent mask cleans may be required or other means to protect the 

mask from contamination.   

 

1.5.3. Particle Cleaning  

 

It is very crucial to keep the mask clean during mask handling.  The current 

optical mask cleaning technology is not compatible with EUV mask cleaning needs, 

mainly due to issues such as pinhole generation and degradation of the anti-reflection 

coating (ARC) of chromium.  In addition to these issues, the particle size removable by 

current cleaning techniques is still much larger than what is required by EUV technology.  
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In a 2004 year end presentation [1.14] by SEMATECH, blank and patterned mask 

cleaning were marked with red highlighting as “Solution not known”, as summarized in 

TABLE 1-3.  Therefore, new cleaning technology needs to be developed for EUV masks.   

 

TABLE 1-3: (a) timeline and (b) summary of industry needs for EUV mask technology [1.14].   

 
 

(a) 

 Issues Commercial Status 

Cleaning High efficiency, no residues, no ML 

damage 

Many suppliers and proposed novel 

approaches 

Pellicle No pellicle solution, low defect 

handling required 

Need more supplier engagement 

(b) 

 
 

The requirements for the final EUV mask clean for the 32 nm technology node are 

summarized [1.8] as the following:  

1. To remove all particles larger than 30nm and remove organic contamination,  

2. To change the absorber ARC reflectivity by no more than 1%,  

3. To cause no change to the mask critical dimension (CD) or surface roughness,  

4. To cause no change to the ML reflectivity, and  

5. To meet environmental safety standards.   
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1.6. Front End of Line (FEOL) Requirements:  

 

As devices are scaled down, not only the mask surfaces but also the wafer 

surfaces have stringent particle density requirements to be met as shown in TABLE 1-4.  

To address the cleanliness requirements for wafer oxide surface, removal of nano-

particles from thermal SiO2 surface, a very commonly used surface in FEOL, was also 

studied.   

 

TABLE 1-4: Particle size and density requirements need to be met for front end device processing.  

[5.3] 
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II. MEGASONICS 

 

With device scaling, the wafer and mask surface cleanliness requirements become 

more stringent (TABLE 1-3 and TABLE 1-4).  Conventional cleaning processes fail to 

meet these cleanliness requirements; however, addition of megasonic energy to the 

cleaning bath has shown promising results [1.16].  In this section, the need for 

megasonics is discussed followed by a comparison of megasonics with ultrasonics, and 

the possible mechanisms occurring in the megasonic bath.  Work performed at The 

University of Arizona will be detailed, including a description of the system, methods of 

sono-luminescence measurements, pertinent variables, and histogram analysis.   

 

1.7. Need for Megasonics:  

 

With device scaling, the critical particle size decreases [1.17] as shown in TABLE 

1-5.  The removal forces required for smaller particles increase [1.18 – 1.23].  This 

increase in removal forces has been explained by comparing the magnitude of adhesive 

forces to the particle mass for particles of different sizes.  Ranade [1.19] states that: “… 

the van der Waals’ attraction depends on the first power of the particle diameter.  

Mechanical forces … are represented by ‘mass x acceleration’, and thus they depend on 

the third power of particle diameter.”  Therefore, the removal force required increases for 

smaller particles.   



 34 

 

TABLE 1-5: (a) ITRS near term roadmap of the lithography requirements for the particle density 

and size.  (b) ITRS long term roadmap of the lithography requirements for the particle density and 

size [1.17].     

 

 

Purely chemical cleaning processes fail to meet criteria such as achieving a 

minimum cleaning efficiency for the critically sized particles, minimizing the amount of 

surface etched during cleaning, and being compatible with other processes.  An addition 

of megasonic energy to the cleaning bath has been shown to give promising results.  A 

simplified drawing illustrating the reasons behind the higher particle removal efficiency 

with megasonic energy input in the cleaning bath is given in FIGURE 1-3.   
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FIGURE 1-3: The need for application for additional energy sources such as megasonics in the 

cleaning bath with scaling.  Particle removal and line damage with respect to the forces exerted by 

megasonics are compared on a relative scale.  Inspired from [1.24].  

 

For illustrative purposes, the histogram of the number of occurrences (frequency) 

on a wafer for different forces is plotted in FIGURE 1-3.  The figure shows the force 

applied by megasonics is greater than the particle adhesion force but less than the line-

strength, the force that would damage the structure.  Therefore, megasonics will be able 

to remove particles without damaging the lines (structures).  With scaling, line 

dimensions decrease and correspondingly the line strength, while the critical particle size 

becomes smaller and the required particle removal force larger.  The available range of 

force (FIGURE 1-3), the minimum force necessary to remove particles effectively and 

the maximum that can be applied to avoid causing line defects, is reduced with scaling.  

The semiconductor industry is working to achieve precise control of megasonics within 

the narrow window of force necessary to achieve effective non-destructive cleaning.  

Line strength 
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1.8. Megasonics Background:  

 

The semiconductor industry frequently used ultrasonic baths for cleaning in past.  

These ultrasonic baths have an input frequency range of 20 – 350 KHz.  The megasonic 

input frequency range is 0.7 MHz to approximately 5 MHz.  Megasonics is thought to 

have following advantages over the ultrasonic techniques:  

1. Better control over the applied energy with narrow uni-modal histograms (frequency 

vs. megasonic distribution).  It should be noted that the term frequency stands for 

statistical frequency of the distribution under consideration (number of occurrences) 

and should not be confused with the megasonic transducer frequency.   

2. A thinner acoustic boundary layer (section 1.9.1).  

3. Effective cleaning of smaller particles.  

4. Surface cleaning without (or with less) structure damage.  

A number of different types of megasonic baths are being studied in the industry such as 

nozzle type single wafer cleaning, cone type single wafer cleaning, immersion type batch 

cleaning, and single wafer cleaning systems.   

 

1.9. Mechanisms:  

 

It is hypothesized that two possible mechanisms are occurring in the megasonic bath 

causing the particle removal and/or line defects:  
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1.9.1. Acoustic Streaming:  

Similar to the hydro-dynamic boundary layer that is formed when a fluid flows on 

a surface, an acoustic boundary layer is formed when the sound wave travels 

through a fluid and hits a surface.  Acoustic streaming is motion of fluid caused 

by the attenuation of the sound waves traveling in the viscous fluid [1.16, 1.25].  

When the size of a particle at rest on a surface is larger than the acoustic boundary 

layer, the particle portion intruding through the boundary layer will experience the 

forces exerted by the fluid on it.  It is thought that the forces will cause rolling, 

dragging, and other motions of the particle that will effectively remove the 

particle from the surface.  The acoustic boundary layer thickness can be computed 

using the formula   

Acoustic boundary layer thickness = ω
ν12=acd    Equation 1-4 

where, ν1 is the kinematic viscosity of the liquid in stokes and ω corresponds to 

the vibration frequency in radians/sec [1.26 – 1.28].   

 

The inverse relationship between the boundary layer thickness and the frequency 

of the applied pressure (sonic) wave indicates the possibility that higher 

frequency megasonic waves can clean smaller sized particles (FIGURE 1-4).   
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FIGURE 1-4: Reducing boundary layer thickness with increasing frequency of applied sound energy 

(not to scale) [1.29].  The dashed lines correspond to the upper limit of the boundary layers.   

 

1.9.2. Acoustic Cavitation:  

A sound wave can be thought of as a periodic pressure wave [1.30].  A periodic 

signal wave is characterized as crests (high) and troughs (lows) of the signal 

(pressure).  Due to the pressure differences, small cavities can be formed in the 

bath [1.26, 2.24].  The physical phenomenon of cavity formation is known as 

acoustic cavitation.  The cavities grow in size or coalesce with other cavities 

depending on the surroundings and the bath conditions.  As they grow in size, the 

cavity walls (the interface between the cavity and the liquid) are unable to 

withstand the fluid pressure and they implode.  A single cavity temperature during 

collapse is found to reach more than 15,000 K [1.31, 1.32].  The energy in the 

cavity is given up to the surrounding fluid as the cavity implodes, creating a 

phenomenon similar to a shock wave.  This energy release is thought to cause 
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both particle cleaning and/or line damage.  In summary, acoustic cavitation is 

defined [2.23] as the formation of vaporous/gaseous bubbles in the cleaning fluid 

during the low pressure cycle of a propagating acoustic wave, followed by violent 

implosion during high pressure cycle of the acoustic wave.   
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III.  THEORETICAL BACKGROUND 

 

During particle adhesion and surface cleaning, a number of forces are involved, 

namely van der Waals force of adhesion, electrostatic interaction, capillary condensation, 

double-layer repulsion, and acid-base interactions.  The forces are described in this 

section.   

 

1.10. van der Waals Forces:  

 

London–van der Waals forces, named after German-American physicist Fritz 

London and Dutch scientist Johannes Diderik van der Waals, are the molecular 

interaction forces by which any atom or molecule is attracted by any other atom or 

molecule, regardless of material composition or physical appearance [1.33].  The forces 

are also known as London dispersion forces or just dispersion forces, London forces, or 

most commonly as van der Waals forces.  The attractive force (dynes) was originally 

derived [1.34, 1.35] as  

Fvdw = 








+ 21
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q λπ
   Equation 1-5 

where x is the distance of separation (cm), λ is London-van der waal’s constant, q0 are 

the number of atoms in one cm3 of the substance, d1 and d2 are the diameters of spherical 

particles (cm), and λπ 2
0

2q  is Hamaker’s constant (A) [1.36].  Typical values of “A” are 
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in the range of 10−20 to 10−19 J. The value of A for fused silica in water is reported [1.37, 

1.38] to be 0.85x10-20 J.   

 

1.11. Electrostatic Interactions:  

 

1.11.1. Coulomb Interactions:  

 

Coulomb interactions occur due to the electric charge on a particle and/or a 

surface.  The fundamental equation of electrostatics is Coulomb's law, which describes 

the force between two point charges as  

Fele = 
2

0

21

4 r

QQ

rεπε
   Equation 1-6 

where Q1 and Q2 are the values of the two point charges, r is the distance separating the 

two charges, ε0 is the permittivity of the vacuum, and εr is the relative permittivity of the 

medium.   

 

The Gouy-Chapman model [1.39] describes the electric field generated by a charged 

surface in solution using Poisson-Boltzmann’s equation.  For a spherical particle with 

charge Q and its image, the adhesive force is calculated as  

Fad = 
2

0

2

)(6 Zd

Q

P +
   Equation 1-7 

where dP is the particle diameter and Z0 is the smallest distance between the particle 

periphery and the surface.   
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1.11.2. Electrostatic Double Layer:  

 

The electrostatic double layer force arises from the difference in the work 

functions of two different materials resulting in a contact potential φc. The force was first 

derived [1.40] as  

Fele = πε0 
0

2

2Z

d cPφ
    Equation 1-8 

where dP is the particle diameter and Z0 is the distance of separation (typically 4Å).   

 

Due to the effect of the electrical field caused by electrostatic interactions, particles are 

accelerated and move in fluids.   

 

FIGURE 1-5 illustrates the magnitudes of van der Waals and electrostatic 

interaction forces [1.41].  As the distance between a particle and wafer reduces, both 

forces increase by several orders of magnitude.  When the two interacting surfaces of the 

particles and the wafers come closer, the van der Waals attractive forces have a higher 

magnitude than the electrostatic repulsive forces resulting in particle adhesion.  For the 

removal of a particle from a wafer surface, forces greater than the resultant attractive 

force needs to be applied.   
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FIGURE 1-5: Illustration of magnitudes of van der Waals and electrostatic interaction forces with 

particle-wafer distance.  Interactions in water between hydrophilic silicon wafers (ΨΨΨΨ0 = -300V) and 

Si3N4 particles (R = 0.3mm, -36 < ζζζζ < 36 mV) [1.41].   

 

1.12. Capillary Forces:  

 

Water may condense in gaps between bodies (here a particle and a surface) in 

contact.  The water meniscus draws the bodies together due to surface tension and 

reduces liquid pressure resulting in an attractive force derived [1.42] as  

θγπαθαγπ CosRSinSinRF LVLVc 4)(4 ++=   Equation 1-9 

where θ is the contact angle, γ is surface tension, R is the radius of particle, Z0 is the 

smallest distance between the particle periphery and the surface, α is the force angle with 
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the surface normal.  The first term can be ignored [1.42] for small values of α.  Newer 

models are developed [1.43] proposing modified equations for the capillary force.   

 

1.13. Double-Layer Repulsive Forces:  

 

When particles are immersed in an electrolytic solution, any charge on the 

particles will attract a layer of ions of the opposite sign.  Those ions attract ions of 

opposite polarity in a diffuse layer establishing a potential gradient.  The suspension as a 

whole is, however, electrically neutral.  Zeta potential (ζ) is defined as the potential 

approximated at the fluid shear layer as shown in FIGURE 1-6.  The stern plane is found 

by locating the centers of the first layer of ions at a mean distance δ from the solid 

surface.  Zeta potential can be used to calculate the repulsive potential.  Derjaguin, 

Verwey, Landau, and Overbeek [1.44, 1.45] developed a theory (called the DLVO 

theory) in the 1940s describing a repulsive potential VR as  

( )DaV rR κεπε −= expζ2 0    Equation 1-10 

where a is the particle radius, π is the solvent permeability, κ is a function of the ionic 

composition, and ζ is the zeta potential.   
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FIGURE 1-6: Schematic representation of the double layer and potential drop across the double 

layer [1.43, 1.47].  The zeta potential is represented with symbol ζζζζ..  

 

1.14. Acid-Base Interactions:  

 

Fowkes showed [1.47] that a typical polymer adhesion is significantly controlled 

by the acidic or basic nature of the surfaces.  The “work of adhesion” is given by  

A
baba NHSW /21

−
−

− ∆=     Equation 1-11 

where NA is Avogadro’s number, S is the number of acid-base sites per unit area, -∆Ha-b 

is the enthalpy of acid-base interactions.   



 46 

 

1.15. Summary:  

 

In summary, with device scaling, both wafer and mask surface cleanliness 

requirements become more stringent.  Conventional cleaning processes fail to meet 

cleanliness requirements.  The ability to remove particles smaller than half the pitch of 

the technology node and to do so repeatably with a high cleaning efficiency, without 

damaging the structures, and etching minimal surface is a formidable challenge.  

Addition of megasonic energy to the cleaning bath has shown promising results.  The 

possible mechanisms behind megasonic cleaning were followed by a brief overview of 

forces involved in adhesion and removal of particles to surfaces.   

 

This study is focused on developing processes to remove nano-particles from 

various surfaces in the EUV lithographic process and understanding the effect of 

associated parameters such as megasonic irradiation and bath chemistry.  The surfaces 

studied were chromium, chromium oxynitride (CrON), fused silica (EUV mask substrate 

material), and thermal SiO2 (i.e., thermally grown wet-oxide on a silicon wafer).  Though 

a thorough defect and surface roughness study is beyond the scope of this dissertation, 

preliminary data on these topics are included.   
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2. METHODS AND MATERIALS 

      

In this chapter, first the specifications of the EUV mask and of the nano-particles 

used for the study are listed.  Second, a qualitative analysis of the particles (size, 

distribution) is detailed.  The analysis is then followed by a discussion of the quantitative 

analytical technique (dark field microscope) used to detect the nano-particles, in which  

1. the principle of the microscope technique,  

2. software settings,  

3. typical measurement procedure, and 

4. particle removal efficiency (PRE) calculations  

are described.  The discussion is followed by a description of the procedure adopted to 

reverse the surface charge of the gold nano-particles by coating them with a PDAC 

solution.  Lastly, a detailed discussion on the megasonic setup is provided.   
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I. EUV MASK 

 

2.1. Specifications of the EUV mask:  

 

Uncut masks (15 cm x 15 cm x 6.5 mm) provided by Intel Corp.’s Santa Clara 

facility were used.  They were comprised of two layers deposited on a fused silica 

substrate (FIGURE 2-1) [1.8] of approximately 6.5 mm thickness.  A first layer of 

chrome (approximately 90 nm thick) was deposited on the substrate, and then a second 

layer of chromium oxynitride (CrON) (approximately 10 nm thick) was deposited.  The 

precise chemical composition of each layer, layer thicknesses, and variation of the 

chemical compositions with thickness being proprietary information of the mask 

manufacturers and were not disclosed to The University of Arizona [2.1].  The masks 

were cut into samples (2.5 cm x 2.5 cm) using a diamond saw at the Chemistry 

Department at The University of Arizona.   
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FIGURE 2-1: Structure of the EUV mask (cross-sectional view, not to scale).   
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II. NANO-PARTICLES AND THEIR DETECTION 

 

2.2. Specifications of Gold Nano-Particles:  

 

The term nano-particles is used for particles having diameter in the range of one 

nanometer (1 nm) to one micrometer (1 µm).  Gold particles exhibit a resonant light 

scattering (RLS) phenomenon when illuminated by light [2.2 – 2.4].  The glow size of 

illuminated gold nano-particles is much larger than their physical size.  As a result, 

detection of gold particles smaller than the theoretical resolution limit of the microscope 

is possible, and because of this property they were chosen for the experiments.  The range 

of interest of gold particle diameters is 40 – 250 nm with focus on 100 nm.  Standard 

gold nano-particle dispersions were purchased from Ted Pella Inc.  The particles were 

manufactured by B. B. International Inc. [2.5].  The reported size distribution [2.6] (also 

known as Percentage Coefficient of Variation or %CV) is less than 20%.  The details of 

gold particle dispersions are listed in TABLE 2-1.   
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TABLE 2-1: Details of particles used for the experiments are tabulated.  Along with the original 

concentration levels of the purchased standard dispersion, the concentration levels of the diluted 

dispersions used for particle deposition are also listed.   

Size 
Ted Pella Inc.  

Part # 

Particle Conc. in the 

Standard Dispersion (#/ml) 

Deposition Solution’s  

Particle Conc. (#/ml) 

250 nm 15714-20 3.6 x 108 3.6 x 106 

100 nm 15711-20 5.6 x 109 2 x 107 

60 nm 15709-20 2.6 x 1010 1 x 108 

40 nm 15707-20 9.0 x 1010 2 x 109 

 

2.3. Qualitative Analysis of 100 nm Gold Nano-Particles:  

 

The Hitachi S-2460N Scanning Electron Microscope (SEM) [2.7] and Hitachi S-

4500 Field Emission SEM (FE-SEM) [2.8] at the Material Science and Engineering 

(MSE) department were used for preliminary qualitative analysis of the deposited 

particles.  The in-situ Energy Dispersive X-Ray Spectroscopy (EDS or EDX) 

measurement capability of the instruments was used to determine the material / element 

of sample areas by observing the position of the diffraction peak on the energy scale of 

the EDS X-ray spectra.  Each material has a unique diffraction signature that can be used 

to identify the element from look-up tables provided by the manufacturer corresponding 

to each peak on the spectra.   
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2.4. Quantitative Analysis:  

 

For the quantitative analysis during the experiments, the nano-particles were 

required to be detected and counted on the masks in three experimental conditions, 

namely pre-clean (background), after particle deposition, and after sample cleaning as 

elaborated on section 2.4.7.  For reliable and consistent data collection, many points on 

the mask samples have to be measured.  Both the SEM and FE-SEM instruments are 

more suited to qualitative analysis.  To perform an effective and efficient quantitative 

analysis of the experimental samples and to utilize the RLS property of gold nano-

particles, a dark field microscope, Leica DM 4000, was purchased from McBain 

Instruments.  

