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ABSTRACT
This dissertation describes the finding that dissolved carbon dioxide is a potent
inhibitor of sonoluminescence and describes the implications of the finding in the
development of improved megasonic cleaning formulations. Megasonic cleaning, or the
removal of contaminants particles from wafer surfaces using sound-irradiated cleaning
fluids, has been traditionally used in the semiconductor industry for cleaning of wafers.
Recently however, advancing technology and miniaturization has made wafer features
increasingly susceptible to damage by megasonic energy. International Technology
Roadmap for Semiconductors (ITRS) 2011 predicts the critical particle diameter, critical
particle count and killer defect numbers to be 22 nm, 113 #/wafer and 4.3 #/mm2,
respectively, on a 300 mm wafer for 45 nm technology node. A critical challenge in the
field, therefore, is to achieve removal of small particles (22 nm to 200 nm) without
causing damage to fine wafer features. The work described here addresses this challenge
by identifying sonoluminescence and solution pH as two key factors affecting damage
and cleaning efficiency, respectively and establishing novel means to control them using
CO2(aq) release compounds in the presence of acids and bases.
Sonoluminescence (SL) behavior of the major dissolved gases such as Ar, Air,
N2, O2 and CO2 was determined using a newly designed Cavitation Threshold Cell (CT
Cell). SL, which is the phenomenon of release of light in sound-irradiated liquids, is a
sensitive indicator of cavitation, primarily transient cavitation. It was found that all the
tested dissolved gases such as Ar, Air, N2 and O2, generated SL signal efficiently.
However, dissolved CO2 was found to be completely incapable of generating SL signal.
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Based on this interesting result, gradual suppression of SL signal was demonstrated using
CO2(aq). It was further demonstrated that CO2(aq) is not only incapable but is also a
potent inhibitor of SL. The inhibitory role of CO2(aq) was established using a novel
method of controlled in-situ release of CO2 from NH4HCO3. ~130 ppm CO2(aq) was
shown to be necessary and sufficient for complete suppression of SL generation in air
saturated DI water. The method however required acidification of solution for significant
release of CO2, making it unsuitable for the design of cleaning solutions at high pH.
Analysis of the underlying ionic equilibria revealed that the loss of released CO2(aq)
upon increase in pH can be compensated by moderate increase in added NH4HCO3.
Using this method, simultaneous control of SL and solution pH was demonstrated in two
systems, NH4HCO3/HCl and NH4OH/CO2, at two nominal pH values; 5.7 and 7.0.
Damage studies were performed on wafer samples with line/space patterns
donated by IMEC and FSI International bearing Si/metal/a-Si gate stacks of thickness
~36 nm and Si/Poly-Si gate stacks of thickness ~67 nm, respectively. A single wafer spin
cleaning tool MegPie® was used for the generation of megasonic energy for inducing
damage to the structures. It was demonstrated that CO2 dissolution in DI water suppresses
damage to the gate stacks in a dose-dependent manner. Together, these studies establish a
systematic and strong correlation between CO2(aq) concentration, SL suppression and
damage suppression. Significant damage reduction (~50 % to ~90 %) was observed at
[CO2(aq)] > ~300 ppm. It was also demonstrated that CO2(aq) suppresses damage under
alkaline pH condition too. This demonstration was made possible by the successful
design of two new cleaning systems NH4HCO3/NH4OH and CO2/NH4OH that could
generate CO2(aq) under alkaline conditions. Damage suppressing ability of the newly
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designed cleaning systems were compared to the standard cleaning system NH4OH at pH
8.2 and it was found that NH4HCO3/NH4OH and CO2/NH4OH systems were 80 % more
efficient in suppressing damage compared to the standard NH4OH cleaning system.
Finally, megasonic cleaning studies were conducted in the same single wafer spin
cleaning tool MegPie®, using SiO2 particles (size 185 nm) deposited on 200 mm oxide Si
wafers, as the contaminant. It was found that the standard cleaning chemical, NH4OH, pH
8.2, was effective in achieving > 95 % particle removal for 2 min irradiation of
megasonic energy at power densities > 0.7 W/cm2. Based on these results, a new system,
NH4HCO3/NH4OH, was designed with an aim to release ~300 ppm CO2 at pH 8.2. It was
demonstrated that newly designed system NH4HCO3/NH4OH, allowed significant
suppression of damage in comparison to NH4OH while maintaining > 90 % cleaning
efficiency that was comparable to NH4OH solution, at the same acoustic power densities.
Taken together, these studies establish a potent and flexible means for the inhibition of
SL generation over a wide pH range and acoustic power densities and demonstrate its use
in suppression of wafer damage without compromising megasonic cleaning efficiency.
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CHAPTER 1: INTRODUCTION
Explanation of the problem and its context.
Presence of nano/micro sized particulate contaminants on wafers, which is a
major concern in the semiconductor manufacturing industry, drastically reduces device
yields and performance (1). A great number of processing steps in device fabrication are
devoted to cleaning and removal of unwanted materials from the wafers. A traditional
cleaning method used by the industry, called megasonic cleaning, involves removal of
particles through irradiation of cleaning fluids with sound waves (2). Megasonic
irradiation removes particles from wafer surfaces through the mechanisms of acoustic
streaming and acoustic cavitation (3-6). With advancing technology and miniaturization,
the tolerable size, number of contaminants and the dimensions of features and trenches on
the patterned wafers are continuously decreasing (7). Removal of small particles from
narrow trenches requires high acoustic powers that pose the problem of extensive damage
to wafer features (8-11). A critical challenge in the megasonic cleaning field therefore, is
to identify conditions that would remove particles without causing wafer damage (9). The
fundamental issue is achieving selection and discrimination between contaminants and
wafer features whose sizes and interaction strength are approaching each other with every
technology node.
Recent theoretical and experimental research has improved our understanding of
the mechanisms and origins of forces that remove particles and forces that damage wafers
(3-6). These studies have suggested that forces sufficiently strong for particle removal
can be generated from acoustic streaming and microstreaming mechanisms. Acoustic
streaming arises from viscous dissipation of sound energy and microstreaming is

15
generated by stable cavitation (the oscillatory growth and shrinkage of gas-filled cavities
upon the passage of high intensity pressure waves) (3-6). For wafers bearing a surface
oxide layer (SiO2), particle removal is also assisted by alkaline etching of the substrate at
pH t 8.0 (2). In contrast, feature strengths, at the current 32 nm technology node or
higher, are at least two orders of magnitude higher than particle adhesion strengths, and
are unlikely to be damaged by forces other than those arising from high-energy
shockwaves. Shockwaves are generated when some cavities, called transient cavities,
implode upon encountering large pressure nodes of the sound wave (12, 13). These
studies have led to the widely believed hypothesis that damage is caused by transient
cavitation and cleaning results from substrate etching and particle removal by acoustic
streaming and microstreaming generated by stable cavitation (5).
Sonoluminescence (SL), the phenomenon of release of light in sound-irradiated
liquids, is a sensitive measure of cavitation, mostly transient cavitation. When gas-filled
cavities encounter a pressure node, they undergo compression resulting in the contents
getting heated to high temperatures, pressures (14, 15). Light is thought to be released
upon recombination of the radical and other high energy chemical species (16). At sound
intensities above the cavitation threshold, cavities may implode with violent release of
energy and generation of shock waves. SL is thought to be primarily associated with such
transient imploding cavities that are capable of causing damage to wafer features. Indeed,
conditions that increase transient cavitation, measured in terms of SL, also lead to
increased pattern damage (17, 18).
This dissertation addresses the issue of pattern damage caused during megasonic
cleaning of wafers and establishes a convenient method for damage suppression without
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suppressing cleaning efficiency. With the expectation that SL suppression may suppress
damage, several means to control SL generation in sound irradiated liquids were studied.
The effect of parameters such as power density, duty cycle and dissolved gas
concentration of the cleaning solution, on the generation of SL in DI water, was
systematically explored. The effect of dissolved gases such as Air, N2, O2, Ar and CO2,
on SL generation, was measured and it was established that dissolved CO2 is incapable of
SL generation. Further, it was also demonstrated that CO2(aq) is a potent inhibitor of SL
generation in DI water, suggesting that the gas may be used for suppression of transient
cavitation and therefore wafer damage.
Damage studies were conducted using wafers samples with line/space patterns of
varying line thickness (~36 nm to ~67 nm) using single wafer spin cleaning tool
MegPie®. It was demonstrated that dissolution of CO2 in DI water significantly reduces
damage to thin line features by up to 90 % at [CO2(aq)] > ~300 ppm. However, the
method of suppressing damage through use of CO2 was faced with the challenge of
maintaining high pH necessary for high efficiency of particle removal from oxide wafer
surfaces. To address this critical issue, chemical means to generate measured quantities of
CO2(aq) through controlled release of CO2 from bicarbonate compounds, were
established. The underlying carbonic acid equilibria and shifts in the equilibria upon pH
adjustments with acids (HCl) and bases (NH4OH) were analyzed to obtain the
dependence of CO2(aq) concentration and pH. The analysis revealed the existence of a
concentration-space for NH4HCO3 and NH4OH over which significant amounts of CO2
could be released at high pH in the range 8.0 - 8.5, providing a possible solution for the
key issue of CO2 release at high pH. Using the analysis, NH4HCO3/NH4OH and
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CO2/NH4OH system was designed for the release of 300 ppm CO2(aq) at pH 8.2 and was
used to study damage suppression and removal of SiO2 particles from oxide wafers, in a
single wafer spin cleaning tool, MegPie®. It was found that NH4HCO3/NH4OH and
CO2/NH4OH systems were 80 % more efficient in suppressing damage in comparison to
the standard NH4OH cleaning system at pH 8.2. Particle removal studies revealed that
NH4HCO3/NH4OH system at pH 8.2 was as efficient as the standard cleaning system
NH4OH pH 8.2, in removing SiO2 particles from oxide Si wafers. Both systems achieved
> 90 % Particle Removal Efficiency (PRE) after 2 min exposure of the contaminated
wafers to the cleaning solution irradiated with 0.93 MHz sound waves at power densities
> 0.7 W/cm2.

These results establish a means to design CO2(aq)-release chemical

systems capable of achieving significant damage suppression without compromising
cleaning efficiency.
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A review of the literature.
Contaminants and wafer cleaning. The importance of clean substrate in the
fabrication of semiconductor microelectronic devices has been recognized since the
beginning of the solid state device technology in the 1950s. Typical 45-nm technology
node logic devices require over 120 cleaning steps during manufacturing which accounts
for over 15 % of the total process steps (2). The device performance, reliability and yield
are critically affected by the presence of chemical contaminants and particulate impurities
on the wafer surfaces.
Contaminants on a wafer surface exist as adsorbed ions and elements, thin films,
discrete particles, clusters of particles and adsorbed gases (19). These contaminants
originate from air-born dust, from equipment, processing chemicals, factory operators,
gas piping, wafer handling and film deposition systems (2). Maintaining a clean
environment and carrying out routine maintenance of the tools used for processing can
control the level of contamination in the clean room area. Use of ultra pure water and
ppb/ppt level chemicals are necessary to maintain a particle free environment during
processing.
With the advancement in technology node and decrease in size of the device
feature, cleaning of Si wafer after steps such as thermal oxidation, etching, ion
implantation, and before and after film depositions, are now becoming increasingly
challenging (7). Particles present during film growth or deposition can lead to pin-holes,
micro-voids, micro-cracks and other structural defects. Particulate contaminants present
at advanced stages of processing may cause short-circuiting between the conducting lines
and would thus become potential device killers (20).
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ITRS (International Technology Roadmap for Semiconductor) is an assessment of
the semiconductor industry’s technology requirements. It identifies technical challenges
and needs faced by the semiconductor industry in developing advance technology nodes.
Table 1.1 outlines the ITRS roadmap for 45-nm technology nodes and beyond for front
end processing, updated in year 2011 (7). As seen in this table, for the 45 nm technology
node, the killer defect density, critical particle diameter and critical particle count must be
0.043 #/cm2, 22.5 nm and 113 .3 #/wafer, respectively, on a 300 mm wafer at the front
end of wafer processing. This means that no more than 113 particles of size 22 nm would
be tolerable and defects that can be a potential device killer must be less than 0.043
#/cm2. For the 32 nm and the 22 nm technology nodes, technology requirements become
more stringent. The critical particle size decreases to 15.9 nm and 11.3 nm for the 32 nm
and the 22 nm technology nodes, respectively. Removal of smaller particles is more
challenging due to decreased ratios of adhesion to removal forces. Therefore, fine-tuned
cleaning techniques are required to meet the stringent requirements of International
Technology Roadmap for Semiconductor (7).
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Table 1.1. ITRS, year 2011, for FEOL processing requirements. Adapted from ref. (7).
Year of Production

