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ABSTRACT 

Over the years, megasonic energy has been widely used in the semiconductor 

industry for effective particle removal from surfaces after chemical mechanical 

planarization (CMP) processes. As a sound wave propagates through a liquid medium, it 

generates two effects, namely, acoustic streaming and acoustic cavitation. Acoustic 

streaming refers to time independent motion of liquid due to viscous attenuation, while 

cavitation arises from the bubble activity generated due to the difference in the pressure 

field of the propagating wave. Cavitation can be classified into two categories, (1) stable 

and (2) transient cavitation. When a bubble undergoes continuous oscillations over 

repeated cycles it is known to exhibit stable cavitation, while a sudden collapse is referred 

to as transient cavitation. Due to the rapid implosion of the transient cavity, drastic 

conditions of temperature (5,000-10,000 K) and pressure (hundreds of bars) are generated 

within and surrounding the bubble. If this phenomenon occurs close to the substrate, it 

causes damage to the sub-micron features. In this study, emphasis has been laid on 

understanding acoustic cavitation as it is critical to achieving high cleaning efficiency 

without any feature damage.  

The research work described in this dissertation has been divided into three 

sections. In the first part of the dissertation, the development of a novel sono-

electrochemical technique for removal of sub-micron (300 nm) silica particles from 

conductive surfaces (Ta) has been discussed. The technique employs megasonic field at 

low pulse time and duty cycle in conjunction with an applied electrical field for achieving 

superior particle removal efficiency (PRE). In order to demonstrate the effectiveness of the 
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sono-electrochemical technique, cleaning studies were conducted using 300 nm silica 

particles both in the presence and absence of an applied electrical field in air and argon 

saturated solutions. In the presence of the megasonic field (0.5 W/cm2, 10% duty cycle, 

5ms pulse time) alone, about 55% PRE was observed in Ar saturated DI water, while in 

the presence of the sono-electrochemical field (-1.5V vs Ag/AgCl (sat. KCl)), about 80% 

PRE was measured. The enhancement in particle removal efficiency was attributed to 

oscillating hydrogen bubbles formed from water reduction in close vicinity of the tantalum 

surface, that grow to a resonant size under suitable acoustic conditions and likely cause 

removal of particles. Interestingly, increasing the applied potential to -2V (vs Ag/AgCl 

(sat. KCl)) enhanced the particle removal efficiency to about 100%. Investigations were 

also performed in solutions containing 10 mM potassium chloride (KCl). The results 

revealed that even at low applied potentials of -1.5V, almost complete particle removal was 

achieved. This improvement in PRE was attributed to a combined effect of microstreaming 

and electro-acoustic forces. The results revealed that almost complete removal of particles 

could be achieved at low power density and duty cycle when a sound field at 1 MHz is 

used in conjunction with electrochemistry.  

The second study focuses on the effect of acoustic frequency and transducer power 

density for the development of a damage-free megasonic cleaning process. Here, an effort 

was made to characterize cavitation activity at acoustic frequencies of 1, 2 and 3 MHz by 

means of electrochemical, acoustic emission and fluorescence spectroscopy techniques. 

Studies conducted with a microelectrode using ferricyanide as an electroactive species 

showed that at 1 MHz and 2 W/cm2, current peaks with a rise and fall time of about 30-50 
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ms and 80-120 ms were observed, respectively, which were indicative of transient 

cavitation behavior. Interestingly at higher frequencies (3 MHz), symmetric and oscillatory 

behavior in the current was observed. The rise and fall times were about 3 orders of 

magnitude lower at about 50 μs. This oscillatory behavior in the current at 3 MHz was 

attributed to the presence of stable cavities. Furthermore, hydrophone studies supported the 

microelectrode studies as they showed a reduction of about two orders of magnitude in the 

intensity of transient cavitation as frequency was increased from 1 to 3 MHz. Hydroxyl 

radical (OH•) capture measurements using terephthalate dosimetry corroborated the above 

results as they illustrated an order of magnitude decrease in OH• generation rate at 3 MHz 

compared to 1 MHz. These studies suggest that the use of higher megasonic frequencies 

may be more suitable for damage-free and effective cleaning of patterned surfaces in the 

semiconductor industry.  

In the last part of the dissertation, we investigate the effect of solution parameters 

on cavitation characteristics using a bicarbonate based alkaline chemical cleaning 

formulation that has been previously demonstrated to be beneficial in achieving effective 

megasonic cleaning and low damage. The results of this study revealed that in the presence 

of ammonia (NH3) or carbonate/bicarbonate ions  at concentrations greater than 75 mM or 

200 mM respectively, the measured rate of generation of hydroxyl radicals at 1 MHz and 

2 W/cm2 was significantly reduced. The lower rate of OH  was attributed to scavenging of 

radicals in these solutions and additionally due to reduced transient cavitation in ammonia 

solutions. Hydroxyl radical measurements at higher power density of 8 W/cm2 showed that 

carbonate ions were better scavengers of hydroxyl radicals than bicarbonate ions.  The 
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study on the effect of bulk solution temperature illustrated that the rate of generation of 

OH  increased with increase in temperature from 10 to 30 C suggesting enhanced transient 

cavitation at higher temperatures (in the investigated range). The use of optimum 

concentration of ammonia or carbonates ions in cleaning formulation and bulk solution 

temperature would likely provide desired cleaning with minimum damage.      



14 

CHAPTER 1: INTRODUCTION 

Explanation of the problem and its context 

As the technology node keeps getting smaller, there arises a need to clean the sub-

micron components of a chip with minimal damage. The presence of small particles 

requires increased hydrodynamic flows to be able to lift the particles off the wafer surface. 

With the current cleaning methodologies not capable of efficiently remove contaminants, 

the use of acoustics (megasonics) has been adopted. The significance of this process is that 

the boundary layer is several orders of magnitude lower than conventional technologies 

and provides an advantage for particle removal. A considerable amount of work has been 

performed in this field, and acoustic frequency and power density of 0.8-1 MHz and up to 

7.75 W/cm2 have shown efficient particle removal. As with every technology, there is a 

drawback in using megasonics in that it causes feature damage. The work presented in this 

dissertation focuses on developing technologies and optimizing process parameters to 

ensure damage-free cleaning.      

 One focus of this research work was to develop a low power sono-electrochemical 

technique for cleaning of conductive surfaces. The other goal was to identify and optimize 

parameters such as acoustic frequency, transducer power and solution chemistry. Although 

much research work has been conducted in the lower megasonic frequency range (  

1MHz), there is a lack of fundamental understanding of the effect of higher acoustic 

frequencies and cleaning formulations on cavitation characteristics.  
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The work described in this dissertation employs techniques such as microelectrode 

based chronoamperometry, hydrophone and terephthalate dosimetry to characterize 

cavitation and identify sound field and solution conditions that would be most suitable for 

achieving an effective and damage-free megasonic cleaning process.     
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1.1 Introduction 

The integrated circuit industry has been constantly evolving in order to meet the 

increasing processing (logic devices) and memory (flash, solid state drive) needs of modern 

civilization. Typically the components of an electronic device/chip undergo a series of 

processing steps before being ready for commercial application. It is of utmost importance 

that the components are free of any contaminants/residues that could arise from the 

intermediary processes. Therefore, cleaning becomes imperative in order to ensure that the 

yield of the overall process is satisfactory. The international technology roadmap for 

semiconductors (ITRS) indicates that by the year 2015, for a 450 mm wafer, the killer 

defect density, critical particle diameter and critical particle count should not exceed 0.004 

#/cm2, 12 nm and 14 #/wafer, respectively [1]. These guidelines ensure that the yield and 

therefore the economical effectiveness per wafer is not affected as the technology moves 

towards smaller nodes.   

In his 1965 paper, Moore observed a trend with respect to the number of 

components on a chip as a function of time (years). He postulated that in the time period 

from 1965 to 1975, the number of components per chip would double every year [2]. As 

per his prediction, in the year 1975, about 65,000 transistors were manufactured on a single 

chip. Subsequently, as we started to cram in more number of transistors per unit area, the 

complexity of processing also increased. Having the complexity factor accounted for, 

Moore suggested that beyond the year 1975, the rate of manufacturing of transistors would 

double every two years and that trend has been in effect till date [3]. One of the most 

important factors in determining maximum yield and following Moore’s law would be 
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having efficient cleaning processes. Cleaning is an intermediary step between all 

processing steps and accounts for about 50% of yield losses. Therefore, it is imperative to 

understand yield and its significance in determining the efficiency of the overall 

manufacturing process. On a broad scale, yield is defined as the fraction or percentage of 

wafer that could be utilized for a particular process line. In general, yield losses could occur 

because of (1) parametric issues and (2) defects. Parametric yield loss could arise from 

improper control of operating parameters such as film thickness, improper masking/etching 

and other parametric issues. Defects on the contrary, could be more random in nature and 

could arise due to particles, chemical impurities, contamination from equipment, 

electrostatic discharge and organic residues. Intuitively, the overall yield can be depicted 

by the following formula [4], 

Yoverall = Yline * Ydie * Yassembly * Yfinal test * Yquality   (1) 

Here, the Yline and Ydie predominantly determine the cost effectiveness of the process. Yline 

simply pertains to the ratio of number of wafers processed out in a given time to the number 

of wafers sent in. On the other hand, Ydie refers to the yield of a particular die, taking into 

consideration the defects such as particles, metals, photoresist residues and so on. 

Assembly yield pertains to the ratio of number of modules packaged to the total number of 

modules sent in for packaging [5, 6]. After the chips have been successfully packaged, they 

undergo electrical testing for burnout and reliability and the yield obtained after this step 

corresponds to the final test yield. The final stage of yield evaluation is the quality control 

test where the quality of a batch of samples/dies is tested to ensure they meet the 

requirements of the overall process.  
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Different yield models such as Poisson, Murphy, Seeds, Moore etc. have been 

developed by researchers till date [4]. The simplest model (Poisson) [7] assumes that the 

defects are independent of each other and yield is expressed as, 

Y = (1-G) e-AD       (2) 

where G is the gross fail area, A is the area of the chip and D is the defect density. As the 

formula suggests, the yield could be maintained at a maximum by decreasing either the 

critical area or the defect density. The main drawback of this model is that it considers that 

the occurring defects are independent of each other while in the real case scenario, defects 

tend to cluster. Taking this fact into consideration, the negative binomial model developed 

by Stapper et al. [8, 9] gives a rather reasonable estimate for the yield in the present scenario, 

Ydie = Y0 (1 + n  / ) –      (3) 

where  is the cluster parameter, Y0 is gross yield, ‘n’ is the number of logic circuits and 

‘ ’ is the average number of random faults per logic circuit. For a particular application 

(eg. logic gates), assuming the average gross yield, number of circuits and number of 

random faults are almost constant, the most important parameter to affect yield is the 

cluster parameter ( ). It could be noted that at very high values of ‘ ’ the negative binomial 

model mimics the Poisson model. It essentially means that in the presence of high 

clustering, the yield diminishes rapidly. In the following section, the different types of 

contamination and its reduction will be discussed in the following section.  
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1.2 Contaminants and Cleaning 

Contamination plays an integral role in the IC manufacturing industry. 

Considerable precaution is exercised to avoid contamination by ensuring the use of clean 

equipment, chemicals with minimal impurities and maintaining cleaner environment in the 

vicinity of processing tools. With the rapid progress in technology, there is a more stringent 

requirement for a clean room processing environment. In the early 80’s, a class 100 clean 

room was sufficient for the production of integrated circuits, while the present day scenario 

demands the use of a class 1 clean room, which in essence should not contain more than 1 

particle of size 0.5 μm or greater per ft3 of air [10, 11]. In spite of all the preventive measures, 

contamination can result from the above mentioned sources and disrupt the functioning of 

the chip [11]. For the sake of simplicity, contaminants have been categorized as (1) ionic 

and atomic, (2) particulate and (3) gaseous impurities [12, 13]. Table 1 elucidates the types 

of contaminants and their effects on the wafer.  

Table 1: Types of Contaminants and their effects [14]  

Contaminant type Elements Source Effects 
Ionic and atomic Na+, K+, Ni2+, Co2+, 

Fe, P, B, As, F-, Cl-

, Br-, PO43-, SO42- 

Personnel, 
chemicals, gases, 
processing tools 

Electrical instability 
(gate oxide leakage, 
retention), 
mechanical 
integrity 

Particulate Organic and 
Inorganic 

Dry etch polymers, 
wet process, resist 
strip, chemicals, 
gases 

High resistivity 
contact, short 
circuit, surface 
defectivity 

Gaseous NH3, F, Br, Cl Plasma etch 
process, wet 
process 

Corrosion, 
defectivity of 
masks 
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As shown in Table 1, the presence of these impurities could be deteriorative and the 

removal of these contaminants becomes a prerogative for achieving maximum yield. In 

this section, common chemistries such as standard cleans 1 and 2 (SC-1 & SC-2), Piranha 

and HF and their subsequent effect on cleaning will be discussed. Figure 1 shows a typical 

cleaning sequence used in the semiconductor industry. It is to be noted that every step is 

accompanied by an intermediary DI water rinse. The first step comprises of treating the 

wafer in a sulfuric-peroxide mixture (also known as “piranha”) at elevated temperatures of 

120-150 C. The components of this mixture react (R1) with each other to form Caro’s acid

(H2SO5). Caro’s acid has a high oxidation potential of ~1.8V (vs SHE) [15] and this property 

oxidizes the organics (films or particles) on the surface of the wafer. Following this step, 

the wafer is treated in dilute HF in order to get rid of the oxide formed during the former 

treatment. Since the etch rate of silicon dioxide in 1:10 HF is high (~ 23 nm/min) [16], room 

temperatures are sufficient to achieve complete removal of oxide.  

H2SO4 + H2O2  H2SO5 + H2O (R1) 

Figure 1: Process flow for typical cleaning sequence 

In 1970, two scientists, Kern and Puotinen, working for Radio Corporation of 

America (RCA), developed a novel cleaning chemistry (SC-1 and SC-2) to remove 

H2SO4:H2O2
4:1 to 1:1
120 150 C

HF:H2O
1:10 to 1:50

25 C

SC 1 (NH4OH:H2O2:H2O)
1:1:100 to 1:1:500

70 80 C

SC 2 (HCl:H2O2:H2O)
1:1:100 to 1:1:500

70 80 C
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particulate impurities from silicon surfaces [17]. SC-1 or ammonia-peroxide mixture (NH-

4OH:H2O2:H2O) was used to remove organic particulates from the surface by means of an 

oxidizing/etching reaction. The peroxide in the solution oxidizes the silicon surface (R2) 

while the ammonia helps etch the oxide (R3).  

Si + 2 HO2-  SiO2 + 2 OH-   (R2) 

SiO2 + 4 OH-  SiO44- + 2 H2O  (R3) 

The etching process undercuts the substrate and reduces the van der Waals forces 

holding the particle onto the silicon surface. Nowadays, the industry uses very dilute SC-1 

chemistries (1:100 to 1:500) in order to minimize sacrificial losses. Elevated temperatures 

(70-80 C) ensure the faster reaction rates, thereby reducing the treatment time. The alkaline 

nature of the solution enables the precipitation of metals such as copper, nickel and cobalt. 

Subsequent treatment of the wafer with the SC-2 (HCl:H2O2:H2O) chemistry ensures the 

removal of metals or metal hydroxides under acidic conditions [18]. The operating 

conditions such as concentration, temperature and treatment time are similar to those used 

for SC-1 process. Although these conventional chemistries are effective in surface 

preparation, there are a couple of drawbacks. The primary issue is with the use of chemicals 

since they can also act as a source of contaminants. The other critical concern is the varying 

pH of the treatment chemistry. This change in pH from acidic to basic and vice versa could 

also induce changes to the surface.   
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In order to meet with the developing needs of cleaning sequences, the 

semiconductor industry uses two types of cleaning, (1) immersion and (2) spin/spray [19]. 

As the name suggests, immersion cleaning involves the dipping of wafers in a suitable 

chemistry for a stipulated time. It has been one of the conventional methods to clean a 

batch or cassette of wafers. There are many disadvantages to this method in terms of high 

consumption of chemicals, cross contamination (due to presence of many wafers) and 

constant replenishment of chemicals (eg. H2O2). The other important issue that can arise 

from immersion cleaning is the re-deposition of particles onto the wafer [20], which could 

be overcome by means of having a dynamic cleaning process.  

Spin cleaning has been one of the most efficient methodologies as it provides an 

enhancement in the fluid velocity (hydrodynamic drag) due to the centrifugal forces 

generated. Hattori et al. studied technologies such as single-wafer spin cleaning with 

repetitive use of ozonized water and dilute HF (SCROD) and single-wafer spin cleaning 

using ultra dilute HF/nitrogen jet spray (SCLUD) for effectively removing particulate and 

metallic contaminants from silicon or silicon dioxide surfaces in the 45 nm technology [21, 

22]. The other advantage of this method was that the consumption of DI water and chemicals 

(per 25 wafers) was about an order of magnitude lower than that required for traditional 

RCA clean processes, thereby considerably reducing the costs. However, the use of this 

technology is limited since the thickness of the hydrodynamic boundary layer during 

cleaning is of the order of few hundreds of microns. A sub-micron particle on top of a 

wafer does not experience enough drag forces for its removal, thereby rendering the 

process inefficient. In order to overcome the challenges of conventional hydrodynamic 
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processes, the use of acoustic cleaning techniques (megasonics) has been adopted. The 

principle and importance behind the use of megasonic cleaning is elucidated in the next 

few sections.   

1.3 Hydrodynamic and Acoustic Boundary Layer 

Busnaina et al. [23] have calculated the removal moment  for particles of different 

sizes (0.01-10 m). They establish that in the presence of hydrodynamic flow of about 4 

m/s, only particles greater than 10 μm (dia.) can be removed, whereas in the presence of 

similar flow generated in an acoustic field (P = 7.75 W/cm2, f = 800 kHz), particles as 

small as 50 nm can be removed. This increase in efficiency in an acoustic field was 

attributed to the relatively smaller boundary layer. Boundary layer thickness in a 

hydrodynamic flow ( Hturb) can be estimated by, 

Hturb = 0.16   x (4) 

where,  is the kinematic viscosity of liquid, U is the velocity of liquid and ‘x’ is the 

distance from wafer edge. For water at 20 C, the kinematic viscosity is about 1*10-6 m2/s. 

Assuming a fluid velocity of about 4 m/s at the center of an 8” wafer (x = 4” or 10 cm), the 

boundary layer thickness is about 2500 μm. This high value of Hturb indicates that a 

particle, say 1 μm, on the wafer does not experience the streaming forces whatsoever 

because the velocity at that point will be almost zero. Acoustic boundary layer ( ac) is set 

up due to the interaction of sound waves with the solid boundary and is given by,    
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ac = (5)

Similar calculations indicate that at a frequency of 1 MHz, for a wafer immersed in water, 

the ac is about 0.5 μm which is about more than three orders of magnitude lower than that 

seen in the case of hydrodynamic flow.  

1.4 Acoustic cleaning 

Acoustics has been widely used for a variety of applications such as medicine, food 

industry, semiconductor cleaning and defense, to name a few. This section gives an 

overview of acoustics, the knowledge of which is essential to understand the cleaning 

process of our interest, i.e. megasonic cleaning. An acoustic wave or sound can be 

considered as a waveform that manifests as variations in density in a medium (say air or 

water) [24]. Propagation of sound depends on the inertial and elastic properties of the 

medium. For instance, speed of sound is inversely proportional to the density of the 

medium, or in other words, sound travels about four times faster in water than in air.  

C = (6)

where C, K and  are the speed of sound, bulk modulus and density of sound in the medium, 

respectively. As seen in Figure 2, a sound wave is sinusoidal in nature, wherein it exhibits 

regions of maximum and minimum pressure. Typically, the wave equation can be written 

as [25],  
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       (7) 

Further, solving this equation yields,   

P (x,t) = po sin (  – t + )     (8) 

where po,  and  are the pressure amplitude, angular frequency (  = 2 f) and phase shift. 

For a megasonic wave (1 MHz or 106 cycles/sec) travelling in water, the wavelength ( ) is 

given by,  = c/f and is equal to about 1.5 mm. Due to the presence of liquid, the 

propagating sound wave can undergo loss of energy. This loss or attenuation can be due to 

scattering, absorption or diffraction of the wave. Typically, in solutions consisting of 

suspended particles, the wave can undergo scattering, while absorption is mainly caused 

by the viscosity of the liquid itself. This loss in energy due to absorption is accounted for 

as net motion to the liquid (from conservation of momentum) and gives rise to the 

phenomenon called as “acoustic streaming”. Along with this, there is another significant 

effect that occurs due to the inherent changes in pressure (compressions and rarefactions) 

within an acoustic cycle. The sudden decrease in pressure during the rarefaction cycle 

induces the formation of cavities which undergo time dependent behavior known as 

cavitation.    