 

2.4.1. Principle:  

 

Dark field microscopy [2.9, 2.10] is a specialized illumination technique.  The 

light entering the microscope objective is a collection of diffracted, reflected, and 

refracted light from the sample.  An opaque-stop in the microscope blocks the zeroth 

order (direct) light.  Thus a flat surface is shown as a black screen on the computer 

monitor.   

However, light incident at all oblique angles that hit the specimen (particle), 

scatters and enters the microscope objective.  The light scattered by a particle or 
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deformation on the surface forms a bright image on the computer monitor.  This bright 

image is superimposed onto the dark background generated by the flat surface.  Thus, ‘a 

particle on a flat surface’ is shown as ‘a glowing spot on a dark screen’ to the observer.   

 

2.4.2. Microscope Installation, Preliminary Settings and Operation:  

 

The Leica DM 4000 microscope consists of a 106-lamphouse light source, three 

objectives (20x, 50x, and 100x), 10x eyepieces, a QImaging camera, QCapture Pro 5.1 

software, and a joystick.  The microscope was installed on an anti-vibration table in a 

class-10 clean-room facility at the Microelectronic Laboratory (MEL2) at The University 

of Arizona.  The joystick control is used to move the stage horizontally in small 

increments of distance.  The QImaging camera displays a real-time image using the 

QCapture Pro 5.1 software.  The software can digitally change image properties such as 

gain, gamma (contrast), and offset.  These changes are reflected in the captured real-time 

image.  After adjusting the software and system settings to get a desired image, the user 

can take a photograph (snap) of the displayed real-time image and save it in a 12-bit or an 

8-bit “tiff” computer file-format.  The software scale was first calibrated using a ruler 

provided by McBain Instruments.  The ruler has a resolution of 100 µm.  The calibration 

was made more accurate by recalibrating with a ruler (resolution = 0.001 inch ≈ 25 µm) 

provided by Dr. O’Hanlon.  The calibrated scale in the software was used to measure the 

image dimension, size of particle glow, and other desired distances.  The particle glow 

                                                 
2 Microelectronic Laboratory (MEL) at The University of Arizona, Tucson was later renamed the Micro-
nano Fabrication Center (MFC) in 2005.  Website: http://mfc.engr.arizona.edu/  
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size is dependent on many factors such as the material, size and shape of the particle, 

intensity of the incident light, microscope system settings, and camera software settings 

such as capture time, gamma (contrast), and gain.   

 

2.4.3. Overview of The Quantitative Analysis Process:  

 

A three step procedure typically adopted during the quantitative analysis process was as 

follows:    

1. First, one standard sample was prepared for each gold nano-particle size listed in 

TABLE 2-1.  For example, for studying 100 nm gold particles, a clean wafer was 

contaminated with 100 nm gold particles and marked as a “100 nm standard sample.”   

2. Software settings were adjusted to get the best image of the particles for each 

objective, namely 20x, 50x, 100x, and the settings were saved. The saved settings 

were used to take model images of each standard sample for all the objectives 

available.  The model images were saved.  From the model images, particle glow size 

comparisons were performed (TABLE 3-1).   

3. Model images of appropriate standard samples were again taken on the day of 

experiments with an objective (say 50x).  The same objective was used throughout 

the experiment.  The model images were kept in the background during experimental 

measurements for comparison of particle size in order to distinguish gold nano-

particles from any unintentional background contamination producing a glow of 

similar size.  
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The details of each step (in the same order) are included in section 3.1.   

 

2.4.4. Optional QCapture Settings for Particle Detection:  

 

For the glow size comparison measurements of all the samples discussed above, 

the software settings were kept unchanged.  However, for quick particle detection during 

experimental measurements, the ideal software setting is slightly different for each 

particle size; i.e. the software setting for a 40 nm particle is different from that for a 60 

nm particle.  Karl Johanson of McBain Instruments Inc. recommended a technique to 

determine ideal software settings.  At a particular combination of gain, capture-time, 

gamma and offset, as the focus knob of the microscope is changed slightly, the particles 

of interest remain in-focus while most other different sized particles go ‘almost’ out-of-

focus.  Using this method it becomes easier and faster to count the in-focus particles.  

Standard samples were used to identify a unique software setting using this methodology 

for each particle size and each objective.  The settings were then saved and used when 

needed for measurements during experiments.  It was operator’s choice to use this 

optional methodology.   
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2.4.5. Alignment Mismatch: 

 

A practical difficulty occurs when one increases the capture-time as the right edge 

of the real-time image gets brighter than the left edge (FIGURE 2-2a).  Both edges should 

have equal brightness because ideally the center of the camera aperture should coincide 

with the center of the light beam.  Support groups at McBain Instruments, Leica, and 

QCapture Pro software were contacted; however, no solution to the issue could be 

identified.   

 

(a) 
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(b) 

FIGURE 2-2: (a) Illustration of the problem of uneven illumination of the light on the computer 

monitor – right edge is brighter than the left edge.  (b) More centered image illumination with the 

modified setup.  A dashed white circle is overlaid on the figures to highlight the shift in the darkness 

center on the computer screen image.  

It may be noted that the images (a and b) are not of the same sample.  They are shown here to 

represent the illumination issue before and after the setup modification and the different particle 

densities in the images are not relevant to the present discussion.   

 

To reduce the effect of the non-ideality, the camera was slightly tilted at the right 

side of the fixture with the microscope.  However, even with the modified setup 

(FIGURE 2-2b), the glow size of a particle at the left edge of the computer screen is 
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slightly smaller than its glow size when it is moved to the right edge of the screen.  The 

slight change in the glow size with position on the screen was accounted for and accurate 

particle detection was performed.   

 

2.4.6. Typical Experimental Quantitative Measurement Procedure:  

 

The following sample-measurement procedure was performed to make sure that 

the particles counted were representative of the particle size of interest.  Before 

performing an experiment, an appropriate prepared standard sample was measured using 

the microscope and a model image was saved for particle glow size comparison during 

experimental measurements.  The saved system setting for the particle size of interest was 

used.  For example, if the experiment involved 100 nm particles as the size of interest, a 

model-image of 100 nm particles deposited on a standard sample was captured using an 

objective.  The same objective and system settings were used for further sample 

measurements.  The captured model image of the standard sample was kept in the 

background.  The model image was frequently used for glow size comparison to 

determine whether a particle on the experimental sample was of 100 nm size or otherwise.  

This minimized potential human errors and possible equipment setting fluctuations over 

time.   

On each experimental sample, 25 area measurements were performed using a 20x 

objective.  However, when a 50x objective was used the number of measurements was 30, 

since the area covered by each measurement is smaller than that covered by a 20x 
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objective.  This procedure of performing more area measurements while using a 50x 

objective reduced the possible error introduced by the less area covered in each 

measurement with the 50x objective.  To test the hypothesis of the reduction of possible 

error, a sample was measured at 30 areas with a 50x objective and at 25 areas with a 20x 

objective.  The standard deviation range of particle densities obtained from the 25 

measurements with 20x objective included the average value of the particle density 

obtained from the 30 area measurements with 50x objective and vice-versa.  Therefore, 

measuring 30 points on a sample using a 50x objective led to effectively the same particle 

density as obtained by measuring 25 points using a 20x objective.  These measurement 

areas were typically located at 5 different locations on the sample, as shown in FIGURE 

2-3.   
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(a)      (b) 

FIGURE 2-3: (a) Typical location of 25 measurement locations on sample surface.  (b) 

Demonstration of 5 measurement areas (shaded) at a location.  While using a 50x objective at each 

measurement location, 6 measurement areas were measured instead of 5 as in the case a 20x 

objective.   

 

The number of particles on the measurement area was determined by manually 

counting glowing spots of the same size as model particle-glow generated by gold 

particles of the size of interest.  The number of particles on the measured sample area was 

recorded on a spreadsheet.  The process was repeated several times depending on the 

objective used (25 and 30 times when using 20x and 50x objectives respectively).  The 

total number of particles counted was divided by the total area covered by the 

measurements to calculate an average particle density (#/µm2) on the sample surface.  

The average particle density was then used to calculate the Particle Removal Efficiency 

(PRE).   
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2.4.7. Calculation of Particle Removal Efficiency (PRE):  

 

Particle detection measurements were performed at the following stages during 

experiments:  

1. Background / Pre-clean Measurement: Before depositing particles on the sample 

surface. 

2. Before Cleaning: After depositing particles and before performing a cleaning 

procedure on the samples.   

3. After Cleaning: After performing a cleaning procedure on the samples.  

 

Extra care was taken for the pre-clean measurement (#1) as it was used to correct for the 

background count on both the subsequent measurements (#2 and #3), as shown in 

Equation 2-1.   

 

Particle Removal Efficiency (PRE) (%) = 100
)( ×−

A

BA
. 

Equation 2-1 
 

where  A = (Gold Particle Density Before Cleaning – Junk Background Particle Density)  

     and B = (Gold Particle Density After Cleaning – Junk Background Particle Density)  

 

If the background count was high (greater than 1.4x10-5 #/µm2), the sample was re-

cleaned until the count was acceptable (less than 1.4x10-5 #/µm2).  Also, the particle 

density of the before cleaning condition was kept at least an order of magnitude more 
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than the particle density of the background measurement for the sample.  Typical particle 

density for the pre-cleaning condition was 1.4x10-5 #/µm2 while that for the before 

cleaning condition was approximately 1.5x10-4 #/µm2.    

The particle glow using the 106-lamphouse as the light source was insufficient to 

reliably identify and count the sub-100 nm particles.  The light source was replaced with 

a brighter metal halide light source.  It was then possible to detect 40 nm particles, while 

60 nm particles could be counted reliably with a good repeatability.  The metal halide 

source was therefore used for producing all the results with sub-100 nm particles in this 

dissertation.  FIGURE 2-4 shows the increased size of the glow of particles with the 

metal halide source compared to that obtained with the 106-lamphouse.   
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(a) 100 nm gold with 50X objective.  

Image taken with a 106 lamp-house. 

(b) 100 nm gold with 50X objective.  

Image taken with a metal halide source. 

  

(c) 60 nm gold with 50x objective.  

Image taken with a 106 lamp-house. 

(d) 60 nm gold with 50x objective.  

Image taken with a metal halide source. 

FIGURE 2-4:  The images illustrate increased size of the glow of particles with the metal halide 

source compared to that obtained with the 106-lamphouse.  Both 100 nm and 60 nm particles are 

considered.  As the 60 nm particles are difficult to identify, arrows are drawn to some particles on 

the images (a), (c) and (d).  A 50x objective was used.  The images are not digitally zoomed in.  Glow 

sizes in images (b) and (d) taken with a metal halide light source are respectively larger than those in 

images (a) and (c) taken with a 106 lamp-house.  The images are for glow size comparison illustration 

only and the different particle density in each image is not relevant to the present discussion.   
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III. OTHER MEASUREMENT TECHNIQUES 

 

2.5. Inductively Coupled Plasma Mass Spectroscopy (ICPMS):  

 

To obtain etch rates of the deposited layers on fused silica substrate, Inductively 

Coupled Plasma Mass Spectroscopy (ICPMS) measurements were performed.  A Perkin 

Elmer Elan DRC II ICPMS instrument at the Soil, Water and Environmental Science 

department at The University of Arizona was used.  The measurement samples had 20 µl 

of 97% H2SO4 diluted with 10 ml DI water resulting in approximately 36mM H2SO4 

solution with different concentrations of chromium compounds dissolved.   

 

2.6. X-Ray Photo-electron Spectroscopy (XPS):  

 

X-Ray Photo-electron Spectroscopy (XPS) measurements were performed to 

characterize sample surfaces.  A Kratos 165 Ultra XPS instrument with a high sensitivity 

Al monochromatic source [2.11] at the LESSA facility at the Chemistry Department at 

The University of Arizona was used.   

Full-scans were performed with the hybrid lens mode with a resolution pass 

energy of 160 eV and 1 meV step height.  Peak areas of the full-scans were used to 

calculate atomic concentration based on standard sensitivity factors.  The approximate 

percentage atomic concentration values for different elements were obtained.   
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Using low pass energy scans at a resolution pass energy of 20 eV and 1 meV step 

height, intensity curves for carbon, chromium, oxygen, nitrogen, and sulfur were obtained 

for all the samples measured.   

 

2.7. Atomic Force Microscope (AFM):  

 

To determine surface roughness, AFM measurements were performed.  A Digital 

Instrument’s Dimension 3100 Scanning Probe AFM [2.12] at the Chemistry Department 

at The University of Arizona was used.  All AFM measurements were performed in the 

tapping mode.   

 

2.8. Ellipsometer and Filmetrics:  

 

A filmetrics F series F20-USI instrument, Gaertner Ellipsometer at the Micro-

Electronics Laboratory and another model L116C at the Arizona Materials Laboratory 

were used to measure film thicknesses.  Both ellipsometers have a He/Ne laser of 

wavelength 632 nm.  Two angle measurements were performed with 70 degrees and 50 

degrees as the angle of incidence values of the ellipsometer laser.   
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2.9. pH Measurements:  

 

Measurements of pH were performed using a pH meter system SympHony 

SB301 manufactured by VWR Scientific Products.  The meter was calibrated on a regular 

basis, using freshly prepared buffer solutions.   
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IV. THEORETICAL WORK: 

 

2.10. Potential – pH (Pourbaix) Diagrams:  

 

A potential-pH diagram is called a Pourbaix diagram.  The diagrams were 

constructed using a commercially available software program called STABCAL [2.13].  

The software takes a list of specie and the standard free energy of those species (∆G0
f) as 

inputs.  The free energy values of species were taken from different databases such as the 

National Bureau of Standards (NBS), Critical Stability Constants [2.14], and Russian 

database.  The potential-pH diagrams were drawn for  

1. a gold-sulfur-water system with gold concentration of 10-6M and sulfur 

concentration of 2M,  

2. a chromium-sulfur-water system for chromium concentration of 10-6M and sulfur 

concentration of 2M, and 

3. a chromium-ammonia-water system for chromium concentration of 10-6M and 

ammonia concentration of 1.143M.  
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2.11. Data Source for Pourbaix Diagram with Gold:  

 

The three databases listed in section 2.10 did not have many species of gold that 

were of interest.  Values (TABLE 2-2) obtained from the literature [2.15] were used.   

 

TABLE 2-2: Free energy of gold species [2.15].  
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V. ZETA POTENTIAL (ZP) REVERSAL OF GOLD NANO-PARTICLES: 

      

2.12. Zeta Potential:  

 

Zeta potential (ζ) is a potential corresponding to the charge at the shear plane of a 

surface suspended in a liquid medium [1.47, 2.16].  The surface charge of a gold nano-

particle was characterized by zeta potential (ZP).   

 

2.13. Nano-Particle Coating Procedure:  

 

It was thought that reversal of particle charge would lead to more difficult 

removal of the particles from surfaces as high PREs were obtained for the negatively 

charged gold nano-particle removal from a CrON1 surface using dilute chemistries in the 

absence of megasonic energy in the bath (FIGURE 4-2) and also by just using DI water at 

room temperature with 100W applied megasonic power (FIGURE 4-6).  To reverse the 

particle charge (section 3.3), few methodologies and materials reported in the literature 

were studied [2.17–2.22].  All the methods involve coating the gold nano-particles with a 

polymer compound.  However, the methods differ in complexity and in the materials 

used for coating the gold nano-particle surface.  A brief summary of the approaches is 

given in TABLE 2-3.  
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TABLE 2-3: A list of different materials and methods reported to successfully change the surface 

charge by coating gold-nanoparticles.   

# Name Process Summary 
Sigma-
Aldrich 

Product # 

1 PDAC 

Addition of PDAC (low molecular weight) to gold nano-

particle dispersion.  PDAC concentration ≈ 0.75 weight 

percent (0.75 wt%) of gold in the solution.  [2.17, 2.18] 

522376-1L 

2 
PDAD
MAC 

Coat nano-particles with thiol followed by PDADMAC 

adsorbtion for forming a multilayer polymer shell [2.19]. 
- 

3 DMAP The process uses a [2.19, 2.20] Phase Transfer Approach. 107700-
25G 

4 
Poly-L-
Lysine 

Used [2.21, 2.22] to coat the gold nano-particles or silica 

plates.  The process involves baking. 
P8920-
100ML 

 

 

Because poly-diallyldimethyl-ammonium-chloride (PDAC) is a non-toxic 

compound and the gold nano-particle coating procedure with PDAC is the simplest 

compared to the procedures with other coating compounds, a PDAC solution was 

selected to coat the gold nano-particles.  The purchased PDAC solution, product number 

522376-1L from Sigma-Aldrich, was first diluted 1000 times with DI water.  A 20 ml 

gold standard solution, purchased from Ted Pella (TABLE 2-1), was diluted with DI 

water to make the solution volume 40 ml.  Approximately 24 µl of the diluted PDAC 

solution was put in the 40 ml of gold nano-particle dispersion.  The PDAC concentration 

was chosen so that the PDAC concentration would be 0.75 weight percent (0.75 wt%) of 

gold in the solution.  The color of the gold standard solution changed from pink to 
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transparent overnight, possibly indicating a successful coating of the gold nano-particles 

in the standard.  Approximately 7 µg KCl salt was added to the 40 ml of standard gold 

nano-particle sample making it a 1 mM solution.  An immersion type contact sonicator at 

Arizona Materials Laboratory (AML) was used to mix the solution vigorously 

(sonication).  Then the zeta potential (ZP) of the PDAC coated gold particles in the 

solution was measured using the Coulter Corp. Delsa 440SX instrument.   
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VI. MEGASONICS SETUP: 

      

2.14. Megasonic Tank Setup:  

 

The megasonic system at The University of Arizona was donated by Product 

Systems Inc.  It is a fixed frequency (925 KHz) immersion type system with 500 W 

maximum input power.  The megasonic tank capacity is approximately 19 liters.  The 

system has four transducers at the bottom of the tank.  The transducers are all turned ON 

together.  The transducer cover in the current system is made of quartz.  All 

measurements and cleaning conditions were performed with the system setup described 

above.  When the transducers with perfluoro-alkoxyalkane (PFA) covers are used, the 

system has the capability to sequentially turn the four transducers ON, and thus the input 

power density (W / cm2) at a given time can be quadrupled.  However, the PFA covered 

transducers were not used for any measurements reported in this dissertation.  The tank 

has an array of four rectangular shaped transducers of approximate size 17.75 cm x 12.7 

cm each. The total transducer area is 225.806 sq. cm.  Experiments were performed by 

exciting all the transducers at the same time at total power levels in the range 0W to 

500W.  The transducers were always excited in pulse mode of operation with transducer 

activation dwell time of 1000 ms, pulse time of 2 ms and 100% pulse duty cycle 

A 40 nm nylon filter housing (Pall Posidyne II filter AB1UNDZ3EH4) was added 

at the DI water inlet of the megasonic tank to avoid any particles getting into the tank 
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system.  Also a 50 nm Poly-Tetra-Fluoro-Ethylene (PTFE) filter (Pall filter capsule 

LDFN09CFLHF05012E51-K3) and a pump system (Wilden UltraPurePTFE P.050) was 

added to the tank as a fluid recirculation loop.  The final schematic is shown in FIGURE 

2-5.  A photograph of the system is shown in Appendix 7.3.4.   