2009

2010

2011

2012

2013

2014

2015

2016

DRAM ½ Pitch (nm) (contacted)

52

45

40

36

32

28

25

22.5

MPU/ASIC Metal 1 (M1) ½ Pitch
(nm)(contacted)

54

45

38

32

27

24

21

18.9

MPU Physical Gate Length (nm)

29

27

24

22

20

18

17

15.3

Wafer diameter (mm)

300

300

300

300

300

450

450

450

2

2

2

2

2

2

2

2

Killer defect density, DpRp (#/cm ) [A]

0.033

0.043

0.033

0.042

0.053

0.033

0.042

0.053

Critical particle diameter, dc (nm) [B]

♦ 25.8 ♦ 22.5 ♦ 20.0 ♦ 17.9 ♦ 15.9 ♦ 14.2 ♦ 12.6 ♦ 11.3

Critical particle count, Dpw (#/wafer)
[C]

♦ 113.3 ♦ 113.3 ♦ 113.3 ♦ 113.3 ♦ 113.3 ♦ 259.7 ♦ 259.7 ♦ 259.7

Wafer edge exclusion (mm)
2

Back surface particle diameter:
lithography and measurement tools (µm)
[D]

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

Back surface particles: lithography and
measurement tools (#/wafer) [E]

200

200

200

200

200

200

200

200

Back surface particle diameter: all other
tools (µm) [D]

0.14

0.14

0.14

0.14

0.14

0.14

0.14

0.14

Back surface particles: all other tools
(#/wafer) [E]

200

200

200

200

200

200

200

200

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

1

1

1

1

1

1

1

1

Critical GOI surface metals (1010
atoms/cm2) [F]
Critical other surface metals (1010
atoms/cm2) [F]
Mobile ions (1010 atoms/cm2) [G]

2

2

2

2

2

2

2

2

2

0.9

0.9

0.9

0.9

0.9

0.9

0.9

0.9

2)

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

4

2

2

2

2

2

2

2

Silicon and oxide loss (Å) on polysilicon
blanket test wafers per LDD clean step—
DRAM [K]

1.2

0.9

0.9

0.9

0.6

0.6

0.6

0.6

Silicon and oxide loss (Å) on polysilicon
blanket test wafers per LDD clean step—
Microprocessor/SoC/Analog [L]

0.4

♦ 0.3

♦ 0.3

♦ 0.3

♦ 0.2

♦ 0.2

♦ 0.2

♦ 0.2

13

Surface carbon (10 atoms/cm ) [H]
13

Surface oxygen (10 atoms/cm [I]
Surface roughness LVGX, RMS (Å) [J]

Interim solutions are known

♦
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Wet-chemical cleaning processes. When liquid chemicals are used to remove
contaminants, the process is called “wet-chemical cleaning”. FEOL (Front End of Line)
cleaning refers to wafer cleaning at the initial stages of processing, i.e. during the
formation of transistors and contacts, prior to formation of metal interconnects. At this
stage of wafer cleaning, materials that are exposed to cleaning chemicals are mostly Si,
SiO2 (silicon dioxide), Si3N4 (silicon nitride) and photoresist. Acidic solutions containing
oxidizing chemicals can be used for cleaning/etching these materials. BOEL (Back End
of Line) cleaning involves removal of post-etch residues formed on Cu and low-k
materials as well as removal of metal ions and particles from surfaces after CMP
(Chemical Mechanical Planarization) processes. At this stage of wafer cleaning, non
oxidizing chemical systems are used to prevent corrosion of copper and oxidation of lowk dielectric material. Dilute HF and semi-aqueous fluoride (SAF) formulations containing
corrosion inhibitors are commonly used in BEOL cleaning (2, 21).
A typical front end wafer cleaning procedure, known as “Standard Clean”, used in
silicon processing is shown in the Figure 1.1 (22). Bare silicon wafer is first cleaned in a
mixture containing 98 wt% sulfuric acid (H2SO4) and 30 wt% hydrogen peroxide (H2O2)
at a volume ratio of 4:1 to 2:1 for 10 min at 120 °C to 150 °C followed by DI water rinse
at room temperature. In this mixture, known as SPM (Sulfuric Peroxide Mixture) or
Piranha, dilution of sulfuric acid by water in hydrogen peroxide results in generation of
heat and powerful oxidants (such as proxymonosulfuric acid) that help in the removal of
organic contaminants. After this step, the thin oxide layer formed due to the oxidizing
environment in SPM, is stripped by dilute hydrofluoric acid solution containing 49 wt%
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of HF and DI water in the volume ratio of 1:50 to 1:100 for 1 min at room temperature.
HF reacts with SiO2 according to the following equation (2).
SiO2 + HF → SiF6 2- + 2H+ + 2H2O
Cleaning in HF solution leaves the surface H-terminated, i.e., results in SiH or –SiH2
surface groups. Hydrogen termination creates a hydrophobic silicon surface.
The next step in wafer cleaning involves the removal of particulate contaminants
using a chemical formulation known as SC-1 or APM (Ammonium Peroxide Mixture).
This formulation typically contains 29 wt% ammonium hydroxide (NH4OH), 30 wt%
hydrogen peroxide (H2O2) and DI water in the volume ratio of 1:1:5 to 1:1:200. Cleaning
is done at 70 - 80 °C for 10 min and is followed by DI water rinse. Hydrogen peroxide
oxidizes the silicon surface and ammonium hydroxide etches away the oxidized surface,
thereby removing the contaminant particles. The hydrophobic silicon surface after HF
clean becomes hydrophilic due to oxidation by hydrogen peroxide. Ammonium
hydroxide also removes metals such as Cu and Zn ions by complexation.
The final step in the cleaning sequence is the removal of metallic contaminants
such as Fe and Al. This is achieved through the use of an acidic chemical formulation
known as SC-2 or HPM (Hydrochloric Peroxide Mixture). This formulation contains 37
wt% hydrochloric acid, 30 wt% hydrogen peroxide and DI water in the volume ratio of
1:1:5 to 1:1:200 and used at 80 °C for 10 min. The wafer is subsequently rinsed in DI
water (23).
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Figure 1.1. Typical sequence of cleaning steps used in wet processing of silicon (22).
As mentioned earlier, particle removal is generally achieved by slight etching of
the underlying substrate. However, with the advancement of the technology node, the
maximum tolerable loss of silicon or silicon oxide has decreased dramatically. For
example, according to ITRS, current generation (32 nm) device fabrication requires
silicon and oxide loss of 0.2 Å or less per cleaning step. This is accomplished by the use
of dilute or alternative gentler chemical formulations. Such chemical formulations,
however, are often less efficient in removing particles from wafer surface. Therefore,
external source of energy such as sonic energy is used in conjunction with the dilute
chemical formulations.
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Wafer cleaning techniques. Several wafer cleaning techniques have evolved over
time to meet the challenges of particle removal and to fulfill the technology requirements
dictated by the ITRS road map. The most common techniques include batch cleaning and
single wafer cleaning. The two techniques are explained below.
Batch cleaning includes 1) Immersion cleaning, 2) Centrifugal spin/spray
cleaning, and 3) Megasonic cleaning. Immersion cleaning technique involves immersion
of a cassette of wafers in a sequence of cleaning solutions contained in different cleaning
baths. The cleaning baths are maintained at desired temperatures and cleaning is done for
a fixed duration of time followed by DI water rinse. This method allows a good contact
of cleaning solution on both sides of the wafer and a good control of solution
temperature. Though this technique is simple, it requires significant amount of chemicals
and DI water. There is a potential for redistribution of particles from the backside of the
wafers to the cleaning bath, hence, frequent bath replacement or recirculation of the
cleaning solution using filters is required. This technique often requires external energy
like megasonic or bubbling of inert gas to get high particle removal efficiency (2).
In the centrifugal spin/spray cleaning technique chemicals are sprayed on the
surface of wafer using a spray nozzle in a cassette placed on a rotating turntable. After
the chemical spray, wafers are rinsed with DI water spray, and then spun dried in N2
environment. Typically, fresh chemicals are used for every batch, thus providing pure
chemicals for every batch of wafers. Rinsing and drying are done in the same chamber to
reduce contamination from external sources. Disadvantages of this cleaning method are,
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the potential damage of the wafer features while spinning, generation of particles by the
nozzle and watermark formation due to inadequate drying of the wafer (2).
In the megasonic batch cleaning technique, a batch of wafers is cleaned in a
solution irradiated with sound waves of frequency ranging from 700 kHz to 1 MHz (24,
25). Passage of sound waves in the cleaning solution causes acoustic cavitation and
acoustic streaming which help to dislodge the particles from the wafer surfaces (3).
Megasonic cleaning is achieved by proper choice of cleaning solution, power density,
irradiation time and frequency of acoustic field. Typical power densities used for batch
megasonic cleaning are 0.1 to 3 W/cm2. Particle removal efficiency increases with
increasing power density, but due to excessive cavitation at high power density,
megasonic cleaning also causes damage to the fine wafer features (see Appendix E) (26).
Single wafer processing has become more important than conventional batch
processing in recent years because it allows better processing control and better process
uniformity across the wafer surface (27, 28). Unlike batch cleaning techniques, single
wafer cleaning technique requires less chemicals and shorter processing times. Cross
contamination can occur in batch immersion systems from particles migrating from the
backside of a wafer to the front side of the adjacent wafer or form the edge to the front
side. Such cross contamination can be avoided by the use of single wafer tools. Single
wafer cleaning techniques include 1) Single wafer spin cleaning (with or without
megasonics), 2) Brush cleaning, and 3) High pressure fluid jet-cleaning.
During single wafer spin cleaning, cleaning chemicals are continuously supplied
over a spinning wafer resulting in a thin boundary layer. Particle removal efficiency is
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further enhanced upon use of megasonic energy (29, 30). One such single wafer spin
cleaning tool combined with megasonic irradiation is the MegPie® described in the
present study. MegPie® consists of a radial array of a transducer of area 32.3 cm2,
designed to apply uniform acoustic energy to the rotating substrate at a frequency of
0.925 MHz, as shown in Figure 1.2.

Figure 1.2. Schematic diagram of the MegPie®. Shown are the (a) side view and the (b)
top view of the single wafer spin cleaning tool MegPie®. Reproduced with permission
from S. Kumari , M. Keswani , S. Singh , M. Beck , E. Liebscher , L. Q. Toan and S.
Raghavan. 220th ECS Meeting, Boston(2011). Copyright 2003, The Electrochemical
Society.