2p =
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Figure 2: Schematic showing different types of cavitation 

1.4.1 Acoustic Streaming and Cavitation 

Acoustic streaming can be defined as the time independent fluid flow generated 

due to the attenuation of sound wave [26]. As a result, there is tangential fluid motion near 

the interface boundary and an acoustic boundary layer is formed. This localized streaming 

in turn generates viscous forces in the vicinity of the boundary which are critical in 

breaking weak structures like cell membranes or loosely adhered particles. Streaming can 

be classified into four categories, namely, (1) Eckart streaming, (2) Rayleigh streaming, 

(3) Schlichting streaming and (4) Microstreaming. The first three occur as a result of loss 

of momentum of the propagating wave, while microstreaming occurs due to the presence 

of bubbles that act as a secondary source of sound. Further details of microstreaming are 

given in the next section. Here, a brief description of the other forms of streaming is 

provided. Schlichting streaming or inner boundary streaming occurs within the boundary 

layer ( ) as sound wave interacts with a boundary [27]. A characteristic vorticity or circular 

motion of the fluid is formed within the boundary layer due to the presence of fixed nodes 
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and antinodes. As a consequence of the inner layer vorticity, a counter current outer layer 

motion occurs. This phenomenon was first modeled by Rayleigh and was named Rayleigh 

streaming. Lastly, Eckart streaming or “quartz wind” occurs as a result of dissipation of 

energy into the bulk of the solution instead of boundary. It has been established that the 

dissipated energy varies as a square of the applied frequency, in other words indicating that 

streaming velocities increase as the acoustic frequency is increased. The intention of this 

study is not to delve into the details of these forms of streaming, but a brief understanding 

can be reached by means of the following expression, 

U =  If2 ( )      (9)

Here, ‘U’ is the Eckart streaming velocity (m/s),  is density of liquid (kg/m3), ‘c’ is speed 

of sound in the liquid (m/s), ‘I’ is the power density in W/cm2, ‘f’ is the acoustic frequency 

in Hz, ‘h’ and ‘z’ are the distance between the walls and distance between wall and center 

of transducer. The above expression has been used to calculate the streaming velocity and 

the subsequent drag forces on a particle in section 1.4.4. 

Cavitation or in other words the behavior of cavities of vapor/gas formed due to the 

differences in pressure is an essential part of acoustic fields (Figure 2). It is a phenomenon 

commonly observed in acoustic cleaning in the semiconductor industry, sonolytic 

treatment of waste water, erosion of ship propeller blades and so on. Interestingly, even 

nature has its own example of this process. There exists a species of shrimp, Alpheus 

heterochaelis, otherwise called the snapping shrimp, which generates immense cavitation 

forces [28]. As their name suggests, snapping shrimps generate sound fields in the frequency 
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range of about a few hertz to greater than 200 kHz by means of the pressure gradients 

developed from the extremely rapid closure of its claw. In relation to the present 

dissertation work i.e. acoustics in semiconductor cleaning, it is important to understand the 

process driving the formation of cavities to be able to optimize the cleaning process. Two 

types of cavitation exist, i.e. stable and transient. Stable cavitation pertains to the repeated 

bubble oscillations over many cycles in response to a sound field. Oscillating cavities may 

be resonant or stable in nature. For a 1 MHz field, if a cavity undergoes a single oscillation 

i.e. equilibrium  expansion/contraction  equilibrium  contraction/expansion 

equilibrium position in 1 μs, then it is known to exhibit resonance and is called a resonant 

cavity. Since its response is directly related to the applied field, it is known to be a linear 

effect, while other cavities that do possess an oscillatory behavior but different cycling time 

are known as stable cavities (non-linear). When a cavity undergoes a sudden expansion 

(bigger than resonant radius) followed by a rapid collapse or in other words time dependent 

behavior, it is called as transient cavitation. As a transient cavity collapses, it generates 

rather extreme conditions of temperature (5,000-10,000 K) and pressure (a few hundred 

bars) [29, 30, 31]. 

Removal of particles from semiconductor surfaces could occur as a result of 

streaming forces generated either by stable or transient cavitation. For achieving damage-

free particle removal, it is critical to eliminate transient cavitation because of its extreme 

conditions. In the sections to follow, more details are given with respect to the available 

literature regarding the mechanisms involving particle removal and some preliminary 

calculations to understand the process at megasonic frequencies.  
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1.4.2 Evolution of Bubbles/Cavities in an Acoustic field 

Figure 3 shows the different stages involved in the evolution of bubbles in the 

presence of a sonic field [32]. The evolution process can be broken down into three phases, 

namely, inception, activity and effects thereof. Inception refers to the process of initiating 

the formation of cavities and as shown in Figure 3 depends on the solution chemistry 

(viscosity, dissolved gases, impurities) and operating field parameters (frequency, power 

density, duty cycle). There exists a threshold value of pressure beyond which discernible 

cavitation activity is exhibited. For instance, in pure water containing no nuclei (like 

dissolved gas), about 1300 atm of pressure would be required to overcome the surface 

tension forces of water to initiate a bubble with a radius of 1 nm as shown from the equation 

below.    

       (10) 

Here, Pi is the pressure required to create the cavity. P0 and 2 /R are the atmospheric 

pressure and surface tension pressure. In the real scenario, water consists of dissolved gases 

which act as seeding sites for cavities. Cavities that are typically a few microns [33] in 

radius exist in water, thereby providing a lower threshold for the inception of bubbles. The 

minimum threshold pressure for cavitation inception was determined by Blake and 

indicates the onset of quasistatic growth leading to cavitation for gas bubbles in liquids. 

The importance of freely oscillating stable cavities and microstreaming close to a boundary 

is explained in the following section.  
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Figure 3: Evolution of bubbles in an acoustic field [32] 

1.4.3 Bubble Activity 

1.4.3.1 Resonant bubbles: Minnaert Frequency 

Microstreaming can be described as motion of liquid induced by an oscillating cavity. In 

contrast to other forms of acoustic streaming (Eckart, Rayleigh and Schlichting), 

microstreaming is one of the important factors to be considered for sub-micron particle 

removal. It is important to understand the streaming flows generated by resonant stable 

cavities as they contribute to a large extent to particle removal at higher frequencies. For 

the sake of simplicity, the behavior of a single cavity is considered. As shown in Figure 4, 

the cavity is assumed to have an initial equilibrium radius of Ro and undergoes harmonic 

oscillations about this position when excited. The pulsating resonant bubble [34] oscillates 

with an amplitude of R o and radius (R) at any instant can be written as,   

R = Ro + R (t) = Ro – R oei t (11)



31 

The kinetic energy imparted to the liquid due to the bubble oscillation can be evaluated as 

the integral of the shells from the bubble wall to infinity as given below,  

k =  2 (12) 

For a non-compressible liquid the conservation of mass dictates the following condition,  

/  = R2/r2  (13) 

Substituting (13) in (12) 

k = 2 R3 2        (14) 

The value of kinetic energy would be maximum at the equilibrium position where R= Ro 

and  = i oR oei ot. Therefore, velocity square would be ( oR o)2. Substituting this value 

in the above expression for kinetic energy, we have 

k,max =  m ( oR o)2 (15) 

Mass, m = 4 Ro3  (16) 

Since the maximum kinetic energy of the liquid occurs when the potential energy of the 

bubble is at a maximum, we have,  

p,max = -  = -  (17)

For an ideal gas undergoing an adiabatic change, PgV  = constant. Hence, equating the 

condition at equilibrium to that when the volume of bubble is minimum yields,  

pg (Ro+R )3  = poRo3  (18) 

Taking the ratio of pressures,  

 = (19)
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Applying binomial expansion and ignoring higher order terms, 

po-pg = (20) 

substituting this expression in the integral, 

p,max =  = 6 poRoR o2 (21)

Equating the kinetic and potential energy 

o =   (22) 

The expression indicates that the radius of a resonant oscillating cavity is inversely 

proportional to the applied frequency. Therefore at higher frequencies, the radius of the 

bubble is smaller and the velocity or kinetic energy imparted by the oscillating bubble is 

higher. Greater velocities are imparted by smaller bubbles mainly due to the increase in 

number of oscillation cycles at megasonic frequencies.  

Figure 4: Schematic of pulsating bubble with an oscillation amplitude of R o 
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Further, the tangential velocity (Ur) for a stable bubble was given as [35], 

Ur ~ 2/Ro        (23) 

where  is the angular frequency,  is the displacement amplitude and R0 is the equilibrium 

radius. Hence, for a driving frequency of 1 MHz, the resonant bubble radius will be about 

3μm. For a displacement amplitude of 0.3 μm, the velocity will be about 0.2 m/s. 

Alternately, the velocity (v) of a freely oscillating bubble could be calculated as,  

V = 4R 0/t        (24) 

Therefore, for a 1 MHz acoustic field, where the time period for a single cycle is 1 μs, the 

distance moved per acoustic cycle would be 4R 0. Assuming that R 0 is about 10% of the 

resonant radius, it has a value of 0.3 μm. For a freely oscillating bubble, the value of bubble 

velocity would be about 1.2 m/sec, thereby indicating that the velocity of the surrounding 

fluid will be roughly in the same range as that observed previously. The obvious advantage 

of having a reduced boundary layer (< 0.5 μm) under megasonic frequenices and also 

having enough drag forces created in the vicinity of the adhered particle is that effective 

particle removal is ensured. A mathematical depiction of the removal process is given in 

section 1.4.4.  

 

1.4.3.2 Microstreaming in the presence of a boundary 

Kolb and Nyborg suggested that the microstreaming forces could possibly be 

generated by the interaction of sound with the solid boundary. In an effort to understand 

the effects of microstreaming in the vicinity of a bubble, Elder studied possible factors such 
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as liquid viscosity and pressure amplitude of the acoustic field in a 10 kHz field [36]. In one 

such study, Elder characterized microstreaming for cavitation bubbles near solid 

boundaries [36]. Figure 5 shows the different patterns for fluid flow in the vicinity of a 

bubble adhered to a solid surface. Patterns have been developed for varying kinematic 

viscosities of fluids (0.01-7.48 cm2/sec) by using water-glycol mixtures. For a particular 

fluid (  = 0.01 cm2/sec), as the driving amplitude was increased (Figure 5 (a) to (d)), there 

was discernible change observed in both the direction of fluid motion and also the 

streaming velocity (11 – 60 cm/sec). At low acoustic pressure (~4.4 mbar), little motion 

was observed, while at much higher pressures, the fluid motion transformed from steady 

state (Figure 5 (b) and (c)) to chaotic (Figure 5 (d)). This change in fluid pattern with 

increasing amplitude could be attributed to the lower viscosity of the liquid which makes 

the liquid more prone to shear forces and therefore motion. In retrospect, medium or high 

kinematic viscosity liquids require a greater amplitude of the propagating wave to set the 

particles in motion. Although most of the studies investigated were oriented towards 

applications in the medicine field, knowledge of this phenomenon can help us understand 

similar behavior in semiconductor cleaning. Typical cleaning solutions have a kinematic 

viscosity of about 0.01 cm2/sec (DI water), thus requiring a lower threshold for the 

activation of microstreaming bubbles. The use of higher acoustic frequency (~ 1 MHz) for 

cleaning also provide greater streaming velocities.      



35 
 

 

Figure 5: Cavitation microstreaming patterns under different acoustic conditions 

 

1.4.4 Particle Removal Mechanism 

Although, type of chemical formulations, acoustic frequencies, and types of 

dissolved gases have been known to affect particle removal, the actual mechanism for 

cleaning remains a mystery. Researchers in the past have postulated a number of different 

reasons such as acoustic streaming, cavitation or secondary forces to be the cause for 

disengagement of van der Waals forces, but there has been no certainty in identifying the 

dominant mechanism. Acoustic streaming happens to be one of the contributing 

mechanisms for particle removal for loosely bound particles. The effect of streaming is 

more predominant at higher frequencies owing to the greater viscous attenuation which in 
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turn creates higher streaming rates (~ 10 cm/sec) [37]. Microstreaming, on the other hand, 

is the motion of fluid generated in the vicinity of bubble undergoing oscillations in response 

to an acoustic pressure field. Due to this motion, the liquid exerts significant shear drag on 

particles present and dislodges them. Particle removal could also occur as a result of 

collapsing cavities. When a cavity undergoes an asymmetric collapse (in the presence of a 

solid boundary), it forms a microjet, which could generate velocities as high as 200 m/s 

that could in turn result in both particle removal and damage to the features. Here, an effort 

has been made to peruse the available literature and arrive at a consensus regarding the 

removal mechanism. 

Olim primarily investigated the effect of acoustic streaming on the removal of sub-

micron particles in an acoustic field of ~ 1 MHz [38]. The cavitation effects were believed 

to have little role in particle removal and were neglected. The length ( x) of the acoustic 

wave was calculated to be about 1.5 mm from the formula ‘a/f’, where ‘a’ is the speed of 

sound in water (1500 m/s) and ‘f’ is the frequency (~ 1 MHz) of the propagating wave. 

Since the wavelength is much greater than that of a submicron particle, the pressure 

gradient (dP/dx) was considered to be constant. The megasonic removal force can be 

calculated as,  

Fmeg =  D3        (25) 

where D is the diameter of the particle. The quantity dP/dx needs to be expressed in terms 

of known variables and in order to do so, the following simplifications were taken into 

account. Consider a liquid in the vicinity of a vibrating transducer. As the transducer 



37 
 

oscillates, it generates two effects, namely, propagation of sound wave and compression of 

the surrounding liquid. Assuming the transducer velocity to be ‘ ’, in a time period of t, 

the distance moved is ‘ t’. Similarly, distance travelled by the sound wave is ‘a t’. As 

the transducer moves, the liquid undergoes compression and the average density of the 

compressed liquid is given by, 

 = o         (26) 

where o is the density of the liquid at time t=0. Now, the change in density ( ) is given 

as, 

 =  – o = o       ( ) 

The change in pressure ( P) from the propagation of sound can be written as a2 . By 

substituting equation (27) in the expression, we get 

 =  =         (28) 

The velocity of the transducer ( ) can be written as the product of distance moved i.e. twice 

the amplitude (2A) and the frequency (f).  

 = 2A f        (29) 

Further, the above equations were simplified and it was shown that the removal force varied 

as the square of frequency and cube of the particle diameter (Fmeg ~ f2D3). The importance 

of this expression is that for a frequency of 1MHz, a 1 μm particle experienced a removal 

force of about 10-9 N. For a 1 μm silica particle sitting on silicon wafer in water, the 

adhesion force was calculated to be about 10-9 N, same as the streaming force. This is 

indicative of the fact that megasonic streaming forces are capable of only removing 
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particles greater than a micron in size and particles in the size range of 0.1 μm require the 

use of cleaning chemistries such as SC-1 in combination.  

Kim et al. focused on the effect of hydrodynamic forces on particle removal [39]. 

The adhesion torque of the PSL sub-micron (0.7 to 1 μm) particle was calculated to be in 

the range of 10-4 to 10-2 pN.m taking into consideration the effects of particle deformation. 

The torques due to acoustic pressure gradient and acoustic streaming were about two orders 

of magnitude lower than the adhesion torque indicating that they are not capable of 

removing particles. In contrast, the torque enforced in the vicinity of an oscillating cavity, 

i.e. dynamic pressure gradient torque and interface sweeping torque (~10-3 pN.m), was 

considered to be the primary cause for the detachment of the particle. Kapila et al. 

simulated the effect of Schlichting streaming on the particle removal at a driving frequency 

of 3 MHz [40]. The effect of Eckart streaming was considered to be negligent in the removal 

of 50 nm particles while inner boundary streaming forces (Schlichting) were believed to 

be important. They concluded that streaming forces at 3 MHz are effective for removing 

particles as small as 20 nm, provided the distance of separation between the particle and 

surface is greater than 0.5 nm. All the above investigations have shown acoustic streaming 

to play a very important role, especially at higher frequencies, in the removal of particles.     

A brief analysis of the various types of forces acting on a particle/wafer interface is 

offered to graphically illustrate the importance of acoustic frequency and power density on 

particle removal. As shown in Figure 6, a particle sitting on top of a substrate experiences 

van der Waals (Fa), electrostatic/double layer (Fdl) and gravitational forces (Fg). For 
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consideration of particle removal, the adhesion forces must be overcome by the drag forces 

(Fd), and the moment ratio (MR) calculated thereof needs to be greater than 1.  

MR = [Fd (1.74R - ) + Fdl. a] / (Fa. a)     (30) 

where ‘ ’ refers to the relative approach distance between the particle and substrate and 

‘a’ is the contact radius. Van der Waals forces are those that occur due to the interaction of 

dipoles (either permanent or induced). They are also known as physical forces of 

interaction as they do not involve any covalent or ionic bonds (chemical forces). Van der 

Waals forces are classified into three categories based on the types of dipole interaction, 

(1) Keesom (permanent dipole-permanent dipole interaction), (2) Debye force (permanent 

dipole-induced dipole interaction) and (3) London (induced dipole-induced dipole 

interaction) forces. The expression for van der Waals force of attraction between a 

spherical particle and solid surface, assuming no particle deformation, is given as [41, 42, 

43], 

Fad =          (31) 

where ‘A132’ is the Hamaker constant, ‘R’ is the radius of the sphere and ‘D’ is the distance 

of separation. The negative sign indicates that the force is attractive. Since the interactive 

Hamaker constant (A132) is between a sphere (1) and flat surface (2) in water (3), it could 

be estimated as, 

A132 = A33 + A21 – A32 – A31       (32) 

where Aij (A33, A21, A32 and A31) corresponds to the interaction between two entities and 

is calculated by the geometric mean rule, 
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Aij =         (33) 

A132 = (  -  ) (  -  )     (34) 

For example, the effective Hamaker constant (A132) for a silica particle in water interacting 

with a silica surface can be calculated as 0.15*10-20 J, while values as high as about 0.8*10-

20 J have been reported in literature [40]. The other interactive force that exists at the 

interface is the electrostatic or double layer force (Fe). This force could be attractive or 

repulsive based on the type of solution (pH) used and the nature of the particle and the 

substrate. As a solid surface is immersed in a solution, it acquires a surface charge 

depending on the ions present.  

Fe = RZe- D         (35) 

where ‘ -1’ gives the Debye length of the double layer, ‘Z’ is the interaction constant which 

is similar to the Hamaker constant (A) and ‘D’ pertains to the distance of separation 

between the spherical particle and flat surface. ‘ ’ and ‘Z’ are given as,  

 = (  e2zi2/ 0 kT )½       (36) 

Z = 64 0  (kT/e)2 tanh2 (ze 0/4kT)     (37) 

Here, 0 and  are the permittivity of vacuum and water, respectively. ‘k’ and ‘T’ 

correspond to the Boltzmann constant and temperature. ‘ ’ and ‘zi’ are the bulk 

concentration and valence of the ions in the solution. Having discussed van der Waals and 

electrostatic forces, we now shift focus to the force that is critical in enabling particle 

removal, i.e. drag force (Fd) [44, 45].  

Fd =         (38) 
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where CD, , ui and Ai are the drag coefficient, density of liquid, streaming velocity and 

area of particle, respectively. The drag coefficient for 0.01-10 μm particles can be 

calculated as,  

CD =  (  ) ; 0.04 < Rep < 40     (39) 

Here, Rep refers to the particle Reynolds number and is calculated to be about 0.73 for a 1 

μm particle experiencing an acoustic field of 1 MHz and 4 W/cm2. Particle removal is 

achieved when the applied drag forces (acoustic here) overcome the forces of interaction 

[46]. Figure 7 shows the dependence of removal force on the applied frequency assuming 

electrostatic forces to be negligible. It can be clearly seen that with increase in frequency, 

the drag or removal forces (due to Eckart streaming) on the particle also increase. The force 

of adhesion (Fad) was calculated based on a silica particle sitting on a silica surface in water. 

The Hamaker constant was about 5*10-21 J and the separation between the particle and 

wafer was considered to be 0.4 nm. Depending on the particle size, the Fad varied between 

5*10-8 to 5*10-10 N (10 to 0.1 μm). Therefore, it could be concluded that for removal of a 

0.1 μm particle, an acoustic frequency greater than 2 MHz must be used.   
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Figure 6: Schematic for interactive forces for a particle-solid interface 

 

 

Figure 7: Effect of frequency on removal force for SiO2 particles in water 
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1.5 Effects of Acoustic Bubbles: A Literature Review 

Over time, researchers have come up with novel methods to characterize cavitation. 

Some of them include microelecrode [47-54], sonoluminescence, hydrophone, and 

terephthalate dosimetery.   

  Maisonhaute et al. and Keswani et al. have published a series of papers on 

understanding the bubble activity in both ultrasonic (20 kHz) and megasonic (1 MHz) 

fields using an electrochemical sensor or a microelectrode. [47, 48, 49, 50, 51, 52, 53, 54]. A 

microelectrode typically consists of a platinum/gold wire (working electrode) ranging 

anywhere from 25 μm to 500 μm in diameter. An electroactive species like potassium 

ferricyanide (K3[Fe(CN)6]) or hexaammineruthenium (III) chloride (Ru(NH3)6Cl3) is used 

to detect the mass transfer effects generated by cavities. In the presence of a suitable applied 

potential [47], the ferricyanide ions undergo reduction to form ferrocyanide ions according 

the following reaction.  

Fe(CN)63- + e-  Fe(CN)64- ; E0 = 0.44 V 

Corresponding to the reduction reaction, a steady state diffusion limited current or 

baseline current is observed. On the application of a sound field, the first effect is the shift 

in current. This shift in baseline current has been attributed to the streaming effects 

generated by the acoustic field. On the top of baseline current are also present current peaks 

with lifetimes on the order of milliseconds. Keswani et al. reported rise and fall times of 

current peaks to be in the range of 5-40 ms and 50-120 ms, respectively. By means of a 

diffusion based model, they established that transient collapses occur about 5-10 μm from 
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the electrode surface. The possibility of micro-jetting at 1 MHz was observed to be much 

lower than that at 20 kHz, as indicated by the lower magnitude of current transients (peaks). 

The advantage of using higher frequencies is smaller acoustic boundary layer lower 

transient cavitation, and higher streaming velocities that provide better cleaning efficiency 

and lower damage.   

Maisonhaute et al. observed current transients corresponding to the periodic 

frequency (20 kHz) and other harmonics [47]. Most of their experiments were focused on 

characterizing transient cavitation, and the liquid velocity generated by the collapsing 

cavity was estimated to be about 200 m/s. Under these conditions, about 25-50 bars of 

pressure was realized in the vicinity. This value is a rough estimate for the minimum value 

of stress generated in an ultrasonic field. Actual values, not quantified by experiments here, 

are estimated to be much higher. Therefore, for frequencies below 1 MHz, it was concluded 

that transient cavitation plays a major role in cleaning while having a major drawback in 

the form of pattern damage.  