 

 

FIGURE 2-5: Megasonic tank schematic.  DI water was filled through a 40 nm filter at the tank inlet.  

During overflow rinsing, the tank fluid was filtered continuously through a 50 nm filter with an oil-

less pump driven by ultra-high pure nitrogen.   

 

Megasonic Tank 
25 x 26 x 16 cm3  

Megasonic Transducer 

Water Flow 

 
Filter 2 
50 nm 

Pump 

DI Water from 
the supply 
controlled by 
a valve 

 
Filter 1 
40 nm 
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As shown in FIGURE 2-5, DI water was filled in the megasonic tank through a 40 

nm filter at the tank inlet.  During overflow rinsing, the tank fluid was filtered 

continuously through a 50 nm filter with an oil-less pump driven by ultra-high pure 

nitrogen.  Any particles introduced by the walls or other unknown sources are removed 

during recirculation.  During all megasonic irradiation experiments, the samples were 

kept approximately 10 cm from the transducers.  This region is known as the near-field 

region.  The x-y-z coordinates of all the samples in the tank were practically kept 

constant during megasonic irradiation.   

 

The MegaSonics™ Control Unit is comprised of three modules: 

1. MegaPulse™: the System Controller 

2. MegaPlex™: the Power Director 

3. MegaPower™: the Megasonic Power Source 

Together, these three modules control the transducer excitation required for megasonic 

cleaning.  The Megapulse can also be controlled using its “Operations User Interface 

Software” version 1.0 beta 2.   
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2.15. Sono-luminescence Probe: 

 

Of the two possible mechanisms, namely acoustic streaming and acoustic 

cavitation, this section is focused on the cavitation phenomenon.  Detailed theoretical 

work on the acoustic wave can be found in the literature [2.23, 2.24, and 2.25].  

Unfortunately, direct measurement of cavitation in the bath is not possible.  Therefore, an 

effect caused by cavitation, known as sono-luminescence, was studied.  Sono-

luminescence can be defined as the emission of light by bubbles in a liquid excited by 

sound.  It was first discovered by scientists at the University of Cologne in 1934 [2.26, 

2.27] but was not considered very interesting at the time.  An immersion type photon 

counter, donated by Product Systems Inc., was used to perform the sono-luminescence 

measurements in the megasonic bath.  The probe schematic is shown in FIGURE 2-6, 

while a photograph of the probe is shown in Appendix 7.3.5.  The photon counter 

responds to light wavelengths in the range of approximately 280 nm to 630 nm. FIGURE 

2-7 shows a typical sono-luminescence measurement setup.  The charger should be 

disconnected during measurements.  The data obtained from the probe can be captured 

using the probe software titled “Electron Tubes EM6 Counter / Timer” version 2.3 build 

1047 installed on a connected computer.   
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FIGURE 2-6: Schematic of a sono-luminescence probe immersed in a megasonic bath [2.28].   
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1: Typical megasonic system with tank, transducer, electronics, and cleaning fluid.  

2: Cavitation sensor lead 

3: Microprobe interface box  

4: Battery charger 

5: Serial data cable 

6: PC / laptop / PDA for data collection and system control 

FIGURE 2-7: A typical setup for sono-luminescence measurements using cavitation probe in a 

Megasonic tank.  The power cable from the charger to the microprobe interface box must be 

disconnected during measurements.   
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3. PRELIMINARY MEASUREMENTS AND ANALYSIS 

 

This chapter presents results of the preliminary qualitative and quantitative 

analysis of gold nano-particles followed by the results of the zeta potential reversal 

process on gold nano-particles.  Two pre-clean procedures developed for coated mask 

surfaces and the chemical and physical analysis (using Ellisometer, ICPMS, XPS, and 

AFM) of surfaces obtained are detailed.  Lastly, the optimized pre-clean procedure on 

fused silica substrate surface is provided.   

 

3.1. Qualitative Analysis of Gold Nano-Particles:  

 

Two surfaces, a thermal oxide surface and a fused silica mask were used to 

prepare samples for the preliminary qualitative measurements.   

1. A 230 nm wet thermal oxide was grown on a 100 mm silicon wafer, from which a 

sample of 1.7 cm x 1.7 cm was cut.  The cut sample was pre-cleaned in a dilute HF 

solution (40:1 volume ratio) for 4 minutes and followed by a DI rinse and nitrogen 

blow dry.   

2. Similarly, the fused silica sample was prepared by cutting a mask to an appropriate 

size (approximately 1 cm x 1 cm) to fit on the FE-SEM stage.  A pre-clean procedure 

identical to that described above was then performed.   
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A 100 nm gold particle standard solution was diluted with DI water (TABLE 2-1).  

A 1 µl drop of the diluted colloidal solution was placed at the center of each sample 

surface and the drop was air dried in a class-10 clean-room.  FE-SEM measurements 

were performed on the samples.  The FE-SEM images of the fused silica mask sample 

surface are shown in FIGURE 3-1 and FIGURE 3-3.   

 
FIGURE 3-1: FE-SEM image of 100 nm gold particles.  Accelerating voltage: 5.0 kV, Image name: 

Base(3), Magnification: 40000.  EDS measurements performed at points 1 and 2 are shown in 

FIGURE 3-2a and FIGURE 3-2b respectively.   

 

FIGURE 3-1 shows an FE-SEM image of several 100 nm gold particles.  The 

instrument settings are listed in the caption.  To confirm the presence of gold particles, 

in-situ EDS measurements were performed at the two points shown in FIGURE 3-1.  The 

EDS spectra corresponding to the points 1 and 2 in FIGURE 3-1 are shown in FIGURE 

3-2a and FIGURE 3-2b respectively.   
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(a) 

 

 
(b) 

FIGURE 3-2: EDS spectra (a) of gold particle (Point 1 in FIGURE 3-1) and (b) corresponding to 

point 2 from FIGURE 3-1.   

 

The electron binding energy of silicon is 1.839 keV, which is in the same range as 

that of gold.  Therefore in FIGURE 3-2a, the gold peak overlaps with the primary peak of 

Accelerating Voltage: 5.0 kV 
Magnification: 40,000 
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silicon near 1.8 keV.  However, the presence of the secondary (3d5/2 at 2.2065 keV) and 

tertiary (at 9.8 keV) peaks of gold confirms the particles at Point 1 to be gold nano-

particles.  Similarly, the absence of these peaks in FIGURE 3-2b indicates the residue at 

Point 2 is SiO2.  Thus the EDS analysis confirmed successful deposition and detection of 

gold nano-particles on the samples.   

To determine general qualitative distribution of the gold particles, further FE-

SEM measurements were performed on the sample.  Some of the deposited particles were 

agglomerated while others were isolated, as shown in FIGURE 3-3.  The measured 

average diameter of the particles from the FE-SEM images was approximately 90 nm.  

The size measurement accuracy of FE-SEM was approximately 90%.   

 

  

FIGURE 3-3: The left figure shows FE-SEM image of agglomerated gold particles while the right 

figure shows some non-agglomerated particles.   
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3.2. Details of the Quantitative Analysis Process:  

 

First a 3 step procedure typically adopted during the quantitative analysis process is listed, 

followed by the details of each of the five steps in the following subsections in the same 

order.   

1. First, one standard sample was prepared for each gold nano-particle size (250 nm, 

100 nm, 60 nm, and 40 nm) listed in TABLE 2-1.   

2. Software settings were adjusted to get the best image of the particles for each 

objective, namely 20x, 50x, 100x, and the settings were saved. The saved settings 

were used to take model images of each standard sample for all the objectives 

available.  The model images were saved.  From the model images, particle glow size 

comparison was performed (TABLE 3-1).   

3. Model images of appropriate standard samples were again taken on the day of 

experiments with an objective.  The same objective was used throughout the 

experiment.  The model images were kept in the background during experimental 

measurements for comparison of particle size to distinguish gold nano-particles from 

any unintentional background contamination producing a glow of similar size. 

The details of each step are as follows:  
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3.2.1. Standard Sample Preparation:  

 

The following procedure was performed to save standard images of nano-particles 

of different sizes for the quantitative measurements for the project.   

A bare silicon wafer and a wafer with thermally oxidized 250 nm SiO2 were 

examined to confirm nearly zero particles on the surface as unintentional 

contamination.  A solution of a known concentration (TABLE 2-1) of gold 

particles of a specific size was prepared.  The oxidized silicon wafer was placed 

in the solution for approximately 3 minutes and the sample then was blown dry 

with a nitrogen gun.  The standard sample thus had a clean background surface 

with gold particles of the desired size deposited.  The procedure was performed 

for all the particle sizes namely 250 nm, 100 nm, 60 nm, and 40 nm.   

It may be noted that in a separate experiment it was verified that neither of the 

two steps, namely a DI rinse and a nitrogen blow dry, were adding particles to the 

sample surface.   

 

3.2.2. Particle Glow Size Comparison of Model Images:  

 

A 100 nm standard sample was measured with the microscope.  The system and 

software settings were optimized and preserved to get the desired image of the sample.  

The desired image has particles of interest in focus and maximum brightness uniformity 
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over the image area.  The image optimization procedure was repeated for each objective.  

A model image of glowing spots on a black background was captured and saved for each 

objective.  An image was designated a model image when the image was taken of a 

sample having minimum junk particles and other unintentional contamination generating 

glow of the same size as that produced by the gold nano-particles of interest.  The model 

image was used later during the experimental measurements for comparison purposes.  A 

number of particle glows in the model image were measured and recorded to determine 

the glow sizes.  The procedure was repeated for 250 nm gold nano-particles.  The average 

glow-sizes observed are listed in TABLE 3-1.   

 

TABLE 3-1: The observed particle glow sizes with different objectives are listed.  A 106-lamphouse 

was used as a light source during the image capture process.   

Actual Particle Size ���� 

Objective ↓ 

250 nm 100 nm 

Glow-size Ratio (R) 

250 nm ↔↔↔↔ 100 nm 

(IDEAL R = 2.5) 

Measured size (µm) 

using 20x 
4.186 1.61 – 2.25 2.6 - 1.9 

Measured size (µm) 

using 50x 
1.666 0.64 – 0.77 2.6 - 2.2 

Measured size (µm) 

using 100x 
1.095 0.39 – 0.45 2.83 - 2.43 

 

The ratio of the glow size of a 250 nm gold particle to the glow size of a 100 nm 

particle (R) should ideally be 2.5 for the same camera and system settings.  For 20x, 50x, 
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and 100x objectives, the ranges of R are respectively 2.6-1.9, 2.6-2.2, and 2.83-2.43.  For 

each objective, the range for R includes the ideal value, thus confirming that the glow 

size is proportional to the particle size.  A similar glow size comparison exercise, 

performed with a brighter metal halide light source on 40 nm and 60 nm gold particles, 

led to the same conclusion.   

 

3.2.3. Measurement Accuracy for Small Particle Glow:  

 

A question arises as to why a range of glow-size was observed for the 100 nm 

particles but not the 250 nm particles, which leads to R being a range instead of a single 

number, 2.5.  This can be explained by considering the size of the smallest division of 

pixel of the captured image relative to the glow sizes of the particles.  For a 250 nm gold 

particle, the glow size was much larger than the smallest division of pixels of the 

displayed image.  Therefore, an exact glow size could be determined as listed in TABLE 

3-1.  However, for the smaller (100 nm) particle sizes, the smallest pixel division of the 

captured image was observed to be an appreciable portion (approximately 35%) of the 

glow size measured.  Therefore, the number of pixels captured in the image limits the 

measurement accuracy of the glow size of a small gold particle, leading to a slight 

variation in the measured glow size as shown in TABLE 3-1.   
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3.3. Zeta Potential Reversal:  

 

As will be detailed in chapter 4, the negatively charged gold nano-particles were 

successfully removed from a CrON1 surface using a dilute H2SO4 bath at elevated 

temperature in the absence of megasonic energy in the bath.  Similarly, as shown in 

FIGURE 4-6, just using DI water at room temperature with 100W megasonic power 

removed 77% of particles.  In practice, however, nano-particles that are more difficult to 

remove from surfaces may be encountered.  Two reasons behind the ease of removal of 

the deposited gold nano-particles were possible: first, the electrostatic repulsion in the 

baths on the gold nano-particles was helping in particle removal, and second, the nano-

particles were not strongly adhered to the surface.  It was thought that a reversal of the 

surface charge of the nano-particle would make the particle removal from surfaces more 

difficult.  Doing so, reversing the charge, would simulate the contamination conditions in 

which particles are harder to remove from the surfaces and make it possible to optimize 

the megasonic bath conditions.   

 

The zeta potential of the 100 nm gold nano-particles purchased from Ted Pella 

was measured as follows:  Approximately 3 µg KCl salt was added to the 20 ml of 

standard gold nano-particle sample making it a 1 mM KCl solution.  The ZP of the 

solution was measured using the Coulter Corp. Delsa 440SX instrument.  The zeta 

potential was found to be -60 mV at the solution pH of 6.8.  Both the measured ZP value 
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and the reported [3.1] ZP value (approximately -45 mV at pH 7 for 10 nm gold nano-

particles) are negative.   

The zeta potential (ZP) of the PDAC coated gold particles in the solution was 

measured using the Coulter Corp. Delsa 440SX instrument.  The ZP was found to be 

approximately +12 mV at the solution pH of 7.2.  The reported [2.17, 2.18] ZP value is 

+32.4 mV at pH 7.  Both the measured and reported ZP values are positive.  The ZP 

measurement result indicates a successful reversal of zeta potential of the gold nano-

particles by coating them with PDAC solution.   

 

3.4. Pre-cleaning Layered Mask’s Cut Samples: 

 

A mask, with two deposited layers on top (FIGURE 2-1), was cut into samples 

(2.5 cm x 2.5 cm) using a diamond saw.  Many particles (referred to as junk particles), 

generated during the mask cutting process, were deposited on the sample surfaces.  Most 

of the junk particle contamination was thought to be a residue of the mask materials, 

namely fused silica, chrome, and CrON.  As discussed in section 2.4.7, the objective of 

the pre-clean procedure was to clean the cut samples until the background particle count 

was less than 1.4x10-5 #/µm2.  Two pre-clean processes were developed.   
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3.4.1. Pre-clean Procedure #1: 

 

A piranha clean (4:1 H2SO4:H2O2 mixture) was used in the pre-clean procedure 

#1 on the cut samples.  The cleaning process was followed by a DI water rinse.  The 

samples were then blown dry with a nitrogen gun.  The pre-clean process on the samples 

was repeated until the background count requirement (less than 1.4x10-5 #/µm2) was met.  

Each sample had different amount of junk particles deposited on it.  The pre-clean 

process parameters, such as cleaning time and bath temperature, slightly varied for each 

sample.  The sample surface obtained with the pre-clean #1 procedure was typically shiny 

silver in color.   

A longer (typically greater than 20 minutes) piranha process step completely 

dissolved the deposited layers making the samples transparent.  Since a large portion of 

the deposited layers was etched to achieve an acceptably clean sample, it is expected that 

the thickness etched to be more than 10 nm and therefore, the surface obtained with pre-

clean procedure #1 was expected to be a chrome surface.  A detailed analysis using 

Inductively Coupled Plasma Mass Spectroscopy (ICPMS), Ellipsometer, X-ray 

Photoelectron Spectroscopy (XPS), and Atomic Force Microscope (AFM) measurements 

is provided in sections 3.4.3 – 3.4.6.   
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3.4.2. Pre-clean Procedure #2:  

 

To obtain a clean CrON surface with a background particle count of less than 

1.4x10-5 #/µm2, a minimum surface etching (less than 10 nm) is required.  It is a difficult 

objective to meet using only chemical etching (as in the pre-clean procedure #1).  

Megasonic cleaning in different H2SO4 and DI water mixtures had also failed to remove 

the junk particles from the cut samples.  Therefore, another approach was adopted.   

The cut samples were first wiped with a DI wetted clean-room wipe to reduce the 

background particle counts.  This step (referred to hereafter as wipe-clean) removed little, 

if any of the surface layer.  The step hardly produced any surface scratches observable 

with the dark field microscope; however, several scratches were observed using AFM 

(section 3.4.6).  The wipe-clean step was followed by a short piranha clean process to 

remove residual junk particles.  The piranha clean process step was repeated until the 

background particle count was below 1.4x10-5 #/µm2.  Following the wipe clean step, the 

number of repetitions and the piranha cleaning time were much less (< 10%) than in pre-

clean procedure #1.  Also, as seen in FIGURE 3-4, the etch rate of CrON was smaller 

than that of chrome.  Due to the minimal etching, the wipe-cleaned samples were 

believed to have CrON as the surface.  The sample surface obtained with the pre-clean #2 

procedure was brown in color similar to that of the uncut mask surface. 
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Other pre-clean procedures attempted, namely 1% HF clean, SC1 clean, 1:10 

H2SO4:DI with 500W megasonic power applied, failed to remove the junk particles.  

Sample surfaces that were pre-cleaned using the procedures #1 and #2 are referred to as 

CrON1 and CrON2 surfaces respectively in this dissertation.  The two pre-clean 

procedures illustrated are treated as separate procedures in this dissertation and one is not 

necessarily preferred over the other.   