Brush cleaning technique is mostly used for removing particles during post-CMP
cleaning. Particles are hydro-dynamically dislodged from the wafer surface by a rotating
brush made of a sponge like hydrophilic material (such as poly-vinyl alcohol). A cleaning

27

solution is sprayed on the wafer surface in contact with the rotating brush. The rolling
motion of the brush imparts drag forces on the particles adhered on to the wafer surface.
The relative motion between the brush and the wafer causes fluid to flow and results in
the generation of a drag force on the particle. The moment of the drag force may cause
rolling and ultimately removal of the particle from wafer surface. Brush cleaning
technique is good for cleaning plane surfaces such as post-CMP cleaning, but for
patterned wafers, brush cleaning causes damage to thin wafer features (31).
High pressure fluid jet-cleaning is another important wafer cleaning technique. In
this cleaning technique, high velocity fluid jet sweeps over the rotating wafer surface at
pressures of approximately 4000 psi. Different chemical formulations can be used in fluid
jet-cleaning. The most common chemical formulations used are HCl, NH4OH, H2O2,
ozonated water and organic solvents. Due to its non contact mode of cleaning, this
technique has gained importance over brush cleaning. Boundary layer thickness in these
cleaning formulations are controlled by the rotation speed of the spinner. Mixture of
gases and liquids (liquid/gas) can be used to further enhance cleaning. The tool contains
separate nozzles for liquids and gases. The liquid/gas jet spray at high flow rate can be
used to remove particles, but high flow rate can also damage fine wafer features.
Therefore, new chemical formulations are used to obtain high cleaning efficiency with
low feature damage at low flow rates (32, 33).
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Megasonic cleaning. Megasonic cleaning is one of the popular wet cleaning
methods employed by the semiconductor industry for removal of contaminant particles.
In this technique, cleaning solution is irradiated by sound waves of 700 kHz to 1 MHz
frequency, generated by piezoelectric transducers. When high frequency AC voltage is
applied, the piezoelectric transducer converts the electrical energy into mechanical
energy causing the transducer to vibrate and generate sound waves. Megasonic cleaning
efficiency depends on the proper choice power density, frequency and cleaning solution
composition. Cleaning efficiency increases with increasing power density. Typical power
density used in the industry is 0.1 to 3 W/cm2. Megasonic cleaning is dependent on the
reduction in boundary layer thickness. Acoustic boundary layer is much smaller than the
hydrodynamic boundary layer. Therefore, acoustic field allows much smaller particles to
be removed from wafer surface, resulting in higher cleaning efficiencies.
Acoustic streaming and acoustic cavitation are the two main cleaning
mechanisms. Acoustic streaming is the time-independent fluid motion generated due to
loss of acoustic momentum by a sound field, which results from attenuation of the sound
field in a viscous fluid. Acoustic streaming is responsible for the reduction in boundary
layer thickness at the solid-liquid interface and facilitates cleaning. There are three
different types of streaming. (a) Eckart streaming (or bulk streaming), is the steady liquid
flow occurring outside the boundary layer. It reduces the diffusion boundary layer
thickness and thus increases the chemical reactivity at the surface (3). (b) Schlichting
streaming (or boundary layer streaming), results from attenuation due to continuity of
acoustic displacement field at the solid–viscous fluid interface (34). Fluid flow within
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viscous boundary layer enhances particle removal by a rolling mechanism. (c)
Microstreaming, results from oscillating bubbles acting as secondary sources of sound.
In addition to acoustic streaming, acoustic cavitation is another major particle
removal mechanism during megasonic cleaning. The passage of sound waves in the
liquid generates pressure nodes and anti-nodes which causes the gas filled cavities
(bubbles) to shrink or grow in size when it encounter a pressure node or an anti-node,
respectively. This phenomenon is called acoustic cavitation. When the amplitude of the
pressure wave and the size of the bubble reaches a critical value, high temperature and
pressure conditions are reached inside the cavity causing the bubble to implode and
generate shockwaves. Such bubbles that implode within a few acoustic cycles are known
as transient cavities while those that remain stable over several acoustic cycles are known
as stable cavities. Oscillation of stable cavities generates microstreams that facilitate
cleaning. The high temperature and pressure conditions inside imploding cavities
generate shock waves that are very effective in removing particles. However, shockwaves
also damage the fragile wafer structures. Thus, both microstreaming and shock waves are
instrumental in dislodging contaminants from the wafer surface but transient cavities are
strongly associated with damage. Megasonic cleaning is more damaging at high (> 1.5
W/cm2) power densities due to increased generation of transient cavitation and this has
limited its use in cleaning of patterned wafers (18). Therefore, it is important to find
conditions where transient cavitation is considerably suppressed and stable cavitation is
preserved for designing damage free megasonic cleaning methods.
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Gale, et al., explained the role of acoustic cavitation and streaming in the
megasonic system. They suggested that cavitation activity can help dislodge particles
from the wafer surface and acoustic microstreaming may transport the dislodged
contaminant away from the wafer surface (3). Deymier, et al., did an extensive study of
the first order acoustic field and second-order acoustic streaming in a megasonic field and
estimated the removal forces that act on spherical contaminant particles adhering to a
solid surface. He concluded that the removal forces (streaming forces) resulting from the
scattering of acoustic waves by a particle adhered on the wafer surface are too small to
remove submicron sized particles. However, the component of streaming forces parallel
to the solid-fluid interface was found to be adequate for removing the contaminant
particle through a rolling and tugging mechanism (4, 13).
Though megasonic cleaning is effective in removing particles by cavitation,
uncontrolled cavitation can damage thin wafer structures, which are becoming
increasingly fragile with the advancement in technology node (12, 35). Increasing power
density increases cleaning efficiency but also leads to increased cavitation damage. As
the technology is advancing, megasonic cleaning is faced with challenge of maintaining
cleaning efficiency without inducing damage to the fragile wafer features (9, 17, 18). At
the 45-nm technology node, transistor gate stacks consist of high-k-gate oxide (Hafnium
based) that allows the use of thick oxide layer for reduced gate leakage, and a metal gate
to increase the drive current. As shown schematically in Figure 1.3, such high aspect ratio
(> 3) multistack structures may be more easily damaged by imploding cavities since they
contain several interfaces that are specially susceptible to damage (11, 12, 35). Hence,
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new cleaning systems and conditions are needed for controlling cavitation so that
damage-free megasonic cleaning maybe achieved.

Figure 1.3. Schematic diagram of megasonic damage (aspect ratio > 3). Shown is a
typical 45-nm technology node gate stack being broken by shockwaves generated by
imploding bubbles in the cleaning solution irradiated by megasonic energy.

Interaction forces between particles and wafers. Two major types of forces act
between a particle and a substrate immersed in a liquid. These forces are the Van der
Waals force

and the electrical double layer force

(36-38). According to
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DLVO (Derjaguin and Landu, Verwey and Overbeek) theory, the total interaction force
between a particle and a substrate is given by (39)

1

The adopted sign convention for forces is that positive forces are repulsive and negative
forces are attractive.

is always attractive whereas

may be either attractive or

repulsive depending on the sign of surface potential on the particle and the substrate.
Van der Waals forces are the main component of particle adhesion forces and
originate from atomic and molecular interactions due to induced or permanent dipoles.
Atoms and molecules may be polarized by the electric field of neighboring molecules or
by the instantaneous dipoles formed due to the asymmetrical distribution of the electrons
around the nuclei. There are three kinds of interactions that collectively contribute to Van
der Waals forces. (1) Keesom interaction, which is the interaction between permanent
dipole of molecule 1 and permanent dipole of molecule 2. (2) Debye interaction, which is
the interaction between permanent dipole of molecule 1 and induced dipole of molecule
2. (3) London interaction, which is interaction between induced dipole of molecule 1 and
induced dipole of molecule 2. Interactions between instantaneous dipoles are termed
London dispersion forces. Total energy of interaction between two molecules separated
by a distance

is given by Lennard-Jones potential,

2
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where

and

are the repulsive and the attractive coefficients. To scale-up the molecular

Van der Waals interactions to macroscopic bodies, all the pair-wise combinations of
intermolecular attraction between the two bodies are summed. For example, Van der
Waals interaction energy between two identical blocks separated by distance

can be

calculated by double integration of the energy of interaction between the molecules
constituting the blocks over the entire volume of each block. Therefore, Van der Waal
interaction energy for macroscopic bodies depends on the composition and geometry of
the two bodies, the immersion medium and the distance of separation between the bodies
(38, 40). Using this method, Van der Waals force between a spherical particle and a flat
substrate can be expressed as

3

6
,

In the above expression,
of the particle,

4

6

is the Van der Waals interaction energy,

is the radius

is the effective Hamaker constant of particle 1 and substrate 2

immersed in medium 3 and

is the closest distance of separation between the particle

and the substrate. The effective Hamaker constant can be calculated as follows.

5
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/

Using Equation 5 and Equation 6,

6

can be written as

7

For example, effective Hamaker constant for the interaction between silica particles and
silicon dioxide surface in DI water can be calculated as below,

6.2
√6.2

10
√4.4

,

,
√6.2

√4.4

4.4
10

8

10
0.154

10

9

Electrical double layer interaction forces can be explained as follows. When a
substrate or a particle is immersed in a solution containing ions, its surface acquires
charge by adsorption of potential determining ions (PDI). For oxide surfaces, hydrogen
and hydroxyl ions are the PDI. Potential developed on the surface due to adsorption of
PDI is called the surface potential ( ). The surface charge and the potential affect the
distribution of ions in the interfacial region, resulting in an increased concentration of
counter ions close to the surface. Thus, an electrical double layer is formed around each
particle and substrate surface immersed in a solution containing ions. The liquid layer
surrounding the particle exists as two layers; an inner region called the Stern layer, where
the ions are strongly bound to the particle and an outer, diffuse region where they are less
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firmly attached. The Stern layer and diffuse layer together from the electrical double
layer. An imaginary plane, called the shear plane, lies just outside Stern layer. The
potential that exists at this plane is called the Zeta potential (ζ). Zeta potential can be
measured experimentally whereas surface potential  can only be calculated using the
equation, 

0.059

, where

is the point of zero charge.

The electrostatic double layer force between a spherical particle (1) and a flat
surface (2) in a liquid medium (3) under conditions of low surface potential is given by
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are the surface potentials of particle (1) and surface (2),

is the

,



2 



electrical double layer interaction energy,
Debye length and

is the radius of the particle,

is the inverse

is the shortest distance between the particle and the substrate (41).

For low surface potentials, 

and 

can be replaced by the corresponding zeta

potentials, that can be experimentally measured.
The foregoing equations for calculating wafer-particle interaction forces and
energies suggest that particle adhesion or removal forces are strongly dependent on
solution ionic strength and solution pH. Such dependence may be exploited for efficient
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removal of particles from wafers. In the present study, 185 nm silica particles were
deposited on oxide wafers and removed using two cleaning solutions as described in
Appendix E. The pH, ionic strength and Zeta potentials relevant for the particle
deposition and subsequent cleaning processes are tabulated in Table 1.2. The cleaning
solutions used were 1) NH4HCO3/NH4OH (pH 8.2, ionic strength 0.5 M) and 2) NH4OH
(pH 8.2, ionic strength 15 µM). Equations [3], [4] and [10] through [12] with appropriate
parameter values enumerated in equations [13] through [23], can be used to calculate the
total and the component Van der Waals and electrical double layer interaction forces and
energies for the particle-substrate pair. In the following calculations, zeta potentials were
used instead of surface potentials. The parameters used in the calculations of wafer-particle
force of interaction are summarized in Table 1.2.

The results of the calculations, for each of the three cases of 1) particle deposition
2) particle removal using NH4HCO3/NH4OH and 3) particle removal using NH4OH
alone, have been plotted in Figure 1.4, Figure 1.5 and Figure 1.6, respectively. The
parameter values used, unless mentioned otherwise, are as given below.

1.53948

Effective Hamaker constant

185

Radius of particle

10

During cleaning,

pH

8.85

/2 m

10

1.6

14

F/m or C2/ Nm2

10

13

15

8.2 and during deposition,

Electronic charge

J

80

Relative permittivity of water
Permittivity of vacuum

10

pH
C

5.5

16
17
18
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Avogadro number
Boltzman constant

1.38

Molar ionic strength

10

6.023

10

19

J/K, Temperature

298 K

0.5 M NH4HCO3/NH4OH and 15 μM NH4OH

20
21

Table 1.2. Parameter values used in the calculations of wafer-particle forces of interaction.
Zeta potential values (same for particles and wafer surface) were taken from references (42,
43). Negative values of forces imply attraction, positive values imply repulsion.