The other advantage of the microelectrode based chronoamperometric 

characterization is its ability to identify stable/resonant cavities. In their investigations on 

bubbles generated during water reduction at 1 MHz frequency, Keswani et al. showed that 

at duty cycle, pulse time and power density of 10%, 5 ms and 0.5 W/cm2, resonant cavities 

oscillating at fundamental frequency were observed [54]. They also established that under 

these conditions, transient cavitation was completely absent, and they therefore suggested 

the use of these conditions for damage-free cleaning.    
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 Another quantification method used in this work was terephthalate dosimetry [55]. 

In the presence of sonication, severe conditions of temperatures and pressures are generated 

depending on the acoustic frequency. These conditions favor the formation of hydroxyl 

radical (OH•), hydrogen peroxide (H2O2) and other oxidative species. Terephthalic acid 

reacts with OH• to form 2-hydroxyterephthalic acid (2-hTA). Under a suitable excitation 

wavelength (318 nm), 2-hTA exhibits fluorescence at about 425 nm. This method could be 

used to characterize the effect of acoustic frequency on the intensity of transient cavitation 

through measurement of concentration of hydroxyl radicals.  

 

1.6 Literature Review on Cavitation Characterization, Particle Removal and Damage 

Studies 

Considerable amount of research has been done in understanding the effects of cavitation 

on particle removal and feature damage in the frequency range of 0.8-1 MHz. This section 

peruses the available literature to get an insight into the various factors that affect cleaning.  

Kumari et al. conducted a series of fundamental studies on determining the effect 

of dissolved gas content on cavitation in megasonically irradiated solutions [56, 57]. Prior to 

conducting actual damage studies [58], the cavitation phenomenon was characterized by 

means of a cavitation threshold (CT) cell that measures sonoluminescence [56]. It was 

shown that in solutions free of dissolved oxygen (scavenged or degassed solutions) or in 

solutions saturated with CO2 (solubility = 1600 ppm), the sonoluminescence activity was 

minimal even at high transducer power density (~ 4 W/cm2). This finding suggested that 
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transient cavitation was completely suppressed under these conditions, and by regulating 

the concentration of dissolved gas, the damage could be controlled. In comparison, the 

presence of other dissolved gases such as argon, nitrogen and oxygen [57] showed an 

increased (about 5-6 orders of magnitude) intensity of sonoluminescence signal. Having 

ascertained that transient cavitation was minimum in CO2 saturated DI water, damage study 

was pursued on patterned silicon wafers in the MegPie® system (~ 0.925 MHz) [58]. Two 

types of patterned wafers were fabricated for this purpose and the resulting damage to the 

lines after megasonic exposure was characterized using a Field Emission Scanning 

Electron Microscopy (FESEM). Damage study corroborated the sonoluminescence results 

obtained from the CT cell as the damage to the lines decreased with increasing CO2 

concentration. Almost zero damage was observed in CO2 saturated DI water at a power 

density of 2.94 W/cm2.  

 Although the use of dissolved CO2 for damage free cleaning sounds promising, one 

important point to be noted here is the pH of the solution. As CO2 is added to DI water, the 

pH shifts towards more acidic values according to the following equilibrium reactions,  

CO2 + H2O  H2CO3  HCO3- + H+  CO32- + 2H+ 

Typical semiconductor cleaning formulations are alkaline in nature. Hence, an effort was 

made to develop cleaning chemistries that are alkaline and will also have dissolved CO2 

[59]. In this regard, a novel ammonium hydroxide based cleaning chemistry was developed 

in which the concentration of CO2 released could be regulated by means of adjusting the 

concentration of NH4HCO3 (0.3-0.5M) or by bubbling CO2 gas in NH4OH solution.  At a 
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constant pH of 8.2 and power density of 2.94 W/cm2, the pure NH4OH chemistry showed 

maximum damage count (~8000 breakages/mm2) in comparison to the others. This was 

attributed to the very low concentration of CO2 (0.01 ppm) in comparison to about 320 

ppm calculated for 0.5M NH4HCO3/40mM NH4OH solution. Damage observed in 

solutions containing NH4HCO3/NH4OH and NH4HCO3/CO2 was much lower (~ 1000 

breakages/mm2). Han et al. further investigated the effect of alkaline carbonate based 

cleaning solutions on particle removal and damage at an acoustic frequency of ~0.925 MHz 

[60]. There was a marginal increase in PRE of 200 nm SiO2 particles as the pH of the 

solution was varied from 8.2 to 8.5, while the damage count increased by a factor of almost 

three times from about 200 to 600 breakages/mm2 for a 1 min cleaning process. Another 

important result of the study was that cleaning in alkaline solutions was about 30% more 

efficient than in DI water. This could be because of the etching nature of solution, electro-

acoustic effect [61] due to the presence of salts or higher streaming present due to dissolved 

gas (CO2). These authors developed a cleaning method by means of in-situ generation of 

CO2 to achieve damage-free cleaning. An extension to this work for a fundamental 

understanding of cavitation has been provided in this dissertation (Appendix C).        

One of the most detailed studies to date on the characterization of bubble activity 

in a megasonic field for semiconductor cleaning applications has been performed by 

Mertens et al. They have identified the effects of various parameters such as distance of 

wafer from the transducer [62], pulse duration [63], dissolved gas [64], chemistry [65] and 

surface tension [66] on cavitation as well as PRE. It was determined that cleaning efficiency 

is affected by the position of the wafer from the transducer [62]. The change in intensity of 
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the reflected sound field was sinusoidal in nature and had a characteristic length of 1.25 

mm. Interestingly, the PRE trends also followed the trend of the reflected sound field; in 

other words, particle removal was maximum when the intensity of reflected sound was the 

lowest. The effect of cleaning formulation, in the presence and absence of surfactant [66] 

revealed that as the surface tension of the solution was decreased, enhanced particle 

removal along with minimal damage could be achieved. The authors also examined the 

effect of pulse duty (PD) on the cavitation and PRE [63]. For the investigated pulse time 

range of 10 ms to 1 sec (PD) and 25% duty cycle, it was observed that at about 300 ms, the 

cleaning efficiency was maximum (~ 80%). Hydrophone data showed that the cavitation 

signal (ultraharmonics) reached a maximum at about pulse time of 300 ms indicating this 

condition to be optimum for cleaning. 

In all their research work, Busnaina et al. established that particle removal was 

achieved by means of acoustic streaming forces [46, 67, 68, 69]. With an increase in acoustic 

frequency, the acoustic streaming also increased, thereby encouraging the use of 

frequencies greater than 700 kHz for cleaning. Experiments were conducted either in DI 

water or SC-1 under an acoustic field of 760 kHz and removal of polystyrene particles (63 

nm) was investigated as a function of cleaning time [46]. Almost complete particle removal 

was observed in SC-1 solutions after about 2 min of cleaning, while for samples cleaned 

in DI water, the PRE varied with treatment time, and satisfactory removal (>99.8%) was 

observed only after about 4 min of treatment time. This improvement in PRE was also 

attributed to the greater moment ratio (M.R = 1.37) of alkaline pH (~10) of SC-1 which 

provides greater electrostatic repulsion in comparison to DI water (M. R. = 1.2). Since all 
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the above investigation was performed on blanket wafers, a more relevant study on 

patterned wafers was conducted [67]. Polystyrene (PSL) particles of 300 and 800 nm 

diameter were used to contaminate substrates which had 1:4.5 (width:depth) trenches, and 

cleaning was performed in DI water (760 kHz). In this work, PRE was characterized as a 

function of trench depth (0, 100, 200 and 508 μm). It was clearly shown that it was more 

difficult to remove particles from the bottom of the trench due to the mitigated streaming 

effect. In addition, the effect of particle diameter revealed that it was easier to remove 

bigger particles (800 nm). Further computational fluid dynamic (CFD) modeling of particle 

movement inside the trench showed that they undergo random oscillatory motion before 

coming out of the trench. In an effort to address the issue of removing particles smaller 

than 200 nm, Busnaina et al. published another study in 2010 [69]. Here, the effects of 

trench width, transducer power and cleaning time were investigated. The aspect ratios of 

the trenches were maintained constant (1:1). As the size of trench was decreased to about 

200 nm, it was evident that only about 20% PRE was observed even at 7.75 W/cm2 (100% 

megasonic power) and 8 min of cleaning. This study showed that megasonic cleaning 

process for trenches with small widths is ineffective. One of the important goals of this 

dissertation is to address this issue by developing a sono-electrochemical technique that 

generates localized microstreaming forces in close vicinity of a solid boundary (Appendix 

A).  

Shende et al. conducted a series of studies to characterize cavitation and determine 

optimal conditions for cleaning photomasks [70, 71, 72, 73]. Experiments were conducted at 

varying powers (100, 300 and 500 W) in different cleaning solutions such as DI water, 
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dilute SC-1 (1: 1: 100), dilute SC-2 (1:1:100), dilute NH4OH (1:100) and dilute HCl 

(1:100) [70]. In an attempt to understand the effect of megasonic frequencies (1, 2, 3 and 4 

MHz) and dissolved gases (H2, Ar, CO2), cavitation and damage studies were conducted 

on phase shift masks (PSM) with aspect ratios of 1.8:1 [71, 72, 73]. As expected, the cavitation 

energy and sonoluminescence intensity decreased with increasing frequency from 1 to 4 

MHz [71]. At a given frequency (<4 MHz), it was observed that the amount of acoustic 

energy generated in H2 saturated solutions was relatively lower than that in Ar-DI, CO2-

DI, SC-1 and NH4OH-DI solutions. Although, the authors do not explain the fundamental 

reason behind this behavior, it appears [74] that since the diffusivity of H2 is greater than 

other gases, it could cause dispersion of the sound field. Damage studies showed that 

considerable damage was seen in the presence of Ar, H2 and NH4OH in the solution.         

The effect of different chemical formulations on particle removal and damage [74, 

75, 76] was studied by Park et al. Particle removal studies were conducted at an acoustic 

frequency of 1 MHz on wafers contaminated with 0.1-10 μm Si3N4 particles in different 

cleaning solutions. Their primary focus was to evaluate cleaning in H2-DI water solution 

and its efficiency in comparison to other chemistries. The results showed that alkaline DI 

water (pH ~ 9) saturated with H2 showed maximum PRE (~97%). In a more recent study, 

the effects of different dissolved gases such as H2, N2, O2 and Ar on PRE were investigated 

[76]. The study showed a very interesting trend with respect to the type and concentration 

of dissolved gases on PRE. It was observed that H2-DI water solution showed the greatest 

efficiency in cleaning in comparison to other solutions. Although the solubility of H2 in 

water was very poor (~ 1.6 ppm), the superior PRE was attributed to its greater diffusivity 
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into the cavity. From Table 2 it could be seen that Ar has a much greater solubility and 

polytropic index than other gases but H2 exhibits the highest diffusivity. The drawback of 

using dissolved H2 was that the damage observed was about an order of magnitude greater 

than that seen in other solutions. Helium, which has a diffusivity of about 6.8*10-5 cm2/sec 

[77] and polytropic index of about 1.7, would likely be more beneficial in terms of achieving 

high PRE with low damage.       

Table 2: Properties of dissolved gases in DI water [76, 78] 

Gas Property @ STP H2 N2 O2 Ar 

Solubility in water (ppm) 1.6 18.4 40.7 56 

Diffusivity (105 cm2/s) 5.1 2 2.4 2.5 

Polytropic Index 1.4 1.4 1.4  1.7 
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Explanation of the dissertation format 

 This dissertation has been written according to the formatting guidelines listed by 

the Graduate College at the University of Arizona. The work consists of three chapters 

describing the background information (Chapter I), summary (Chapter II) and scope of the 

research (Chapter III), while publications have been included under three separate 

appendices. Apart from the three publications on semiconductor cleaning applications, I 

have published two papers in the field of 3D packaging for integrated circuits (Appendix 

D and E), a book chapter (Appendix F) on megasonic cleaning. The details of Appendix 

D, E and F will not be discussed as it is beyond the scope of this dissertation. This section 

summarizes my contributions to each and every publication.  

 Appendix A. A Sono-electrochemical Technique for Enhanced Particle 

Removal from Tantalum Surfaces. The idea behind using a combinative technique of 

megasonics and electrochemical reduction of water to generate in-situ microstreaming was 

conceived by Dr. Manish Keswani. I conducted the required experiments i.e. 

electrochemical characterizations, particle removal experiments and microscopic analysis 

for the project. Dr. Zhenxing Han trained me on the MegBowl © and optical microscope. I 

also wrote the manuscript which was further reviewed and edited by Dr. Manish Keswani, 

Dr. Srini Raghavan and Dr. Pierre Deymier. The manuscript was submitted to the 

Electrochemical Society Solid State Letters and was published in March 2014.  

 Appendix B. Characterization of Stable and Transient Cavitation in 

Megasonically Irradiated Aqueous Solutions. The idea behind fundamentally 
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characterizing cavitation at higher megasonic frequencies had always been of an interest 

to our research group. In this work, I conducted the microelectrode, hydrophone and 

hydroxyl radical capture studies. Fluorescence spectroscopy measurements, to characterize 

OH•, were carried out in the ALEC facility at the University of Arizona. Mingrui Zhao 

helped me with some of the OH• capture experiments. The work was presented in the 

Surface Preparation and Cleaning Conference in Austin 2014. Following this, the research 

was submitted as a paper in the Microelectronic Engineering journal. The manuscript was 

written by me and Dr. Manish Keswani reviewed the article and made changes. The article 

was published in February 2015. 

 Appendix C. Role of Ammonia and Carbonates in Scavenging Hydroxyl 

Radicals Generated During Megasonic Irradiation of Wafer Cleaning Solutions. The 

effect of cleaning solution chemistry and acoustic parameters was investigated in the study. 

I conducted the microelectrode measurements for understanding the effect of different 

alkaline chemistries on cavitation characteristics. Mingrui Zhao helped with the OH• 

capture experiments. The manuscript for this research work was written by me and 

reviewed by Dr. Manish Keswani. Dr. Srini Raghavan also provided comments. It was 

submitted to the Microelectronic Engineering journal and was later accepted in November 

2014.    
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CHAPTER 2: SUMMARY OF THE CURRENT STUDY 

 This chapter gives a brief insight into each study, while the methods and results and 

discussion are discussed in detail in the appendices (Appendix, A, B and C).  

Appendix A. A Sono-electrochemical Technique for Enhanced Particle 

Removal from Tantalum Surfaces. This publication describes the development of a novel 

sono-electrochemical technique that utilizes low power density (0.5 W/cm2) and duty cycle 

(10% d.c., 5 ms pulse time) to achieve efficient particle removal. From microelectrode 

studies, it was observed that at conditions of 1 MHz, 2W/cm2, 10% d.c. and 5 ms pulse 

time and in the presence of an applied potential of -2V (vs Pt), a behavior characteristic to 

that of stable cavitation was seen. The reason for application of potential was to 

electrochemically reduce water to form hydrogen bubbles in the vicinity of the working 

electrode. Further it was observed that at higher duty cycles this behavior was absent. It 

was hypothesized that under above conditions, there existed a possibility of achieving 

cleaning conditions that rely solely on the microstreaming forces generated by stable 

cavitation of hydrogen bubbles. This effect was verified through particle removal 

experiments conducted on silicon wafers with conductive (Ta) surfaces in presence and 

absence of applied electrical fields. In order to develop a damage-free cleaning process, the 

transducer power density was restricted to about 0.5 W/cm2 and duty cycle and pulse time 

to 10 % and 5 ms respectively. Preliminary studies indicated that the combinative process 

(megasonic + electrical field) was at least 20% more effective (and as much as 75 %) than 

conventional megasonic cleaning for 300 nm SiO2 particles. Further, complete removal of 

particles were seen in argon saturated DI water at -2 V (vs Ag/AgCl), while similar effect 
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was seen at lower potential (-1.5 V, vs Ag/AgCl) in 10 mM KCl solutions. Another 

observation was that the presence of dissolved argon increased PRE by about 25% in 

comparison to that in air containing solutions.     

Appendix B. Characterization of Stable and Transient Cavitation in 

Megasonically Irradiated Aqueous Solutions. This study was conducted to understand 

cavitation behavior at higher megasonic frequencies (  1 MHz). It was important to 

understand cavitation and determine acoustic conditions that could effectively yield good 

particle removal with minimal pattern damage. It was shown from microelectrode studies 

that as the operating acoustic frequency was increased from 1 MHz to 3 MHz, the 

chronoamperometry current indicated a shift in behavior from transient cavitation to stable 

cavitation. As for transient cavitation at 1 MHz, typical current characteristics i.e. peak rise 

and fall times in the order of a few milliseconds were observed, while peak lifetimes at 

higher frequencies were about three orders of magnitude lower (~ 50 μs). Subsequent 

hydrophone studies to characterize bubble activity also complimented the results observed 

from microelectrode studies, wherein the intensity of transient cavitation field significantly 

(~ two orders in magnitude) decreased at higher frequency. Finally, OH• capture also 

corroborated with the fact that the intensity of transient cavitation was about an order of 

magnitude lower at 3 MHz compared to 1 MHz. This study provides evidence that stable 

cavitation is predominant at higher megasonic frequencies while transient cavitation is 

prevalent at lower megasonic frequencies.    

 Appendix C. Role of Ammonia and Carbonates in Scavenging Hydroxyl 

Radicals Generated During Megasonic Irradiation of Wafer Cleaning Solutions. In 
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this work, the effect of different alkaline carbonate formulations on transient cavitation and 

scavenging of hydroxyl radicals was investigated. First, the effect of addition of ammonia 

to DI water was studied. As the concentration of added ammonia was increased from 

1:100,000 to 1:100 (NH4OH(29%):DI by volume), the concentration of OH• generated 

decreased from 0.17 μM/min to almost zero. This behavior was attributed to the scavenging 

of OH• by ammonia . We also illustrate from microelectrode studies that in DI water, 

significant level of transient cavitation was observed  while it was almost absent in 1:100 

NH4OH solutions . This was probably due to high solubility of ammonia in water, which 

may be cushioning the collapse of imploding cavities and reducing the transient cavitation. 

Further, studies on the effect of carbonates and bicarbonates in alkaline sodium bicarbonate 

solutions revealed that higher pH favored the scavenging of OH•. As the pH was increased 

from 8.6 to 12.4, the OH• generation rate decreased by an order of magnitude from 0.013 

μM/min to 0.001 μM/min. From equilibrium calculations, it was shown that at higher pH, 

the solution predominantly consisted of CO32- (0.2M) ions, which acted as effective 

scavengers of hydroxyl radicals. The combined effect of both ammonia and carbonate at 

weakly alkaline pH (~ 8.8) solutions also resulted in a significantly reduced generation rate 

(~ 0.001 μM/min) of OH• . Lastly, the effect of bulk solution temperature was examined 

and results indicated that the intensity of transient cavitation increased with increase in 

temperature from 10 to 30 C.     

 

 



57 
 

CHAPTER 3: CONCLUSIONS AND FUTURE WORK 

 This dissertation presents the development of a new cleaning methodology as well 

as a detailed fundamental study on optimizing cleaning conditions for a damage-free 

megasonic process. The use of the novel sono-electrochemical technique on conductive 

surfaces enables effective particle removal at low power densities of 0.5 W/cm2 (10% d.c. 

and 5 ms pulse time). Through proper control of applied electrical field (-1.5 or -2 V, vs 

Ag/AgCl) and optimization of solution chemistry (air or Ar saturated DI water or 10 mM 

KCl solution), complete particle removal can be achieved. Although only particle removal 

studies were conducted as a part of this study, from microelectrode investigations it can be 

construed that under these cleaning conditions, damage from transient cavity collapse 

could be significantly minimized.  