 

3.4.3. Etch Rate Comparison of Chromium Oxynitride and Chrome Layers:  

 

An experiment was performed to estimate the etch rates of the CrON and chrome 

layers in a hot concentrated H2SO4 solution.  A piranha bath was not chosen because 

H2O2 concentration varies for a long etch process.  A cut mask sample was wipe-cleaned 

to remove junk particles.  This step removed little, if any, of the surface layer.  The 

Inductively Coupled Plasma Mass Spectroscopy (ICPMS) technique was used for the 

experiment to measure chromium concentration in measurement samples.   

A cut sample was wipe-cleaned to remove most of the deposited junk particles.  

The deposited layers were etched in a 40 ml volume of 97% concentrated H2SO4 at 

175°C.  A 20 µl volume of the solution was taken before the beginning of the etching 

process and diluted with 10 ml DI water to prepare an ICPMS background measurement 

sample.  Several measurement samples, collected every 25 minutes, were taken during 

the surface etching process.  Complete etching was achieved when the sample became 

transparent, indicating a complete dissolution of the deposited surface layers.  Some of 
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the measurement samples were measured using ICPMS.  The ICPMS measurement gives 

the concentration of an element in a solution (µg / liter).  The solution concentration 

values obtained were converted to the thickness of the etched films using the following 3-

step calculation procedure:   

1.  Chromium concentration in diluted sample       

  = Cr_dil = 
)/(densitychrome)/(101

)(ion concentrat solution
36 cmgmgmgx

g/liter

×− µ
µ

.  

2.  Volume of the etched film = Cr_dil 
ml

ml

ml

ml

2.0
10

1000
40 ×× . 

3.  Thickness of etched film (nm) = 7101
film etched  theof Area

film etched  theof Volume −× x   

where the density of chrome = 5.245  gm / cm3 [3.2 - 3.5].  

 

The ICPMS measurements were performed to detect the Cr53 isotope of chromium.  The 

abundance ratio of Cr52:Cr53 was assumed to be the same in the measurement samples 

and is the chromium standard used for the ICPMS measurements.  Due to this assumption 

and because the chromium standard measurement was performed for the Cr53 isotope 

only, no abundance ratio adjustment was necessary.  The density of CrON film was 

assumed to be the same as that of chrome for simplicity of calculation.   
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Bath conditions: 97% H2SO4. T=~175C.
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FIGURE 3-4: ICPMS measurement results of a 2.4 cm x 2.2 cm sample etched in a 40 ml of 97% 

H2SO4 solution at 175°C.  The dashed line (connecting points A and C) indicates the etching of the 

top CrON layer while the dotted line (connecting points C, F, and G) indicates the etch rate of the 

bottom chrome layer in the solution (c.f. FIGURE 2-1).   

 

The thickness of the etched surface layer is plotted against the etch process time 

in FIGURE 3-4.  Point A corresponds to the low background counts of chromium – the 

counts before the beginning of the etching process.  The data can be fitted into two 

regimes, namely section from A to C and section C-F-G.  The slopes of the two lines 

connecting points in the two regimes indicate the change in etch rates.  It is postulated 

that the two distinct etch rates were of the two films, namely CrON and chrome.   

A line connecting points A and C indicates the etching of the CrON layer while 

the dotted line (connecting points C, G, and F) indicates the etch rate of chrome layer in 

the solution.  Since it is possible that the amount of thickness etched at 50 minutes bath 

time could be less than the value predicted by the straight line connecting points A and C, 
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the slope of line A-C corresponds to the maximum possible etch rate of the CrON film. 

The slopes of the two lines give the maximum etch rate of CrON to be 0.13 nm/min and 

the etch rate of chrome films to be 0.63 nm/min.  The end point (M) corresponding to the 

complete etch process indicates a film thickness in agreement with the expected value of 

100 nm total thickness.  The slight discrepancy in 101.8 nm as measured thickness etched 

from the expected value of 100 nm could be due to the difficulty in analyzing chromium 

with ICPMS, different densities of the two layers, different chromium concentration in 

the two films, and/or because different density values used for chrome could be slightly 

different from the actual value for the film.   

The measurements indicate two distinct etch rates that the two layers had and that 

the etch rate of the CrON layer is less than that of the chromium layer.  The second 

segment (points C-F-G) when extended, does not meet point M.  It could be due to the 

typical characteristics observed [3.6] of surface dissociation graphs that the etch rate 

reduces with time and/or because the etching possibly changes from a reaction controlled 

to diffusion controlled regime.  

 

3.4.4. Thickness Measurements:  

 

To estimate the amount of sample surface removed by pre-clean procedure #1, the 

thickness measurements of a wipe-cleaned mask blank cut sample and two CrON1 

samples were performed using a Gaertner Ellipsometer.  Two angle measurements were 

performed with 70 degrees and 50 degrees as angle of incidence values of the 
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ellipsometer laser.  Approximate values of n and k obtained from the literature [3.7] were 

used for the thickness measurements.  The average values of measured thicknesses of the 

cut mask blank sample and the two CrON1 samples were 118 nm, 61 nm, and 58 nm 

respectively.  The measured thickness of the layers on the un-cleaned mask sample (118 

nm) was greater than the expected value (100 nm) because of the following possible 

reasons:  

1. The thicknesses of the mask layers vary depending on the manufacturer [2.1]; the  

actual thickness values are kept confidential.  The actual total thickness of the two 

layers could be greater than 100 nm as was found by the ellipsometer measurements 

and/or 

2. chemical composition of films on different masks are different.  The different 

compositions have different values of n and k used for the thickness measurements.  

Also, the film composition changes throughout the thickness of the layers making 

estimation of n and k difficult and/or 

3. the densities and/or porosities of the films could be different from the films used in 

the literature [3.7] affecting the values of n and k.   

The measured thickness (118 nm) was acceptable compared to the actual (undisclosed) 

total thickness value [2.1].  The measured thickness values obtained for two CrON1 

samples indicate that nearly half of the film was etched during piranha clean.  Therefore, 

the expected surface of CrON1 samples would be chrome.  However, for the surface 

cleaning study it is imperative to understand the chemical composition of the surface 
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being cleaned and therefore, XPS analysis was performed to determine the chemical 

composition.   

 

3.4.5. XPS Analysis of the Film Layers:  

 

X-ray Photoelectron Spectroscopy (XPS) measurements were performed on 

several samples to identify differences between the CrON1 and CrON2 surfaces.  Four 

samples prepared are listed in TABLE 3-2. The samples were measured in both full-scan 

and low pass energy scan modes.   

 

TABLE 3-2: Sample preparation information of samples used for thickness analysis.  

Sample 

title 
Pre-clean processing detail Pre-clean Appearance 

N0 Wipe clean + NO piranha None Brown 

N1 Wipe-clean + 5 min piranha at 120°C 2 Brown 

N2 Wipe-clean + 5 min piranha at 170°C - 
More shiny (slightly 

brown) silver 

N3 Approximately 15 min piranha at 170°C 1 Shiny silver 

 

3.4.5.1. Full-scan:  

 

Assuming that the surface film can be represented as CrxOyNz, the approximate 

film composition was predicted (TABLE 3-3) from the full-scan results.   
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TABLE 3-3: Predicted film composition from the full-scan results. It is assumed that the surface film 

can be represented as CrxOyNz. 

Sample Title Predicted surface film 
composition (x = 1) 

Predicted surface film 
composition x+y+z=1 

N0 Cr1O1.8N0.36 Cr0.32  O0.57  N0.11 
N1 Cr1O1.34N0.5 Cr0.35  O0.47  N0.18 
N2 Cr1O0.8N0.5 Cr0.44  O0.34  N0.22 
N3 Cr1O0.9N0.5 Cr0.41  O0.38  N0.21 

 

Sulfur was absent in sample N0 as no piranha processing was performed on it.  

Atomic concentration of sulfur [S] was small (1.7 – 3.1%) on the remaining 

samples and is neglected in TABLE 3-3.  TABLE 3-3 shows that with a longer 

piranha clean, the atomic concentration of chromium [Cr] and nitrogen [N] 

consistently increases, while that of oxygen [O] reduces, indicating preferential 

removal of oxygen to nitrogen from the film stack by piranha, which is further 

supported by the consistent reduction of the [O]/[N] ratio as indicated in FIGURE 

3-5.   
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FIGURE 3-5: Estimated elemental ratios of [Cr]/[N] and [O]/[N] from the full-scan.  The dashed 

arrow indicates the reduction in O/N ratio with longer piranha processing.  After piranha clean 

(samples N1 – N3) in both pre-clean #1 and #2, [Cr]/[N] ratio goes to 2 from the beginning value of 

2.8, while the [O]/[N] ratio is reduced with more piranha clean before stabilizing at a value close to 

1.8.   

 

FIGURE 3-5 shows the change in the estimated elemental ratios of [Cr]/[N] and 

[O]/[N] from the full-scan with piranha processing.  The ratios of [Cr]/[N] and 

[O]/[N] for sample N0 were 2.8 and 5.0 while those for sample N3 were 2.0 and 

1.8 respectively.   

Similarly, the figure shows that piranha processing changes the [Cr]/[N] ratio 

from the original value of 2.8 to 2 (i.e. Cr2N ratio in the film) and [O]/[N] to 
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approximately 2.  It appears that the film is approaching an approximate 

composition of CraOaNa/2 with more piranha cleaning.   

 

3.4.5.2. Low Pass Energy Scan:  

 

Low pass energy scans were performed on all of the four samples (N0, N1, N2, 

and N3 – c.f. TABLE 3-3), and intensity curves for carbon, chromium, oxygen, 

nitrogen, and sulfur were obtained for all of the samples.   

First, all the carbon peaks for all the samples were shifted to 284.6 eV 

(calibration) as shown in the signal intensity vs. binding energy (BE) plot 

(FIGURE 3-6).  The shifts correct for the charging effects of the samples during 

XPS measurements.  The shifts obtained after matching carbon peaks for all 4 

samples (N0, N1, N2, and N3) were 1.7 eV, 1.8 eV, 1.9 eV, and 1.7 eV 

respectively.  The shift calculated for each sample was used to calibrate other 

elements of interest in the respective sample.  The calibrated curves for the other 

elements are shown in FIGURE 3-7 – FIGURE 3-9.   
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FIGURE 3-6: Low energy pass scan of carbon-1s peaks used for calibration at 284.6 eV.   
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FIGURE 3-7: (a) Calibrated low energy pass scan of chromium-2p peaks (2p1/2 and 2p3/2 peaks) for 

the four samples (N0 – N3) measured.  The trends in the shifts (shown by arrows) are consistent with 

sample processing.  (b) Comparison of calibrated chromium-2p3/2 peaks obtained of chromium 

compound films having different compositions of oxygen and nitrogen [3.8].  The instrument settings 

are listed in the figure caption.  The sputter etched curves in (b) are not relevant while comparing 

peaks of different film compositions in (a) and (b).   
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FIGURE 3-8: Calibrated low energy pass scans of oxygen-1s peaks for the four samples (N0 – N3) 

measured.   
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FIGURE 3-9: Calibrated low energy pass scan of nitrogen-1s peaks for the four samples (N0 – N3) 

measured.   
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Sulfur peak heights and peak shifts for samples N1 – N3 (not shown) were too 

small to draw any conclusion.  From the low energy pass scan results, one can 

observe that:  

1. With longer piranha clean, the chromium peaks shift to the low BE values (to 

the right) while the nitrogen peaks shift to the higher BE values (to left)   

2. A piranha clean shifts oxygen peaks to the higher BE.  Longer clean did not 

cause significant peak shifts  

3. Comparing FIGURE 3-7a curves with the Cr2O3, CrO0.5N0.5, CrO0.1N0.9, and 

Cr curves in FIGURE 3-7b, the curves of the samples N0, N1, N2, and N3 

shift to higher nitrogen concentration and lower oxygen concentration in the 

film.  

 

TABLE 3-4 shows the reported BE values (eV) in the literature [3.8 – 3.16] and 

the BE values at which elemental peaks were obtained for each sample measured 

(in the highlighted rows) for relevant chromium compounds.  A small discrepancy 

(approximately 0.1 eV) between reported values and the measured peaks can be 

ignored due to instrument limitations and due to the possible different elemental 

shifts performed by different authors in the literature.   
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TABLE 3-4: Reported [3.8 – 3.16] BE values (eV) and the BE values at which elemental peaks were 

obtained for each sample measured for relevant chromium compounds.  The dashed arrows point in 

the direction of additional processing and increasing binding energy values. Highlighted rows 

correspond to the predicted film composition by the full-scan (section 3.4.5.1).   

Sample title 
Cr-2p  

BE (eV) 

N-1s 

BE (eV) 

O-1s 

BE (eV) 

Compound  

For Cr xOyNz, x+y+z = 1 

Cr2O3 576.1-576.7 - 530.7 Cr2O3 

CrN 575.8 396.2 - CrN 

CrxOyNz Unknown Unknown Unknown CrxOyNz 

N0 575.9 396.0 530.7 Cr0.32O0.57N0.11 

N1 575.9 396.7 531 Cr0.35O0.47N0.18 

Cr2N 575.5 397.5 - Cr2N 

N2 575.4 397.1 531 Cr0.44O0.34N0.22 

N3 575.0 397.0 531 Cr0.41O0.38N0.21 

Cr 574.4-574.6 - - Cr 

 

All low pass energy scan measurements followed a consistent trend for all 

elements within experimental and measurement error limits.  The BE value of the 

Cr-2p3/2 peak of Cr2N is less than that for sample N0 and lies between those of 

samples N1 and N2.  This observation supports the full-scan’s prediction (TABLE 

3-3) that the ratio of [Cr]/[N] in samples N1, N2, and N3 is 2 (FIGURE 3-5).   
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Smith et al [3.12] have reported that with lower oxygen concentration in the film, 

the Cr-2p3/2 peaks shift to lower BE values.  Similarly, reports [3.8] comparing 

low pass energy scans of Cr-2p3/2 peaks for Cr2O3, CrO0.5N0.5, CrO0.1N0.9, and Cr 

elements concluded that with reducing oxygen concentration and increasing 

nitrogen concentration in the film, the Cr-2p3/2 peaks shift to lower BE values 

(FIGURE 3-7b).  The measured low pass energy scans (FIGURE 3-7a) show a 

consistent shift of the Cr-2p3/2 peaks to the lower BE values.  Therefore, one 

expects reducing oxygen concentration and increasing nitrogen concentration in 

the film, which is in agreement with the trend (TABLE 3-3) predicted by the full 

scan.   

Lastly, Smith has reported [3.13] that when the oxygen concentration increases to 

and above 0.4 in the film CrxCwOyNz (where w+x+y+z = 1), the Cr-2p3/2 peaks of 

the films approach the Cr-2p3/2 peak in Cr2O3.  The report supports the predicted 

approximate film composition values as the oxygen concentration is found in N0 

and N1 to be greater than 0.4 with the BE values of their Cr-2p3/2 peaks 

approaching that of the Cr-2p3/2 peak in Cr2O3.  

 

 

In summary, the XPS measurements indicate that nitrogen is observed on CrON1 

and CrON2 surfaces.  The residual nitrogen, most likely from the undercut top CrON 

layer, indicates that piranha clean is more selective to oxygen removal than nitrogen 

removal.    
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The Cr-2p3/2 peak shifts obtained with low pass energy scan for longer piranha 

cleaned samples indicate increasing nitrogen concentration and reducing oxygen 

concentration in the film as predicted by the full-scan results.   

 

3.4.6. Surface Roughness Measurements of CrON1 and CrON2 Using AFM:  

 

To identify the change in roughness due to the two pre-clean procedures, namely 

#1 and #2, several pre-cleaned samples were measured using an AFM in tapping mode.  

The following samples were measured using AFM: 

1. An uncut mask blank (approximately 10 nm CrON on top of approximately 90 nm 

thick chrome).  

2. A cut mask sample pre-cleaned with procedure #1 (piranha) i.e. surface CrON1. 

3. A cut mask sample pre-cleaned with procedure #2 (wipe clean + piranha) i.e. CrON2 

surface.   

The images were taken at different zoom values and the roughness values of these images 

are shown in TABLE 3-5. As shown in TABLE 3-5, the uncut mask has a very smooth 

surface.  The surface roughness increases for both pre-clean procedures (#1 and #2).  Pre-

clean procedure #2 produced scratches on the sample surface.   



  

 

TABLE 3-5: Comparison of roughness of three separate samples namely, an uncut mask blank, a cut mask sample after pre-clean #1 

(CrON1 surface), and a cut mask sample after pre-clean #2 (CrON2 surface).  RMS roughness value of each image is listed below the 

image.   

Title ���� Mask Blank Cut mask sample after pre-clean #1 
(piranha) CrON1 surface 

Cut sample after pre-clean #2 (wipe-
clean + piranha) CrON2 surface 

Image Size 

(20 µm x 

20 µm) 

   

Notes 
The spot in the middle is either a defect 

or damage caused by the AFM tip.  
- 

Scratches were caused by wipe clean.  

When scanning tip comes across large 

defects, the tip restoration is delayed 

resulting in the two horizontal lines 

seen in the middle.   

RMS 
Roughness 

0.408 nm 1.616 nm 
1.365 nm 
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Title ���� Mask Blank Cut mask sample after pre-clean #1 
(piranha) CrON1 surface 

Cut sample after pre-clean #2 (wipe-
clean + piranha) CrON2 surface 

Image Size  

(2 µm x 2 

µm) 

- 
(not measured) 

  
RMS 

Roughness 
- 0.758 nm 0.83 nm 

Image Size  

(500 nm x 

500 nm) 

   
RMS 

Roughness 
0.448 nm 1.11 nm 0.761 nm 
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3.5. Pre-cleaning Fused Silica Substrate Surface: 

 

A blank fused silica mask (15 cm x 15 cm x 6.5 mm) was cut into samples (2.5 

cm x 2.5 cm) using a diamond saw.  As in the case of a mask with deposited layers 

(section 3.4), many particles (referred to as junk particles) generated during the mask 

cutting process were deposited on the sample surfaces.  Most of the junk particle 

contamination was thought to be a residue of the mask material.  The fused silica surface 

needed to be pre-cleaned before performing controlled particle contamination 

experiments.  A number of different pre-cleaning procedures were performed:   

1. A SC1 clean (1:1:5 NH4OH:H2O2:DI at 70°C), a dilute NH4OH clean at room 

temperature and at 70°C.  All these three pre-clean procedures failed to remove the 

junk particles effectively.   