Total
Ionic
Zeta
Process

Interaction

Concentration

pH

Strength
Potential

of Electrolyte

Force at 10 Å
distance

SiO2 particle

5.6

-100 mV

8.2

-20 mV

0.5 nM KCl

2.5 µM

0.5 M NH4HCO3

0.5 M

-2.5 pN

deposition
NH4HCO3/NH4OH
Cleaning
NH4OH Cleaning

49.7 pN

0.041 M NH4OH
8.2

-100 mV

16.9 µM

15.5 µM

28.9 pN

Figure 1.4 shows the wafer-particle interaction during deposition of silica particle,
described in Appendix E. As seen in Figure 1.4, the interaction between particle and
wafer, under the conditions of particle deposition, are weakly attractive (2.5 pN at 10 Å
distance). Weak attractive forces would favor particle deposition with low adhesion.
Figure 1.5 and Figure 1.6 show the wafer-particle interaction in 0.5 M ionic strength
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NH4HCO3/NH4OH cleaning solution (pH 8.2) and 15.5 µM ionic strength NH4OH
cleaning solution (pH 8.2). Noticeably, force of interaction between particle and wafer in
both cleaning solutions is calculated to be repulsive. At a nominal wafer-particle
separation distance of 10 Å, repulsive forces in NH4HCO3/NH4OH cleaning solution and
NH4OH cleaning solution were calculated to be 49.7 pN and 28.9 pN, respectively.
Repulsive natures of these forces help to prevent particle re-deposition and lead to high
particle removal efficiency. It should however be noted that the equations for double
layer interactions (Equations 10 and 11) are valid at surface potentials ±50 mV or less.
Calculated interactions strengths may deviate from actual interactions forces when
surface potentials are large. Therefore, calculations of interaction forces in the two
cleaning solutions, where Zeta potentials are -100 mV, should be taken as an
approximation to the actual values.
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Figure 1.4. Wafer-particle interaction during deposition of silica particle. Shown is the
interaction force between silica particles and oxide silica wafer under conditions where
particle (and wafer) zeta potential is -30 mV and ionic strength (maintained using KCl) is
2.5 µM. Blue curve, Van der Waals interaction; red curve, electrical double layer
interaction and green curve, total interaction. By convention, negative forces imply
attraction and positive forces imply repulsion. Note that the interaction forces are found
to be weakly attractive (at distances below ~10 Å), during particle deposition.
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Figure 1.5. Wafer-particle interaction in NH4HCO3/NH4OH cleaning solution, pH 8.2.
Shown is the interaction force between silica particles and oxide silica wafer in
NH4HCO3/NH4OH cleaning solution at pH 8.2 and at high ionic strength 0.5 M. Color
code and sign convention is same as in Figure 1.4. The net force of repulsion between
particle and wafer prevents particle re-deposition.
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Figure 1.6. Wafer-particle interaction in NH4OH solution, pH 8.2. Shown is the
interaction force between silica particles and oxide silica wafer in NH4OH cleaning
solution at pH 8.2 and at low ionic strength 15 µM. Color code and sign convention is
same as in Figure 1.4. Note that the force of interaction between particle and wafer is
repulsive and therefore prevents particle re-deposition.
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Forces acting on wafer features in megasonic field. Irradiation of patterned wafers
with acoustic energy generates forces not only on the particles but also on the wafer
features. Passage of pressure waves generates a pressure gradient across the feature
dimensions and may generate a net force or shear on the structures. Deymier, et al.,
calculated the theoretical pressure field in the vicinity of a linear pattern on a silicon
wafer using the Green’s function formalism and concluded that the shear stress generated
by pressure field is orders of magnitude smaller than the shear strength of typical
structures on the wafer (13). A more approximate but simpler calculation of the shear
stress on rectangular wafer features with half-thickness

and height

where

is the wavelength of the pressure wave, is attempted below.
Consider a pressure wave incident at an angle

to a linear wafer structure with

dimension as shown in Figure 1.7. The incident pressure is given by

22
,

2

,

2

23

The incident pressure acts on the two vertical surfaces and on the top horizontal surface
resulting in a net shearing force

(resolved in the x-direction) given by,

24
,

25
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It is assumed that the incident pressure waves are plane waves that are reflected upon
encountering the structure without significant absorption, refraction or scattering. Figure
1.7 shows the forces acting on the vertical and the horizontal wall and their resolution
into the respective x-components,

and
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According to Deymier, et al., shear across a parabolic line feature of height (or thickness)
due to pressure waves incident at an angle

90°, is given by (13)

Figure 1.7. Schematic diagram for calculating acoustic shear on wafer structures. (a)
Shown is a plane pressure wave incident at an angle

to a line structure with dimensions

as shown. (b) Pressure wave incident on the vertical wall generates a net force in the
direction shown that is resolved in the x and z-directions. (c) Same as
(b) except that the force results from the wave incident on the horizontal surface. Note
that in all cases, the component of the wall area perpendicular to the incident wave has
been taken as the effective area in the force calculations.
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Thus, two methods are in agreement with each other at angles close to 90° and the
minor difference likely arises from the difference in the assumed shapes of the line
features; rectangular in the present calculations versus parabolic, assumed in the
calculations by Deymier, et al. However, at angles < 90°, the flat horizontal surface
considered here results in reinforced force elements acting in the same direction, whereas
they oppose each other for a parabolic top surface. Therefore, larger shear forces are
generated for rectangular top face. Parabolic shape of the top face of the structure,
considered by Deymier, et al., is more mathematically tractable and such structures are
encountered in memory devices (44). However, the structures used in the present study
have rectangular top faces. The shear strengths of silicon/polysilicon structures on silicon
wafers have been measured to lie in the range 0.1 to 1 GPa (35). The minimum force
necessary to break nano-structures, the yield force, can be compared to the maximum
force acting on the structures, as calculated above.
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Therefore, the shear stress available from megasonic pressure gradients at 3 W/cm2
acoustic power density is at least 3-orders of magnitude smaller than the shear strength of
the structures whose dimensions are small enough to satisfy the condition ,

.

As seen in the foregoing analysis, forces generated by pressure gradients are too
small to break structures with dimensions much smaller than the wavelength of the
acoustic wave. Nevertheless, such structures do break frequently. The damaging force
must therefore arise from mechanisms other than the passage or 1st-order acoustic waves
across wafer structures. The most likely source of damage has been suggested to be the
shockwaves generated upon the collapse of a transient cavity (11, 45, 46). Tardif, et al.,
(46) have related the shockwave velocity

to the pressure (

) generated on the

vertical walls of the structures, upon momentum transfer as

10

1500
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Were,

is the density of the liquid,

is the velocity of sound or shock wave velocity in

liquid,

is the velocity of the liquid. The reported velocity of liquid varies in the range

10 m/s to 50 m/s, for pressure amplitude in the range 3 atm to 5 atm and for initial bubble
radius in the range 0.25 to 2.5 µm (11). Taking a nominal value of 30 m/s for the liquid
velocity and a nominal value of 0.1 GPa for the shear strength, stress generated by
shockwave in water can be calculated as
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Thus, for structures with aspect ratio > 2, the shock force can overcome the yield strength
of the structures.
In recent years, Busnaina and coworkers have studied the mechanism of failure of
wafer features. Using atomic force microscopy, Busnaina and co-workers have measured
the forces necessary for breaking single and multi-stack structures as a function of feature
thickness (thickness varying from ~50 nm to 120 nm) and have compared them to forces
necessary to dislodge 100 nm size polystyrene particles adhering on Si wafers (12, 35).
The breakage forces and the particle removal forces were measured using atomic force
microscopy. Breakage forces were measured using air as the medium between the wafer
and the particle. Polystyrene latex particles dispersed in IPA were deposited on a Si wafer
that was pre-cleaned in SPM and dipped in IPA. Following deposition, the wafer was
dried using N2 and aged for 2 days in a clean-room. These studies have revealed that, 1)
multi-stack features are ~10-fold more susceptible to damage than single-stack lines of
comparable thickness, 2) force necessary for collapsing features varies linearly with the
feature thickness for single-stack lines and as the square of the feature thickness for
multi-stack lines and 3) collapse forces (~50 µN for 90 nm single-stack lines and 5 µN
for 90 nm multi-stack lines) are ~2-orders of magnitude larger than the forces necessary
for removing particles (180 nN for PSL particle on Si wafer).
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Factors affecting megasonic cleaning performance. Proper choice of cleaning
solution, uniformity of acoustic power and high acoustic frequency can optimize cleaning
condition and improve cleaning performance with low feature damage. Barbagini, et al.,
performed particle removal (SiO2 particles of size 78 nm) and wafer damage analysis
using bare wafers and patterned silicon wafers bearing polysilicon lines. Nmethylpyrrolidone (NMP) and DI water were used as two different cleaning solutions.
They found that at all sonic energies, the overall PRE was ~30 % higher in NMP
compared to that in DI water. However, higher damage density was also observed in
NMP compared to DI water leading to the suggestion that conditions that lead to high
particle removal also lead to greater damage (47).
Shende, et al., investigated the effect of megasonic power density on pattern
damage using silicon on oxide test structures. DI water, dilute SC-1 (1:1:100) and dilute
NH4OH (1:100) solutions were used as the test solutions. He found that with increase in
power density, damage density increased significantly. Maximum damage was observed
in DI water, followed by dilute SC-1 and least damage density was observed in dilute
NH4OH solution. He also investigated the role of dissolved CO2 in suppressing damage
to fine wafer features of width ~30 nm. He found that CO2-added DI water containing
~559 ppm of CO2 is ~70 % more efficient in suppressing damage compared to DI water
alone (26).
Megasonic cleaning may be conducted in a variety of chemical formulations that
include water alone or neutral, alkaline and acidic aqueous solutions. Surfactants are
widely used in the megasonic cleaning solutions to improve surface wettability and to
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modify charge on the particles and substrate. Bai-mai et. al., demonstrated improved
cleaning efficiency using a complex nonionic surfactant in the megasonic cleaning liquid.
He attributed better cleaning to a mechanism where surfactant molecules gets physically
adsorbed on the hydrophilic wafer surface as well as on particles (that maybe either
hydrophilic or hydrophobic). Interaction of particles with surfactants weakens its
interaction with the wafer surface and helps in removal of the particle. Surfactants also
prevent agglomeration and re-deposition of the particles on the wafer surface (48).
Keswani, et al., investigated the possible role of electro-acoustic effects during
megasonic cleaning. They performed particle removal tests on 300 nm aminated silica
particles (positively charged) deposited on 120 mm Si wafers. KCl solution was used as
the electrolyte. They found that the particle removal efficiency increased with increase in
KCl concentration and power density. It was concluded that high PRE can be achieved at
lower power densities in high ionic strength KCl solutions (49).
Megasonic cleaning performance is also strongly affected by the design of
waveguides that affect the uniformity of acoustic pressures generated in the cleaning
solutions. Ahn, et al., designed and developed an indirect-type waveguide and compared
it with conventional direct-type waveguides, in terms of its effectiveness in reducing
feature damage. They systematically studied and compared the acoustic pressure
distribution, bubble size distribution, particle removal efficiency and pattern damage
resulting in both types of waveguides. Bubble size distribution was measured using a
laser scattering system. Particle removal tests were carried out on 104 nm PSL
(photosimulated luminescence) particles in plain DI water using single wafer spin
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cleaning tool. They reported uniform pressure distribution and smaller bubble formation
in the indirect-type waveguide compared with the direct-type waveguide which resulted
in low pattern damage and high particle removal in indirect-type waveguide. Normalized
bubble size distribution for indirect-type waveguide lies between 0.05 - 0.384 and for
direct-type waveguide, it lies between 0.38 -1.6 (50).