 Fundamental studies on the effect of acoustic frequency (1-3 MHz) on cleaning 

indicated that at higher frequencies of ~ 3 MHz, stable cavitation was significant and 

transient cavitation was absent. This reflects that damage to the fragile features could be 

significantly reduced at 3 MHz. Further, higher megasonic frequencies offer the benefit of 

smaller acoustic boundary layer and higher streaming velocities, which enable enhanced 

particle removal through higher drag forces. The presence of ammonia or carbonates or 

both in wafer cleaning solutions can cause a marked decrease in OH• generation rate. Since 

OH• is highly reactive oxidizing radical, its presence could adversely affect the wafer 

surface. Therefore, scavenging of the OH• may be important in being able to achieve 

damage-free cleaning of specific surfaces (e.g. metals). In the future, suitable damage 
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studies should be conducted to determine the feasibility of the process for practical 

applications.       
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A Sono-Electrochemical Technique for Enhanced Particle Removal
from Tantalum Surfaces
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Low power megasonics is of interest to semiconductor cleaning community due to minimal feature damage. In this work, megasonic
field at low power density in conjunction with electrochemistry is used for enhanced removal of silica particles from tantalum wafers.
Cleaning studies were conducted in air or argon saturated aqueous solutions at 0.5W/cm2 in the absence and presence of applied
potentials of−1.5 V or−2.0 V to tantalum (vs Ag/AgCl). The improvement in particle removal efficiency is attributed to oscillating
hydrogen bubbles formed from water reduction in vicinity of tantalum surface and grown to a resonant size under suitable acoustic
conditions.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.008404ssl] All rights reserved.
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Moore’s law dictates that the number of transistors on a chip should
double every two years. As the demand for number of transistors on
the chip increases, the cleaning requirements become more and more
stringent due to the decreasing size of the features. With the ad-
vent of megasonic cleaning processes in the late 70’s, researchers at
RCA labs1,2 created a breakthrough in identifying a new and power-
ful technique that could meet the growing cleaning requirements. The
principle behind using a megasonic field was that it could significantly
enhance particle removal by means of physical forces generated as a
result of acoustic streaming and cavitation. Acoustic streaming refers
to a steady flow of fluid generated by viscous attenuation of the sound
waves whereas cavitation is the phenomenon in which bubbles either
oscillate over several cycles (stable cavitation) or collapse typically
in less than a few cycles (transient cavitation). Although, both sta-
ble and transient cavitation aid in the removal of particles through
microstreaming and shock waves/microjet formation respectively, the
disadvantage of exploiting transient cavitation for cleaning is that it
causes significant damage to thin and fragile features. Over the years,
megasonic cleaning processes in semiconductor industry have con-
stantly evolved through investigations of various parameters such as
cleaning chemistries, dissolved gases,3 sound field frequency,4 trans-
ducer power density, particulate contaminant size and aspect ratio of
trenches5,6 on particle removal efficiency.
Karimi et al.5 studied the removal of polystyrene latex (PSL)

nanoparticles frommicrometer and sub-micrometer size trenches with
aspect ratio of 1, by varying the megasonic power and cleaning time.
It was shown that at ∼1 MHz sound frequency and 8 W/cm2 of
megasonic power density, the removal efficiency of polystyrene latex
particles reduced from ∼95 to 25% as the trench width decreased
from 2 to 0.2 μm. The results also indicated that particle removal effi-
ciency was more sensitive to megasonic power density than cleaning
time and decreased significantly as megasonic power was reduced.
Although, by using elevated levels of megasonic power density, sig-
nificant particle removal can be achieved, higher power density also
results in damage to fragile features.9

From the use of traditional ammonia-peroxide mixture (APM)1

for particle removal to chemistries employing salts, dissolved gases,
surfactants and solvents have been discussed in detail by researchers
till date.5–8 Keswani et al.8 have shown that the presence of a simple
electrolyte such as KCl could enhance PRE in a megasonic field. This
enhancement in PRE was attributed to a combined effect of electroa-
coustic forces and increased cavitation generated due to the propaga-
tion of sound waves in an ionic solution. It was shown that electro-
acoustic forces dominated at lower concentrations of KCl (≤0.01M)
while at higher concentrations, forces due to cavitation in addition to
electroacoustic forces aided in particle removal.

∗Electrochemical Society Student Member.
∗∗Electrochemical Society Active Member.
zE-mail: manishk@email.arizona.edu

Other authors have established that the presence of dissolved gases
assists in not only increasing the particle removal efficiency but also
in reducing damage caused to the small features.3,9 Hagimoto et al.3

showed that cleaning efficiency and damage depends on concentra-
tions of dissolved gases such as N2, O2 and CO2 in conventional APM
mixtures. At transducer powers of 200 and 600 W, a significant num-
ber of pattern collapses (∼200 counts) and lower PRE (<50%) was
measured for low concentrations of dissolved N2 (2 ppm) and O2 (5
ppm). When higher concentrations of N2 (16 ppm) and O2 (20 ppm)
were used, negligible pattern collapses and higher PRE (>70%) were
observed. They attributed enhanced cleaning and reduced damage to
the cushioning effect provided by dissolved gases at higher concentra-
tions. Kumari et al. conducted a systematic study on damage to high-k
metal gate test structures (consisting of HfO2/AlO, TiN and Si layers)
in air or CO2 containing DI water for a range of transducer power
densities (0–3 W/cm2) at 0.93 MHz of megasonic frequency.9 The
study revealed that breakage of lines was a strong function of power
density and type of gas dissolved. Other studies have directed their
efforts on optimizing the megasonic process for maximum cleaning
performance and lowering damage by controlling the amount and type
of dissolved gas in the cleaning solution and modulating the power
density.10,11 In order to be able to continue the use of megasonic tech-
nology for wafer and mask cleaning, it is essential to identify new
cleaning mechanisms that will allow enhanced particle removal at
lower power densities from different surfaces used in silicon industry.
Although various megasonic cleaning methods have exploited op-

timization of parameters like cleaning chemistries and use of elec-
trolyte/dissolved gases,9 they all demand high power densities of up
to 5 W/cm2 for achieving effective particle removal. Unfortunately,
use of high power densities also causes damage to features. Therefore,
there still exists a need for a megasonic cleaning technology that can
achieve high particle removal at low power densities. In the current pa-
per, a novel sono-electrochemistry based technique has been shown to
be effective in improving the removal of silica particles from tantalum
surface at a low power density of 0.5W/cm2. The choice of percent
duty cycle of 10% for pulse time of 5 ms and megasonic frequency
of ∼1 MHz was based on the previous work of the authors where it
was shown that stable hydrogen bubbles of resonating size oscillating
with high amplitude and generating strong microstreaming forces are
formed in close vicinity of a solid conductive surface under suitable
electrochemical and megasonic conditions.12 Microstreaming force
in the vicinity of surfaces can be extremely beneficial in removing
particulate contamination and achieving high cleaning efficiency at
low megasonic power densities.

Materials and Methods

Deionized water of 18 M�-cm resistivity was used for all exper-
iments. Semiconductor grade isopropyl alcohol (IPA) was purchased
fromSigmaAldrich Inc.VLSI grade ammoniumhydroxide (NH4OH),
hydrogen peroxide (H2O2) and hydrofluoric acid (HF) were purchased
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Figure 1. Experimental setup for (a) elec-
trochemical measurements and (b) cleaning
experiments.

from Honeywell Inc. BioXtra grade (>99%) potassium chloride was
procured from Sigma Aldrich Inc. Silica microspheres (10%, wt.) of
mean size 300 nm were obtained from Polysciences Inc. Tantalum
films (400 nm) deposited onto 2′′ p-type doped blanket silicon wafers
(5–10 m�-cm) were procured from Addison Engineering Inc. Plat-
inum foil (99.999%) used as counter electrode was purchased from
Alfa-Aesar. Standard Ag/AgCl (sat KCl) electrode was used as refer-
ence. Ultra high purity argon (99.999%) gas was used to deoxygenate
the DI water/KCl solutions used in experiments.
Pre-cleaning of the Ta films was performed using IPA for 1 min,

followed by SC-1 (1: 1: 50) and HF (1:100) treatments for about 5 min
and 30 seconds, respectively. For the electrochemical experiments, the
Ta samples were diced into 1× 1 cm size to accommodate them in the
dip cell made of Teflon, as shown in Figure 1a. The electrochemical
setup consisted of a glass vessel (∼250 mL) sealed with a rubber stop-
per with provision for inserting the electrodes (Fig. 1a). The working
electrode, reference electrode (Ag/AgCl, sat KCl), counter electrode
(Pt foil) and the pipette (for Ar bubbling) were inserted through the
holes in the rubber stopper. Contact to the Ta face was established by
means of gallium-indium eutectic coating on the silicon side. The Ar
bubbling was performed for 30 min to remove dissolved oxygen and a
blanket of the gas was maintained above the liquid surface just prior to
the experiment. Electrochemical experiments were performed using a
potentiostat Gamry Interface 1000. Cathodic polarization experiments
were carried out at a scan rate 1 mV/sec.
For cleaning experiments, the Ta surface was contaminated by dis-

pensing 1 mL of the sonicated 300 nm silica microsphere (0.001%,
wt.) dispersion of pH 5.8 onto the rotating sample. Zetasizer nano ZS
(Malvern Instruments) was used to determine the mean particle size
and zeta potential of SiO2 particles in DI water. The measured parti-
cle size and zeta potential were about 293 ± 25 nm and −51.2mV,
respectively. The blanket Ta wafer was viewed and imaged under the
microscope (Leica DM 4000 M) before and after contamination and
after cleaning. The particles were counted by using ImageJ software.
After counting the number of particles deposited, the samples were
aged for about 24 hours. PRE studies were then conducted the fol-
lowing day by varying the different process parameters for constant
cleaning time of 60 s. Figure 2 shows an example of microscope im-

ages of Ta surface at 500x magnification before contamination, after
contamination and after cleaning under specific condition. The num-
ber of particles as counted using the ImageJ was zero, 150 and 65,
respectively on the measured area of 0.02 (0.14 × 0.14) mm2.
The setup for PRE experiments is shown in Figure 1b. For all

megasonic experiments, the power density, duty cycle and pulse period
were fixed at 0.5W/cm2, 10% and 5ms, respectively. The values for
these parameters were adjusted based on the settings provided by
the megasonic tool manufacturer. The sound field was assumed to
be uniform across the entire sample surface during cleaning. The
electrochemical potential was applied by means of Agilent 33250 A
wave generator shown in Figure 1b.

Results and Discussion

In the first step, cathodic polarization experiments were performed
to identify the range of potential where water reduction occurs to form
hydrogen gas. Based on these measurements, a suitable potential con-
ditionwas identified and used later inmegasonic cleaning experiments
to determine its effect on removal of particles from Ta surface.

Cathodic polarization.— In Figure 3, the cathodic polarization
of Ta film in deoxygenated DI water and 10 mM KCl solution is
displayed. From this plot, it can be seen that the open circuit potential
of Ta in either of the solutions was about −0.35 V (vs Ag/AgCl).
As the potential is scanned in the negative direction for deoxygenated
solutions, the current density initially increases slowly and then attains
a limiting value in the potential range of−0.5 and−1.0V.This limiting
current density was not observed for aerated solutions. After about
−1 V (vs Ag/AgCl) the current density increases more prominently
until about −2 V (vs Ag/AgCl) possibly indicating the reduction of
water according to the following reaction,

2H2O(l) + 2e− → H2(g) + 2OH−
(aq.); E◦ = −0.83V

It can also be seen that in the potential range of −1 to −2 V, the
slope of the current density curve for 10 mM KCl solution is greater
than that for pure DI water. This is indicative of the fact that there

(a) (b) (c)

Figure 2. Microscope images of Ta sample (a) before contamination with SiO2 particles, (b) after SiO2 contamination (∼150 particles) and (c) after cleaning
(∼65 particles).
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Figure 3. Cathodic polarization plots for Ta deposited Si wafers in (a) deoxygenated and aerated DI water and (b) deoxygenated and aerated 10 mMKCl solution,
Scan rate = 1 mV/sec.

is likely a greater generation of H2 owing to the greater conductivity
of the KCl solution. Therefore, from the cathodic polarization plot,
the favorable conditions for performing particle removal studies were
considered to be in the potential range of −1 to −2 V (vs Ag/AgCl).
Further, since no significant difference in current density was mea-
sured in −1 to −2 V potential range for aerated solutions with and
without iR compensation, all cleaning experiments were conducted
without any iR compensation.

Particle removal studies.— The SiO2 contaminated Tawaferswere
subjected to a series of cleaning experiments wherein the effect of
various parameters such as dissolved gases (Ar and air), power density
(0.5W/cm2) and applied potential (−1.5 V and −2 V, vs Ag/AgCl)
were investigated and the results obtained are discussed below.
Figure 4a shows a plot of particle removal efficiency under differ-

ent cleaning conditions. The power density was fixed at a low value
of 0.5W/cm2 and the applied potential was −1.5 V (vs Ag/AgCl).
The reason for having the duty cycle of only 10% at 5 ms was two
fold. The first reason is based on our previous experiments where it
was shown that under these conditions of applied negative potential
and duty cycle, hydrogen bubbles that are formed close to the conduc-
tive surface grow to a resonant size of 7 μm and generate significant
microstreaming forces.12 Secondly, low duty cycle of 10% for pulse
time of 5 ms significantly reduces the occurrence of transient cavi-
tation that is known to cause damage to features during megasonic
cleaning.13 From Figure 4a, it can be seen that for Ta wafers in the
presence of a megasonic field, the PRE in the absence and presence
of an applied potential was about 55% and 75%, respectively in Ar
saturated DI water. This increase in PRE can be explained as follows.
When a potential of−1.5 V (vs Ag/AgCl) is applied to the Ta surface,
hydrogen gas is generated in-situ due to the reduction of water. In the

presence of megasonic field, hydrogen gas is stabilized in the form of
oscillating bubbles in close vicinity of the Ta surface. The higher PRE
is most likely an effect of significant microstreaming resulting from
these oscillating hydrogen bubbles. The same effect was observed in
the case of DI water saturated with air.
In may also be noticed from Figure 4a that the PRE in Ar saturated

water was higher by 25% than that in air saturated water under the
applied potential condition. It is known that intensity of transient cav-
ity collapse is higher in Ar saturated solution than that in air saturated
solution.14 This is because of the higher value of the polytropic index
(ratio of specific heat at constant pressure to that at constant volume)
of argon (1.67) compared to that of air (1.4). The increase in PREmay
possibly be attributed to slightly higher intensity of transient cavita-
tion in Ar saturated solution, which adds to the removal of particles
due to the microstreaming effect. When the experiments were carried
out in megasonic irradiated 10 mM KCl solutions saturated with Ar,
the PREs in the absence and presence of applied potential of −1.5 V
(vs Ag/AgCl) were∼75 and 95%, respectively. The enhanced particle
removal is likely due to the electro-acoustic effect8 that originates in
the presence of an electrolyte and higher generation of hydrogen gas
(compared to that in DI water) when the potential (−1.5 V) is applied.
Figure 5 shows the comparison of particle removal efficiencies in

Ar saturated DI water when a more negative potential of −2 V (vs
Ag/AgCl) was applied both in the absence and presence of a mega-
sonic field (0.5W/cm2, 10% duty cycle). Particle removal efficiency
as high as 98% was achieved in the presence of applied potential of
−2 V (vs Ag/AgCl) and low energy megasonic field clearly demon-
strating the usefulness of this work in cleaning of patterned wafers.
The reason for increase in PREwith increase in applied potential from
−1.5 to 2.0 V (vs Ag/AgCl) for Ar saturated (deoxygenated) DI water
is due to higher generation of hydrogen gas (and the corresponding
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Figure 4. Particle removal efficiency of SiO2 particles from tantalum blanket wafers in deoxygenated (a) DI water and (b) 10 mM KCl solution; Power density
= 0.5W/cm2 at 10% duty cycle, electrochemical potential = −1.5 V (vs Ag/AgCl).
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Figure 5. Effect of higher applied potential (−2 V, vs Ag/AgCl) on PRE,
Power density = 0.5W/cm2, Duty cycle = 10%, Ar saturated DI water.

level of microstreaming) as indicated by an order of magnitude higher
current at −2.0 V compared to that at −1.5 V (Figure 3a).

Conclusions

Anovel sono-electrochemistry based techniquewas found to be ef-
fective in enhanced removal of silica particles from tantalumdeposited
silicon wafers. Particle removal efficiency of ∼98% was achieved in
Ar saturated DI water irradiated with low megasonic power density
and duty cycle of 0.5W/cm2 and 10% respectively under applied po-
tential of −2.0 V (vs AgCl). The technique will be of significant
advantage in megasonic cleaning of conductive surfaces on patterned
wafers without any feature damage.
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a b s t r a c t

Megasonic cleaning is routinely used for removal of particulate contaminants from various surfaces in
integrated circuit industry. One of the drawbacks of megasonic cleaning is that although it can achieve
good particle removal efficiencies at high power densities, it also causes feature damage. The current
paradigm is that damage is primarily caused by transient cavitation whereas cleaning is affected by
streaming and stable cavitation. In order to develop a damage-free and effective megasonic cleaning
process, it is essential to understand the acoustic bubble behavior and identify conditions that generate
significant stable cavitation without any transient cavitation. In the current work, microelectrode based
chronoamperometry, pressure measurements using a hydrophone and fluorescence spectroscopy studies
were conducted under different acoustic frequencies (1–3 MHz) and power densities (2–8 W/cm2) to
fundamentally investigate the type of cavitation produced under these conditions and also establish a
correlation to the generation of hydroxyl radicals for characterization of transient cavitation.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Megasonic cleaning has been widely used in the integrated cir-
cuit (IC) industry as an intermediary step for surface preparation of
processes such as thin film deposition, etching, chemical mechan-
ical planarization (CMP), lithography and others [1]. As the tech-
nology node in the semiconductor industry moves towards
smaller sizes, the demand for efficient megasonic cleaning pro-
cesses that can effectively remove particles with minimum damage
arises. Considerable work has been done on fundamentally
characterizing the cavitation behavior at frequencies in the range
of about 0.8–1 MHz [2–5]. Kumari et al. [2] conducted damage
studies on two types of patterned substrates (array of lines of high
k-metal gate stacks on silicon and poly-Si lines on silicon) at a
frequency of about 0.925 MHz by varying the power density
(0.15–2.94 W/cm2) and amount of dissolved CO2 (0.5–1035 ppm).
For both structures, it was observed that there was significant
damage observed in air saturated solutions while CO2 saturated
solutions (1035 ppm CO2 in DI water) showed minimal damage.
The authors hypothesized that CO2 due to its higher solubility than
air diffuses into the cavity in higher amounts and cushions the

collapse, which significantly suppresses transient cavitation. In
another study on investigating the role of various dissolved gases
(Ar, N2, CO2) on transient cavitation at �1 MHz sound field using
high time resolution cyclic voltammetry studies, it was illustrated
that the frequency of occurrence and intensity of transient cavita-
tion was lowest in CO2 containing aqueous solutions and highest in
Ar saturated solutions [3]. Kang et al. [4] conducted particle
removal and damage studies on patterned photoresist and polysil-
icon structures at operating frequency of �0.8 MHz in DI water
solutions containing different concentrations of dissolved gases
(Ar, O2, N2 and H2). The operating power was maintained constant
at 70% of the maximum value. They showed that as the partial
pressure of the dissolved gases increased, the particle removal effi-
ciency and the number of damaged structures also increased.
These studies emphasize the importance of dissolved gases on cav-
itation activity. It is generally believed [6] that the intensity of
transient cavitation is much lower at higher acoustic frequencies
and may offer a viable solution to damage-free and effective clean-
ing. Although there are several reported studies on particle
removal, feature damage and the driving mechanisms at an acous-
tic frequency of �1 MHz, there is little information available on
cavitation behavior at higher frequencies (2–4 MHz).

In a study on the effect of megasonic frequency at �3 MHz on
cleaning efficiency, Kim et al. [1] developed a near-field megasonic
waveguide consisting of a small cylindrical lead zirconate titanate

http://dx.doi.org/10.1016/j.mee.2014.11.020
0167-9317/� 2014 Elsevier B.V. All rights reserved.
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(PZT) actuator for effective removal of nanoparticles from silicon
wafers. The results revealed that the average maximum pressure
values obtained from the new waveguide were about 35.6% lower
with more uniform pressure field distribution compared to that
from a traditional waveguide, indicating a possible decrease in
the degree of transient cavitation and therefore pattern damage.
Shende et al. [7–9] studied the effect of different dissolved gases
(Ar, CO2 and H2) on the acoustic pressure, sonoluminescence and
pattern damage on phase shift masks with aspect ratios in the
range of 1:1 to 1.8:1 under different acoustic frequencies
(1–4 MHz) and transducer powers. The effect of varying the fre-
quency in the range of 1–4 MHz [8,9] was quite evident for DI
water cleaning solution where the damage was lowest at 4 MHz
suggesting a significant reduction of transient cavitation at this
frequency.

Yasui [10] simulated the bubble behavior under different fre-
quencies to understand the effect of controlling parameters behind
cavitation. His work revealed that the range of the ambient bubble
radius for sonoluminescing cavitation bubbles narrows as the
ultrasonic frequency increases from 20 kHz to 1 MHz. Another
study [11] indicated that the pressure amplitude of the megasonic
wave must be in the range of about 100–400 kPa for stable cavita-
tion to be dominant. It was reported in this work that effective par-
ticle removal with minimal damage could be achieved by
maximizing the extent of stable cavitation and eliminating any
occurrence of transient cavitation.

In this study emphasis has been laid on fundamentally
understanding the cavitation behavior under applied acoustic
frequencies of 1 and 3 MHz and transducer power densities of
2–8W/cm2, as estimated by the electrical power input from the
generator and the area of the transducers. Primarily, cavitation
investigations have been carried out by means of a microelectrode
based electrochemical sensor in solutions containing ferricyanide
as the electroactive species. Supporting pressure measurements
were conducted using a hydrophone to confirm the extent of tran-
sient cavitation under different experimental conditions. Finally,
fluorescence spectroscopy was performed to determine the rate
of generation of OH radicals, which is further an indicator of the
degree of transient cavitation.

2. Materials and methods

High resistivity de-ionized water (18 MX-cm) was used for all
experiments. Potassium ferricyanide, potassium chloride, tere-
phthalic acid and 2-hydroxy terephthalic acid were greater than
99% purity and purchased from Sigma Aldrich Inc. VLSI grade
ammonium hydroxide (29%) was procured from Honeywell Inc.
Megasonic experiments were performed in Mini-meg� tanks
(PCT Systems Inc.) of volume �4.5 l consisting of 125 cm2 trans-
ducers affixed at the bottom with operating frequencies of 1 and
3 MHz. Chronoamperometry experiments were conducted with a
microelectrode (12.5 lm radius) in 50 mM potassium ferricyanide
(K3Fe(CN)6) solutions with 100 mM potassium chloride (KCl) as the
supporting electrolyte. The solutions were saturated with argon
gas for 30 min and a blanket was maintained to prevent diffusion
of O2 into the solution. The microelectrode set-up consists of three
electrodes namely, working (25 lm diameter Pt disc), reference
and counter (500 lm diameter Pt wires) placed in a triangular
fashion with a spacing of 0.4 cm between them [12]. High sampling
rates (4 million samples/s) were achieved by using an oscilloscope
(NI USB 5133) in tandem with a potentiostat (Gamry Interface
1000). Labview� and Diadem� software (National Instruments)
were used to acquire and analyze the high sampling rate data.
Pressure measurements in the megasonic tank were achieved by
means of a hydrophone (HCT-0310, Onda Corp.). The hydrophone

consists of pressure sensitive tip (diameter �1 mm) which is
acoustically isolated from the rest of the probe to localize the mea-
surement. Data was collected as a function of time at sampling rate
of 50 million samples/s using a similar setup as that for the chro-
noamperometry experiments. Discrete Fourier Transform (DFT)
applied to the voltage–time data transformed it to frequency
domain, which was further adjusted using the hydrophone calibra-
tion. Subsequently, hydroxyl radical (OH�) measurement experi-
ments were conducted in dilute (1:10,000 by volume) NH4OH
(29%):DI water solution (pH = 8.7) containing 75 lM terephthalic
acid (TA) using fluorescence spectroscopy (FluroMax 4, Horiba
Inc.) [13]. The alkaline pH of the solution was necessary to achieve
complete dissolution of TA. In the presence of applied megasonic
field, the terephthalic acid reacts with the generated OH� to form
2-hydroxyterephthalic acid which under a suitable excitation field
(318 nm) undergoes emission (425 nm). The fluorescence intensity
was related to amount of OH� released using a calibration curve
(shown in Fig. 1) generated by measuring fluorescence from aque-
ous solutions containing known concentrations of 2-hydroxyte-
rephthalic acid.