2. A dilute HF clean at room temperature followed by a piranha clean was found to 

clean the surface; however, it produced scratches on the surface.  The scratched 

surface is an uneven (not flat) surface, and under the dark field microscope the 

scratches glow brighter as they widen.  As the glow from the gold nano-particles is 

suppressed by the glow from the scratches, detection of gold nano-particles on the 

scratched surface becomes difficult.  Since a scratched surface is effectively useless 

for controlled particle contamination experiments, an optimization of the pre-clean 

procedure to effectively remove the junk particles and to obtain a surface with 

minimal (ideally none) scratches was necessary.   



 110  

3. The following optimized pre-clean procedure was used on the fused silica surface:  

a. A 25 second clean in 1% HF solution at room temperature followed by a DI rinse 

and blow dry with nitrogen gun.  

b. Inspection of the sample using dark field microscope to detect residual particles.  

c. Repeat the dilute HF clean for less time than 25 seconds until almost all of the 

particles are removed and before the surface scratches start to appear.    

d. A 3 minute SC1 clean (1:1:2.5 NH4OH:H2O2:DI) at 83°C followed by a DI rinse 

and blow dry with nitrogen gun.   

With this optimized pre-clean procedure, a clean fused silica surface having a 

background particle count less than 1.4x10-5 #/µm2 could be produced reliably.  The 

scratches, if generated, look different from particles.  Therefore, the presence of a few 

scratches, if present, did not affect the particle detection.  However, typically, with the 

optimized procedure minimal scratches were produced.  This pre-clean procedure was 

adopted for the fused silica surface cleaning results reported in this dissertation.   
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4. CLEANING OF CrON SURFACES 

      

In this chapter, a study in which low PRE values were obtained with a NH4OH 

bath at room temperature with and without megasonics is presented followed by the 

motivation for using the H2SO4 chemistry for the cleaning bath.  The cleaning results 

obtained with the H2SO4 bath without megasonics are followed by a discussion of the 

possible mechanisms behind the particle removal in the bath.  The effect of application of 

megasonics to the H2SO4 bath on PREs for 100 nm gold particles is studied.  Then a 

comparison of the removal of uncoated and PDAC coated gold nano-particles is made, 

which concludes that coated gold nano-particles are more difficult to remove.  Lastly, a 

comparison is made of PREs for CrON1 and CrON2 surfaces.   

 

4.1. Layered Mask Surface Cleaning: 

 

4.1.1. NH4OH Cleaning:   

 

Several cut samples were pre-cleaned using procedure #1.  The CrON1 surface 

was then contaminated using the deposition procedure explained in section 3.2.  The 

particle density in the contamination solution used (100 nm gold nano-particles) is listed 

in TABLE 2-1.  The samples were cleaned for 10 minutes in different concentrations of 

NH4OH solutions (8%, 4%, and 2%) at room temperature.  Then the samples were DI 

rinsed for 10 minutes and gently blown dry using a nitrogen gun.  The samples were 
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measured using a dark field microscope and the PRE was calculated using Equation 2-1.  

The results are listed in TABLE 4-1.   

 

TABLE 4-1: Results of cleaning CrON1 surface in NH4OH solution.  All concentration levels of 

NH4OH solution at room temperature failed to remove the deposited contamination.   

Clean Details PRE (%) 

8% NH4OH 10 min, 10 min DI rinse, Gentle N2 Blow Dry 0 

4% NH4OH 10 min, 10 min DI rinse, Gentle N2 Blow Dry 20 

2% NH4OH 10 min, 10 min DI rinse, Gentle N2 Blow Dry 9 

 

As shown in TABLE 4-1, the PRE values for 8%, 4%, and 2% NH4OH solutions 

was 0%, 20%, and 9% respectively.  For all the bath concentration conditions, low PREs 

(≤ 20%) were obtained.  As no high PRE values were found; a more efficient cleaning 

chemistry was required to effectively remove the gold nano-particles.  As there was 

practically no removal observed in any of the cleaning conditions studied, bath 

optimization was not performed.   

An experiment was performed to determine whether application of megasonics 

would increase the PRE.  A CrON1 sample was contaminated with 100 nm gold nano-

particles.  The sample was cleaned for 10 minutes in a 8% NH4OH bath at 29°C with 

applied megasonic power of 500W.  The surface particle density was measured using a 

dark field microscope and the PRE was calculated to be 36%.  Since the PRE was low 

even at the maximum possible megasonic power applied, no bath optimization was 

performed.   
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4.1.2. Motivation for Dilute H2SO4 Chemistry:  

 

A piranha solution (4:1 H2SO4:H2O2 at approximately 130°C bath temperature) 

was found to be an effective pre-clean procedure, as described in section 3.4.1.  A longer 

piranha cleaning duration led to a complete dissolution of the deposited layers, i.e., the 

sample became transparent leaving only the fused silica substrate.  A preliminary 

experiment to remove 100 nm gold nano-particles on CrON1 surface with a piranha 

solution showed 100% PRE.  It was thought that the surface etching phenomenon of the 

piranha cleaning step could be utilized to achieve higher PRE values, and that a cleaning 

solution with a low acid concentration and a lower bath temperature would achieve 

minimum surface etching.   

Dilute sulfuric peroxide mixture (known as dSPM and also as DSP) chemistries 

are commonly used in the back end of line (BEOL) cleaning processes [4.1].  Peroxide is 

typically used as a strong oxidizer.  An experiment was performed to determine the effect 

of peroxide in dSPM chemistry on the PRE from a CrON1 surface.  A 100 nm gold nano-

particle dispersion was used as the contamination source.  Two chemistries were 

compared, namely 1:10 H2SO4:DI at 50°C and 1:1:9 H2SO4:H2O2:DI at 47°C.  The 

absence of peroxide did not lead to any change in PRE obtained.  Similarly, peroxide has 

been reported [4.3, 4.4, 4.5] to deposit contamination on surfaces.  For the EUV masks, 

surface contamination is a major issue.  Therefore, considering the two factors – no 

appreciable positive effect on the PRE and the possible contamination issue with the 
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mask cleaning processes – it was decided to study dilute H2SO4 mixtures without H2O2 in 

the cleaning bath.  As a test, a successful complete dissolution of deposited film was 

performed in 97% H2SO4 (section 3.4.3) confirming that the deposited films dissolve in 

H2SO4 bath even in absence of peroxide in the bath. 

 

4.1.3. Dilute H2SO4 Cleaning Without Megasonics:  

 

An experiment was performed using dilute H2SO4 chemistries to achieve a high 

PRE on CrON1 samples.  Several cut mask samples were first pre-cleaned with 

procedure #1 and then were contaminated using the deposition procedure explained in 

section 3.2.  The particle concentration on the samples was between 1.22 and 2.39 x 10-4 

particles/µm-2.  Baths with different volume ratios of H2SO4 and DI water were prepared.  

Cleaning was performed in the different concentration (H2SO4:DI) baths at different bath 

temperatures: such as the room temperature, 70°C, and solution boiling temperature.  

Accurate boiling points (TABLE 4-2) of the mixtures were determined from the graph 

(FIGURE 4-1) received from the author of [4.6] in a spreadsheet format.   

As shown in FIGURE 4-1, for dilute H2SO4 baths, the boiling point changes 

slightly.  TABLE 4-2 also lists the volume of the bath used for cleaning the CrON1 

samples and the H2SO4 concentration in the bath.  The contaminated CrON1 surfaces 

were cleaned in the dilute H2SO4 solutions at different temperatures for 10 minutes.  The 

cleaning process was followed by a 10 minute DI rinse and a gentle nitrogen blow dry.   
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FIGURE 4-1: Variation in the normal boiling point of sulfuric acid with acid concentration [4.6].   

 

TABLE 4-2: Calculated accurate boiling temperature values of dilute sulfuric acid mixtures.  The 

volume of the bath used for cleaning the cut mask samples and the H2SO4 concentration in the bath 

are also listed.   

Volume 

Ratio 
Concentration Weight percent 

Volume (ml) 

(97% H2SO4:DI) 

Boiling Temperature 

(°C) 

X:0 97% 0 Not Applicable 318.9 

1:1 48.5% 64.83 200 : 200 121.7 

1:5 16.17% 26.94 40 : 200 102.9 

1:10 8.82% 15.57 40 : 400 101.3 

1:50 1.9% 3.56 8 : 400 100.25 

1:100 0.96% 1.81 4 : 400 100.1 

1:200 0.48% 0.91 4 : 800 100.05 

0:X 0% 0 0 : X 100 
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The number of particles on the cleaned samples was determined using a dark field 

microscope and the PRE values were calculated using Equation 2-1.  The PREs for 

different cleaning conditions are plotted in FIGURE 4-2.   
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FIGURE 4-2: PRE on CrON1 surface for removing 100 nm gold particles for different cleaning 

conditions of dilute sulfuric acid solutions.  The PRE increases with the bath temperature and H2SO4 

concentration. 

 

From FIGURE 4-2 it cane be seen that in a 1:1 H2SO4:DI bath at room 

temperature, the PRE value obtained was 49%.  In a 1:10 H2SO4:DI bath at room 

temperature, 70°C, and 101°C, the PRE values obtained were 21%, 50%, and 99% 

respectively.  These data clearly indicates the PRE increases with the bath temperature 

and H2SO4 concentration.  At room temperature, even at a concentrated (1:1 H2SO4:DI) 

bath condition, the PRE is low (49%).  The PRE appears to be a weak function of the 

bath concentration.  The optimum cleaning bath condition obtained to give a high PRE 
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was determined to be a 1:10 volume ratio of H2SO4:DI at boiling temperature.  Thus, 

complete particle removal from CrON1 surface was successfully achieved using a dilute 

(1:10 H2SO4:H2O) sulfuric chemistry.   

 

4.1.4. Possible Cleaning Mechanisms: 

 

The possible mechanisms leading to high PRE values in dilute H2SO4 solutions are 

considered below:  

 

4.1.4.1. Dissolution of Gold in the Solution:   

 

It is possible that the deposited gold nano-particles are being dissolved in the 

cleaning solutions.  To test this hypothesis, two different surfaces (CrON1 and 

fused silica) were contaminated with 100 nm gold particles.  The surfaces were 

cleaned in a 1:5 H2SO4:DI solution at 70°C for 10 minutes.  The cleaning step 

was followed by a 10 minute DI rinse and a gentle blow dry using a nitrogen gun.  

The samples were measured using a dark field microscope.  The PREs were 

calculated using Equation 2-1.  Practically no particles were removed from the 

fused silica surface, while a PRE of 98% was obtained on CrON1 surface.   

Particle dissolution is a process independent of the surface on which the particles 

adhere to.  Therefore, if the gold nano-particles were being dissolved in the 

solution, both PRE values would have been in the same range.  However, the 
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results showed that the gold nano-particles did not dissolve in the dilute H2SO4 

solution, even at an elevated (70°C) temperature.   

The hypothesis that gold nano-particles do not dissolve in H2SO4 solution is 

supported by the Pourbaix diagram of a gold-sulfur-water system (FIGURE 4-3).  

 

FIGURE 4-3: Pourbaix diagram for a gold-sulfur-water system.  The water stability region is 

indicated by the dashed lines.  The diagram predicts that gold would not form any aqueous species at 

low pH values of a H2SO4 solution.  

 

This figure shows the potential-pH diagram for the gold-sulfur-water system 

drawn for a gold concentration of 10-6M and a sulfur concentration of 2M.  The 

1:5 H2SO4:DI bath is approximately 3M while the 1:10 H2SO4:DI bath is 

approximately 1.64M.  For different molarity of sulfur in the bath, the straight 
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lines in the Pourbaix diagram will be slightly shifted from those shown in 

FIGURE 4-3.  The water stability region is indicated by the dashed lines.   

In the complete pH range in the figure, gold is expected to be in Au(s) form in the 

bath.  Thus the diagram predicts that gold would not form any aqueous species at 

low pH values of a H2SO4 solution.  Therefore, dissolution of gold nano-particles 

in H2SO4 baths is not thermodynamically favorable.   

 

4.1.4.2. Surface Dissolution in the Solution:  

 

The Pourbaix diagram for chromium-sulfur-water system for chromium 

concentration of 10-6M and sulfur concentration of 2M is shown in FIGURE 4-4.  

The 1:5 H2SO4:DI bath is approximately 3M while the 1:10 H2SO4:DI bath is 

approximately 1.64M.  For different molarity of sulfur in the bath, the straight 

lines in the Pourbaix diagram will be slightly shifted from those shown in 

FIGURE 4-4.  The water stability region is indicated by the dashed lines.   
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FIGURE 4-4: Pourbaix diagram for chromium-sulfur-wa ter system.  The water stability region is 

indicated by the dashed lines.   

 

At pH zero, the water stability region boundries are at 0V and 1.23V.  Pourbaix 

diagram predicts chromium to form Cr3+
(aq) at pH = 0.  The calculated pH value 

of a 1:10 H2SO4:DI (1.71M) bath is -0.233.  At pH less than zero, the extension 

of the dotted and straight lines in the figure results in the same prediction.   

Thus, FIGURE 4-4 predicts that chromium oxidation and/or dissolution forming 

ionic species is thermodynamically favorable at low pH solutions of sulfuric acid 

(and piranha) solution.  It may be noted that the Pourbaix diagram is drawn for 
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chromium and not for CrON, therefore, the applicability of the diagram is limited 

and the diagram is for illustrative purpose.  The chromium oxidation and/or 

dissolution could be a mechanism resulting in the high PRE in the dilute sulfuric 

acid bath.  Therefore, the mechanism of dissolution of the surface layer of 

chromium (removing the adhered particles during the process) is theoretically 

possible.  Similarly, it can be concluded that Cr2O3 is not a product formed during 

chromium dissolution in a H2SO4 bath because, first, the bath pH is less than 4, 

and second, it was determined in a separate experiment that no Cr2O3 dissolves in 

97% H2SO4 at a temperature greater than 200°C in 6 hours.  If Cr2O3 was a 

product during chromium dissolution, the sample would not have become 

transparent after processing in a 97% H2SO4 bath at an elevated temperature.   

 

 

The Pourbaix diagram however does not predict the kinetics of the reaction.  Thus, 

it does not provide information about the time required for chromium dissolution 

in the solution, and hence about the etch rate.  The etch rates of CrON and chrome 

films were found to be 0.13 nm/min and 0.63 nm/min respectively in a 97% 

H2SO4 solution at 175°C (section 3.4.3).  The etch rates are expected to be much 

lower in 1:10 H2SO4:DI solution at 70°C, which was verified by dissolution of 

approximately 100 nm total film thickness in a 1:10 H2SO4:DI solution at 70°C.  

The complete dissolution took approximately 45 days.  The small amount of 

surface thickness etched in 10 minutes in a 1:10 H2SO4:DI bath at 70°C is less 
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than the surface thickness etching reported earlier (1.5 nm – 2 nm [4.7] and 1.5Å 

[4.8]) for getting high PRE values (approximately 75+ %).  Assuming uniform 

surface etching, less than one atomic layer of surface gets etched in the dilute 

H2SO4 bath.  Therefore, the obtained high PRE values (FIGURE 4-2) with 

negligible surface etching fail to support the hypothesis of uniform surface 

etching as the dominant cleaning mechanism in the baths. 

 

 

FIGURE 4-5: Pourbaix diagram for chromium-ammonia-water system.  The water stability region is 

indicated by the dashed lines.  This diagram predicts that in most of the water stability region 

(indicated by the dashed lines) in basic baths, chromium is expected to form Cr2O3.    
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The Pourbaix diagram for chromium-ammonia-water system for chromium 

concentration of 10-6M and ammonia concentration of 1.143M (corresponding to 

8% NH4OH solution) is shown in FIGURE 4-5.  The potential of 1:1:5 

NH4OH:H2O2:DI is approximately 150mV and it slightly increases with reducing 

bath concentration.  As shown in the figure in the pH range 10.3 to 13.9 and near 

150mV potential, Cr2O3 is the expected specie in the bath.  The measured pH 

values of NH4OH baths of different concentrations (1% to 8%) was 11.62 to 

12.36 (TABLE 3-1), where the formation of Cr2O3 is predicted.  The diagram 

predicts that formation of ionic species of chromium is thermodynamically not 

favorable (except in the narrow region of pH 9 – 10).  Thus this diagram predicts 

that in most of the water stability region (indicated by the dashed lines) in the 

dilute NH4OH baths, chromium is expected to form Cr2O3.   The unfavorable bath 

condition for chromium dissolution in the basic baths (FIGURE 4-5) compared to 

the favorable bath conditions in acidic baths (FIGURE 4-4) can explain the lower 

PRE values obtained in NH4OH bath (TABLE 4-1) compared to those obtained in 

H2SO4 baths (FIGURE 4-2).  

 

4.1.4.3. Effect of Cleaning on the Surface Roughness:  

 

To identify the change in roughness due to particle deposition on the CrON1 

surface and cleaning in dilute H2SO4 solution at elevated temperature, a CrON1 

sample was measured using an AFM.  The sample was then contaminated with 
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original (non-diluted) 100 nm gold nano-particle standard solution.  A solution 

with much higher particle density (TABLE 2-1) was intentionally used to 

generate multiple contamination sites and maximize the effect of particle 

deposition on sample surface roughness  The sample was then cleaned in a 1:10 

H2SO4:DI bath at 100°C for 10 minutes followed by DI rinse.  The samples were 

then blown dry with nitrogen.  The sample was re-measured with AFM.  The 

measurement results are shown in TABLE 4-3.   



   

 

TABLE 4-3: Comparison of roughness of a sample pre-cleaned with procedure #1 (CrON1 surface) before and after deposition and 

cleaning of gold nano-particles on the surface.  The CrON1 sample was cleaned in 1:10 H2SO4:DI at 100°C for 10 minutes.  RMS 

roughness values corresponding to each image are listed below the respective images.  The roughness scale (in the first column) is kept 

the same for all four images for comparison purpose. The 20 µµµµm x 20 µµµµm images shown are portions of the complete image magnified 

to capture the roughness feature.   

Title ���� CrON1 surface after pre-clean #1 (piranha) and 
before cleaning in 1:10 H2SO4:DI bath at 100°C.  

After cleaning the CrON1 sample in 1:10 
H2SO4:DI bath at 100°C 

Original Image 
Size  

(20 µm x 20 µm) 
 

   
RMS Roughness 1.616 nm 3.636 nm 
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Title ���� CrON1 surface after pre-clean #1 (piranha) and 
before cleaning in 1:10 H2SO4:DI bath at 100°C.  