Effect of dissolved gases on cavitation and cleaning efficiency. Dissolved gases in the
cleaning fluid strongly influence cavitation and hence cleaning efficiency. Vereecke, et
al., reported low particle removal efficiency (PRE) of 34 nm silica particles on oxide Si
surface as a function of megasonic power at frequency 720 kHz in degassed DI water
compared to DI water containing 20 ppm dissolved O2. He concluded, that absence of gas
filled cavities was responsible for low PRE in degassed DI water (51).
More recently, Brems, et al. conducted a systematic study to measure the effect of
the nature of dissolved gases on the efficiency of removal of silica particles from oxide Si
wafers (52). Consistent with the reported weak SL/cavitation activity in presence of
CO2(aq), it was found that saturation of DI water with CO2 resulted in the poorest
cleaning efficiency. The interpretation of these results however is clouded by the
complication that CO2 dissolution reduces solution pH in addition to SL/cavitation
suppression. Therefore, reduced cleaning efficiency may result from either loss of
substrate etching at low pH or loss of removal forces due to lack of cavitation, or both.
Ojima, et al., reported removal of hydrocarbon contaminants from wafer surface
using ozonized water irradiated with 1MHz frequency sound waves. It was shown that
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OH• radicals were produced in the cleaning solution. These OH• radicals, oxidizes
hydrocarbon contaminants and reduce them to water leading to hydrocarbon free Si
surface (53).

Sonoluminesence. Sonoluminescence (SL) is the phenomenon of emission of
short bursts of light from imploding cavities in a liquid irradiated with by sound waves.
This effect was first observed at the University of Cologine in 1934 by H. Frenzel and H.
Schultes while working with photographic developing fluids subjected to ultrasonic
irradiation (54). Many theories have been proposed for explaining the emission of light
like electrical micro-discharge theory, ballo-electric theory, tribo-luminescence theory,
mechano-chemical theory, hot-spot theory and chemiluminescence theory. Young
reviewed these theories and proposed a simpler explanation for the emission of light (55).
According to him, during the positive half-cycle of the pressure wave, bubbles are
compressed. Extremely high temperature and pressure conditions are generated inside the
cavity. These extreme conditions excite the gas molecules and generate radicals and ions,
resulting in the emission of plasma. The relaxation or recombination of free radicals gives
rise to photon emission (16, 56, 57), in the wavelength range of 270 to 650 nm which is
referred to as SL, as shown in Figure 1.8.
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Figure 1.8. Generation of sonoluminescence from transient cavitation. Shown is a
schematic diagram of the relationship between pressure node, cavity implosion and
sonoluminescence generation.

SL is measured in terms of photons counts, luminous intensity, sonoluminescence
and flux. The flashes of light are quite week and a photomultiplier tube is used to amplify
them above detection limits. SL intensity depends upon the temperature and pressure
reached inside the cavitating bubble, which are affected by several parameters. These
parameters include frequency, temperature, dissolved gas content, liquid properties
(surface tension, viscosity and thermal conductivity), cavitation history of the liquid,
ambient pressure (PA) and power density or the acoustic pressure amplitude (P0). The
detection of SL also depends on the spectral range of the photomultiplier tube.
Traditionally SL is measured by a dip-type probe and is affected by numerous
factors such as surface tension, temperature, hydrostatic pressure, nature and
concentration of dissolved gases and ions (49), intensity and frequency of sound waves
(58, 59) and secondary effects that arise from interaction of sound waves with wafer
features and container walls (13, 60). It is therefore essential to carefully control the

53

experimental conditions for proper deconvolution of individual factors affecting SL. A
real-time SL monitor capable of following cavitation events has recently been described
in the literature (61). Appendix A in the present study describes the development of a
novel cavitation threshold cell (CT cell) designed to measure SL generation in process
fluids under precisely controlled conditions. This portable, UV light tight cell allows
integration with gas sensors and membrane contactors for exchange of dissolved gases,
thus allowing better understanding of the role of dissolved gases in SL generation (62).
SL generation in DI water depends on the nature and concentration of dissolved
gases (55, 63). The SL generating capability of various dissolved gases was found to vary
in the order: Ar > Air ≈ O2 ≈ N2 > CO2. A simple explanation of this trend may lie in the
dependence of the maximum temperature inside cavitating bubbles, Tmax on the
polytropic index, γ of the gas. The polytropic index of the gas inside a collapsing cavity is
related to the maximum temperature, Tmax , reached within the cavity according to the
following equation (64).

1
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T0 is the initial temperature, P0 ; bulk solution pressure, PA ; acoustic pressure amplitude

and Q ; bubble pressure at maximum size of the bubble prior to its collapse. Using
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P0

 PA  Q as a constant that is independent of the nature of dissolved gases, Tmax may

be expressed simply as

/

1
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Value of the polytropic index, γ, for Ar, N2, O2 and CO2 are 1.67, 1.4, 1.4 and
1.33, respectively. SL correlates with the bubble temperature during its collapse (63).
Therefore, lowering Tmax with decrease in γ may explain the observed order of SL
intensity for the tested dissolved gases. Since γ for CO2 is the least, it may provide one
possible explanation for the lowest SL intensity in presence of CO2 saturated DI water.
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Explanation of the dissertation format.
This dissertation has been prepared in accordance with the format prescribed by
the University of Arizona Graduate College Manual for Electronic Theses and
Dissertations and is consistent with the formatting requirements of the Department of
Material Science and Engineering. I have presented my work in three chapters and five
appendices. The central problem addressed in this research and its context is introduced
in Chapter 1. Chapter 2 summarizes the most important findings of research described in
each of the five appendices. The conclusion and future directions of this study are
presented in Chapter 3. My contributions to each manuscript are summarized here.
Appendix A. Megasonic Metrology For Enhanced Process Development. All
SL measurements of the effect of oxygen concentration on SL were solely my work. Dr.
Manish Keswani trained me in the operation of the CT cell. I wrote the manuscript. Dr.
Manish Keswani and Prof. Srini Raghavan edited and revised the manuscript and
provided overall guidance for the project. Dr. Ted Liang and Prof. Pierre Deymier were
involved in directing the overall project. Dr. Eric Leibscher and Dr. Mark Beck
constructed the CT cell and provided all the necessary software to collect the data.
Appendix B. Control Of Sonoluminescence Signal In Deionized Water Using
Carbon Dioxide. Prof. Srini Raghavan concieved the idea of in-situ release of CO2. I
established the chemical formulations and methods to achieve controlled and inducible
release of CO2 from the release compounds. I prepared the different carbonic acid
systems, made the SL measurements and wrote the paper. Dr. Satish Singh assisted with
solving the resulting carbonic acid equilibria. Dr. Manish Keswani and Prof. Srini
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Raghavan conceived the overall idea on control of SL for control of damage using
dissolved gases including CO2, revised the paper and guided the project.