3. Results and discussion

3.1. Cavitation behavior at 1 MHz

Fig. 2(a) and (b) show current as a function of time at an oper-
ating frequency of 1 MHz and two different power densities of 2
and 8W/cm2, respectively. The current data in the presence and
absence of megasonic field in each plot are marked appropriately.
It may be noted that in the absence of applied megasonic field, a
baseline current of about �0.4 lA was observed. This baseline cur-
rent pertains to the reduction of ferricyanide to ferrocyanide as per
the following reaction (R1):

½FeðCNÞ6�3� þ e� ! ½FeðCNÞ6�4� ðR1Þ
In the presence of megasonic field, current peaks (or actually

inverse current peaks) were observed. These peaks have been
attributed to transient cavitation events [3]. It could be seen that
as the power density was increased from 2W/cm2 to 8 W/cm2,
the number of current peaks and their magnitude increased. This
observation is in agreement with the fact that the number of tran-
sient cavities increase with increasing power density. Further, to
better understand the behavior of the bubble, the expanded time
scale of typical current peaks is shown in Fig. 2(c) and (d). The rise
and fall in current correspond to the diffusion of electroactive spe-
cies from the imploding cavity towards the microelectrode. The
rise and fall times for a transient cavity at 2 W/cm2 were measured

Fig. 1. Calibration curve for fluorescence intensity as a function of 2-hydroxytereph-
thalic acid concentration, excitation wavelength = 318 nm, emission wavelength =
425 nm, slit size = 2 nm.
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to be in the range 10–20 ms and 60–80 ms, respectively, which are
in reasonable agreement with that reported in [3]. Interestingly, at
higher power density of 8 W/cm2, the rise and fall times were in
the range of 2–5 ms and 8–15 ms, respectively. This reduction in
time could possibly be attributed to higher acoustic streaming
present at higher powers, which causes faster dispersion of ferricy-
anide towards the electrode surface.

3.2. Cavitation behavior at 3 MHz

Fig. 3(a) through (c) show the chronoamperometry data
obtained at an acoustic frequency of 3 MHz and power density of
about 2 W/cm2. The first 3 s of the data represents the baseline cur-
rent in the absence of applied megasonic field. It could be seen that
the baseline current in this case was also about �0.4 lA. In the
presence of the megasonic field, a discrete behavior was observed.
The current peaks were observed on both sides (negative and posi-
tive) of the baseline current. This behavior is a characteristic of that

seen at 3 MHz, while cavitation data at 1 MHz showed current
peaks of increasing magnitude (more negative current) that was
typical of transient cavities. In order to further understand the cav-
itation behavior at 3 MHz, expanded time scales of the chrono-
amperometry data has been plotted in Fig. 3(b). Current peaks
exhibiting an oscillatory behavior were observed. This oscillatory
behavior may be attributed to the existence of stable cavities.
The shift of current in the positive side of the baseline current
(from �0.4 lA to �0.1 lA) could possibly be due to the blocking
of the electrode as the oscillating bubble expands. On contraction,
the bubble shrinks thereby unblocking the electrode and also caus-
ing the transport of ferricyanide ions towards the electrode by
microstreaming thereby increasing the current value from about
�0.1 lA to �0.5 lA. It is important to point out that for such a
blocking/unblocking behavior to be observed, the bubble must be
present in the close vicinity of the electrode surface which did
not seem to be the case at 1 MHz. Also, as seen from Fig. 3(c),
the rise and fall times of the oscillating current were about
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Fig. 2. Chronoamperometry data obtained at an acoustic frequency of 1 MHz and power density of (a) 2 W/cm2, (b) 8 W/cm2, (c) expanded time scale at 2 W/cm2 and (d)
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Fig. 3. (a) Chronoamperometry data at acoustic frequency of 3 MHz and power density of 2 W/cm2 and (b) and (c) current data with expanded time scale.
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Fig. 4. (a) Raw data obtained from the hydrophone at sampling rate of 50 MS/s (inset: expanded time scale of the raw data), (b) converted data in the frequency domain after
Fourier transform and correction for the hydrophone sensitivity, (c) expanded y-axis showing the broadband spectrum, (d) RMS pressures of direct, stable cavitation and
transient cavitation fields as a function of power density at an acoustic frequency of 1 MHz and (e) RMS pressures direct, stable cavitation and transient cavitation fields as a
function of acoustic frequency (1–3 MHz) at a transducer power density of 2 W/cm2.
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30–50 ls, almost three orders of magnitude lower than that seen
at 1 MHz. It is known that with increase in acoustic frequency,
the transient cavitation threshold also increases [14]. Therefore,
at higher frequencies, most of the bubbles do not transform into
transient cavities but are present as stable cavities. The results
obtained from chronoamperometry studies also corroborate the
presence of predominantly stable cavities at higher frequencies.

3.3. Pressure measurements using a hydrophone

Fig. 4(a) shows the raw data obtained from the hydrophone in
the form of voltage as a function of time in air saturated aqueous
solutions subjected to megasonic field. As can be noticed from
the inset of this figure, which displays the voltage values with
expanded time scale, the primary oscillations occur at the driving
frequency (in this case �1 MHz). By using the hydrophone calibra-
tion chart consisting of voltage per unit pressure versus frequency
as provided by the manufacturer, the measured voltage was con-
verted into pressure followed by application of the discrete Fourier
transform (DFT) to obtain the data in the frequency domain.
Fig. 4(b) shows the transformed data in the frequency domain,
with a prominent sharp peak at about 1 MHz, the driving fre-
quency of the transducer.

The integral under this fundamental peak (above the back-
ground) was computed as the pressure generated (root mean
square, RMS) by the direct field as it arises from the fundamental
pressure wave of the transducer as well as scattered pressure from
the resonating bubbles. Subsequent harmonics with decreasing
pressure amplitude were observed at �2, 3 MHz and higher order.
These peaks and those observed at the sub-harmonic (half-order
harmonic at 0.5 MHz) and ultra-harmonics (�1.5, 2.5, 3.5, . . .MHz)
represent non-linearly oscillating stable bubbles or the inherent
non-linearity of the medium. The half-order harmonic often may
occur in short bursts separated by long intervals and therefore at
low average levels. The collective integral under these peaks
(above the background) was attributed to the pressure generated
due to the stable cavitation. Characterization of transient cavita-
tion was conducted by investigating the lower amplitude region
of the Fig. 4(b) by expanding the y-axis scale. Fig. 4(c) shows that
the line spectrum, indicative of the stable cavitation, is superim-
posed on a continuous broadband spectrum, a form of acoustic
noise. This part of the spectrum emerges from random transient
cavitation events that generate high pressure shock waves from a
collapsing bubble (transient cavity) in the vicinity of the hydropho-
ne. The broadband spectrumwas fit using a Matlab routine (shown
by the red curve). The integral under the red curve gives a measure
of root mean square pressure due to transient cavitation [15,16].
Fig. 4(d) shows the RMS pressures from direct field, stable
cavitation and transient cavitation as a function of varying power

densities in air saturated DI water at an acoustic frequency of
1 MHz. It could be seen that the direct field pressure has a higher
magnitude in comparison to that from stable and transient cavita-
tion and the behavior was independent of power density and fre-
quency (Fig. 4(e)). This indicates that most of the pressure arises
from resonating bubbles (which are typically 3 lm in radius at
�1 MHz [17]) and from the primary acoustic wave of the trans-
ducer for megasonic frequencies. As the power density was
increased from 2 to 8 W/cm2, only a twofold increase in direct field
pressure from 80 to 160 kPa was observed, while a similar increase
in pressures of stable and transient cavitation was also measured.
This indicates that the increase of non-linear stable cavitation and
transient cavitation events is more rapid at higher power densities
due to transformation of direct pressure field energy to higher
energy cavitation events. This effect was also evident from micro-
electrode studies where the increase in number of transient cavities
was higher at higher power densities. Fig. 4(e) shows the effect of
acoustic frequency on the RMS pressure generated at a fixed power
density of 2W/cm2. Direct field pressure shows a decrease by about
an order of magnitude (from about 80 to 5 kPa) as the acoustic fre-
quency was increased from 1 to 3 MHz. A similar decrease of stable
cavitation and transient cavitation pressures was observed with
increase of frequency from 1 to 2 MHz with complete elimination
of transient cavitation pressure at 3 MHz suggesting absence of high
energy cavitation events at this frequency. This result corroborates
with those observed from microelectrode studies wherein stable
cavitation was dominant at 3 MHz.

3.4. Hydroxyl radical capture measurements

The degree of transient cavitation could also be predicted by
measuring the amount of hydroxyl radicals generated during
megasonic exposure. Fluorescence spectroscopy was used to mea-
sure the concentration of 2-hydroxyterephthalic acid formed as a
result of the reaction (R2) of terephthalic acid with OH� generated
predominantly inside or surrounding a collapsing cavity when the
temperature reaches a few thousand degrees.

••

ðR2Þ

Fig. 5 shows the generation rate of OH� as a function of acoustic
frequency and power density. The accuracy of OH� measurement
was �0.1 nM/min. The effect of frequency at fixed power density

(a) (b)

Fig. 5. Hydroxyl radical generation rate as a function of (a) megasonic frequency at power density of 2 W/cm2 and (b) power density at an operating frequency of 1 MHz.
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of 2 W/cm2 (Fig. 5(a)), indicates that as the frequency is increased
the generation rate of OH� falls down significantly from about
5 nM/min at 1 MHz to about 0.5 nM/min at 3 MHz. The small but
measurable value of rate of generation of OH� at 2 and 3 MHz is
likely due to a few non-linearly oscillating stable cavities with high
amplitudes that exist at these frequencies and offer temperature
conditions just sufficient for generation of OH� from decomposition
of water. These results clearly suggest that the degree of transient
cavitation is much lower at higher frequencies and complements
the results obtained from pressure measurements and chrono-
amperometry studies. Fig. 5(b) shows that as the power density
at 1 MHz increased from 2 to 8 W/cm2, the OH� generation rate
increased from about 10 nM/min to 220 nM/min, which corrobo-
rates with the increase of transient cavitation intensity at higher
power densities as measured using the hydrophone.

4. Conclusions

High time resolution chronoamperometry experiments, hydro-
phone pressure measurements and OH� capture experiments were
performed to characterize the cavitation behavior in the frequency
range of 1–3 MHz and power densities of 2–8W/cm2. Microelec-
trode investigations showed that at higher frequencies of
�3 MHz, stable cavitation was dominant while transient cavitation
was characteristic at 1 MHz. As the acoustic frequency was
increased from 1 to 3 MHz, pressure measurements revealed a
decrease in relative transient cavitation intensity by two orders
of magnitude, while the hydroxyl capture study showed a decrease
in OH� generation rate by an order of one. This study concludes that
transient cavitation decreases with increasing acoustic frequency
(1–3 MHz) and decreasing power density. Since damage is caused
by transient cavitation while cleaning can be achieved by both sta-
ble and transient cavitation, an optimummegasonic frequency and
power density will likely offer necessary conditions for effective
cleaning without any feature damage. It may be noted that the
results in this study are based on a specific megasonic system

and therefore further validation of this work through cleaning/
damage studies will be beneficial.
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a b s t r a c t

Chemical formulations used for megasonic cleaning typically contain hydroxides, peroxides, carbonates,
and others which can affect particle removal efficiency and feature damage. The current study is focused
on investigating the role of carbonates in modulating the oxidation power of megasonic irradiated alka-
line solutions through the scavenging of hydroxyl radicals as determined by fluorescence spectroscopy.
Although studies exist in literature that report the scavenging of OH� by carbonates, these studies have
been conducted for waste water treatment applications using advanced oxidation processes. This work
focuses on understanding the role of alkaline chemical formulations containing varying levels of carbon-
ates and bicarbonates and solution temperatures on net generation of hydroxyl radicals for applications
in semiconductor industry. Investigations were carried out at an acoustic frequency of �1 MHz and dif-
ferent power densities (2, 4 and 8W/cm2).

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Particulate contamination is a major cause for yield loss in inte-
grated circuit (IC) production industry [1]. The removal of particu-
lates and residues from wafer and photomask surfaces is typically
achieved by megasonic cleaning. Acoustic streaming and cavitation
play integral roles in particle removal when exposed to a megason-
ic field. It is important to be able to characterize cavitation as it not
only helps understand the mechanism behind particle removal, but
also the underlying cause of feature damage. Cavitation manifests
itself in two forms, namely, stable and transient. Since damage is
predominantly caused by the presence of transient cavities, the
scope of discussion will be limited to understanding its effects.
Implosion of transient cavities results in the generation of temper-
atures and pressures [2] of about 5000–10,000 K and a few hun-
dred bars, respectively. Damage could occur as an effect of the
resulting high pressures in the vicinity of the features, enhanced
by etching due to generation of highly reactive radicals such as
hydroxyl (OH�) [3] at high temperatures. This study focuses on
developing effective means to identify megasonic cleaning solu-
tions that could result in scavenging of OH�, thereby possibly
reducing damage to the fragile features.

A better understanding of the hydroxyl radical generation and
scavenging can be achieved by reviewing traditional advanced oxi-
dation processes (AOPs). Research shows that OH� has a high stan-
dard reduction potential of 2.86 V [4], thereby making it a highly
oxidizing species. This property has been used by typical AOPs to
degrade organic effluents present in waste water. In addition to
effluents, waste water often contains compounds such as carbon-
ates, bicarbonates and alcohols that are known to scavenge OH�.
Although scavenging of OH� is undesirable in AOPs, an understand-
ing of the mechanism could lead to identifying optimum cleaning
conditions in the semiconductor industry. To date, only a limited
number of studies have been carried out for determining the role
of carbonate in scavenging hydroxyl radicals for cleaning [5].

Several earlier studies have shown that dissolved carbon diox-
ide (CO2) in DI water significantly suppresses the intensity of sono-
luminescence (SL) [6]. Increasing concentrations of CO2 (aq) in air
containing DI water not only caused a significant decrease in the
number of breakages to line structures during megasonic cleaning,
but also decreased lengths of the line breakages at all power den-
sities up to 2.94W/cm2 [7]. The ability of dissolved CO2 to protect
against feature damage correlated well with its ability to suppress
SL in megasonic irradiated DI water. The issue with using soluble
gases such as CO2 is that it shifts the pH towards more acidic con-
ditions, while typical cleaning solutions in the semiconductor
industry are alkaline.

http://dx.doi.org/10.1016/j.mee.2014.10.022
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A novel chemical method has been established based on the
results for in situ release of CO2 from aqueous NH4HCO3 solutions
through pH shift [8]. The study suggested that about 130 ppm of
CO2 (aq.) generated by NH4HCO3 was sufficient for complete sup-
pression of SL generation in water at an acoustic frequency
�1 MHz and the effect was independent of power density. Further
investigations of cavitation behavior were conducted by adding
NH4HCO3/NH4OH into a megasonic cleaning system [8]. This
system serves as a novel means for controllable generation of
CO2 (aq.) over an extended pH range (4.0–8.5) and shows complete
suppression of SL signal. Therefore this method could possibly be
used as an effective means to reduce wafer damage without
compromising megasonic cleaning efficiency.

Nowadays, several methods are being used for characterizing
the intensity of transient cavitation, including the detection of SL
signal, potassium iodide or ferrous ions dosimetry, electron spin
resonance spectroscopy and fluorescence spectrometry [9,10].
Terephthalic acid dosimetry has been used to measure the genera-
tion rate of hydroxyl radicals in alkaline cleaning solutions at
acoustic frequencies of �1 MHz [5].

Chemical formulations used for megasonic cleaning typically
contain hydroxides, peroxides, carbonates and others which can
affect particle removal efficiency and feature damage. Previous
research work [6,8,11] indicates that cavitation behavior has been
characterized only in a limited range of power density (�0.1–
2.94 W/cm2). The aim of this paper is to investigate the role of
ammonia/carbonate/bicarbonate system generated from different
chemical combinations in regulating the oxidation power of mega-
sonic cleaning solutions through the scavenging of hydroxyl radi-
cals in power density range of 2–8W/cm2, by using the detection
method of terephthalate dosimeter.

2. Materials and methods

All solutions were prepared using high resistivity de-ionized
water (18 MX-cm). Ammonium carbonate, sodium carbonate,
sodium hydroxide, potassium ferricyanide and potassium chloride
of purity greater than 99.9% were purchased from Fisher Scientific
Inc. Terephthalic acid and 2-hydroxy terephthalic acid greater than
98% purity were procured from Sigma Aldrich Inc. Ammonium
hydroxide (29%, VLSI grade) was purchased from Honeywell Inc.
Megasonic experiments were performed in Mini-meg� tank (PCT
Systems Inc.) of volume �4.5 L and consisting of 125 cm2 trans-
ducer affixed at the bottom with an operating frequency of
1 MHz [12] and power density range of 0.1–8W/cm2. Hydroxyl
radical (OH�) measurement experiments were conducted in alka-
line solutions (pH adjusted using NH4OH or NaOH) containing
75 lM terephthalic acid (TA) for fluorescence spectroscopy detec-
tion (FluroMax 4, Horiba Inc.). The solutions were stirred for
30 min prior to the addition of NH4HCO3/NaHCO3 salts. The alka-
line pH of the solution was necessary to achieve complete dissolu-
tion of TA. The terephthalic acid reacts with the generated OH� (due
to megasonic field) to form 2-hydroxyterephthalic acid which
undergoes emission (425 nm) when excited at a wavelength of
318 nm. Experiments were conducted over a period of 3 min dur-
ing which the concentration of hydroxyl radicals (measured every
30 s) increased linearly with time. Solutions of varying concentra-
tions (0.1–25 lM) of 2-hydroxyterephthalic acid were used to
obtain the calibration curve of fluorescence intensity versus con-
centration of 2-hydroxyterephthalic acid, which was later used to
calculate the amount of OH� released during megasonic exposure.
All hydroxyl radical measurement experiments were conducted
using air saturated solutions unless stated otherwise. The standard
deviation was less than 10% in all measurements of hydroxyl rad-
ical concentration.

Chronoamperometry measurements were conducted in argon
saturated solutions containing 50 mM K3[Fe(CN)6] and 100 mM
KCl in the absence and presence of NH4OH. Microelectrode was
used as a sensor to characterize cavitation behavior. The microelec-
trode setup consisted of three electrodes, working (25 lm diame-
ter Pt disc), reference and counter (500 lm diameter Pt wires).
Details of this set up are available elsewhere [13]. During the
experiments, the working electrode was maintained at a constant
potential of �0.6 V (versus Pt ref.) by means of Gamry Interface
1000 potentiostat and current was measured as a function of time
in the absence and presence of megasonic field at a sampling rate
of 1000 samples/s.

3. Results and discussion

3.1. Effect of ammonia, bicarbonates and carbonates on scavenging of
hydroxyl radicals

This section describes the effect of added constituents like car-
bonates, bicarbonates and ammonia on the OH� scavenging rate.
Preliminary mass and charge balance calculations were done to
determine the equilibrium concentrations of both the dissociated
and dissolved species. Table 1 shows the equilibrium concentra-
tions in solutions containing varying concentrations of NH4HCO3/
NH4OH, NaHCO3/NaOH and NaOH. The pH of the solutions typi-
cally varies between 8.6 and 12.4 depending upon the chemical
formulation. Hydroxyl radical measurements were conducted
under the conditions given in the table, the results of which are
discussed later. The reason behind using solutions of NH4HCO3/
NH4OH and NaHCO3/NaOH was to eliminate the effect of ammonia
scavenging in the presence of carbonates/bicarbonates. It could be
seen that for a particular chemical formulation (NaHCO3/NaOH) as
the pH increased from 8.6 to 12.4, the concentration of carbonate
in the solution also increased.

In their previous work, Keswani et al. have demonstrated the
effect of ammonia concentration on the rate of generation of hydro-
xyl radicals in aqueous solutions subjected to megasonic field [5]. It
was shown that at an acoustic frequency of�1 MHz and power den-
sity of about �2 W/cm2, as the concentration of ammonia was
increased from about 1:100,000 to 1:100 (NH4OH(29%):H2O by vol-
ume) in air saturated solutions, the generation rate of OH� reduced
significantly from about 0.17 lM/min to almost zero. This reduction
in the OH� generation was attributed to the scavenging of hydroxyl
radicals by ammonia (OH� + NH3 = NH2

� + H2O) and a NH3(aq.) con-
centration of 75 mM was found to be sufficient for complete scav-
enging of OH�. Interestingly, in 1:10,000 ammonia solutions when
air was replaced with carbon dioxide gas [14], the measured OH�

generation rate dropped from 0.12 lM/min to zero even though
NH3(aq.) concentration was much lower (few tens of nM) in these
solutions. It may be noted that CO2 saturated 1:10,000 ammonia
solutions contain CO2(aq.), HCO3

�(aq.) andCO3
2�(aq.) ions, in the con-

centration of 35 mM, 0.7 mM, and 1.7 nM, respectively (calculated
using equilibrium and charge conservation equations). It is known
that dissolved carbon dioxide in the form of CO2(aq.) can reduce
the generation of OH� due to lower c (polytropic index) value of
CO2 compared to air that results in lower transient bubble temper-
ature during collapse.