After cleaning the CrON1 sample in 1:10 
H2SO4:DI bath at 100°C 

Original Image 
Size  

(500 nm x 500 
nm) 

 

   
RMS Roughness 1.11 nm 4.664 nm 
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For 400 µm2 and 0.25 µm2 images, the root mean square (rms) surface roughness 

values for the sample before cleaning were 1.62 nm and 1.11 nm respectively, 

while those after cleaning were 3.64 nm and 4.66 nm respectively.  It may be 

noted that though one would expect the ratio of roughness before to after cleaning 

to be independent of the original image size, the different ratios are observed due 

to different area locations selected for the different image sizes where the 

roughness measurements were performed.  Roughness value obtained is of the 

area selected during image capturing process.  

The sample surface roughness increased with particle deposition and cleaning in a 

dilute sulfuric acid bath (TABLE 4-3).  The increased roughness indicates the 

possibility that the surface in the proximity of a nano-particle was getting eroded, 

resulting in particle removal.  If a galvanic couple was being formed, the surface 

near the particle sites was dissolved faster, possibly resulting in reduced adhesion 

forces and undercutting and removing the gold nano-particles.   

 

4.1.5. PRE Comparison for Different Particle Sizes in a Dilute H2SO4 Bath Without 

Megasonics:  

 

An experiment was performed using a dilute H2SO4 bath to compare PREs for 

different particle sizes.  Two cut mask samples were first pre-cleaned with procedure #1 

and then were contaminated using the deposition procedure explained in section 3.2.  One 

sample was contaminated with 100 nm gold nano-particles and the other with 60 nm gold 
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nano-particles.  The particle concentration on the samples was between 1.22 and 2.39 x 

10-4 #/µm2.  A cleaning bath with 1:10 volume ratio of H2SO4:DI was prepared.  Samples 

were cleaned at the solution boiling temperature (101°C).  The samples were DI rinsed 

for 10 minutes and dried using nitrogen.  The samples were measured using the dark field 

microscope and the PREs were calculated.  The PRE values were 98% on the sample 

contaminated with 100 nm particles and 65% on the sample contaminated with 60 nm 

particles.  It verifies the reported observations [1.18 – 1.23] that smaller particles require 

a stronger removal force as discussed in section 1.7.  

 

4.1.6. Cleaning in a Dilute H2SO4 Bath With Megasonics:  

 

Though a high PRE was successfully obtained in a dilute (1:10) H2SO4 bath at 

elevated temperature (FIGURE 4-2), to obtain a high PRE at lower bath temperature, 

megasonic energy was added to the bath.  An experiment was performed to clean the 

CrON1 surface with megasonics applied to a dilute H2SO4 bath at lower temperature.   

Several cut CrON1 samples were contaminated with 100 nm gold nano-particles.  

The following variables of the cleaning condition were studied: megasonic power, H2SO4 

concentration, and bath temperature.  The contaminated mask samples were cleaned for 

10 minutes in bath conditions listed in TABLE 4-4.  Each sample was then DI rinsed for 

10 minutes and was gently blown dry using a nitrogen gun.  The samples were measured 

using the dark field microscope and the PRE was calculated.  During the cleaning process, 
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the change in the amount of junk particles was also observed.  The results are listed in 

TABLE 4-4.   

 

TABLE 4-4: Bath conditions used for cleaning chromium mask samples, the corresponding PRE 

obtained and the change in junk particle concentration on the sample surfaces are listed.  The 

variables considered were bath concentration, temperature, and megasonic power.  The total 

transducer area is 225.806 sq. cm.  To calculate power density, the power noted should be divided by 

the total transducer area.   

# Bath Condition PRE Junk particles 

1 0W megasonic in DI at 29°C 0% No change 

2 50W megasonic in DI at 29°C 52% No change 

3 100W megasonic in DI at 33°C 71%, 82% No change 

4 300W megasonic in DI at 29°C 76% No change 

5 500W megasonic in DI at 33°C 86% No change 

6 100W megasonic in 1:200 H2SO4:DI at 32°C 61%, 65% Reduced 

7 100W megasonic in 1:10 H2SO4:DI at 36°C 88% Most removed  

8 500W megasonic in 1:50 H2SO4:DI at 39°C 96% Almost all removed 

9 500W megasonic in 1:10 H2SO4:DI at 58°C 100% Complete removal 

 

It may be noted that the 100W megasonic in DI at 33°C condition (#3) was 

repeated and it is reflected in the two PRE values listed.  Both the PRE values obtained 

are in the same range, which indicates a good sample to sample reproducibility of the 

PRE values.  It should also be noted that the 100W megasonic in 1:200 H2SO4:DI at 32°C 

condition (#6) was performed by two operators independently to confirm that the 
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cleaning process and dark field microscope measurement process to calculate PRE were 

both operator independent.  Both the PRE values obtained are in the same range.  The 

bath condition was not chosen as a specific condition to be repeated.   

 

The results from the first five rows in TABLE 4-4 are plotted in FIGURE 4-6.  

The PRE value without megasonics is 0% while with the application of megasonics, it 

increases to 52% and 77% for 50W and 100W applied megasonic power.  For higher 

megasonic power values, namely 300W and 500W, the PREs obtained were 76% and 

87% respectively.    
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FIGURE 4-6: PRE with megasonic power in a DI bath at room temperature.  Error bar indicates 

that the standard deviation of two data points at 100W megasonic input power condition.  The 

addition of megasonics to the cleaning increased the PRE.  The total transducer area is 225.806 sq. 

cm.  To calculate power density, the power noted should be divided by the total transducer area.   

 

As shown in FIGURE 4-7, the PRE value obtained from a DI water bath with 

applied megasonic power of 500W was 87%.  The PRE values obtained in 1:50 and 1:10 
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H2SO4:DI water bath with applied megasonic power of 500W was 96% and 100% 

respectively.   

 

Applied megasonic power = 500W
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FIGURE 4-7: PRE with different H 2SO4 concentrations in the bath having a constant 500W 

megasonics applied.  The bath temperature is also listed.  An addition of H2SO4 in megasonic tank 

increased the PRE.  The bath temperature values were different as noted and the higher temperature 

of a bath will increase the PRE value.   

 

It may be concluded that the addition of megasonics to the cleaning increased the 

PRE and the PRE continued to increase with the increasing megasonic power.  Cleaning 

in DI water at room temperature with 500W megasonic power removed 87% particles 

and left some large junk particles.  However, addition of H2SO4 in megasonic tank further 

increased the PRE (FIGURE 4-7) and removed all junk particles (row 9 of TABLE 4-4).  



 132 

The surface obtained was extremely clean (PRE = 100% and all junk particles were also 

removed).  

 

4.1.7. Comparison of the Removal of Coated and Uncoated Gold Nano-Particles from 

CrON1 Surface With and Without Megasonics Applied to Cleaning Bath:  

 

The negatively charged gold nano-particles were successfully removed from a 

CrON1 surface using a dilute H2SO4 bath at elevated temperature without megasonic 

energy (section 4.1.3).  Similarly, as shown in FIGURE 4-6, DI water at room 

temperature with only 100W megasonic power removed 77% of particles.  In practice, 

however, nano-particles that are more difficult to remove from surfaces may be 

encountered.  It was thought that a reversal of the surface charge of the nano-particle 

would lead to stronger adhesion forces between the particle and the surface and hence 

make the particle removal from surfaces more difficult in the same bath conditions.   

An experiment was performed to confirm the hypothesis that the particle charge 

reversal will lead to stronger adhesion instead of electrostatic repulsion from the surface 

providing nano-particles that are more difficult to remove. Poly diallyl-dimethyl 

ammonium chloride (PDAC) was adsorbed on the negatively charged gold nano-particles 

to reverse the zeta potential and the surface charge of the particles as discussed in section 

2.13.   

Four mask samples were cleaned with pre-clean procedure #1 (section 3.4.1).  

The surface of the samples was CrON1.  The samples were divided into two batches, 
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each having two samples.  The first batch was intentionally contaminated with the PDAC 

coated positively charged 100 nm gold nano-particles, while the second batch was 

contaminated with negatively charged 100 nm gold nano-particles.  The contamination 

deposition procedure was the same as for both coated and uncoated particles as explained 

in section 3.2.   

All samples were cleaned for 10 minutes in 1:10 H2SO4:DI solution at 55°C.  Two 

samples (one sample from each batch) were cleaned in the bath without megasonic power.  

The remaining samples were cleaned in the bath with 500W megasonic power.  The 

samples were then DI rinsed, nitrogen blown dried and measured using the dark field 

microscope.  The calculated PRE values are shown in TABLE 4-5. PRE values for PDAC 

coated and uncoated gold nano-particle removal were respectively 0% and 45% in a 1:10 

H2SO4:DI cleaning bath at 55°C without megasonic power.  A 1:10 H2SO4:DI cleaning 

bath at starting temperature 55°C with 500W megasonic power gave PRE values of 85% 

and 100% for PDAC coated and uncoated gold nano-particle respectively.  Thus the PRE 

values obtained with the positively charged gold nano-particles as contamination were 

less than those obtained with the negatively charged gold particles at both the megasonic 

power values studied.  This verifies the hypothesis that the particle charge reversal will 

lead to stronger adhesion leading to lower PRE values.   
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TABLE 4-5: PREs of positively charged (PDAC coated) gold nano-particles from CrON1 surface.  A 

(*) indicates that the PRE value presented is an extrapolated value from FIGURE 4-2.     

Bath condition 

PRE of negatively charged 

(no PDAC coating) gold 

nano-particles 

PRE of positively charged 

(PDAC coated) gold nano-

particles 

1:10 H2SO4:DI at 55°C + 

0W megasonics 
Approximately 45%* 0% 

1:10 H2SO4:DI at 55°C + 

500W megasonics 
100% 85% 

 

 

Another experiment was performed in baths having different concentrations of 

H2SO4 at different temperature values (94°C and at room temperature).  Several CrON1 

mask samples were contaminated with PDAC coated positively charged 100 nm gold 

nano-particles.  The particle concentration on the samples was between 1.22 and 2.39 x 

10-4 #/µm2.  Baths with different volume ratios of H2SO4 and DI water were prepared.  

Cleaning was performed at different bath temperatures at room temperature and 94°C.  

The samples were then DI rinsed and blown dried.  The particle density on the samples 

was measured using the dark field microscope and the PRE values were calculated.  The 

results are shown in FIGURE 4-8.   
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Comparison of removing coated and uncoated gold nano-particles.
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FIGURE 4-8: PRE on CrON1 surface with different H2SO4 concentration in the cleaning bath at two 

temperature values, namely 94°C (dashed) and at room temperature (lines).  Filled and hollow 

symbols (triangles and squares) correspond to the PRE values obtained for uncoated and coated gold 

nano-particles respectively.  Triangular symbols correspond to the PRE values obtained in a room 

temperature baths while the square symbols correspond to the PRE values obtained in elevated 

temperature baths.  No bath conditions gave high PRE for the coated gold nano-particles.   

 

PRE values for both coated and uncoated gold nano-particle removal are plotted 

for comparison purpose.  The data for uncoated particles is taken from FIGURE 4-2.  The 

solid lines in FIGURE 4-8 correspond to PRE values obtained in baths at elevated 

temperature while the dashed lines correspond to the PRE values obtained in baths at 

room temperature.  The solid symbols correspond to PREs of uncoated particles while the 

hollow symbols correspond to the PREs of coated gold nano-particles.  As shown in 

FIGURE 4-8, the PRE values for coated gold nano-particles were 0% and 20% for 1:1 

and 1:5 as volume ratios of H2SO4:DI in the cleaning bath at room temperature.  The PRE 
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values for coated gold nano-particles were 0% and 10% for 1:10 and 1:50 volume ratios 

of H2SO4:DI in the cleaning bath at 94°C temperature.   

FIGURE 4-8 shows that no bath conditions gave high PRE values for coated gold 

nano-particles.  A comparison between the PREs obtained for coated and uncoated golad 

nano-particles confirms the conclusion obtained from TABLE 4-5 that the PDAC coated 

gold nano-particles are more difficult to remove in the H2SO4 bath than the uncoated gold 

nano-particles.   

 

4.1.8. Removal of Positively Charged Gold Nano-Particles from CrON1 Surface Using 

H2SO4 Chemistry and Megasonics:  

 

Since the PDAC coated gold nano-particles were more difficult to remove from 

the 1:10 H2SO4:DI bath at 55°C, the particles were used as a particle contamination 

source for megasonic cleaning experiments.  Several cut CrON1 samples were 

contaminated with PDAC coated 100 nm gold nano-particles.  Two variables of the 

cleaning condition were studied, namely megasonic power, and bath temperature.  The 

contaminated mask samples were cleaned for 10 minutes in a 1:10 H2SO4:DI bath with 

conditions listed in TABLE 4-6.  Each sample was then DI rinsed for 10 minutes and was 

gently blown dry using a nitrogen gun.  The samples were measured using a dark field 

microscope and the PRE was calculated.  The results are listed in TABLE 4-6. 
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TABLE 4-6: Bath conditions used for cleaning CrON1 mask samples and the corresponding PRE 

values obtained are listed.  The variables considered were bath temperature and megasonic power.   

# Bath Condition Starting temperature 

of the bath 

Temperature increase 

in 10 min bath time 

PRE 

1 100 W 1:10 H2SO4:DI 55°C 2°C 0% 

2 300 W 1:10 H2SO4:DI 55°C Approximately 3.5°C 32% 

3 500 W 1:10 H2SO4:DI 32°C 6°C 41% 

4 500 W 1:10 H2SO4:DI 55.5°C 6°C 85% 

 

As shown in TABLE 4-6, in a 1:10 H2SO4:DI with 55°C as the starting 

temperature of the bath, for applied megasonic power values of 100W, 300W, and 500W 

the PRE values obtained were 0%, 32%, and 85%.  At a constant bath temperature and 

chemistry, with an increasing megasonic power the PRE increases.  For the same 

megasonic power (500W) applied to a 1:10 H2SO4:DI bath, the PRE is dependent on the 

starting bath temperature.  The only condition at which high PRE was observed was the 

1:10 H2SO4:DI bath with starting temperature of 55.5°C with applied megasonic power 

of 500W.  These results in comparison with the results obtained in TABLE 4-4 indicate 

that the PDAC coated positively charged gold nano-particles are more difficult to remove 

from a CrON1 surface in the dilute H2SO4 bath.   
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4.1.9. Comparison of PREs on CrON1 and CrON2 Surfaces:  

 

An experiment was performed to compare PREs on CrON1 and CrON2 surfaces 

in same cleaning baths.  Two CrON1 and two CrON2 samples were prepared.  The 

samples were contaminated using negatively charged 100 nm gold nano-particles by 

following the deposition procedure explained in section 3.2.  Two samples, one CrON1 

and another CrON2, were cleaned in a 1:1 HNO3:DI bath at 70°C.  The remaining two 

samples, one CrON1 and the other CrON2, were cleaned in a 1:5 H2SO4:DI bath at 70°C.  

Then all the four samples were DI rinsed for 10 minutes and gently blown dry using a 

nitrogen gun.  The samples were measured using the dark field microscope and their 

PREs were calculated.  TABLE 4-7 lists the PREs from CrON1 and CrON2 surfaces.  

 

TABLE 4-7: A comparison of PREs from CrON1 and CrON2 surfaces for two cleaning bath 

conditions.     

Pre-clean 

procedure 
Surface cleaned 

PRE in a 1:1 HNO3:DI 

bath at 70°C 

PRE in a 1:10 H2SO4:DI 

bath at 70°C 

#1 CrON1 19% 50% 

#2 CrON2 0% 25% 

 

The PRE values obtained in the HNO3 cleaning bath were lower than those 

obtained for the H2SO4 bath at the same bath temperature for both the surfaces studied. 

The lower PREs in HNO3 bath could be due to passivation of the sample surface layer in 



 139 

a HNO3 solution.  If surface etching is the primary mechanism for particle removal, the 

formation of a passivation layer protects the underlying chromium from dissolving in the 

HNO3 solution and explains the lower PRE (19%) in the bath while the absence of such a 

protective layer leads to high PRE (100%) in the H2SO4 cleaning bath.  It can also be 

concluded that no high PREs were obtained in the HNO3 cleaning bath for both CrON1 

and CrON2 surfaces.   

The PRE values obtained on the CrON2 surface (0%, 25%) were consistently 

lower than those obtained on the CrON1 surface (19%, 100%) for both the cleaning 

conditions.  The difference could be due to the lower etch rate of the top layer compared 

to that of the bottom layer (FIGURE 3-4) or due to the surface properties or due to the 

stronger adhesion forces on the CrON2 surface.  Due to the negligible etching observed 

(section 4.1.4.2), the possibility of different adhesion forces on the two surfaces is more 

likely behind the different PRE values obtained on the two surfaces.   

 

 

4.2. Summary:  

 

Cleaning of CrON1 and CrON2 surfaces was studied.  The contamination 

variables were the charge on the gold nano-particles and the size of the gold nano-

particles.  Cleaning bath variables were different cleaning chemistries (NH4OH and 

H2SO4), bath temperature, and megasonic power.  The following results were obtained:  
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1. For 100 nm negatively charged gold nano-particles deposited on a CrON1 surface, a 

1:10 H2SO4:DI bath at boiling temperature (101°C) without megasonics gave high 

PRE values (99%) as did a 1:10 H2SO4:DI bath at 35°C with 100W megasonic power 

(PRE = 88%).   

2. The PDAC coated positively charged gold nano-particles deposited on a CrON1 

surface were more difficult to remove in H2SO4 baths with and without megasonics.   

3. Negatively charged nano-particles were found to be more difficult to remove from a 

CrON2 surface compared to those from a CrON1 surface.   

4. The particle removal efficiency (PRE) trends obtained for different baths point to 

surface dissolution (which was thermodynamically shown to be possible) as a 

primary mechanism for particle removal.  Etch rates obtained experimentally 

indicated minimal etching in bath time.  Though the low surface etching results are 

promising as they meet the ITRS requirements, the results failed to explain the 

particle cleaning mechanism conclusively.  The AFM measurements indicated 

increased surface roughness after particle deposition and removal in dilute H2SO4 

bath, indicating the possibility of faster etching of the surface in proximity to gold 

nano-particles.   
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5. CLEANING FUSED SILICA AND THERMAL SiO2 SURFACES 

 

Recall from FIGURE 1-2 that a nano-particle at the bottom of the multi-layer 

structure, i.e., on top of the substrate surface, can be detrimental to the mask.  The 

substrate surface at the bottom of the multi-layers is made of fused silica.  Therefore, 

cleaning the fused silica substrate surface effectively is critical for the EUV mask 

cleaning.   