Dr. Eric

Leibscher and Dr. Mark Beck constructed the CT cell and provided all the necessary
software to collect the data. Prof. Pierre Deymier provided assistance with interpreting
results and understanding cavitation processes.
Appendix C. Control Of Sonoluminescence In Carbon Dioxide Containing
DI Water At Near Neutral pH Conditions. I made all SL measurements and wrote the
paper. Dr. Satish Singh helped with theoretical analysis of the ionic equilibria. Dr.
Manish Keswani and Prof. Srini Raghavan edited and revised the manuscript. Dr. Eric
Leibscher and Dr. Mark Beck constructed the CT cell and provided all the necessary
software to collect the data. Prof. Pierre Deymier helped with interpretation of the results
in terms of cavitation theory.
Appendix D. Effect Of Dissolved CO2 In De-Ionized Water In Reducing
Wafer Damage During Megasonic Cleaning In MegPie®. I conducted all the damage
measurement experiments in the MegPie®, collected SEM and optical images of damaged
structures, processed the images using ImageJ program (to count the number density of
line breakages) and wrote the paper. Dr. Satish Singh helped with image analysis using
the program ImageJ. Dr. Manish Keswani and Prof. Srini Raghavan edited and revised
the manuscript. Dr. Mark Beck constructed the MegPie® and provided all the necessary
software to collect the data. Dr. Quoc Toan Le provided the test structures for damage
analysis.
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Appendix E. Enhanced Megasonic Processing of Wafers in MegPie® Using
Carbonated Ammonium Hydroxide Solutions. I made all cleaning and damage
measurements in the MegPie®, collected SEM images and optical images, processed
optical images using ImageJ and wrote the paper. Dr. Satish Singh helped with analysis
of chemical equilibria. Dr. Manish Keswani and Prof. Srini Raghavan edited and revised
the manuscript and provided overall guidance for the project. Dr. Mark Beck constructed
the MegPie® and provided all the necessary software to collect the data and Dr. Quoc
Toan Le provided the test structures for damage analysis.
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CHAPTER 2: PRESENT STUDY
The methods, results and conclusions of this study are presented in the
appendices. The following is a summary of the most significant findings in each of the
studies reported in the five appendices.
Appendix A. Megasonic Metrology For Enhanced Process Development. This
manuscript describes the development of a novel cavitation threshold cell (CT cell) and
its use in the measurement of SL generation in process fluids under precisely controlled
conditions. The CT cell is a portable, UV light tight cell designed to measure SL signal
arising from cavitation. The closed cell, integrated with a gas sensor and contactor,
allows SL measurements under very controlled conditions. Using the CT cell, the SL
response of the test fluids such as DI water saturated with air or CO2, to variables like
acoustic power recipe and dissolved gases was studied with an aim to control SL
generation. It was found that SL generation in DI water saturated with air was negligible
below a threshold level of power density, termed the cavitation threshold, when acoustic
waves were generated in the continuous mode (100 % duty cycle). When the duty cycle
was changed to 10 % (pulse mode), SL generation was found to exist at all power
densities in the range 0.1 – 4 W/cm2; there was no evidence of any threshold power
density.
Nature and concentration of dissolved gases have been known to strongly affect
SL generation in fluids. Using a novel inorganic oxygen scavenger, dissolved oxygen
levels in air saturated DI water was selectively decreased, resulting in a progressive
decrease in the SL generation in air saturated DI water, in both pulse and continuous
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modes of wave generation. In addition, dissolution of 110 ppm or higher levels of CO2 in
air saturated DI water was found to suppress SL generation completely. These results
suggested that SL generation may be controlled through well controlled removal of
dissolved O2 or dissolution of CO2, providing for a potential means to suppress cavitation
induced damage to wafers during their megasonic processing.
Appendix B. Control Of Sonoluminescence Signal In Deionized Water Using
Carbon Dioxide. This appendix describes a novel method of in-situ generation of
CO2(aq) and the use of the method to demonstrate that CO2(aq) is a strong inhibitor of SL
generation in DI water. Based on the foregoing observation that CO2-saturated DI water
was incapable of generating SL, a means for controlled release of CO2 in DI water was
explored with an aim to use the method for suppression of sonoluminescence and
thereafter, for suppression of damage to wafers. First, the ability of dissolved carbon
dioxide to quench sonoluminescence generation in DI water exposed to megasonic field
of varying power density and duty cycle was systematically investigated. It was found
that 60 ppm CO2(aq) resulted in a near complete elimination of SL generation in DI
water, at all acoustic power densities up to 4 W/cm2. However, the method resulted in the
loss of dissolved air upon CO2 addition. To test if the loss of SL generation upon CO2
addition was due to the loss of dissolved air, a means for in-situ generation of CO2 was
explored that would maintain dissolved air levels unchanged. A novel chemical method
was established for in-situ release of CO2 from NH4HCO3 through a pH induced shift in
the carbonic acid equilibria in DI water. Using the method of controlled release of
CO2(aq), a precisely controlled suppression of SL generation in air saturated DI water
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was demonstrated. It was found that 130 ppm of released CO2 was sufficient for complete
suppression of SL generation in air saturated DI water. Several mechanisms were
suggested for the damage suppression by CO2(aq). 1) The polytropic ratio,γ, for CO2 is
lower than that of diatomic and monoatomic gases. The maximum temperature, Tmax ,
reached within the cavity is directly proportional to γ. Thus, CO2(aq) may suppress SL
generation by luminescent free radicals by lowering Tmax and thus the formation of such
radicals. 2) CO2, is highly soluble in water (saturation limit ~1500 ppm at 298 K) and
may cushion the collapse of bubbles by diffusing into the bubbles during its expansion
phase. 3) CO2(aq) may suppress SL generation by free radical scavenging mechanism.
This possibility was examined in the work described in the following appendix C.
Appendix C. Control Of Sonoluminescence In Carbon Dioxide Containing
DI Water At Near Neutral pH Conditions.
It was shown in the previous appendix that SL intensity can be strongly
suppressed through the addition of carbon dioxide to DI water. The method however
decreases the pH of the solution to roughly 4.0 and may adversely affect the cleaning
efficiency. In this appendix, means to overcome decrease in pH upon dissolution of CO2
in DI water were explored. Two chemical systems were discovered that showed the
capability of taking advantage of the effect of CO2(aq) while allowing the use of slightly
higher pH values. These systems were NH4OH/CO2 and NH4HCO3/dilute HCl. Both
systems were found to have a strong capability for well controlled reduction in SL at two
chosen pH values of 5.7 and 7.0. Dissolution or release of CO2 in DI water generates
several ionic species. To investigate the possibility that SL suppression in CO2-added DI
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water may be caused by free radical scavenging by CO2(aq) or any of the other ionic
species generated, the effect of a well known free radical scavenger, dimethyl sulfoxide
(DMSO), on SL generated in DI water was investigated. It was discovered that increasing
amounts of DMSO, a potent OH• radical scavenger, resulted in a decrease in SL
generation in DI water. This suggested that CO2(aq) may indeed suppress SL generation
through the mechanism of free-radical scavenging.
Appendix D. Effect Of Dissolved CO2 In De-Ionized Water In Reducing
Wafer Damage During Megasonic Cleaning In MegPie®. In this appendix, the effect
of dissolved CO2 levels and acoustic power density on the reduction of wafer damage
during megasonic cleaning was demonstrated. Damage studies were conducted using two
different test structures that were irradiated with 0.93 MHz sound waves in a single wafer
spin cleaning tool, MegPie®. It was demonstrated that dissolution of increasing amounts
of CO2 in air saturated DI water resulted in a decreasing density of damages to line
structures. Significant suppression of damage at all power densities up to 2.94 W/cm2,
was achieved at CO2(aq) concentrations > 300 ppm. Presence of CO2(aq) also decreased
the lengths of the line breakages from ~1150 nm (the average length of line breakage in
air saturated DI water) to ~770 nm. Line features of thicknesses 67 and 35 nm were
found to be highly susceptible to megasonic damage, but lines of thickness 113 nm or
higher were found to be highly resistant to damage under all tested conditions. Lines
were found to break along their interface with the substrate, or, in case of multi-stack
lines, along the interface with an adjacent stack. These results confirmed that dissolved
CO2 is highly effective in suppressing damage to wafer features over a wide range of
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power densities and the material composition of the wafer features. This study also
establishes, systematically, a strong correlation between SL suppression by CO2(aq) and
damage suppression by CO2(aq).
Appendix E. Enhanced Megasonic Processing of Wafers in MegPie® Using
Carbonated Ammonium Hydroxide Solutions.
Means to suppress SL generation and damage induction in DI water irradiated
with megasonic energy, through dissolution of CO2, was established in the work reported
in previous four appendices A through D. However, in the industry, megasonic cleaning
is carried out in NH4OH based solutions such as SC-1 and SC-2. This appendix reports
the design and use of a new cleaning system, NH4HCO3/NH4OH, that was designed to
release CO2(aq) under alkaline pH conditions. To examine the efficacy of this system in
suppressing damage to wafers, bare and line/space patterned wafers were exposed to the
solution irradiated with megasonic energy in a single wafer spin cleaning tool, MegPie®.
It was demonstrated that newly designed NH4HCO3/NH4OH, pH 8.2 system was very
effective in suppressing megasonic damage to line features. Cleaning efficiency
measurements were conducted using NH4HCO3/NH4OH system and NH4OH alone, both
at pH 8.2. The efficiency of removal of SiO2 particles from oxide Si wafers were
measured. It was found that both systems were capable of achieving high particle
removal efficiencies but, as expected, extent of damage was greatly suppressed only in
the NH4HCO3/NH4OH system. These results establish, for the first time, a means to
utilize the damage suppressing ability of CO2(aq) for the design of damage-free
megasonic cleaning solutions.
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CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONS
This dissertation presents a systematic study of the correlation between cavitation,
SL and damage to wafers during megasonic processing. Means to control SL and thus
transient cavitation in cleaning solutions irradiated with sound waves of frequency 0.93
M Hz, was explored. SL studies were made using a newly designed CT cell, with the aim
of designing damage-free megasonic cleaning formulations (62). Dissolved CO2 was
found to be a potent inhibitor of SL generation (65). Means for controlled, in-situ release
of CO2 were therefore established with an aim to suppress SL and thus, megasonic
damage to wafers (65, 66).
Removal of SiO2 particles from oxide wafer surfaces after chemical mechanical
planarization is often achieved through megasonic irradiation of NH4OH based cleaning
solutions. Alkaline pH conditions cause etching of the oxide layer making it easier for
forces arising from acoustic streaming and cavitation to dislodge the silica particles. In
such cleaning applications, use of CO2 for suppression of damage poses the problem of
loss of cleaning efficiency due to decrease in pH upon CO2 dissolution (52). Means to
generate CO2 under alkaline pH conditions were therefore explored to provide higher
cleaning efficiency. Analysis of carbonic acid equilibria in water was performed to show
that significant levels of CO2(aq) may be generated at alkaline pH conditions in the
systems NH4HCO3/NH4OH and NH4OH/CO2.
To test if the newly designed NH4HCO3/NH4OH system could suppress damage
to wafers significantly and also afford high cleaning efficiencies, damage and cleaning
studies were performed using a single wafer spin cleaning tool, fitted with a megasonic
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transducer array, called MegPie®. Patterned wafers with 37, 67 and 113 nm wide lines
were used as test structures for damage studies and 200 mm oxide Si wafers
contaminated with SiO2 particles were used for particle removal studies. The studies
revealed a strong suppression of damage to line features when NH4HCO3/NH4OH system
at pH 8.2 was used in comparison to the density of damage observed in NH4OH, at pH
8.2.
This dissertation establishes, for the first time, a means to utilize the SL and
cavitation suppressive effect of CO2(aq) in the design of low-damage, high-cleaningefficiency chemical solutions.