Bicarbonate and carbonate ions, when present in appreciable
concentrations, can also scavenge hydroxyl radicals, which can
reduce the measured rate of generation of OH�. In order to investi-
gate the role of these ions in scavenging of OH�, experiments were
conducted using ammonium or sodium bicarbonate solutions with
varying concentrations of NH3(aq.), CO2(aq.), HCO3

�(aq.) and CO3
2�

(aq.) achieved by adjusting the pH of the solutions using ammo-
nium hydroxide or sodium hydroxide. Fig. 1(a) and (b) show the
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rate of generation of OH� in ammonium hydroxide and sodium
hydroxide solutions of different total carbonate levels and pH
exposed to �1 MHz field at two different power densities of 2
and 8W/cm2 respectively. The desired carbonate levels were
achieved by addition of ammonium bicarbonate or sodium bicar-
bonate to the solutions. The concentration of various species pres-
ent in these solutions is displayed in Table 1. It may be noted from
Fig. 1(a) that in 0.2 M NH4HCO3/40 mM NH4OH solution at pH 8.8
where the NH3(aq.) and CO2(aq.) concentrations were calculated to
be about 38 and 1.4 mM respectively, the measured rate of OH�

generation was negligible. The concentrations of NH3(aq.) and
CO2(aq.) in this solution was lower than that in NH4OH(aq.)/air(g)
and NH4OH(aq.)/CO2(g) solutions, respectively, where complete OH�

scavenging was observed. However, the bicarbonate/hydroxide
solution contains substantial levels of bicarbonate ions
(�200 mM), which is likely contributing to significantly reduced
concentration of OH�. To confirm this effect, further experiments
were conducted using sodium bicarbonate solutions of varying
pH (8.6–12.4) where no aqueous ammonia was present and

CO2(aq.) concentrations were very small (nanomolar to millimo-
lar). The pH of these solutions was adjusted using sodium hydrox-
ide solutions of concentrations in the range of 7.3–330 mM. At
moderately alkaline pH (�8.6), most of the carbonate ions are in
the form of HCO3

� while as the pH increases, the ratio of bicarbon-
ate to carbonate ions decreases and at the experimental pH of 12.4,
almost all of the bicarbonate ions are deprotonated to carbonate
ions. This is reflected in Table 1, where the concentration of bicar-
bonate and carbonate ions in the sodium bicarbonate solutions of
pH values 8.6, 10.4, 12.4 was calculated to be 190, 82, 1.4 mM
and 4.3, 120, 200 mM respectively. The results in Fig. 1 indicate
that the measured rate of generation of OH� in sodium bicarbonate
solutions was lower than 0.001 lM/min clearly suggesting that
bicarbonate and carbonate ions act as good scavengers of hydroxyl
radicals. In order to ensure that the scavenging effect was not
related to the high alkaline pH of these solutions, hydroxyl radical
measurements were also conducted in 25 mM sodium hydroxide
solution of pH 12.3, which did not contain any ammonia or carbon-
ates. The rate of generation of OH� in this solution was measured to

Table 1
Theoretical calculations of release of different ions into air saturated solutions of varying concentrations of ammonia and carbonates (All concentrations are in mM and partial
pressures are in atmospheres).

Type pH NH4OH NH4
+ HCO3

� CO3
2� H2CO3 CO2 (aq.) NH3 (gas) CO2 (gas)

0.2 M NH4HCO3, 40 mM NH4OH 8.8 0.038 0.2 1.95E�1 3.7E�3 2.3E�6 1.4E�3 6.3E�4 4E�2

pH NaOH Na+ HCO3
� CO3

2� H2CO3 CO2 (aq.) NH3 (gas) CO2 (gas)

0.2 M NaHCO3, 7.3 mM NaOH 8.6 0 0.207 1.9E�1 4.3E�3 1.9E�6 1.1E�3 0 3.2E�2
0.2 M NaHCO3, 0.2 M NaOH 10.4 0 0.4 0.82E�1 1.2E�1 1.32E�8 7.8E�6 0 2.3E�4
0.2 M NaHCO3, 0.33 M NaOH 12.4 0 0.53 1.4E�3 2E�1 2.2E�12 1.3E�9 0 3.8E�8
25 mM NaOH 12.3 0 0 2.2E�5 2.4E�3 4.3E�14 2.5E�11 0 7.4E�10

Fig. 1. Rate of generation of hydroxyl radicals for different bicarbonate formulations subjected to an acoustic field at a frequency of 1 MHz and power density of (a) 2 W/cm2

and (b) 8 W/cm2.
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be significant (�0.01 lM/min) and much higher than bicarbonate
based solutions ruling out any possibility of the role of alkaline
pH in reducing the concentration of OH�.

At higher power density of 8 W/cm2, the results of which are
illustrated in Fig. 1(b), the rate of generation of OH� remains low
(�0.001 lM/min) for ammonium bicarbonate/ammonium hydrox-
ide solutions, suggesting that the combined concentration of NH3

(aq.) and HCO3
� in these solutions (38 and 195 mM respectively)

is sufficient to completely scavenge the hydroxyl radicals. This
was also the case for sodium bicarbonate/sodium hydroxide solu-
tions (pH = 12.4) where significant concentration (>200 mM) of
carbonate ions was present indicating that these ions by them-
selves can act as effective OH� scavengers when available in reason-
able concentrations. Interestingly, in sodium bicarbonate/sodium
hydroxide solutions of pH 8.6, the concentration of HCO3

� was
190 mM and the rate of OH� generation was 0.014 lM/min. This
OH� rate was more than an order of magnitude higher than that
seen in solutions of pH of 12.4. These results indicate that the car-
bonate ions are likely better scavengers of hydroxyl radicals than
the bicarbonate ions. Possible scavenging reactions [15,16] of
bicarbonates and carbonates with OH� are shown below as Eqs.
(1) and (2). The reaction rate constant for the carbonate reaction
(2–4.2 * 108 M�1 s�1) was observed to be higher than that for bicar-
bonates (8.5 * 106 M�1 s�1) [15,16], thereby showing that the
results are in line with published data:

HCO�
3 þ OH� ! CO��

3 þH2O ð1Þ

CO2�
3 þ OH� ! CO��

3 þ OH� ð2Þ

3.2. Effect of ammonia on cavitation behavior

The effect of added NH4OH was further investigated by means
of using a microelectrode. Microelectrode setup was configured
to detect mass transfer phenomena that results from transient cav-
itation. As shown in Fig. 2, chronoamperometry measurements
were conducted both in the presence and absence of added NH4OH
(1:100 NH4OH(29%):DI by vol.) at an acoustic frequency of �1 MHz
and power density of 8 W/cm2. Experiments were performed in
argon saturated solutions as cavitation is more pronounced under
these conditions [13] and also, the effect, if any, of the added NH4

OH could be explicitly observed. As seen from the Fig. 2(a) and (b),
in the absence of an acoustic field, a baseline current of about
�0.45 lA was observed in both cases. In the presence of an applied
megasonic field and in solutions containing no added NH4OH
(Fig. 2(a)), several (about 8 or so) discrete current peaks of magni-
tude greater than �1 lA were observed. These peaks occur as a
result of collapse of transient cavities [13]. Fig. 2(b) shows the cav-
itation behavior in the presence of 1:100 NH4OH solution and

clearly indicates a significant reduction in number of transient cav-
ities in the presence of an applied acoustic field. The presence of
NH4OH could result in two effects, namely, (1) cushioning of tran-
sient cavitation by means of dissolved NH3 gas present in solution
and (2) scavenging of OH� by NH3. The solubility of NH3 in water at
25 �C is about 500,000 ppm [17] while that for argon is about
60 ppm thereby suggesting that ammonia could enter the cavity
and act as a suppressor for cavitation. A similar effect was observed
in the case of solutions saturated with CO2 (solubility = 1500 ppm)
where the transient cavitation was almost absent [13]. Another
important factor while quantifying transient cavitation is the poly-
tropic index (c) of the gas present in the solution. In the case of
NH3, the polytropic index is about 1.3 (same as CO2), thereby
indicating the possibility of weaker collapses in the presence of
NH3. Therefore, in the presence of NH4OH, there is a significant
suppression of transient cavitation, which could be reducing the
generation of hydroxyl radicals in addition to their scavenging by
ammonia.

3.3. Effect of bulk solution temperature on generation of hydroxyl
radicals

In semiconductor cleaning, solutions of varying temperatures
are used. Solution temperature plays an important role in modulat-
ing cavitation as well as scavenging of radicals by altering the rate
constants of participating reactions. Fig. 3 shows the effect of vary-
ing the bulk solution temperature on the rate of generation of OH�

at different power densities of 2, 4 and 8W/cm2 in solutions con-
taining 0.2 M NaHCO3 and 7.3 mM NaOH. At 8 W/cm2, as the bulk
temperature was increased from 10 to 30 �C, the OH� generation
rate increased from 11 nM/min to 17 nM/min. Similar increase in
OH� generation rate was observed at 4 W/cm2 while at 2 W/cm2,
the change in rate of OH� generation with temperature was insig-
nificant. Increasing the solution temperature gives rise to a com-
plex cavitation behavior [5]. One of the important effects is that
the solubility of gases decreases with increasing temperature
thereby decreasing the amount of dissolved gas in solution. At
lower temperatures of 10 �C, the solubility of air is higher [5]
thereby possibly providing greater cushioning effect as more gas
enters the cavity in comparison to that at higher temperatures.
Both vapor pressure and surface tension of water, which are
affected by bulk temperature, will influence transient cavitation
[18]. All these parameters in combination likely lead to conditions
that result in an increase in transient cavitation and consequently
generation of hydroxyl radicals with bulk temperature. It may be
noted that the rate of scavenging reaction of hydroxyl radical by
terephthalic acid may also be impacted by solution temperature,
which will reflected in the measured rate of generation of
OH�. However, investigation of this effect is outside the scope of
the current work.
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Fig. 2. Chronoamperometry data obtained from microelectrode studies in 50 mM K3[Fe(CN)6] and 100 mM KCl solution at an acoustic frequency of 1 MHz and power density
of 8 W/cm2 in the (a) absence and (b) presence (1:100) of added NH4OH.
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4. Conclusions

Generation rate of hydroxyl radicals was measured in various
chemical formulations irradiated with an acoustic field of �1 MHz
and at different power densities (2 and 8W/cm2). The results
showed that in ammonia based formulations, the OH� generation
rate was insignificant (2 nM/min) even at high megasonic power
densities of 8 W/cm2. The lower rate of OH� generation in ammonia
solutions was attributed to scavenging of OH� by aqueous ammonia
as well as reduced transient cavitation in these solutions. For solu-
tions containing bicarbonates and carbonates it was established
that complete scavenging of OH� was achieved in the presence of
carbonate ions at a concentration of �200 mM. Further, carbonate
ions were shown to be better scavengers of hydroxyl radicals than
the bicarbonate ions. The study on the effect of bulk solution tem-
perature revealed that the rate of generation of OH� at a power den-
sity of 8 W/cm2 increased with increased in temperature from 10 to
30 �C suggesting an increase of transient cavitation with tempera-
ture in the investigated range.

Acknowledgments

The authors acknowledge University of Arizona (Grant #
1127508) for the financial support. We would also like to thank
PCT systems (Scott Osterman and Sharyl Maraviov) for their sup-
port with the megasonic systems.

References

[1] W. Kern, J. Electrochem. Soc. 137 (6) (1990) 1887–1892.
[2] K.S. Suslick, Y. Didenko, M.M. Fang, T. Hyeon, K.J. Kolbeck, W.B. Mcnamara III,

M.M. Mdleleni, M. Wong, Philos. Trans. R. Soc. London A 357 (1999) 335–353.
[3] M. Hariharaputhiran, J. Zhang, S. Ramarajan, J. Keleher, Y. Li, S. Babu, J.

Electrochem. Soc. 147 (2000) 3820–3826.
[4] M. Muruganandham, R.P.S. Suri, Sh. Jafari, M. Sillanpaa, G.-J. Lee, J.J. Wu, M.

Swaminathan, Int. J. Photoenergy 2014 (2014) 1–21.
[5] M. Keswani, S. Raghavan, R. Govindarajan, I. Brown, Microelectron. Eng. 118

(2014) 61–65.
[6] S. Kumari, M. Keswani, S. Singh, M. Beck, E. Liebscher, P. Deymier, S. Raghavan,

Microelectron. Eng. 88 (12) (2011) 3437–3441.
[7] S. Kumari, M. Keswani, S. Singh, M. Beck, E. Liebscher, L.Q. Toan, S. Raghavan,

ECS Trans. 41 (5) (2011) 93–99.
[8] S. Kumari, M. Keswani, S. Singh, M. Beck, E. Liebscher, S. Raghavan,

Microelectron. Eng. 114 (2014) 148–153.
[9] J. Rooze, E.V. Rebrov, J.C. Schouten, J.T.F. Keurentjes, Ultrason. Sonochem. 20 (1)

(2013) 1–11.
[10] M. Kohno, T. Mokudai, T. Ozawa, Y. Niwano, J. Clin. Biochem. Nutr. 49 (2)

(2011) 96–101.
[11] Z. Han, M. Keswani, S. Raghavan, IEEE Trans. Semicond. Manuf. 26 (3) (2013)

400–405.
[12] R. Balachandran, M. Zhao, P. Yam, C. Zanelli, M. Keswani, Microelectron. Eng.

(2014).
[13] M. Keswani, S. Raghavan, P. Deymier, Microelectron. Eng. 102 (2013) 91–97.
[14] R. Balachandran, M. Zhao, I. Brown, S. Raghavan, M. Keswani, in: Proceedings

of SEMATECH Surface Preparation and Cleaning Conference, Austin, TX, April
2014.

[15] G.V. Buxton, A.J. Elliott, Radiat. Phys. Chem. 27 (3) (1986) 241–243.
[16] G.E. Adams, J.W. Boag, B.D. Micahel, Trans. Faraday Soc. 61 (1965) 1417–1424.
[17] T.K. Sherwood, Ind. Eng. Chem. 17 (7) (1925) 745–747.
[18] F.R. Young, Sonoluminescence, CRC Press, New York, 2004. p. 35 (Chapter 2).

Fig. 3. Rate of generation of OH� as a function of varying temperature at different power densities at an acoustic frequency of �1 MHz. Chemical formulation: 0.2 M NaHCO3,
7.3 mM NaOH, pH = 8.6.

86 R. Balachandran et al. /Microelectronic Engineering 130 (2014) 82–86

86



87

Appendix D 

A Technique for Contactless Copper Electrodeposition for 3D Packaging Applications 



ECS Electrochemistry Letters, 3 (10) D41-D43 (2014) D41
2162-8726/2014/3(10)/D41/3/$31.00 © The Electrochemical Society

A Technique for Contactless Copper Electrodeposition for 3D
Packaging Applications
Z. Patterson,a C. Weber,a R. Balachandran,a R. Gouk,b S. Verhaverbeke,b and M. Keswania,*,z

aMaterials Science and Engineering, Unversity of Arizona, Tucson, Arizona 85721, USA
bApplied Materials, Inc., Santa Clara, California 95054, USA

In this work, a new electrochemical method for deposition of copper onto silicon wafers has been developed. The deposition approach
involves two chemical systems separated by a silicon wafer. The deposition solution is typical, but on the opposite side of the wafer
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of the silicon substrate are shown to be integral steps in this process. Etch solution chemistry and applied potential are varied to
optimize system performance and define system limitations.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.0031410eel] All rights reserved.

Manuscript submitted April 18, 2014; revised manuscript received July 16, 2014. Published August 1, 2014.

As the number of transistors on a single chip increases and the
size of transistors decreases, the backend connections for power de-
livery and interchip connections must also decrease in size to keep
pace with device miniaturization. Accordingly, vias and trenches on
chips have increased in depth while decreasing in diameter leading to
aspect ratios as high as 1:26.1 These aspect ratios will undoubtedly
continue to increase as the 3D integration of chips with through silicon
interconnections are developed.
Copper is known to be themost suitablematerial formaking device

electrical connections as it is highly conductive, easily available and
relatively inexpensive. Copper deposition can be achieved by chem-
ical vapor deposition (CVD), physical vapor deposition (PVD) and
electrodeposition. Although CVD processes have been efficient in the
deposition of copper in micrometer size trenches, they have signif-
icant drawbacks as they use precursors that are of organo-metallic
origin and leave behind residues after deposition.2 Also, CVD pro-
cesses require low pressures and high temperatures which increase
the processing costs. On the other hand, electrodeposition of copper
has been promising not only because it could be operated at room
temperatures, but the processing costs are also lower in comparison
to existing CVD techniques. The major drawback of the traditional
electrodeposition method is that high aspect ratio (HAR) through sil-
icon vias (TSVs) cannot be filled without forming defects such as
voids or seams. Since mass transfer inside a deep trench occurs due
to diffusion, the concentration of copper ions and therefore the rate of
deposition at the mouth is higher than that at the bottom of the trench.
This can lead to a “pinch off” effect in which the feature is closed to the
solution before being entirely filled with copper, ultimately forming
a void. These voids cause major reliability problems for IC’s and can
cause device failure. Accordingly, electrodeposition techniques have
been developed using different chemistries for filling high aspect ratio
features.
Major limiting factors of any new electro-deposition process are

the characteristics of the deposited metal, reliability and cost of oper-
ation. About 40% of the total cost of operation for TSV is attributed to
the electrodeposition process, thereby making it very critical.3 Gen-
erally, techniques for void free filling of these features involve the
conventional electroplating of copperwith thewafer acting as the cath-
ode for the electrochemical cell, but with the electroplating solution
containing several additives including accelerator (aka brightener),
suppressor (aka carrier), and leveler. These chemicals can provide
superconformal filling by accelerating deposition in confined media,
such as the via or trench bottom, and suppressing deposition at the
mouth.While these additives provide ameans to successfully fill HAR
features, they are costly, can be complicated for disposal, and increase
residual stress in deposited copper by as much as 300%.4 Kondo
et al.3 investigated the deposition of copper in vias with aspect ratio of
1:7 in a solution consisting of 0.8 M CuSO4 and 0.25 M H2SO4 and

*Electrochemical Society Active Member.
zE-mail: manishk@email.arizona.edu

additives (in ppm levels) such as chloride and bis(sodiumsulfopropyl)
disulfide (SPS) in the presence and absence of sulfonated diallyl
dimethyl ammonium chloride copolymer (SDDACC). The top sur-
face of the via was microcontact-printed with octadecanthiol (ODT),
a self-assembling polymer. ODT makes the surface hydrophobic and
prevents deposition of copper on the mouth. It was shown that in the
presence of SDDACC, complete copper deposition in the via can be
achieved without any voids in ∼35 min. However, the presence of
additives have the disadvantage of introducing foreign particles into
the circuitry, which has been shown to increase residual stress4 and
may contribute to eventual device failure.
The novel technique described in this work will provide an alter-

native to the existing processes for bottom-up filling of high aspect
ratio vias and trenches without the use of chemical additives in the
plating solution, and will dramatically reduce copper overburden and
chemical mechanical planarization costs. With only the bottom of the
vias not coated with a dielectric, deposition will occur at the bottom
of the features but not on the sides or outside the features thereby
ensuring a bottom-up fill process. This will prevent the formation of
voids or seams and is only possible because the driving force for
the reaction acts through the wafer instead of along a seed layer on
the surface of the sample, which is typically the case in a traditional
electro-deposition process.

Materials and Methods

De-ionized (DI) water of 18 M�-cm resistivity was used in the
preparation of solutions and for rinsing the samples. Semiconductor
grade isopropyl alcohol (99.9%) was purchased from Sigma-Aldrich.
VLSI grade hydrochloric acid (36%) was procured fromCole-Parmer.
Semiconductor grade hydrofluoric (49%) and sulfuric acid (98%)were
purchased from Honeywell Inc. Copper sulfate pentahydrate (>99%)
powder was purchased from Acros Organics. The samples used for
deposition were B doped silicon wafers (5e14 – 8e14 atoms/cm3), with
a 5 nm layer of titanium and a 500 nm layer of nickel on the surface.
Copper bar (99.9%, Fisher-Scientific) was used as the sacrificial work-
ing electrode. Platinum mesh (99.99%, Alfa-Aesar) of size 50 × 50
mmwas used as the counter electrode. A standard mercury-mercurous
sulfate (Hg/Hg2SO4) electrode was used as the reference. Electrode-
position experiments were conducted by means of a Gamry Interface
1000 potentiostat with a current range of ±1A. The chronoamper-
ometry module was used to apply a constant potential and measure
current as a function of time.
Samples were cleaned with isopropyl alcohol and DI water before

each test. The wafer was pre-cleaned in a 1:100 (HCl:DI by volume)
solution of hydrochloric acid for 60 seconds to remove any residual
nickel oxide followed by rinsing with DI water before being placed
in the cell. As shown in Figure 1, the setup for copper deposition
involves a two cell system in which contactless copper deposition was
achieved by means of applying a potential to the high purity copper
sacrificial anode with respect to the reference. The nickel side of the
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Figure 1. Schematic of the cell set-up used for electrodeposition of copper.

wafer was exposed to about 200 mL of 0.5M copper sulfate and 2.8M
sulfuric acid solution (25◦C), which facilitates copper deposition. The
silicon side of the wafer was filled with 200 mL of hydrofluoric acid
solution (25◦C). The water in the solution promotes the formation of
SiO2 through oxidation of silicon while HF etches it. The oxidation
step supplies the electrons necessary for the deposition of copper
on the other side, while an anodically applied potential drives the
process. The effective exposed area of deposition was calculated to
be about 23 cm2 and this value was used to obtain the current density
(mA/cm2). In all the experiments, the copper working electrode was
anodically biased with respect to the Hg/Hg2SO4 reference electrode.
The platinum counter electrode was placed in the etchant side of the
cell. Subsequent tests were conducted to determine the thickness of
the deposited copper using an Alpha Step 200 profilometer (Tencor
Instruments). The sample was scanned at five different locations and
the average height has been reported.