 

5.1. Fused Silica Substrate Surface Cleaning: 

 

5.1.1. Cleaning in Dilute NH4OH Chemistry Without Megasonics:  

 

Several cut samples were pre-cleaned with the optimized pre-clean procedure 

(section 3.5).  The fused silica surface was then contaminated using the deposition 

procedure explained in section 3.2.  The particle density in the contamination solution 

used (100 nm gold nano-particles) was 2x107 #/ml as listed in TABLE 2-1.   

The samples were divided into two sets.  Each sample in the first set was cleaned 

for 10 minutes in different concentration levels of NH4OH solution – 8%, 4% and 2% – 

at room temperature.  Then the samples were DI rinsed for 10 minutes and gently blown 

dry using a nitrogen gun.  The second set of contaminated samples was cleaned in 

NH4OH baths (having three concentration levels: 8%, 4%, 1%) at an elevated 

temperature (78°C).  Then they were DI rinsed for 10 minutes and gently blown dry 
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using a nitrogen gun.  The samples were measured using a dark field microscope and the 

PRE was calculated using Equation 2-1.  The results are shown in FIGURE 5-1.   

 

PRE vs NH4OH concentration at different bath 
temperature. Surface: Fused Silica.  

Particles: 100 nm gold. 
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FIGURE 5-1:  PRE on the fused silica surface in dilute NH4OH chemistry at both room temperature 

and 78°C.  A dilute NH4OH bath at room temperature fails to remove the deposited 100 nm gold 

nano-particles from the fused silica surface; however, high PREs were obtained when the bath 

temperature was elevated to 78°C.   
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As shown in FIGURE 5-1, a dilute NH4OH bath at room temperature gave low 

PRE values (0% – 6%) for all bath concentration levels studied.  At an elevated bath 

temperature, PRE values in the range of 84% to 99% were obtained for dilute NH4OH 

baths.   

Though a high PRE was successfully obtained in the NH4OH bath at elevated 

temperature, NH4OH is well known to roughen the surface during cleaning, as used in the 

SC1 chemistry.  Dilute NH4OH at room temperature is expected to cause less surface 

etching and roughness.  Therefore, it was thought that a dilute NH4OH bath at room 

temperature could be used with the addition of megasonics to obtain a high PRE with 

minimum roughening of the sample surface.   

 

5.1.2. Cleaning in Dilute NH4OH Chemistry With Megasonics:  

 

Several cut fused silica samples were contaminated as described in section 5.1.1.  

Two sample batches were cleaned for 10 minutes in a dilute NH4OH bath, one at a 100W 

power level of megasonic energy and the other at 500W.  Then each sample was DI 

rinsed for 10 minutes and gently blown dry using a nitrogen gun.  The samples were 

measured using a dark field microscope and the PRE was calculated.  The results are 

shown in FIGURE 5-2.  
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Effect of megasonic power on PRE in 1% NH4OH bath
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FIGURE 5-2: PRE as a function of the applied megasonic power in a bath having a fixed (1%) 

NH4OH concentration.  In the presence of megasonic energy, even a 1% NH4OH solution removes 

particles effectively.  In the absence of megasonics, no particle removal was observed.  High PREs 

obtained are highlighted by an ellipse.  The total transducer area is 225.806 sq. cm.  To calculate 

power density, the noted power value should be divided by the total transducer area.   

 

FIGURE 5-2 shows the PRE as a function of the applied megasonic power in a 

constant (1%) NH4OH concentration bath.  The PRE obtained in a bath without 

megasonics was 0%, while with applied megasonic power of 100W and 500W, PRE 

values of 100% and 83% were obtained.   

FIGURE 5-2 shows that in the presence of megasonic energy, even a 1% NH4OH 

solution removes particles effectively.  In the absence of megasonics, no particle removal 

was observed.  These results underline the importance of application of megasonics as an 

added energy source to the cleaning bath at low concentration to obtain a high PRE.   



 145 

 

Applied megasonic power = 100W.
Bath temperature increase: 29C - 34C.
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FIGURE 5-3: PRE as a function of NH4OH concentration in the bath with a constant (100W) 

megasonic power applied.  For 100W applied megasonic energy, the PRE increases with NH4OH 

concentration in cleaning bath.  The total transducer area is 225.806 sq. cm.  To calculate power 

density, the noted power should be divided by the total transducer area.   

 

FIGURE 5-3 displays the PRE as a function of NH4OH concentration in the bath 

with a constant (100W) megasonic power applied for 10 minutes.  A 0.25% NH4OH bath 

gave a PRE of 0%.  The PRE values increased consistently from 63% and 81% to 100% 

for 0.375%, 0.5%, and 1% NH4OH bath concentrations respectively.   

FIGURE 5-3 shows that a minimum NH4OH concentration of 1% is necessary 

even in the presence of megasonic energy in the bath to achieve 100% PRE.  For 100W 

applied megasonic energy, the minimum level of NH4OH needed to obtain a high (81%) 
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PRE is approximately 0.5%.  The minimum concentration requirement to obtain high 

PREs could be due to a minimum etching requirement (even in the presence of 

megasonics) or due to the presence of stronger repulsive forces in the bath with higher 

pH (higher NH4OH concentration).   

Surface roughness increase of samples processed with NH4OH is lower in at low 

temperature baths.  As the bulk temperature of the dilute NH4OH bath in presence of 

megasonic irradiation to obtain high PREs (FIGURE 5-3) is less than the bulk 

temperature of the bath used to obtain high PREs (FIGURE 5-2), the expected surface 

roughness of samples cleaned with megasonic irradiation applied to the cleaning bath is 

less than of the samples cleaned in a bath at elevated temperature.   

 

5.2. pH measurements and Zeta Potential Effect:   

 

To determine whether the difference between the pH values for the concentration 

conditions studied in FIGURE 5-3 was appreciable, pH measurements of the solutions 

were performed.  The results are shown in TABLE 5-1.  It may be concluded that the 

solution pH does not vary much between 0.25% and 1% NH4OH baths.   
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TABLE 5-1: pH values of NH4OH solution having different concentrations.  Standard deviations of 

the three measurements were very low (not listed).   

NH4OH Solution 
Concentration 

pH (3 measurements) 

8% 12.36 
4% 12.10 
2% 11.82 
1% 11.62 

0.5% 11.44 
0.25% 11.25 

0% 6.31 
 

 

FIGURE 5-4: Measured ZP of different materials (Alumina and SiO2) as a function of solution pH 

[5.1].  For the discussion, the silica (SiO2) surface is of interest.  
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Whether the small difference in pH values for the two baths causes any change in 

surface charge can be identified with the help of a curve of Zeta Potential (ZP) vs. pH 

[5.1].  The ZP diagram for a silica surface is as shown in FIGURE 5-4.  The ZP value 

does not vary appreciably between the pH range of 11.25 to 11.62 (corresponding to 

0.25% and 1% NH4OH solutions respectively).  Therefore, one may conclude that the 

difference between the PREs obtained in FIGURE 5-3 for the baths, with same 

megasonic power (100W) applied, could be due to the critical surface etching 

requirements.   

An experiment to determine the etch rate of the fused silica surface in the NH4OH 

baths, similar to the one reported in section 3.4.3 for the CrON surface, could not be 

performed due to the following reasons:  

1. The cut mask samples were box shaped.  All the 6 surfaces were made of fused silica.  

During the etch rate experiments, all the 6 surfaces would have dissolved in the bath.  

Though the front and the back surfaces were practically flat surfaces, the sides had 

rough surfaces generated during the mask cutting process that used a diamond saw.  

Calculated surface etch rate, using the ICPMS measurement results on the samples 

taken from the cleaning bath, would have been approximate at best.  

2. Quartz beakers were used for the cleaning bath.  Quartz beakers were preferred to 

pyrex beakers, which are normally used in research labs, because quartz beakers are 

known to have lower stray contamination leaching from them in chemical processes.  

However, quartz is a chemically similar material to fused silica.  Therefore, the 

ICPMS samples would have had dissolved material (SiO2) from both the beaker and 
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the mask sample.  Therefore, the surface etch rate obtained from ICPMS 

measurement results of the experiment would have been incorrect.   

 

Megasonic irradiation has been shown to enhance the sputtered silica etch rate in 

an ammonia bath at room temperature by nearly eight to fifteen times [5.2].  This 

increased surface etch rate might explain the effective particle removal in a bath with 

megasonics.   
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FIGURE 5-5: Summary of cleaning results on fused silica surface.  PRE is plotted against the 

NH4OH bath concentration.  X axis is logarithmic.  The dashed (red) ellipse indicates the high PRE 

values.  The region on the left side of the vertical bar is the concentration of NH4OH required in a 

megasonic bath to obtain high PRE values.  The total transducer area is 225.806 sq. cm.  To calculate 

power density, the noted power should be divided by the total transducer area. 
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FIGURE 5-5 summarizes all the cleaning results obtained on fused silica surfaces 

in NH4OH solution with and without megasonics applied to the bath.  It may be 

concluded that in the absence of megasonics, the bath requires thermal energy to 

effectively remove particles, while in the presence of megasonics in the cleaning bath, 

NH4OH concentration should be near the threshold value of 0.5% for effective particle 

removal from the fused silica surface.   

 

5.3. Cleaning Thermal SiO2 Surface:  

 

As devices are scaled down, not only the mask surfaces but also the wafer 

surfaces have stringent particle density requirements to be met (TABLE 1-4).  To extend 

the applicability of the study to the surface commonly encountered in semiconductor 

manufacturing, the cleaning experiments on the fused silica surface without the presence 

of megasonics in the cleaning bath were repeated on a thermal SiO2 surface.   

 

Several 100 mm diameter silicon wafers (<100> orientation, p-type doped) were 

oxidized using a wet-oxidation process at 1050°C for one hour.  The oxide grown was 

approximately 600 nm thick.  The wafers were not pre-cleaned as the background particle 

count was less than 1.4x10-5 #/µm2.  The wafers were contaminated with 100 nm gold 

nano-particles.  The surface particle concentration (before cleaning the wafers) was 

between 1.29 and 6.69 x 10-4 #/µm2.  The wafers were cleaned for 10 minutes in different 



 151 

concentrations of NH4OH solution (8%, 4%, 2%, 1%, 0.5%, and 0%) at room 

temperature.  Then they were DI rinsed in an overflow bath and gently blown dry using a 

nitrogen gun.  The wafers were measured using a dark field microscope and the PRE was 

calculated.  Some of the cleaning conditions were repeated to confirm the PRE values for 

those conditions.  The results from the repeat experiment were in agreement with the 

original experiment.   

The original experiment was repeated with 40 nm gold nano-particles.  The 

results of both the experiments (with 100 nm and 40 nm particles) are plotted in FIGURE 

5-6.   
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PRE vs. different concentration of NH4OH in bath 
for 40 and 100 nm particles
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FIGURE 5-6: PRE vs. different concentrations of NH4OH bath at room temperature.  PRE trends 

for both 100 nm and 40 nm gold nano-particles as contaminants are shown.   

 

As shown in FIGURE 5-6, the PRE increases with the bath concentration for both 

the particle sizes studied.  The bath concentration threshold for achieving high PRE is 

near 2% NH4OH concentration at room temperature for both 40 nm and 100 nm particles.   
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It is well known in the semiconductor industry that NH4OH etches the SiO2 

surface and that the amount of surface etching increases with the bath concentration.  The 

increase in PRE with bath concentration indicates a dependence of PRE on the amount of 

SiO2 surface etched in the bath.   

 

5.4. Thermal SiO2 Etch Rate Measurements: 

 

An experiment was performed to determine the etch rate of thermally grown SiO2 

surface in the cleaning baths with different concentrations of NH4OH solution.  The 

NH4OH concentration range was chosen to include the bath concentration threshold value 

near 2% (FIGURE 5-6).  Different concentrations of NH4OH solution (1%, 2%, and 4%) 

were prepared.  Three samples were cut from a wafer that had SiO2 grown with the same 

oxidation conditions (wet-oxidation process at 1050°C for one hour) as for the wafers 

used in the PRE experiments.  One sample was placed in each of the three NH4OH 

solutions for an approximately 71 hour etching process.  SiO2 thickness measurements 

were performed using the ellipsometer and filmetrix instruments.  The measurements 

were repeated at different intervals of time during the etching process.  The amount of 

thickness of thermal SiO2 etched in dilute (1% and 2%) NH4OH baths was small.  The 

amount of surface etched in approximately 71 hours in a 1% NH4OH bath was from 37 Å 

to 47 Å, while that in a 2% NH4OH bath was from 39 Å to 70 Å.  Therefore, the 

calculated etch rates for the two baths are noted as ranges in TABLE 5-2.  TABLE 5-2 

lists the approximate amount of surface etched in the 10 minute bath time and 
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corresponding PRE values.  A similar experiment was performed in a 4% NH4OH bath at 

65°C for 1 hour and the etch rate of on thermal SiO2 was identified as 0.7 Å/min.   

 

TABLE 5-2: Surface thickness etched in 10 minutes bath time and PRE values are listed for different 

concentrations of NH4OH concentrations in the cleaning bath.  It may be noted that the PRE value in 

4% NH4OH bath is a range as it lists the values obtained when the cleaning condition was repeated to 

confirm a low sample to sample variability.  The etch rates were assumed to remain constant 

throughout the etching period.   

NH4OH 

concentration 

Amount of surface thickness 

etched in 10 minutes (Å) 

PRE 

(%) 

1% 0.087 – 0.11 41 

2% 0.091 – 0.16 84.4 

4% 0.39 89 – 92 

 

To confirm that the etch rates obtained were accurate, they were compared to etch 

rates reported in literature for baths having approximately 4% NH4OH concentration.  

Many etch rates reported in the literature are for SC1 baths (typically 1:1:5 volume ratio 

of NH4OH:H2O2:DI at different bath temperature values) with NH4OH concentrations of 

approximately 4%.  The literature values were derived at higher temperatures than this 

experiment, so an extrapolation was performed to confirm the etch rates at room 

temperature.  During extrapolation process on the reported data, oxidation due to the 

presence of H2O2 in the SC1 bath was ignored.   

Though the experimentally obtained etch rate values are slightly smaller than the 

reported values in the literature, the etch rate obtained in a 4% NH4OH bath (TABLE 

5-2) is in agreement with the etch rate estimated after extrapolating the numbers reported 
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in the literature, as shown in FIGURE 5-7.   However, the amount of surface etching in 

10 minutes in the bath (0.4Å) fails to explain the particle removal trend observed 

(FIGURE 5-6).   

Etch rates of SiO2 in approximately 4% NH4OH solution.  
Exponential tradelines are added
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Etch rate of SiO2 vs. (100 / (Bath temperature))
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(b) 

FIGURE 5-7: Etch rates of SiO2 in bath having approximately 4% NH4OH concentration at different 

bath temperature.  Both (a) and (b) figures have same data represented.  Experimental value (filled 

square) of the etch rate obtained at The University of Arizona (UA) is in agreement with the reported 

values in the literature [5.6 - 5.10].  Reference #5.8 reported the maximum and minimum etch rate 

values, which are plotted as separate lines.  Trade-lines are added illustrating the agreement.  The 

thickness measurements were performed by Besson et al [5.6] using Tencor SE1280 ellipsometer, 

while Loper et al [5.10] mention that “several repeat runs were done in succession to get a stable 

measurement”.  

 

In summary, FIGURE 5-6 and TABLE 5-2 indicated a possible correlation 

between the surface etching and particle removal in the cleaning bath.  The calculated 

experimental etch rates were in agreement with the extrapolated etch rate values in the 

literature.  High PREs (75% and above) have been obtained for 1.5 nm – 2 nm [4.7] and 

as low as approximately 1.5 Å [4.8] of surface etching.  Though there is evidence of a 
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possible correlation between the surface etching and particle removal, the thickness of 

surface etched fails to explain the high PRE values obtained.   
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6. CONCLUSIONS AND FUTURE WORK  

 

6.1. Conclusions: 

 

Different effective pre-clean procedures were developed for each surface studied.  

The surface cleaning procedures utilized mainly H2SO4 and NH4OH chemistries with and 

without megasonics.  The main cleaning variables were bath concentration, temperature, 

and megasonic power.  The contamination variables were the charge on the gold nano-

particles and the size of the gold nano-particles.   

 

The following conclusions can be derived:  

1. For 100 nm negatively charged gold nano-particles deposited on a CrON1 surface, a 

1:10 H2SO4:DI bath at boiling temperature (101°C) without megasonics gave high 

particle removal efficiency (PRE) values (99%) as did a 1:10 H2SO4:DI bath at 35°C 

with a 100W megasonics (PRE = 88%).   

2. Negatively charged nano-particles were found to be more difficult to remove from a 

CrON2 surface compared to those from a CrON1 surface.   

3. The PRE trends obtained for different baths indicate chromium dissolution (which 

was thermodynamically shown to be possible) as a primary mechanism for particle 

removal.  Etch rates obtained experimentally indicated minimal etching for the bath 

times used.  Though the low surface etching results are promising as they meet the 
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ITRS requirements, the results failed to explain the particle cleaning mechanism 

conclusively.   

 

During the fused silica surface cleaning study, the particle charge (negative) and 

size (100 nm) of the contamination source and the cleaning bath chemistry (NH4OH) 

were kept constant.   

1. Low PREs were obtained at room temperature for all the bath concentrations studied 

2. High PRE values were obtained at an elevated temperature (78°C) of the bath and 

also in the condition of megasonic power applied in more dilute chemistries at room 

temperature.   

 

1. For thermally grown SiO2 surfaces, the PRE trends obtained for both 100 nm and 40 

nm particles were similar.   

2. The SiO2 etch rates obtained experimentally agreed with published rates.   

 

In summary, processes were developed to removal nano-particles from surfaces of 

materials used in EUV mask fabrication.  The suggested chemistries were noted above 

such as a 1:10 H2SO4:DI bath at boiling temperature (101°C) without megasonics and a 

1:10 H2SO4:DI bath at 35°C with a 100W megasonics.  The application of the developed 

processes may be limited due to the haze effect caused by H2SO4.   
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Sono-luminescence measurements taken in the megasonic tank indicated 

correlation between photon counts and megasonic power applied.  Due to the instability 

of variables associated with the measurements, conclusive correlations were not possible 

between the megasonics, cavitation, photon generation, PRE, and other phenomenon.  

However, the histogram representation of the sono-luminescence suggested correlations 

useful for understanding the phenomenon involved.  
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6.2. Future Work: 

 

To meet the needs of the industry before the introduction of the EUV technology 

to high volume manufacturing, many challenges need to be met.  This section focuses on 

the unsatisfied challenges that are relevant to this dissertation study.   