The key challenge overcome in this study was the

controlled release of dissolved CO2 using CO2-release compounds, at a high pH that
would favor cleaning efficiency. This study also establishes a systematic and strong
correlation between SL inhibition and damage suppression by CO2(aq).
The study presented in this dissertation establishes a strong SL inhibitory effect of
CO2(aq) but the mechanism of SL suppression by CO2(aq) remains elusive. In particular,
it is not known if CO2(aq) suppresses both stable and transient cavitation, or transient
cavitation alone. Some insight may be obtained by measuring and comparing the bubble
size distribution in CO2-saturated and air-saturated DI water irradiated with 1 MHz sound
waves. Bubble size distribution can be obtained through Fast Fourier Transform of
pressure values measured using hydrophone (67).
The cleaning efficiency obtained using the newly designed NH4HCO3/NH4OH
system may be further optimized and improved by studying the effect on cleaning
efficiency of parameter such as 1) irradiation time, 2) acoustic power density, 3) ionic
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strength and 4) pH. An optimal combination of these parameters may further improve
cleaning over damage performance obtained with the NH4HCO3/NH4OH system.
Use of tetramethyl ammonium hydroxide (TMAH), which is a much stronger base
than NH4OH, instead of NH4OH in the NH4HCO3/NH4OH system may further improve
the cleaning efficiency and/or may reduce the ionic strength of the cleaning solution.
However, TMAH may also lead to greater etching of the SiO2 substrate. Finally, use of
higher sound frequencies compared to that used in the current study (0.93 MHz), may
further increase the cavitation threshold and reduce damage.
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Abstract
Megasonic irradiation of cleaning solutions removes contaminating particles from
wafer surfaces through the mechanisms of acoustic streaming and acoustic cavitation.
Uncontrolled cavitation, however, also damages fragile wafer features. It has been
hypothesized that damage results primarily from violent transient cavitation while
cleaning results from the gentler stable cavitation and is assisted by substrate etching at
alkaline pH. We and others have earlier reported the strong ability of dissolved CO2 in
suppressing sonoluminescence, a phenomenon that correlates with both transient
cavitation and wafer damage. Here we report the use of a new cleaning system,
NH4HCO3/NH4OH, designed to suppress damage using CO2(aq), released under alkaline
pH conditions. Using megasonic irradiation of bare and line-space patterned wafers in a
single wafer spin cleaning tool, MegPie®, we measured the efficiencies of
NH4HCO3/NH4OH system and NH4OH alone, both at pH 8.2, in removing SiO2 particles
from oxide Si wafers and suppressing damage to patterned wafers. Both systems were
found to achieve high particle removal efficiencies but, as expected, extent of damage
was greatly suppressed in the NH4HCO3/NH4OH system. Further, the controlled release
of CO2(aq) from NH4HCO3 is possible over a wide pH range ~4.0 – 8.5, providing a
flexible means to control the rate of substrate etching.
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Introduction
Particulate contamination during device fabrication is a major concern in the
semiconductor chip manufacturing industry. Failure to control contamination severely
limits products yields and performance (1). Megasonic cleaning is routinely employed in
the semiconductor industry for removal of contaminant particles and residues from wafer
surface (2, 3). Wafers are immersed in a cleaning solution irradiated with acoustic energy
that dislodges contaminant particles through forces arising from the mechanisms of
acoustic streaming and acoustic cavitation (4-7). Acoustic streaming refers to fluid
motion caused by viscous dissipation of acoustic energy, leading to particle removal by
reduction in boundary layer thickness at the wafer surface. Acoustic cavitation refers to
the oscillating growth and shrinkage of gas filled cavities in sound irradiated liquids.
Cavitation is termed stable when it involves small oscillations of the bubble size lasting
several acoustic cycles and transient when it involves large bubble size oscillations
ultimately leading to bubble collapse and implosive release of energy, within few
acoustic cycles (8).
Excessive cavitation, though favorable for removal of particles, causes damage to
fragile wafer features (9, 10). It is generally believed that damage results primarily from
violent transient cavitation while cleaning results from the gentler stable cavitation (4, 6).
Stable cavitation generates secondary streaming forces whereas transient cavitation
generates shock waves and sudden burst of localized energy that may be sufficient to
damage features on the wafer (11). With the progression of technology nodes to smaller
sizes, megasonic cleaning is faced with the challenge of maintaining high cleaning
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efficiency without inducing damage to wafer features (9, 11, 12). In addition, the
tolerable size and number of particles continues to decrease with advancing technology
node. Such stringent performance requirements on the cleaning technology have
necessitated very careful design of cleaning chemicals that would preserve cleaning
efficiency but reduce / remove damage mechanisms (9, 13, 14).
Sonoluminescence (SL), the phenomenon of release of light when liquid is
irradiated by sound waves of sufficient intensity, is a sensitive indicator of cavitation
events (15). Gas-filled cavities, upon encountering a pressure node, undergo compression
resulting in high temperature and pressures conditions inside the cavities (16, 17). Light
is released upon recombination or relaxation of highly reactive species formed inside the
cavities during the compressive phase (18). When sound intensities are above a threshold
level, called the cavitation threshold, cavities may collapse and implode with violent
release of energy and shock waves. SL is thought to be primarily associated with such
transient, imploding cavities and is considered a measure of transient cavitation. Control
of SL therefore has potential applications in controlling damage arising from transient
cavitation (9, 19). A critical challenge in the semiconductor processing industry is to find
conditions that would allow selective suppression of damage causing mechanisms
without compromising cleaning mechanisms, during megasonic processing of wafers (9).
Dissolved gases play an important role in cavitation and SL generation in sound
irradiated liquids (20). While most gases support SL generation, CO2 is an exceptional
gas that suppresses SL. Recently, the authors of this paper provided evidence that CO2 is
not just incapable of SL generation, but also a potent inhibitor of SL generation by other
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dissolved gases (21). 150 ppm dissolved CO2 was found to be sufficient for complete
suppression of SL generation in DI water under all tested conditions of power density and
duty cycle of acoustic energy at frequency 0.93 MHz. SL inhibitory capability of CO2(aq)
provides an opportunity to suppress cavitation induced damage during megasonic
cleaning. However, dissolution of CO2 in a cleaning solution also reduces solution pH,
which may adversely affect cleaning efficiency.
Solution pH, in addition to nature and intensity of cavitation, is an important
parameter affecting megasonic cleaning performance. Particle removal from oxide wafers
is assisted by substrate etching by the cleaning solution at alkaline pH. Etching results in
the detachment of the adhered particles, making removal by acoustic streaming and
cavitation processes, easier. Si wafers exposed to air or H2O2 develop a surface layer of
SiO2 that can be etched by bases such as NH4OH or KOH during the cleaning step. A
mixture of H2O:H2O2:NH4OH in ratios 1:1:5 to 1:1:100 is typically used in the industry
as the standard cleaning solution, SC–1. H2O2 oxidizes Si and NH4OH removes the
oxidized SiO2 layer. Etching is caused by OH– ions while the counter ion NH4+ may
ligate etched chemicals and assist their removal.
The authors of this report have previously shown that varying levels of CO2 in DI
water can be generated over a wide pH range 4.0 – 7.5, and used the method to
demonstrate a well controlled suppression of SL generation in DI water at different
solution pH of choice (22). In this work, we extend the pH range and generate CO2(aq)
under mildly basic conditions (pH 7.8 – 8.5) using a new system, NH4HCO3/NH4OH,
with an aim to favor cleaning efficiency. We have conducted a systematic study to
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measure the effect of CO2(aq) levels, dissolved in either DI water or generated in the
NH4HCO3/NH4OH system on wafer damage during megasonic irradiation. Damage
studies were conducted on two different line/space structures that were exposed to 0.93
MHz megasonic waves in a single wafer spin cleaning tool, MegPie®. Particle removal
studies were conducted using SiO2 slurry particles deposited on bare oxide Si wafers in
two cleaning solutions at pH 8.2: NH4HCO3/NH4OH and NH4OH alone. The particle
removal efficiencies in the two cleaning systems were measured to assess the relative
efficiency of the NH4HCO3/NH4OH system in removing contaminant particles (23).
These studies establish, for the first time, a means to utilize the well known SL
suppressive capacity of dissolved CO2 to suppress damage to wafers without
compromising the high cleaning efficiencies that must be maintained during megasonic
cleaning.
Experimental
All experiments were conducted in class 100 micro/nano fabrication center at The
University of Arizona. Studies on megasonic damage to wafers were conducted using
two different model test structures; structures-I (provided by IMEC) and structures-II
(provided by FSI international). Studies on megasonic cleaning efficiency were
conducted on 200 mm oxide wafers that were contaminated with SiO2 slurry particles
(size 185 nm). Both damage and cleaning experiments were conducted in a single wafer
spin cleaning tool, MegPie® that was fitted with a megasonic transducer.
Single Wafer, Megasonic, Spin Cleaning Tool MegPie®—The MegPie® is a spin
cleaning tool fitted with a radial transducer array for megasonic wet cleaning of single
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wafers (Fig. 1). The radial transducer array (area 32.3 cm2) is designed to apply uniform
acoustic energy to a rotating substrate (typically 0-60 rpm) at a frequency 0.925 MHz.
Acoustic power density can be generated in the range 0.15 - 2.94 W/cm2. The rotating pin
chuck is designed to hold 200 mm wafers. Cleaning solutions are dispensed on top of the
rotating wafer at an appropriate flow rate such that a continuous liquid film is formed
between the rotating wafer and the transducer (typically 300 ml/min at wafer rotation
speed 30 rpm). During particle removal measurements, the distance between the wafer
and the transducer was fixed at ~1.5 mm. During pattern damage measurements, the test
structure samples were affixed on top of the wafers, resulting in a reduced distance of
~0.8 mm between the test sample and the transducer.
Test Structures, Oxide Wafers and Silica Particles—Test structures-I (provided
by Imec) were made from gate stacks consisting of HfO2/AlO followed by nitridation
anneal, 5 nm TiN, 5 nm Si and 100 nm a-Si. The patterned structure consisted of long (2
mm) array of lines of width 36 nm and separation 523 nm, as shown in Fig. 2. Test
structures-II (provided by FSI International) were made from Sematch 890AZ reticle. It
consisted of arrays of long (4 mm), thin (67 nm) and thick (113 nm) pairs of polysilicon
lines on silicon substrate separated by a distance 630 nm. The pairs of thick and thin lines
were separated from each other by a distance 1300 nm (Fig. 2). A 10 % silica slurry
(Mirrosol) dispersed in 0.5 nM KCl (pH 5.5, zeta potential -30 mV) was used as the
contaminant. The size of silica particles, determined using dynamic light scattering
(Malvern Zetasizer 6.01), was found to be 185 ± 20 nm.

114

Generation of CO2(aq) in DI Water and NH4HCO3/NH4OH Solutions—To
generate varying levels of dissolved CO2 in DI water, CO2 gas was bubbled in DI water
and the resulting changes in pH were monitored using a pH meter. Dissolved CO2
concentrations were calculated from the measured pH values using the following
equation that results from the carbonic acid equilibria in water, established upon CO2
dissolution (19).

10

10
2

4.25

1

A blanket of CO2 on top of the spinning wafer was necessary to reach a high
concentration of 1035 ppm of dissolved CO2. Concentrations of CO2(aq) reported in this
study were calculated based on the pH of the exit stream from the MegPie® during the 2
min period of exposure to megasonic irradiation.
Generation of CO2(aq) under alkaline pH conditions was achieved using the new
system, NH4HCO3/NH4OH. The ionic equilibria established in the NH4HCO3/NH4OH
system is essentially identical to the ionic equilibria established in the previously
described NH4OH/CO2(aq) system used for simultaneous SL and pH control (22). Hence,
numerical calculation described for the NH4OH/CO2(aq) system was used, with
appropriate modifications in the initial conditions, to calculate the equilibrium
concentrations of all species in the NH4HCO3/NH4OH system. Using the method, the
CO2(aq) concentration and solution pH, were calculated for three different initial
concentrations of NH4HCO3, as a function of added NH4OH and the results were plotted
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in Fig. 6. Fig. 6 suggests that a mixture of 41 mM NH4OH and 0.5 M NH4HCO3
(represented by open circles in Fig. 6), should result in the release of ~320 ppm CO2(aq)
from NH4HCO3 and a solution pH 8.2. The measured solution pH was found to be in
good agreement with the predicted pH 8.2.
Pattern Damage Studies—Samples of test structures, size 2 cm x 2 cm, were
excised from the test structures using a diamond scriber under DI water, cleaned in APM
(1:1:5) for 2 min, rinsed in DI water and dried using IPA. Samples were quickly
examined under optical microscope (Leica DM4000 M) at magnification 200X, to ensure
that the structures were clean and damage-free before megasonic irradiation. Samples
were affixed to an eight inch bare silicon wafer using a thin (~2 mm wide) double-stick
adhesive tape placed away from the area bearing the line structures. A point at a radial
distance of 2 inches from the centre of the wafer was marked and samples were stuck at
this point, for all measurements. Test solutions were dispensed on the surface of the
substrate at a rate of 300 ml/min while the substrate was rotated at 30 rpm. Test sample
were exposed to acoustic energy at a given power density for 2 min, rinsed in DI water,
dried in open air and examined for counting damages to line features induced by
megasonic irradiation.
Damages resulting from the exposure to megasonic energy were examined at low
resolutions using an optical microscope and at high resolutions using a field emission
scanning electron microscope (Hitachi S-4800, FESEM) (Fig. 3 and Fig. 4). At a
magnification of 200X, a large number of damage sites covering a representative area
(0.3 mm x 0.4 mm) of the wafer, could be adequately resolved. These damage sites
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appeared as small dark spots (Fig. 3). Images for ten non-overlapping and contiguous
regions of damages, covering an area of 1.2 mm2 and occurring at a given power density,
were collected and counted using the particle analysis tool in ImageJ (version 1.43u). For
test structures-II, width of the lines were thick enough (~67 nm) to resolve in an optical
microscope. A representative area of 0.08 mm2 constituting ten pairs of thin and thick
lines was examined and the damage sites were counted manually. Total number of
damages (line breakages) for both structures were scaled to 1 mm2 area of the wafer and
plotted as a function of power density (Fig 5).
The most likely source of damage are the shockwaves generated upon the collapse
of a transient cavity (11, 24, 25). Fig 6 shows a schematic of a damaging shockwave
generated upon the collapse transient cavity in the vicinity of a wafer structure. Tardif, et
al., (25) have related the velocity of the shockwave,

, to the pressure (

)