Results and Discussion

Copper deposition was investigated as a function of applied poten-
tial and concentration of the etchant (HF) and the results obtained are
discussed in the following sections.

Effect of potential.— Table I shows the average current density
measured over 2 hours of experimental time for two different applied
overpotentials. The concentration of HF solution was 10% (by mass).

Table I. Average current density and average thickness of copper
deposited as a function of overpotential. Open circuit potential of
–400 mV with respect to Hg/Hg2SO4 reference electrode.

Average Current Average Copper
Overpotential, V Density, mA/cm2 Thickness, μm

0.1 5.8 ± 1.2 22.5 ± 10.2
0.17 13.2 ± 1.2 41.6 ± 3.5

It was observed that as the overpotential was increased from 0.1 to
0.17 V (OCP = –0.4 V vs Hg/Hg2SO4), the average current density
increased from∼6 to 13 mA/cm2. The average copper thickness mea-
sured under these conditions was∼23 and 42μm, respectively. It may
be pointed out that the measured current density was steady during
the entire experimental time. Assuming that all the measured current
is used toward deposition of copper, the calculated values of copper
deposited were∼ 16 and 35 μm, respectively, which matches reason-
ably well with the experimentally measured values. In some cases, the
deposited copper film was delaminated from the wafer and its mass
was used to correlate to the calculated mass of copper deposited from
the measured current density. The measured mass of deposited cop-
per matched with the calculated mass of the deposited copper within
99.5% or more.
As the initial value of current density increased to 30 mA/cm2

and above with an increase of applied potential, an interesting phe-
nomenon was observed. The current density no longer was constant
over time but decreased from an initial high value to zero in less than
2 hours. Further, the silicon side of the wafers turned dark in color
by the end of the experiment. Uhlir5 observed a similar phenomenon
in his work on characterizing the effects of electrochemical etching
of germanium and silicon in solution containing hydrofluoric acid.
The reason for the silicon side gaining a dark coloration was due to
the formation of porous silicon. Depending upon the dopant type and
level, etching parameters, and electrochemical conditions (applied
bias/current),6 selective pore formation and varying pore formation
rates can be achieved. The resistivity of a porous silicon sample has
been shown to be higher by several orders of magnitude compared
to the silicon substrate.7,8 The drop in current density may therefore
likely be due to the formation of porous silicon at higher current den-
sities, which will offer increasing resistance to copper deposition with
time. Figure 2 shows field emission scanning electron microscope
(FESEM) images of the silicon surface after deposition has taken
place. It very clearly shows porosity in the silicon after etching, which
verifies its formation.

Effect of HF concentration.— In the next step, the effect of HF
concentration (2–49% bymass) on copper deposition was investigated
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Figure 2. FESEM images showing porous silicon formation at the end of copper deposition run.

at a fixed overpotential of 0.15 V to minimize the use of chemicals
for cost reduction and lowering of the environmental impact. The
experimental time was maintained constant at 30 min for all runs. The
results, shown in Figure 3, indicate that the average current density and
thickness of copper deposited are not significantly affected by different
concentrations of HF in the range of 2 to 49%. This suggests that as
long as the concentration of HF is above a certain minimum value,
there seems to be no benefit to further increasing its concentration.
The minimum concentration of etchant needed to successfully

achieve copper deposition was determined by incrementally adding
small volumes of HF to the solution and observing the current density.
This minimum concentration was found to be just under 2%. Under
this concentration, a cathode overload was measured indicative of
high resistance between the chambers of the cell through the wafer.
The lower limit of HF concentration exists probably because as the
concentration is decreased, the conductivity of the solution as well as
the etch rate of silicon dioxide decreases. To lend more clarity to this
effect, studies were conducted using a solution of 0.1 M potassium
chloride without any HF. This solution would have no etching capabil-
ities but would provide sufficient electrical conductivity. The system
was incapable of depositing copper with this chemical formulation.
HF was then incrementally added and again the system was able to
conduct current when the HF concentration was slightly less than 2%.
This theoretically corresponds to the point at which the minimum etch
rate for conduction can be achieved. Under this minimum etch rate,
the rate of oxidation will be greater than the rate of etching. If this
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Figure 3. Effect of HF concentration on average current density and average
thickness of copper deposited. Overpotential of 0.15 V. Experimental time
= 30 min. OCP –400 mV with respect to Hg/Hg2SO4 reference electrode.

is the case the surface will be passivated by the oxide layer and no
more oxide will form, preventing the flow of current. However, as the
results show, further increase in the etch rate seems to have no benefit.
Clearly etching is necessary for the flow of current, and therefore the
deposition of copper. This suggests that etching of the silicon diox-
ide formed is integral to the process of deposition in this system, but
as increases in concentration show, is not the rate limiting factor of
copper deposition.

Conclusions

A novel technique for the contactless deposition of copper onto
nickel coated silicon wafers has been successfully developed. Copper
deposition rates as high as 0.5 μm/min were shown to be feasible
on blanket substrates. However, there are apparent limitations of the
system at high current densities (≥30 mA/cm2) which result in a rapid
decrease in current and ultimately the cessation of copper deposition.
Alternative chemical formulations for etchant solution would likely
eliminate the limitations, as porous silicon formation due to etching
of the doped silicon in HF solutions seems a possible cause for the
drop in copper deposition rates with time.
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a b s t r a c t

A novel electrochemical method for contactless electrodeposition of copper onto silicon
wafers has been investigated. Deposition parameters such as applied current, concentra-
tions of deposition solution and supporting electrolyte were optimized to achieve high
deposition rates as well as homogenous deposition of copper. Copper sulfate solution
temperature of about 65 1C was shown to be suitable for achieving stable and high values
of current density that translated to copper deposition rates of�2.4 mm/min with good
deposition uniformity.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Metallization of high aspect ratio (HAR) structures on
silicon substrates has become increasingly challenging as the
critical dimension of features shrinks to keep pace with
transistor miniaturization, especially in cases of through
silicon vias (TSV) which are necessarily very deep. Electro-
deposition is the primary industrial technique for bulk filling
of back end of line connections in integrated circuits because
it can be performed at room temperature and pressure with
relatively inexpensive precursors and at high deposition rates.

The primary limitation of this technique, however, is that
when filling vias with high aspect ratios such as in TSV
applications, a concentration gradient of cupric ions develops
along the depth of the via because of diffusion limitations.
This ion concentration gradient causes faster deposition at
the mouth of the via leading to a “pinch off” effect in which
the bottom of a blind via, or the middle of a through hole via

is closed to electrolyte solution before being completely filled
with copper. Furthermore, even in cases where full filling is
achieved the conformal nature of the deposition causes a
seam to form where the deposition of the side walls meet in
the center of the via, which is also a reliability concern for the
electrical connection. There have been a number of techni-
ques developed which attempt to address these challenges as
HAR through silicon vias are a major component of the tech-
nologies allowing continued scaling of electronic devices.

TSV features with aspect ratios (AR) as high as 26
(depth–width) have been successfully filled with conven-
tional electrodeposition techniques [1], however this is
only possible through the addition of several chemicals in
the plating solution called accelerator (aka brightener),
suppressor (aka carrier) [2], leveler and a halide ion
(chloride). While this method allows for super conformal
filling of HAR features, it has the disadvantage of introdu-
cing foreign particles to the deposited copper which have
been shown to increase residual stress [3], and make
chemical disposal more challenging and expensive.

Through-hole plating is a technique that allows for
“bottom-up” rather than conformal filling of vias.
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However, the technique requires the use of a sacrificial
wafer essentially doubling the material costs, and is still
subject to the danger of void formation. In experiments
performed by Dixit et al., deposition rates of about 0.6 μm/
min were achieved in trenches with aspect ratios of up to
15 by means of through hole plating [4]. However this was
only with the addition of an accelerator and a leveler at
10 mL/L and 15 mL/L, respectively. Additive free chemis-
tries were not investigated in this study.

Pulse current deposition is another method of achieving
void free filling in HAR structures. The pulsation of the
current between positive and neutral or negative bias,
utilizes the concentration gradient caused by the applied
current to shape the deposition and create super conformal
filling. Pulse current deposition is generally accompanied by
at least one additive. However in a study by Hofmann et al. it
was shown that copper which was electroplated without
additives in solution produced a superior filling result, better
step coverage and higher overall plating thickness compared
to cases in which two additives, accelerator and carrier at
0.1% and 2% respectively, were present for any given pulse
current configuration [5]. Zhu et al. showed that periodic
pulse reverse current (PPR) can produce void free conformal
deposition in blind vias with aspect ratios up to 5 without
the addition of chemical additives, albeit with very low
current densities [6].

Additive-free deposition is preferable from both cost and
quality perspectives since it results in lower production cost
and higher reliability of deposited copper. Inherent bottom-
up filling is also financially advantageous because it elim-
inates a large portion of copper overburden and associated
polishing costs. The technique developed in this work
attempts to be a viable method of depositing a high quality
copper layer with true bottom-up filling and an additive free
deposition solution. The technique is only examined on
blanket silicon wafers in this study, and represents a novel
method of supplying electrons for deposition which will not
only provide the bottom-up filling advantage of through-
hole-plating but also the depth tailorability of blind vias. The
method could be applied for electrodeposition of metals in
high aspect ratio features on wafers that possess reasonable
conductivity (lightly doped) including those used in silicon-
on-insulator (SOI) devices such as flash memories, static/
dynamic random access memories (SRAM/DRAM), radio
frequency and high performance logic devices [7,8].

The technique presented in this manuscript was shown
viable for copper deposition on blanket wafers in an earlier
publication by Patterson et al. [9] but had deposition rate
limitations. The developments discussed in this research
work eliminate the current density limitations and improve
copper deposition uniformity by adjusting deposition solu-
tion characteristics. The effect of applied potential and solu-
tion parameters such as temperature, deposition medium
and supporting electrolyte have been investigated.

2. Materials and methods

De-ionized (DI) water of 18 M Ω-cm resistivity was used
in the preparation of solutions and for rinsing the samples.
Semiconductor grade isopropyl alcohol (99.9%) was pur-
chased from Sigma-Aldrich. VLSI grade hydrochloric acid

(36%) was procured from Cole–Parmer and sulfuric acid
(98%) was purchased from Honeywell Inc. Copper sulfate
pentahydrate (499%) powder was obtained from Acros
Organics. The samples used for deposition were B doped
silicon wafers (5e14–8e14 atoms/cm3), with a 5 nm layer of
titanium (for adhesion) and a 500 nm layer of nickel on the
surface. Copper bar (99.9%, Fisher-Scientific) was used as
the sacrificial working electrode. Platinum mesh (99.99%,
Alfa-Aesar) of size 50�50 mm2 was used as the counter
electrode. A standard mercury–mercurous sulfate (Hg/
Hg2SO4) electrode was used as the reference when current
or potential was applied with the Gamry interface 1000.
Electrodeposition experiments were conducted by means of
a Gamry Interface 1000 potentiostat with a current range of
71 A and maximum potential of 20 V. The chronoampero-
metry/chronopotentiometry modules were used to apply a
constant potential or current and measure the correspond-
ing current or potential as a function of time. For applying
currents greater than 1 A, a current generator from B&K
Precision Corporation (current limit of 5 A) was used to
apply direct current to the system and potential was
monitored. The experiments were typically conducted for
a time period of 2 h and images of the deposited copper
were taken using a scanning electron microscope (SEM) to
assess the uniformity of the copper. The deposition rate was
indirectly ascertained by delaminating the deposited cop-
per film and measuring its mass. About 200 mL of the
deposition solution was used for the experiments. The
effective area of the sample exposed was about 23 cm2.

The study uses a cell, shown in Fig. 1, in which the front
side (Ti/Ni) of the sample is exposed to a solution of copper
sulfate and sulfuric acid with a sacrificial copper anode
immersed in it. The contact on the back side of the wafer
was made using a solution as described in the previous work
by Patterson et al. [9]. The electrons generated by electro-
chemical oxidation of silicon on the back side of the wafer
are transported to the front side where cupric ions from the
solution accept them and deposit on to the surface.

3. Results and discussion

In this study several parameters were investigated to
understand the performance of this new deposition tech-
nique. The temperature of the deposition solution was
increased in an effort to provide conditions for a sustainable
reaction, and increased solubility of copper salt. In an effort
to demonstrate this system's commercially viability, the rate
of copper deposition was then increased by applying greater
currents. Finally the concentrations of copper sulfate and
sulfuric acid in the deposition solution were varied to imp-
rove the uniformity of the deposited copper.

3.1. Effect of temperature

Fig. 2 shows the current density as a function of
deposition time for an overpotential of about 0.25 V for
two different solution temperatures of 25 and 65 1C. The
deposition solution consisted of 0.5 M copper sulfate and
2.8 M sulfuric acid. At the lower solution temperature of
25 1C, a steady decrease in current density was observed
with time. This could possibly be due to a lower diffusivity
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of copper at room temperature. This decrease continued
over the course of 2 h measurement until the current, and
therefore the deposition rate, was nearly zero. With a
lower diffusivity, it will take longer for copper ions to
transport through the boundary layer and deposit on to
the sample surface. If this diffusion takes place too slowly,
then as copper deposits onto the surface of the sample a
steeper concentration gradient will be established in the
region right next to the sample. This means that copper
will become depleted in the boundary layer and as the
concentration goes down, the deposition will become
more and more difficult. This causes the deposition rate
to fall. When the solution is heated to 65 1C, the drop in
current is significantly reduced and the current remains
almost constant during 2 h of experimental time. This
effect may be explained by an increase in the copper
diffusivity. As the temperature increases from 25 to 65 1C
the diffusion coefficient of cupric ions in solution increases

by about 2.5 times [10]. This means that it will be much
easier for the diffusion of copper to keep pace with the
deposition of copper. Increasing the solution temperature
eliminates the problem of copper depletion that leads to a
drop in current, and deposition rate. The slight decrease
that is still observed with higher temperature solutions
can most likely be attributed to evaporation of the solu-
tions decreasing the reaction area.

3.2. Effect of current density

Fig. 3 shows the relationship between the current
density that is applied during deposition and the copper
deposition rate based on mass measurements. The deposi-
tion rate increases from 0.72 to 0.88 mm/min with increase
in current density from 30 to 35 mA/cm2. There is a very
steady relationship between the current density and
copper deposition rate suggesting that nearly all of the

Fig. 1. Schematic of electrochemical cell.

Fig. 2. Current density versus deposition time for experiments conducted
at solution temperatures of 25 1C and 65 1C.
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current measured corresponds to copper deposition taking
place. This has been further verified by comparing the
amount of copper expected from the current and the mass
that has been measured. These two values match each
other by over 99%. This means that the system is very
efficient and practically no power is being wasted.

One of the objectives of this study was to increase the
current density and therefore the copper deposition rate.
While copper deposited at slower rates looked smooth and
uniform, the deposition at rates above 1 mm/min was found
to be very porous, resembling an agglomeration of particles
rather than a continuous film. The effect was more pro-
nounced at higher current densities as can be seen in Fig. 4.
Fig. 4a and d show, at two different magnifications of 50x
and 200x, the surface of the copper deposited with a current
density of 39 mA/cm2 corresponding to deposition rates of
0.85 μm/min. The surface is shown to be uniform and non-
porous. Fig. 4b and e show the copper surface deposited at a
higher current density of 108 mA/cm2. These images show
that copper is very non-uniform and exhibits a structure of
large nodules. Fig. 4c and f show copper deposited using a
current density of 207 mA/cm2. These images, again, show
the nodular structure in the copper. The reason for this could
be the diffusion limitation of cupric ions in the boundary
layer. The boundary layer exists between the wafer surface
and the bulk electrolyte solution. When copper deposits on
the wafer the copper ions near the wafer surface are

depleted. Because of this a concentration gradient is estab-
lished within the boundary layer. The thickness of the
boundary layer depends on the diffusion coefficient of the
cupric ions and their concentration in the bulk solution. The
seed layer onto which the copper deposits is not perfectly
uniform on a microscopic scale. Tiny protrusions may be
present which extend into the boundary layer. A protrusion
higher than the surface reaches a region in the boundary
layer with a slightly higher concentration of copper ions. This
means that more dissolved copper is available to deposit on
these spots and current will flow there preferentially. Non-
uniform deposition of the copper is what likely causes the
formation of the nodules that are shown in Fig. 4b, c, e and f.
The effect is more pronounced at higher deposition rates.
When the current density is higher copper is depositing
faster, but since the bulk concentration and diffusion coeffi-
cient of cupric ions are unchanged the concentration gradi-
ent in the boundary layer becomes larger.

3.3. Effect of sulfuric acid concentration

The concentration of sulfuric acid in the plating solution
was reduced to determine its effect on deposition uniformity.
It was found that a change in concentration from 3M to
0.2 M slightly improved the quality of deposited copper.
Fig. 5a shows the deposited copper at a current density of
39 mA/cm2 using about 3 M sulfuric acid and Fig. 5c shows

Fig. 4. SEM images of deposited copper at different current densities. Magnification is 50x (top) and 200x (bottom). Deposition was performed for 2 h with
a deposition solution containing 3 M H2SO4 and 0.5 M CuSO4. Solutions were heated upto approximately 65 1C.
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that with the concentration reduced to 0.2 M, the copper
becomes slightly more uniform. Fig. 5b and d show the same
sulfuric acid concentration comparison with a current den-
sity of 108 mA/cm2. In Fig. 5d, with 0.2 M H2SO4, one can
notice that the deposited copper is less non-uniform. The
purpose of the sulfuric acid in the solution is to increase
conductivity. It may also contribute to the non-uniformity in
the deposited copper if present in excessive concentration. At
higher concentrations of sulfuric acid, the redox potential for
Hþ reduction will decrease, which will cause hydrogen
liberation at the wafer surface thereby contributing to
increased non-uniformity or porosity in the deposited cop-
per. Therefore, in the subsequent experiments, the concen-
tration of sulfuric acid was reduced to 0.2 M. It may also be
noted that copper sulfate solubility in water decreases with
increase in sulfuric acid concentration. The decrease is as
much as 35% with an increase in H2SO4 concentration from
0.25 to 3 M at 65 1C [11]. This may have an adverse effect
when higher concentrations of copper sulfate are needed for
more uniform deposition as will be observed from the results
in the next section.

3.4. Effect of copper sulfate concentration

In an effort to improve the quality of copper at higher
deposition rates, the concentration of copper sulfate in the

deposition solution was varied. It was found that increasing
the concentration of copper sulfate from 0.5 M to 1 M greatly
increased the uniformity of the deposition, as shown in
Fig. 6. Fig. 6a, d, and g show the large nodules of copper
formed with 0.5 M copper sulfate at a current density of
108 mA/cm2. Fig. 6b, e, and h show the images of deposited
copper surface when copper sulfate concentration had been
increased to 1 M. This difference in the structure of the
deposited copper is caused by the diffusion of copper in the
boundary layer. With a higher concentration of copper ions
in solution the concentration gradient is steeper which
causes the rate of diffusion to be faster, and the boundary
layer to be smaller. When a protrusion in the deposition layer
reaches into the boundary layer the difference in copper
concentration there and at the surface will not be as large,
which means the copper will deposit more evenly.

It was also found that further increasing the concentration
of copper sulfate did not have much effect. Fig. 6c, f, and i
show that the copper deposited with 1.5 M concentration look
similar to that deposited with 1M concentration at the same
deposition rate. This likely means that for this deposition rate,
2.4 mm/min, there is a certain concentration of copper that
allows the diffusion rate to keep pace with the deposition,
and prevent the boundary layer from becoming too large.
Beyond that point increasing the concentration has minimal
benefit. As the current density was increased from 108 to

Fig. 5. SEM images at 50x magnification of copper deposited at different current densities (a and c – 39 mA/cm2, b and d –108 mA/cm2) with different
H2SO4 concentrations (a and b – 3 M, c and d – 0.2 M). Deposition was performed for 2 h with a deposition solution with 0.5 M CuSO4. Solutions were
heated upto approximately 65 1C.
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207mA/cm2, increasing the concentration of copper sulfate
did not make the copper uniform (data not shown). At a
deposition rate of 4.5 mm/min, the highest copper sulfate
concentration achievable, around 2.75M at 65 1C, is too low
to keep the boundary layer small enough for a uniform
deposition.