 

Following is the proposed work for future study:  

1. Establish a successful correlation between the PRE trends in the baths with and 

without megasonics applied,  

2. Perform a PRE optimization of gold nano-particles in SC1, dilute NH4OH, SC2, and 

dilute HCl chemistries with megasonics,   

3. Perform experiments with smaller gold nano-particles as contaminants,  

4. Perform a cleaning study on other mask surfaces such as ruthenium (Ru), 

molybdenum (Mo) and silicon (Si),   

5. Perform experiments to identify and study megasonic bath related different 

variables; such as the height of the sample above the transducers, x-y position of the 

sample, sample angle, and dissolved gases; to better understand and control the 

cleaning mechanism in megasonics,   

6. Perform in-situ sono-luminescence and hydrophone measurements to establish the 

correlations between different megasonic bath parameters.   
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7. APPENDICES 

 

7.1. Appendix A: Development of Sono-luminescence Measurements:   

 

7.1.1. Variables in the Sono-luminescence Measurements in the Megasonic Bath:  

 

Preliminary sono-luminescence measurements were performed to characterize 

cavitation phenomenon.  The photon counts measured were dependent on the distance (z) 

of the counter from the transducers, the x-y location of the counter in the tank, 

effectiveness of air removal from the photon chamber of the counter, the collection of the 

air in the chamber with time as the cavities burst and the air collected in the photon 

chamber.   

The actual photon counts from the figures shown in this chapter cannot be used to 

calculate the exact cavity density value in the megasonic tank for different bath and input 

power conditions.  However, the results can be used to get a preliminary understanding of 

the bath cavitation and sono-luminescence phenomenon and the “trends” of these 

parameters.  The trends were found repeatable.  To control the variability of the 

measurements, the x-y-z location of the photon counter was kept the same for all the 

measurements shown in this chapter.  These variables were determined from a 

preliminary study, which led to the system modifications for more controlled 

measurements.   
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7.1.2. Histogram Analysis:  

 

Two hypothetical examples are provided to illustrate how the histograms could be 

used to understand the cleaning and damage mechanisms in the bath.  The raw data 

obtained from sono-luminescence measurements performed in a DI water bath for 

different values of applied megasonic power, are shown in FIGURE 7-1.  From FIGURE 

7-1, it can be concluded that the photon counts increase with the applied megasonic 

power.  This trend was confirmed with another set of measurements (not reported here).  

However, unfortunately, no other reliable and useful conclusions can be drawn from the 

chart.  The variability observed in the data could be due to the accumulation of bubbles in 

the cavitation chamber of the probe.  Therefore, the raw data (FIGURE 7-1) was plotted 

as a histogram as shown in FIGURE 7-2.     

 

Readers not familiar with the histogram concept are referred to a good reference 

text on statistics [i.e. 7.1].  Note that the Y axis of FIGURE 7-1 corresponds to the X axis 

of the FIGURE 7-2 histogram.  On the Y axis, FIGURE 7-2 plots the number of times the 

value on the X axis occurs (i.e. frequency of occurrence) during the measurement.  The Y 

axes of all histograms have no units (being number/counts) and are independent of X 

axes units.  All curves presented in any histogram have the same number of data points 

considered.   

FIGURE 7-2 indicates that histograms for high power are more symmetrical than 

those for low power (e.g. 100W).  It further confirms the shift to higher photon counts / 
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second with increasing power values.  The curves for high power values are uni-modal 

and narrow.   

 

Sono-luminescence measurements (raw data) for different 
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FIGURE 7-1: Sono-luminescence measurements in DI water bath for different values of applied 

megasonic power.   
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HISTOGRAM of the sono-luminescence measurements of the raw data in 
presented in the previous figure
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FIGURE 7-2: Histogram of the raw data shown in FIGURE 7-1.  Note: X axis is logarithmic.  The 

histogram curves shift to higher photon generation rate with increasing applied megasonic power.     

  

Sono-luminescence measurements were also performed for a 1:10 H2SO4:DI bath 

at approximately 50°C with different megasonic power applied as shown in FIGURE 

7-3a.  With higher applied power, the histogram shifts to higher photon count rate until 

the power reaches 300W value.  Though the curves P3 – P5 (for 300W – 500W power 

range) peak at the same position on the X axis (FIGURE 7-3b).  It can also be observed 

that the P5 curve is broader and positively skewed than the narrow and more symmetric 

P3 curve.   
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HISTOGRAM of (Photon Counts / Sec) in a 1:10 H2SO4:DI at ~50C bath. 
(X axis is Log)
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HISTOGRAM of (Photon Counts / Sec) in a 1:10 H2SO4:DI at ~50C bath. 
(X axis is Logarithmic)
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(b) 

HISTOGRAM of (Photon Counts / Sec) in a 1:10 H2SO4:DI at ~50C bath. 
(X axis is Log)
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(c) 

FIGURE 7-3: (a) Sono-luminescence measurement histogram for a 1:10 H2SO4:DI bath at 

approximately 50°C.  Arrow points to the positive skew of the 500W input power curve (P5).  Note 

the labels.  (b) Only 300W – 500W (P3 – P5) measurements are shown for the same bath.  Arrow 

points to the positive skew of the 500W input power curve.  (c) Only 100W and 200W (P1, P2) 

measurements are shown for the same bath.  
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A possible explanation for the observations can be given as follows: Low 

megasonic power applied inputs less intense pressure waves in the bath.  The lesser shock 

excitations caused by the less intense pressure waves caused less cavitation and less 

sono-luminescence, which can be explained with the reported [7.2, 7.3] relationship 

between the onset of shock excitation and the onset of sono-luminescence.  Therefore, the 

photon counts generated in a unit time is less in a bath with lower megasonic power than 

in a bath with higher megasonic power applied.  The lower photon generation rate results 

in the curves corresponding to the lower applied power appearing to the left in the 

histograms (FIGURE 7-2 and FIGURE 7-3a).  For a high megasonic power of 500W, the 

extra energy input produces a higher photon generation rate broadening the peak and 

making it positively skewed; however, the higher photon generation rate is not much 

higher than that of 300W power, and therefore, P5 does not shift from P3 as in the case of 

a DI water bath (FIGURE 7-2).  The absence of shift could be related to the different 

radical excitations in the two baths.   
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7.1.3. Two Examples Illustrating Useful Interpretation of the Histogram:  

 

7.1.3.1.Hypothetical Example 1:  

To better understand the usefulness of the histogram curves, consider the 

following hypothetical situation:   

A power level of 400W in a bath gives high particle removal efficiency (PRE) 

with low or minimum damage.  However, at 500W input power in the bath, a 

high PRE is accompanied by higher defect density (i.e. damage to the structures 

or the lines).  For this example, the sono-luminescence measurements are as 

shown in FIGURE 7-3a and FIGURE 7-3b.   

The observations of PRE and defects in the two different baths can be explained 

with the help of the histogram: The major difference between the curves 

corresponding to the 400W and 500W input power in FIGURE 7-3 (P4 and P5) is 

that the former is more symmetric while the latter is positively skewed.  If the 

correlation between the photon counts and the force is known, one can calculate 

the ‘force graph’ for P4 and P5 in FIGURE 7-3a, as shown in FIGURE 7-4.  The 

skew in FIGURE 7-3 is of high importance as the x-axis is logarithmic.  A 

positive skew means that more photons are observed in the 500W power bath 

compared to the number of photons observed in the 400W power bath that has a 

symmetric curve (P4).  The values corresponding to higher photon counts in a 

unit time at the 500W condition means that a high number of implosions per time 
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unit create a much higher photon count per second.  These extra cavities 

correspond to more implosions in the bath.  In a unit time, therefore, implosion 

numbers higher than 3,000,000 do not occur in 400W power tank while they do 

occur in a 500W power tank (FIGURE 7-3).  Due to the extra implosions in same 

amount of time, a higher energy is transferred from cavities to the 500W cleaning 

bath, which leads to stronger forces being produced as shown in FIGURE 7-4.  

Thus, the positive skew of the 500W power condition in FIGURE 7-3 may 

correspond to the positive skew in FIGURE 7-4 indicating a stronger force.  The 

stronger removal force can be greater than the line strength and lead to line 

damage.   

 

FIGURE 7-4: Schematic showing the possible force profile for 400W and 500W megasonic applied 

power explaining the line damage along with the particle removal for hypothetical example 1.   
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7.1.3.2.Hypothetical Example 2:  

Consider another hypothetical situation: A power level of 300W in a bath gives 

high particle removal efficiency (PRE) with low or minimum damage.  However, 

at 100W and 200W power input in the bath, a low PRE (and no line-damage) is 

obtained.  For this example, the sono-luminescence measurements are as shown 

in FIGURE 7-3a and FIGURE 7-3c.   

The observations of PRE in the baths can be explained with the help of the 

histogram: Similar arguments as made in Example 1 can be made and a force 

graph as shown in FIGURE 7-5 is obtained.  The particle removal force is greater 

than the forces applied at 100W and 200W megasonic power, hence no particle 

removal is observed.  However, the force applied in the 300W megasonic bath is 

greater than the required force for particle removal, hence a high PRE is observed.   

 

FIGURE 7-5: Schematic showing the possible force profile for 100W, 200W, and 300W megasonic 

applied power explaining the line damage along with the particle removal for the hypothetical 

example 2.   
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The hypothetical examples discussed above explain how the understanding of 

sono-luminescence may lead to an understanding of the cavitation phenomenon in the 

megasonic bath, which could be utilized (assuming cavitation is the primary phenomenon 

for particle removal and line damage) to control the energy input so that the unintentional 

particle contamination is removed without damaging the lines and structures.  The 

following correlations need to be established for the successful interpretation of the 

histograms of sono-luminescence:  

1. Number of cavitations with sono-luminescence count,  

2. Energy input by imploding cavities with the cavity size,  

3. Cavitation with applied megasonic power.   

A thorough analysis needs to be performed while considering other variables, namely 

megasonic variables (i.e. frequency) and bath variables (i.e. temperature, fluid viscosity, 

dissolved gas content).     
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7.1.4. Preliminary Data for Correlation of Sono-luminescence Measurements – 

Megasonic Power With Damage – PRE:   

 

For support of the two hypothetical examples described above, relevant 

experimental results are listed below.  For a detailed description of the experiments and 

procedure, the readers are referred to chapter 3.   

In the first experiment, a dependence of PRE on megasonic power applied is 

illustrated.  Three cut chromium mask samples were contaminated with positively 

charged 100 nm gold nano-particles using the deposition procedure explained in section 

3.2.  Each sample was cleaned for 10 minutes in a 1:10 H2SO4:DI bath at 55°C with 

different megasonic power values applied – 100W, 300W, and 500W.  Then each sample 

was DI rinsed for 10 minutes and gently blown dry using a nitrogen gun.  The samples 

were measured using a dark field microscope and the PRE was calculated.  The PRE 

values for 100W, 300W and 500W megasonic power conditions were 0%, 32%, and 85% 

respectively.   

In a second experiment, several test samples having test structures of different 

dimensions (provided by Texas Instruments Inc.) were cleaned in a 1:1:100 HCl:H2O2:DI 

bath.  The megasonic power values applied (100W, 300W, and 500W) were the same as 

in the first experiment.  At each power level, two test samples were cleaned.  Each test 

sample had 4 structures.  Each structure had pitch (P) = 0.15 µm, height (H) = 70 nm, 
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width (W) = 30 nm (FIGURE 7-6).  The four structures had different lengths (L), namely, 

10 µm, 20 µm, 50 µm, 100 µm.   

 

FIGURE 7-6: Dimensions of test structures provided by Texas Instruments (TI).   

 

The defects generated on the samples were detected and counted using the dark 

field microscope.  The average for two samples was calculated and the results are listed 

in TABLE 7-1.   

 

TABLE 7-1: Defects introduced at each power level for structures of different lengths.   

Megasonic Power L = 10 µµµµm L = 20 µµµµm L = 50 µµµµm L = 100 µµµµm 

100W 0 0 0 0 

300W 0 0 0 1.5 

500W 0 0 0 1.5 

 
 

As shown in TABLE 7-1, no defects were introduced at all the megasonic power 

conditions for the structures having lengths 10 µm, 20 µm and 50 µm.  For the structures 

L 

W 

H 

P 
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having L = 100 µm the number of defects introduced were 0, 1.5, and 1.5 at 100W, 300W 

and 500W megasonic power conditions respectively.    

 

The two experiments and the sono-luminescence measurements (FIGURE 7-2 and 

FIGURE 7-3), all were performed in different baths.  Ideally, all would be performed in 

the same bath and on the same samples with nano-particles deposited and nano-structures 

that more completely model an actual cleaning situation in industry.  Nevertheless, a 

preliminary establishment of correlation can be made, assuming the ideal case for 

illustration purposes in the following explanation:   

Relating the experimental results with the two hypothetical examples described 

above, one can conclude that for 100W power level no particle removal and no defects 

were observed.  At 300W power level some particles were removed; however, some 

structural damage was also observed.  At 500W power level a good PRE was obtained 

and the structures were also observed to be damaged.  A ‘force graph’ would be similar 

to FIGURE 7-7.   
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FIGURE 7-7: Force graph for a bath with different megasonic power values applied.  The forces in 

the 300W (dashed) and 500W power (dotted) baths being greater than the particle removal force, 

particles are removed.  As they are also in the same range as the structure damage force, i.e., line 

strength (bold dashed), the defects are introduced.   

 

As shown in FIGURE 7-7, the forces in 100W bath are lower than the required 

particle removal force and the structure damage force (line strength), which explains the 

low PRE obtained with no structural damage observed for the bath.  The forces in the 

300W (dashed) and 500W power (dotted) baths being greater than the particle removal 

force (FIGURE 7-7), PRE values greater than zero were obtained.  However, since the 

forces corresponding to the 300W and 500W megasonic power conditions are in the same 

range as the structure damage force, defects are introduced.  The proximity between the 

forces corresponding to 300W, 500W, and line-strength explains the possible hypothesis 

establishing a correlation between cavitation measurements in the megasonic bath and the 

effects of PRE and defects.  Also, experimental evidence presented supports the 
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hypothesis and underscores the value added by the histogram analysis methodology over 

the raw data presentation.   
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7.2. Appendix B: Photograph of the Laboratory Safety Course Certificate:  
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7.3. Appendix C: Photographs of the Instruments Used:  

 

7.3.1. pH Meter, pH Electrode, Calibration Solutions and the Micro-Pipette:  

 

 

FIGURE 7-8: Photograph of a pH Meter, a pH Electrode, calibration solutions and a micro-pipette.  

 
Vendor (pH meter system): VWR Scientific Products. (SympHony: SB301). 

Use: To measure the pH of solutions.  

Vendor (Micropipette): Labsystems Finnpipette® E08410-4500 (40-200 µl).  

Use: To measure the pH of different solutions.  Micropipette was used to measure the 

gold nano-particle solution used for contamination of different surfaces.  
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7.3.2. Ellipsometer:  

 

 

FIGURE 7-9: Photograph of an Ellipsometer.  

 
Vendor: Gaertner Scientific Corporation, Chicago.  

Software: Geartner Ellipsometer Measurement Program (GEMP) Ver. 1.2. 

Use: To measure film thickness.  

Similar Ellipsometer (model L116C) was also used to measure stack thickness on mask 

samples.   
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7.3.3. Filmetrix Instrument:  

 

 

FIGURE 7-10: Photograph of Filmetrix instrument.  

 
Vendor: Filmetrix Inc (F series: F20-USI).  

Software: FILMeasure Ver. 2.2.2. Solver Ver. 2.1.7 

Use: To measure film thickness.  
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7.3.4. Megasonic System:  

 

 

FIGURE 7-11: Photograph of the megasonic tank system.  The schematic was shown in FIGURE 2-5.  

 

Vendor:  Product Systems Inc. (Prosys).  

Software: “Operations User Interface Software” version 1.0 beta 2..   

Use: To clean sample surfaces.  
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7.3.5. Sono-luminescence Probe:  

 

 

FIGURE 7-12: Photograph of the Prosys sono-luminescence probe.  The schematic was shown in 

FIGURE 2-6. 

 

Vendor:  Product Systems Inc. (Prosys).  

Software: “Electron Tubes EM6 Counter / Timer” version 2.3 build 1047.   

Use: To measure sono-luminescence in the megasonic tank.  
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7.3.6. Dark Field Microscope:  

 

 

FIGURE 7-13: Photograph of a dark field microscope.  

 

Vendor:  Leica DM 4000.  

Software: QCapture Pro 5.1.  

Use: To detect gold nano-particles. 
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7.3.7. Inductively Coupled Plasma Mass Spectroscope (ICPMS):  

 

 

FIGURE 7-14: Photograph of an Inductively Coupled Plasma Mass Spectroscope (ICPMS).  

 

Vendor: Parkin Elmer DRC II ICPMS.  

Software: ELAN software, version 3.0.  

Use:  To measure concentration of chromium dissolved in a solution.  
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7.3.8. X-ray Photo-electron Spectroscope (XPS):  

 

 

FIGURE 7-15: Photograph of an X-ray Photo-electron Spectroscope (XPS).  

 

Vendor:  Kratos 165 Ultra XPS.  

Software: Kratos Vision2 ver. 2.1.2 (Sun Solaris Operating System).  

Use: To characterize sample surfaces. 
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7.3.9. Atomic Force Microscope (AFM):  

 

 

FIGURE 7-16: Photograph of an Atomic Force Microscope (AFM).  

 

Vendor: Digital Instrument’s Dimension 3100 Scanning Probe AFM.  

Software: Nano-scope version 5.12R5.  

Use: To determine the surface roughness. 
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7.3.10. Scanning Electron Microscope (SEM):  

 

 

FIGURE 7-17: Photograph of a Scanning Electron Microscope (SEM).  

 
Vendor: Hitachi S-2460N Scanning Electron Microscope (SEM).  

Software: Noran System Six, version 1.8.  

Use: To image sample surface.  
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7.3.11. Field Emission SEM (FE-SEM):  

 

 

FIGURE 7-18: Photograph of a Field Emission Scanning Electron Microscope (SEM).  

 
Vendor: Hitachi S-4500 Field Emission SEM (FE-SEM).  

Software: Noran System Six, version 1.8.  

Use: To image sample surface.  
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7.3.12. Coulter Delsa 440SX:  

 

 
FIGURE 7-19: Photograph of a Coulter Delsa 440SX.  

 
Vendor: Coulter Delsa 440SX.  

Software: Coulter Delsa Control Program PC Software version 2.03 (April 26, 1995).  

Use: To measure zeta potential of particles in dispersions.  
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