generated on the vertical walls of the structures, as
10

1500

2

The reported shockwave velocity has usually been reported to vary in the range
10 m/s to 50 m/s, for pressure amplitudes in the range 3 atm to 5 atm and for initial
bubble radius in the range 0.25 to 2.5 µm (11). Taking a nominal value of 30 m/s for the
shockwave velocity, stress generated by shockwave can be calculated as
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Thus, for structures with aspect ratio > 2, the shock force can overcome the yield strength
of the structures.
Particle Removal Efficiency Studies—200 mm oxide Si wafers, with surface
oxide (SiO2) thickness 5000 Å, were used for the study of particle removal efficiency.
The oxide wafers ware pre-cleaned in 1:100 HF for 1 min at 25 °C. The wafers were
gently spray-rinsed for 1 min to remove HF, followed by spin-drying at 1000 rpm for 1
min. Wafers were scanned using SP1 (KLA Tencor) to measure the background count of
contaminant particles (typically ~300 particles). SiO2 particles were spin-deposited using
1 ppm silica slurry dispersed in 0.5 nM KCl that was obtained by 107–fold serial dilution
of a 10 % stock silica dispersion. 1 ml of freshly sonicated (2 min) slurry samples were
dispensed at the center of the wafer, and spin (1000 rpm) deposited on the wafer surface
for 1 min. The process results in the deposition of ~2000 particles on the wafer surface.
Particles deposited on the wafers were analyzed using SP1 with the exclusion of 5 mm
annular edge region on the wafer. Contaminants were aged for 24 hr in the clean room
environment. Particle removal was performed in the MegPie® by megasonic irradiation of
the wafers, at a given acoustic power density, for 2 min at 30 rpm, with continuous flow
of test solution between the wafer and the transducer (flow rate 300 ml/min). Cleaned
wafers were subjected to spin-rinsing for 1 min at 30 rpm and spin-drying at 1000 rpm
for 2 min, both using MegPie®. Background particle counts were subtracted from particle
counts obtained before and after cleaning, and Eq. 2 was used to calculate percent particle
removal efficiency (PRE).
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Results and Discussion
Dissolved CO2, line thickness and power density strongly affect extent of pattern
damage— Fig. 3 shows optical microscope and FESEM images of line breakages
occurring in test structures-I resulting from megasonic irradiation at a power density 2.5
W/cm2. Fig. 3a and Fig. 3b are the optical microscope images of damages resulting in air
saturated DI water and CO2-saturated DI water (1035 ppm CO2(aq)), respectively.
Comparison of Figs. 3a and 3b readily reveal the effectiveness of suppression of damage
that is imparted by dissolved CO2. Figs. 3c, 3d and 3e show FESEM images of damage
resulting in DI water containing 0.5 (saturated with air), 412 and 1035 ppm of dissolved
CO2, respectively. As seen in these images, the number density of damages decreases
with increasing dissolved CO2 content in DI water. In addition, the size of line breakages
occurring in air-saturated DI water (Fig. 3c) was seen to be larger than in CO2 added DI
water (Figs. 3d and 3e). The average size of line breakages occurring in air-saturated DI
water and CO2 added DI water was found to be ~1150 nm and ~770 nm, respectively.
The average size of line breakages did not change significantly with change in power
density. Fig. 3f presents a high magnification view of a typical line breakage occurring in
either air-saturated or CO2 added DI water. As seen in the figure, breakage occurs within
the line-feature, forms a U-shape and leaves residual material sticking on the surface.
These morphological features of line breakages remained largely unchanged with change
in power density or nature of dissolved gas.
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Fig. 4 shows FESEM images of line breakages occurring in structures-II in either
air-saturated DI water (Fig. 4a) or CO2-saturated DI water (Fig. 4b), at a power density
1.5 W/cm2. As seen in these figures, numerous line breakages occurred to the thin lines
(67 nm) but almost no damages were observed on the thick lines (113 nm). Increasing
the power density up to 2.94 W/cm2, failed to induce any significant damage to the thick
lines; almost all damages were restricted to the thin lines alone. This suggests that the
damage density may be a highly non-linear function of line thickness, and a threshold
thickness of line structures may exist above which structure are relatively robust.
Recently, a detailed finite element analysis of the stress-strain response of
chromium/quartz alternating phase shift masks (dimensions in the range of 100 nm) was
performed to understand the mechanisms of microstructure failure under static and cyclic
pressure loadings. The study predicts that a critical feature dimension exists below which
microstructures become highly susceptible to damage if pressure loading is cyclic rather
than static, as would be expected during megasonic irradiation of cleaning liquids (24).
As would be expected and as seen in Fig. 4, line features break alone the line-substrate
interface. This is in contrast to the nature of damage observed with structures-I, where
structures fail along a cross-section within the line features. Unlike structures-II,
structures-I are multi stack lines, bearing several material interfaces, explaining the
difference in the nature of breakage interface.
Fig. 5 shows the results of a systematic study performed to measure the effect of power
density and level of dissolved CO2 on the number of line breakages in structures-1 (Fig.
5a) and structures-II (Fig. 5b). For both structures, a strong suppression of damage was
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observed upon addition of CO2 to DI water. As seen in Fig. 5a, damage density decreases
in a dose-dependent manner with increasing concentration of dissolved CO2. These
damage suppressive effects of CO2(aq) correlate with the SL suppressive effect of
CO2(aq) demonstrated by us, previously (21). Thus, these results provide strong evidence
in support of the widely believed hypothesis that suppression of SL may allow
suppression of feature damage (26, 27).
NH4HCO3/NH4OH system suppresses damage by releasing CO2(aq) at alkaline
pH—Dissolution of CO2 in DI water reduces pH and makes the solution acidic. Low pH
may adversely affect cleaning by eliminating substrate etching process occurring at
alkaline pH. Damage suppression through use of CO2 saturated DI water may therefore
compromise the cleaning efficiency drastically in situations where substrate etching may
be necessary for particle removal. We therefore devised a means to release CO2(aq) using
NH4HCO3 and maintain solution pH in an alkaline range using NH4OH (Fig. 7). Since
increasing pH decreases the CO2(aq) concentrations, the concentrations of NH4HCO3 and
NH4OH need to be carefully chosen, so that pH is high enough (typically above 8.0) to
achieve a sufficient rate of substrate etching and released CO2(aq) concentrations are high
enough (typically above 250 ppm) to achieve appreciable damage suppression. As seen in
Fig. 7, both conditions are met in a solution of 0.5 M NH4HCO3 and 41 mM NH4OH,
(referred to as the NH4HCO3/NH4OH system, pH 8.2), which results in the release of
~320 ppm of CO2(aq) and a solution pH of 8.2. High CO2(aq) concentrations at alkaline
pH can also be obtained by an alternative means through slow bubbling of CO2 gas in 0.5
M NH4OH solution until pH reaches 8.2. This solution (referred to as the
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NH4OH/CO2(aq) system, pH 8.2), is predicted to have ~300 ppm of CO2(aq). Fig. 8
compares the damage density occurring in the NH4HCO3/NH4OH system, the
NH4OH/CO2(aq) system and in NH4OH solution alone, all at pH 8.2, as a function of
acoustic power density. The plots reveal strong damage suppression at all power densities
in the NH4HCO3/NH4OH and NH4OH/CO2(aq) systems, clearly suggesting that CO2
released at alkaline pH remains equally potent for damage suppression, as when released
under acidic conditions (Fig 5).
NH4HCO3/NH4OH system maintains high cleaning efficiency—Since CO2
suppresses damage by suppressing cavitation (either transient cavitation or both stable
and transient cavitation), it may be expected that cleaning efficiency too would be
reduced as strongly, since cavitation is considered as both the cleaning and damage
mechanism. Fig 9 shows a plot of the PRE achieved in the NH4HCO3/NH4OH pH 8.2
system and in NH4OH alone at the same pH 8.2, at two nominal power densities, 0.7 and
1.5 W/cm2. The plots clearly reveal that the cleaning efficiency in the NH4HCO3/NH4OH
system is nearly as high as that in NH4OH solution, in spite of strong cavitation
suppression in the NH4HCO3/NH4OH system. These results suggest that in the
NH4HCO3/NH4OH, pH 8.2 solution, damage causing transient cavitation is selectively
suppressed and stable cavitation for particle removal is somehow maintained.
Alternatively, our results are also consistent with the possibility that in case of removal of
SiO2 particles from oxide Si wafers, pH and acoustic streaming are the primary factor for
high cleaning efficiency and acoustic cavitation based cleaning mechanisms are less
important. The NH4HCO3/NH4OH system allows a flexible control on both the release of
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CO2(aq) from NH4HCO3 and the solution pH as a function of NH4OH concentration (Fig.
7). Material loss through substrate etching may require fine tuning of pH in the range 7.5
– 8.5. As seen in Fig. 7, the NH4HCO3/NH4OH system is capable of releasing sufficient
CO2(aq) for significant damage suppression all pH below ~8.5 Release of CO2(aq) at pH
> 8.5 is also possible, but would require initial [NH4HCO3] > 0.5 M.

Plausible mechanisms for suppression of damage without reduction in cleaning
efficiency in NH4HCO3/NH4OH system— This study demonstrates that a strong
correlation exists between the suppression of SL and suppression of damage caused by
dissolved CO2. However, our results do not rule out the possibility that CO2(aq) may also
suppress stable cavitation that is thought to be primarily responsible for damage-free
cleaning. A recent attempt at using SL suppressing effect of CO2(aq) has been reported to
fail in achieving good cleaning efficiency, leading to suggestions that CO2(aq) suppresses
stable cavitation and thereby cleaning efficiency (28). Such studies however do not rule
out the alternate possibility that cleaning was compromised due to a drastic decrease in
pH, rather than cavitation, in their studies, an important issue that has been addressed in
this work. Clearly, cavitation has been suppressed in the NH4HCO3/NH4OH system (Fig.
8), and yet cleaning has not been compromised (Fig. 9). Two possible mechanisms can be
proposed to explain this apparent paradox. 1) CO2(aq) released in the NH4HCO3/NH4OH
system selectively suppresses transient cavitation but leaves the stable cavitation,
acoustic streaming and etching mechanisms of cleaning, unaffected. 2) Loss of
cavitation-assisted cleaning is overcome by electro-acoustic mechanisms of cleaning
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made possible by the high ionic strength (calculated to be ~0.5 M) of the
NH4HCO3/NH4OH system at pH 8.2 (29).

Conclusion
This study establishes a means to suppress megasonic damage to wafer features
through release of dissolved CO2, a gas well known to inhibit cavitation and SL, in
alkaline cleaning solutions. The NH4HCO3/NH4OH system at pH 8.2 has been shown to
be highly effective in suppressing megasonic damage to line features on patterned wafers
without compromising the efficiency of particle (SiO2) removal from oxide Si wafer
surfaces. The number density of line breakages has been shown to be a strong function of
acoustic power density and dissolved CO2 content in cleaning solutions. The dependence
of damage density on acoustic power density and CO2 concentration bears a striking
similarity to the dependence of SL generation on the same parameters, shown previously
(21), suggesting that SL and damage are highly correlated. The average size of line
breakages occurring in CO2 added DI water was found to be ~770 nm compared to size
of breakages observed in air-saturated DI water (~1150 nm). Megasonic irradiation of DI
water caused damage to line features of thicknesses 67 and 35 nm, but not to lines of
thickness 113 nm. In structures-II, numerous damages were observed on the thin line (67
nm) but no damages were seen on the thick line (113 nm) at any power density studied,
suggesting that these line structures become highly susceptible to megasonic damage
below a critical thickness. Line features were seen to break along the interface with the
substrate in structures-II and along the interface with the adjacent stack in multi stack
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structures-I. Taken together, these studies confirm a strong role for dissolved CO2 in
suppressing damage to wafers during their megasonic processing and provide a means to
generate CO2 in alkaline cleaning solutions that would allow damage suppression and
high cleaning efficiency, to be achieved simultaneously.
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Figure 1. Schematic sketch of the single wafer spin-cleaning tool MegPie®. (a) Crosssectional view and (b) top view.

Figure 2. FESEM images of line structures-I and line structures-II. (a) Top view and (b)
cross-sectional view of line structures-I. (c) Top view and (d) cross-sectional view of line
structures-II.

Figure 3. Microscope images of line breakages in Structures-I. (a,b) Optical microscope
images at 200X and (c,d,e) FESEM images of line structures-I after 2 min irradiation to
sound waves of power density 2.5 W/cm2. (f) FESEM image of a typical damage site at
high magnification. (a,c,f) Damage induced in air saturated DI water. Damage induced in
(c) 0.5 ppm CO2-DI water, (d) 412 ppm CO2-DI water and (e) 1035 ppm CO2-DI water.

Figure 4. FESEM images of line breakages in Structures-II. FESEM images of line
structures-II after 2 min irradiation to sound waves of power density 1.5 W/cm2 in (a) air
saturated DI water and (b) 1035 ppm CO2-DI water.

Figure 5. Plot of number density of line breakages in structures-I and structures-II as a
function of megasonic power density and dissolved CO2 levels in DI water. (a)
Structures-I and (b) structures-II.
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Figure 6. Wafer feature can be damaged by shockwaves. Shown is a schematic diagram
of a transient cavity in a 0.93 MHz sonic field undergoing implosion and generating
shockwaves that impinge upon a nearby wafer feature (Height H, width, W and Length,
L). Calculations (see text) reveal that the shear forces generated by the shockwaves are
capable of damaging wafer features with high aspect ratios. The light and dark shades in
the sonic field represent the anti-node and the node of the pressure wave generated by the
transducer. Cavities shrink in size at the anti-node and may collapse generating a
shockwave, shown by the two arrows.

Figure 7. Equilibria calculations. Plotted are the predicted CO2(aq) concentration and
solution pH for 0.3 M , 0.4 M or 0.5 M NH4HCO3 as a function of added NH4OH
concentration, calculated using the previously described numerical solution of the ionic
equilibria established (22). The actual concentrations chosen for cleaning and damage
studies, is indicated by the open circles on the curves.

Figure 8. Plot of number density of line breakages in structures-I as a function of
megasonic power density in the three indicated test solutions at pH 8.2.

Figure 9. Measurement of particle removal efficiency. Plotted are the mean of three PRE
measurements and standard error (error bars), in presence of either NH4HCO3/NH4OH
system, pH 8.2 or NH4OH solution alone, pH 8.2, at the two indicated acoustic power
densities.
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