4. Conclusions

We have successfully demonstrated the effect of various
experimental variables such as current density, solution

temperature, sulfuric acid, and copper sulfate concentration
on deposition rate and quality of electroplated copper using a
contactless electrodepositionmethod. Increasing the tempera-
ture of the deposition solution was found to be critical in
achieving stable and high values of current densities. Decreas-
ing sulfuric acid concentrations from 3 to 0.2 M and increasing
copper sulfate concentrations from 0.5 to 1.5 M allowed a
deposition rate as high as 2.4 μm/min (calculated by mass)
with the deposited copper showing a high level of uniformity
as indicated from SEM images. The results show that the
operational parameters, particularly solution temperature and

Fig. 6. SEM images of deposited copper with different concentrations of CuSO4. Magnification is 50x (top), 200x (middle), and 1000x (bottom). Deposition
was performed for 2 h with an applied current density of 108 mA/cm2 (2.5 A) and a deposition solution with 0.2 M H2SO4. Solutions were heated upto
approximately 65 1C.
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copper sulfate concentration, have significant effect on the
rate and the quality of the deposited copper, and therefore,
can potentially provide the performance required in state-of-
the-art high-volume manufacturing without some of the
key shortcomings of the conventional techniques. Continued
work is planned to gather more data and develop techniques
for a comprehensive optimization of these key operational
parameters.
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Abstract 
This chapter covers fundamental aspects of megasonic cleaning with spe-
cial emphasis on acoustic cavitation and streaming. The first part of the 
chapter focuses on various forms of cavitation (stable and transient) and 
streaming (Eckart, Schlichting, and Rayleigh) and their physical effects 
in liquids including microstreaming, shock waves, and liquid microjets. 
A review of studies by several researchers on the role of various sound 
field and solution parameters on particle removal and feature damage dur-
ing megasonic cleaning is provided in the second part of the chapter. The 
importance of understanding the cleaning mechanisms and optimization 
of process variables in achieving damage-free and effective megasonic 
cleaning process is also highlighted.

Keywords: Megasonic cleaning, silicon wafer, particle removal, acoustic stream-

ing, acoustic cavitation 

6.1 Introduction

The field of acoustics has grown significantly over the last several decades 
due to increasing use of sound energy in a variety of technological areas 
including medical imaging, detection/non-destructive testing, chemical 
processing, sonolysis (wastewater treatment) and cleaning. The cleaning 
industry employs sound energy in a wide range of frequency and inten-
sity depending on the application. Typically, moderate intensity-ultrasonic 

*Corresponding author: manishk@email.arizona.edu

K.L. Mittal and Ravi Jaiswal (eds.) Particle Adhesion and Removal, (243–280)

2015 © Scrivener Publishing LLC

100



244 Particle Adhesion and Removal

frequencies (20–150 kHz) are employed for cleaning of jewelry, lenses and 
optical parts, surgical instruments, etc; high intensity-ultrasonic frequen-
cies are used for sonochemical processes and wastewater treatment; and 
low intensity-megasonic frequencies (0.5–3 MHz) are employed for clean-
ing of electronic devices. The choice of megasonic frequencies for cleaning 
of silicon devices in semiconductor industry is based on lower cavita-
tion and higher streaming forces at these frequencies that allows effective 
removal of sub-micrometer size particulate contaminants without causing 
any damage to delicate features. These frequencies would not, however, be 
suitable for cleaning of hard and robust materials used in industrial parts 
where size of particulate contaminants is much larger than a micrometer. 
There are some general guidelines that have been provided on selection 
of sound frequency for removal of different types of contaminants from 
various surfaces [1]. For example, upper range of ultrasonic frequencies 
(100–200 kHz) have been found to be effective in degreasing using volatile 
solvents where the cavitation is milder due to high vapor pressure, low 
viscosity and low surface tension of these solvents. The decontamination 
of metal surfaces is recommended using a cleaning step with frequency in 
the range of 40–100 kHz followed by use of 60–200 kHz frequency in the 
rinse step. In the case of plastics, low to medium range ultrasonic frequen-
cies (30–70 kHz) are preferred due to absorption of sound wave and its 
attenuation. The cleaning of silicon devices requires use of megasonic fre-
quencies generating milder cavitation to avoid damage to fragile features 
while achieving effective removal of sub-micrometer sized particles from 
patterned wafer and mask surfaces. 

6.1.1 Wafer Cleaning

Semiconductor devices are the foundation of electronics industry, which is 
the largest industry in the world. The unique properties of semiconductor 
materials have allowed development of a wide range of ingenious devices 
that have dramatically changed our lives. With the ever-growing need to 
improve the performance of electronic devices, there has been a continu-
ous effort to reduce the size of these individual components and increase 
the chip size. This allows more components to be integrated on a chip, 
thus significantly enhancing the functioning of the integrated systems 
and keeping the cost low at the same time. In the 1960’s, Gordon Moore, 
Intel cofounder, described an important trend in the history of computer 
hardware that the number of transistors on a chip would double every two 
years without accounting for an increase in the chip size [2]. This trend has 
been preserved over the years and has led to continuous improvement in 
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the computing power and development of high-tech devices. One of the 
drivers behind this growth is the evolution of wafer cleaning technology 
that has maintained the contamination and defectivity levels within the 
required specifications. 

Wafer cleaning is an important step in fabrication of very large scale 
integration (VLSI) and ultra large scale integration (ULSI) silicon cir-
cuits in order to maintain their reliability and efficient performance. It is 
estimated that about fifty percent of yield losses in the integrated circuit 
(IC) industry are due to particle contamination [3]. A continuous effort 
to improve this yield has led to not only an increase in the number of 
cleaning steps but also an imposition of more critical requirements by the 
International Technology Roadmap for Semiconductors (ITRS) on the tol-
erable size and number of contaminant particles on the front and back side 
of wafer surfaces. The ITRS dictates that by 2015, the killer defect den-
sity, critical particle diameter and count must not exceed 0.006 #/cm2, 11.3 
nm and 34.2 #/wafer respectively for the front surface of a 450 mm wafer 
[4]. Several wafer cleaning techniques incorporating solution chemistries 
have evolved over time to meet the particle contamination challenge. These 
include 1) immersion cleaning, 2) centrifugal spinning/spraying, 3) brush 
scrubbing, 4) high-pressure fluid jet cleaning, and 5) megasonic cleaning 
(immersion and single wafer). Of these, megasonic cleaning is one of the 
commonly used techniques in practice today for the removal of particulate 
contaminants from wafer and mask surfaces. 

Current technologies are based on the development of environmen-
tally-benign chemistries and techniques that will require minimal chemi-
cal usage and disposal in order to achieve the desired cleaning. Hydrogen 
peroxide based wet chemistries are still the common form of cleaning tech-
niques used for removal of organic, metallic and particulate contaminants 
from wafer surfaces. However, its implementation has changed over the 
years from immersion cleaning to centrifugal spray cleaning, megasonic 
cleaning, centrifugal spin cleaning and other methods. 

Wet cleaning methods employ liquid based chemistries such as hydro-
fluoric acid (HF) solutions, sulfuric acid–peroxide mixtures (SPM), alka-
line and acidic peroxide solutions (standard clean-1 (SC-1) and standard 
clean (SC-2) solutions) and sulfuric acid-ozone mixtures (SOM). The role 
of each of these chemical systems in removal of contaminants from wafers 
is very unique, which has been of great advantage to the wafer cleaning 
community. In most cases, the particle removal by these chemistries is car-
ried out by etching of the underlying substrate. The maximum allowed sili-
con or oxide loss per cleaning step in current and near-future generation 
technology nodes, as indicated by ITRS, should not exceed 0.1 Å. Under 
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such conditions, use of dilute chemistries or alternative non-reactive 
chemicals becomes the obvious choice. Unfortunately, this puts a restric-
tion on the cleaning efficiencies that can be achieved by employing these 
chemistries alone. Therefore, various external sources of energy such as 
acoustic (megasonic) energy are used in conjunction with dilute chemis-
tries for removal of contaminants. 

A typical cleaning sequence of these chemistries used for wafer cleaning 
is shown in Figure 6.1. Mixtures of 98 % sulfuric acid and 30 % hydrogen 
peroxide, also known as Piranha, at temperatures of 120–150 °C are used for 
removal of organic contaminants from the wafer surface due to the strong 
oxidizing power of HSO

5
- and H

3
O

2
+, formed during the reaction between 

H
2
O

2
 and H

2
SO

4
 [5,6,7,8]. Hydrofluoric acid (HF) solutions etch the sili-

con dioxide (SiO
2
) films (R6.1) formed during Piranha cleaning step and 

assist in removal of particulate contamination from wafer surfaces. SC-1 
cleaning involves using mixtures of ammonium hydroxide (29 %), hydro-
gen peroxide (30 %) and water in the ratios from 1NH

4
OH:1H

2
O

2
:100H

2
O 

to 1NH
4
OH:1H

2
O

2
:500H

2
O at 70–80 0C. The pH of this solution is close 

to 11. Hydroperoxyl anions formed from dissociation of hydrogen per-
oxide at alkaline pH of SC-1 oxidize silicon and ammonium hydroxide 
etches it as per reactions R6.2 and R6.3, respectively [9]. This continuous 
oxidation and etching aids in removal of particles from wafer surfaces. 

Figure 6.1 Wafer cleaning sequence typically used in semiconductor fabrication 
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The SC-1 solution is also found to be useful in complexing metal ions 
such as Ag+ and Cu2+ and in the dissolution of metals (silver, copper, chro-
mium, cobalt, etc.). The SC-2 cleaning solution consists of a mixture of 
hydrochloric acid (37 %), hydrogen peroxide (30 %) and water in a ratio of 
1HCl:1H

2
O

2
:100H

2
O to 1HCl:1H

2
O

2
:500H

2
O at 70–80 0C. The pH of this 

solution is less than 1. Metal ions such as Fe3+, Al3+, Zn2+ and Mg2+ hydro-
lyze in the SC-1 solution and form insoluble metal hydroxides that are not 
removed. Hence, SC-2 solution is used since it can dissolve any metal as 
metal ion due to the acidic nature of the solution.

 SiO HF SiF H H O2 6

2

26 2 2+ = + +− +  (R6.1)

 Si + 2HO
2

 = 2OH  + SiO
2 

(R6.2)

 SiO
2
 + 4OH- = SiO

4
4- + 2H

2
O (R6.3)

6.2 Principles of Megasonic Cleaning

In megasonic cleaning, sound waves with a frequency of 1 MHz or larger 
are directed from the transducer(s) either parallel or perpendicular to 
the wafers that are immersed in the cleaning liquid. The transducers are 
made up of piezoelectric materials that possess the ability to convert elec-
trical energy into mechanical energy when high-frequency AC voltage, 
between 500 and 2000 kHz, is applied causing the transducer material to 
rapidly change dimension or vibrate. The resonant mass of the transducer 
transmits these vibrations into the liquid, producing acoustic waves in 
the cleaning fluid. Cleaning is achieved through proper choice of chemi-
cal solutions at desired temperatures, transducer power density and fre-
quency of the acoustic field. The acoustic frequency plays an important 
role in determining the acoustic boundary layer thickness, which is typi-
cally much smaller than the hydrodynamic boundary layer and affects the 
particle removal. The acoustic boundary layer thickness (δ) depends on 
fluid kinematic viscosity (ν) and angular acoustic frequency (w) and is 
given by equation 6.1.

 d n= ⎛
⎝⎜

⎞
⎠⎟

2
1 2

w

/

 (6.1)

As seen from Figure 6.2, at 1 MHz, the acoustic boundary layer thick-
ness in water is ~ 1 μm and increases with decrease in acoustic frequency. 
For a liquid such as glycerol with a much higher kinematic viscosity of 
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about 714 mm2/s [10], the acoustic boundary layer thickness at 1 MHz is 
about 50 μm. 

By comparison, the turbulent hydrodynamic boundary layer (BL) thick-
ness in water at the center of a 450 mm wafer for a free stream velocity as 
high as 10 m/s is ~ 4400 μm (calculated using equation (6.2) [11]). Thus, 
a particle in an acoustic field is likely to experience higher drag than in a 
hydrodynamic flow for the same microstreaming or hydrodynamic flow 
velocity, respectively.

 Hydrodynamic BLTurbulent = ⎛
⎝⎜

⎞
⎠⎟

0 16

1

7

.
v

Ux
x  (6.2)

where ν = kinematic viscosity of liquid (m2/s), x = distance from leading 
edge to center of a 450 mm wafer (m), ω = angular acoustic frequency 
(rad/s), and U = free stream velocity (m/s)

6.2.1 Acoustic Streaming 

Acoustic streaming refers to time independent motion of fluid due to 
the loss of acoustic momentum caused by viscous attenuation and wave 
interactions with solid boundaries. Particle removal in megasonic clean-
ing relies on reduction in boundary layer thickness at the solid-fluid 
interface that is achieved by means of three types of streaming, namely 
Eckart, Schlichting and Rayleigh which are classified according to scale 

Figure 6.2 Acoustic boundary layer thickness as a function of frequency for water and 

glycerol at 25°C
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of the patterns formed. It is a well known fact that liquid velocities in an 
acoustic field may not simply be sinusoidal even though the motions of 
sound sources essentially are sinusoidal [12]. Patterns of steady vortices or 
time independent circulations of fluid were first observed by Faraday [13]. 
Rayleigh did the first theoretical analysis of such phenomena and deduced 
the flow patterns [14,15]. He found that a time independent component 
of velocity exists in addition to the oscillating component which can be 
obtained by solving the Navier-Stokes equation governing the flow. This 
occurs because of small drifts in the position of fluid elements during each 
acoustic cycle, caused by an attenuation of the wave in a viscous medium 
[16]. These flows occur either in a non-uniform sound field or near a solid 
boundary immersed in fluid irradiated with sound field or near the oscil-
lating sound source itself. The flow velocity increases with sound intensity 
but is always smaller than the maximum fluid element velocity due to pri-
mary sound wave [17]. 

6.2.1.1 Eckart Streaming

Eckart streaming, which occurs outside the boundary layer, is a bulk flow 
of fluid and is characterized by vortices on the scale of the flow field and 
only affects the hydrodynamic boundary layer [18]. It reduces the diffu-
sion boundary layer thickness and thus increases the chemical reactivity at 
the surface. Figure 6.3 shows the schematic of a typical Eckart streaming 
velocity profile in a megasonic tank. The maximum velocity occurs at the 
center of the transducer and approaches zero close to the wall. Further, the 
streaming velocity increases with sound field intensity or transducer power 
density. 

Figure 6.3 Schematic of Eckart streaming velocity profile in a megasonic cleaning tank
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The Eckart streaming velocity is proportional to the product of the 
square of the acoustic frequency and transducer power density and ratio of bulk 
to shear viscosity of the fluid. In Figure 6.4, maximum Eckart streaming 
velocity [19,20] in water is plotted as a function of transducer power den-
sity for three different megasonic frequencies of 1, 3 and 5 MHz. These cal-
culations are performed for a closed system where the net flow of liquid in 
the megasonic tank is zero. Clearly, the Eckart streaming velocity increases 
linearly with transducer power density and as the square of the sound fre-
quency. At 1 MHz frequency, the Eckart streaming velocity at 0.5 W/cm2 
is ~ 0.05 m/s and increases to ~1.0 m/s at 10 W/cm2. At higher megasonic 
frequency of 3 MHz, the streaming velocity increases to ~10 m/s at 10 W/
cm2. The streaming forces can cause high viscous stresses and large veloc-
ity gradients in the boundary layer for the removal of contaminants from 
the substrate. 

6.2.1.2 Schlichting Streaming and Rayleigh Streaming

Schlichting streaming (boundary layer streaming) results from attenuation 
due to continuity of the acoustic displacement field at the solid – viscous 
fluid interface [21]. It is a vortex flow inside the viscous layer resulting 
from interactions with a solid boundary. The length scale of vortices is 
much smaller than the acoustic wavelength and is typically about twice the 

Figure 6.4 Maximum Eckart streaming velocity at different transducer power densities 

and sound wave frequencies, f, for a closed channel, where ‘h’ is the distance between the 

walls of the closed channel, ‘d’ is the distance between the edge of the transducer and the 

channel wall, ‘l’ is half the width of the transducer, ‘y’ is the variable distance from the 

channel wall, and y = h/2 corresponds to the center of the transducer at which the Eckart 
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acoustic boundary layer thickness [22]. Rayleigh streaming, which occurs 
outside the boundary layer, produces vortices that are of the scale of the 
acoustic wavelength [23,24]. Steady viscous stresses are exerted on the 
boundaries where these types of rotational motions occur, and these stresses 
may contribute significantly to removal of contaminants from surfaces. A 
schematic of Schlichting streaming and Rayleigh streaming is shown in 
Figure 6.5. A standing wave parallel to the solid surfaces and propagating in 
the x-direction consisting of spatially fixed pressure nodes and antinodes is 
formed. The Schlichting streaming flow occurs within the viscous bound-
ary layer (gray region) which then generates counter rotating streaming 
vortices or Rayleigh streaming outside the viscous boundary layer.

6.2.2 Acoustic Cavitation 

Cavitation may be defined as stimulated bubble (or cavity) activity in a 
liquid [25]. When the bubble activity is induced by acoustic waves, it is 
referred to as acoustic cavitation. This bubble activity is known to produce 
chemical and physical effects such as acoustic streaming, shock waves, 
fluid jet formation, sonoluminescence, chemical reactions, radiation 
forces, and erosion. In turn, these effects drive applications and processes 
such as ultrasonic and megasonic cleaning, sonochemistry, sonolysis, 

Figure 6.5 Schlichting streaming and Rayleigh streaming [23,24], Reprinted from Lab on 

a Chip, M. Wiklund, R. Green and M. Ohlin, Acoustofluidics 14: Applications of acoustic 

streaming in microfluidic devices, pp. 2438–2451, copyright (2012) with permission from 

RSC Publishing, Adapted from M.F. Hamilton, Y. A. Ilinskii, E. A. Zabolotskaya, Acoustic 

streaming generated by standing waves in two-dimensional channels of arbitrary width, J. 

Acoust. Soc. Am., 113, 1, pp. 153–160 (2003)
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medical diagnostic imaging, drug delivery, lithotripsy etc. In order to 
form a bubble in a liquid, a reduction in liquid pressure is required, which 
can be achieved by passing a sound wave through a medium. The tensile 
strength of pure water at 25 0C is about 1000 atm. This means that sound 
wave pressure amplitude of at least 1000 atm is required to initiate cavi-
tation in water, assuming no other nuclei are present [26,27]. However, 
cavitation is observed in liquids with pressure amplitudes as low as 1 atm, 
which suggests the pre-existence of nuclei within the liquid. Thus, the 
threshold pressure for inception of bubbles in liquid can be significantly 
lower than the theoretically predicted values depending on several fac-
tors including gas trapped in crevices or cracks of solid particles, organic 
skins around bubbles, partially wetted particulate contaminants, and 
others. 

6.2.2.1 Stable Cavitation

Two types of cavities, stable and transient, form when the fluid is subjected 
to an oscillating pressure field [28]. Stable cavitation has been investigated 
in detail by Coakley and Nyborg [29]. Stable cavitation, acting as a sec-
ondary sound source and leading to microstreaming, entails oscillations 
of bubbles about an equilibrium size over many acoustic cycles. Acoustic 
microstreaming occurs due to emission of the sound waves from the 
oscillating bubbles, especially resonating bubbles, generating rapid cur-
rents in localized regions. Microstreaming behavior was first observed 
by Kolb and Nyborg in 1956 [30]. The movement of carmine red (indi-
cator particle) in water was monitored using a low power microscope 
under acoustic frequencies of about 5–10 kHz. It was noticed that in the 
absence of dissolved gas in water and at pressure amplitudes of about 0.1 
atm, there was no movement of the carmine red particles, while in the 
presence of dissolved gas, the movement was very chaotic. This chaotic 
movement was attributed to the movement generated by the vibration 
of the bubble (microstreaming). At lower pressure amplitudes, orderly 
vortex motions were observed. The presence of microstreaming was fur-
ther justified by the same authors while investigating the degradation of 
an organism, Parmecium Caudatum. It was observed that after exposure 
to pressure amplitude of about 0.1 atm in the presence of dissolved gas, 
the organisms were destroyed after 10 min, while they remained intact 
when exposed to sound field in the absence of dissolved gas. The destruc-
tion was attributed to the bombardment of the organisms with the walls 
of the container or among each other due to the microstreaming forces 
generated.
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Vibration of bubbles close to the solid boundary leads to several stages 
of streaming as illustrated in Figure 6.6. A stable mode of bubble vibra-
tion is observed when bubble surface velocity is close to 11 cm/s causing 
microstreaming near the top of the bubble [31]. A reversal in streaming 
occurs at a bubble surface velocity of 31 cm/s followed by chaotic surface 
agitation at 60 cm/s. At this bubble surface velocity, transformation from 
stable mode occurs and the bubble is surrounded by a large vortex ring 
[31]. Microstreaming can be very useful in transporting the particles from 
the viscous boundary to the bulk of the solution. 

Figure 6.6 Sequence of microstreaming patterns at different bubble surface velocities 

[31], Reprinted from The Journal of the Acoustical Society of America, 31 (1), S. Elder, 

Cavitation Microstreaming, pp. 54–64, copyright (1959) with permission from ASA 
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6.2.2.2 Transient Cavitation

The second form of cavitation termed as transient cavitation is character-
ized by large bubble size variations and eventual bubble collapse (typically 
in less than a few cycles), which can be quite violent. This violent collapse, 
accompanied by extremely high temperature and pressure conditions, 
often leads to the formation of shock waves with or without the formation 
of microjets depending on whether the bubble collapse occurs in the vicin-
ity or away from the solid boundary. It is known that during collapse of 
bubbles, temperatures of the order of 4500 K can be reached, which results 
in formation of active radicals such as OH•, H•, HO

2
•, O

2
•- etc. [32,33]. 

Both shock waves and microjets can cause dislodgment of particles from 
surfaces. 

6.2.2.2.1 Shock Wave and Fluid Jet Formation
Bubbles driven into activity by acoustic waves act as sources of pressure 
variation and fluid motion [25]. For example, bubbles driven at a reso-
nance frequency entail high fluid velocity causing enhanced heat, mass and 
momentum transfer. These high fluid velocities occur at cavitation sites, 
the most common forms of which include contaminants on the surfaces. 
This situation is very advantageous for removal of particulates or other 
contaminants from the surfaces. Whether it be large scale cleaning using 
ultrasonics or cleaning of fine structures using megasonics, the type of cav-
itation must produce high velocities for creating necessary drag forces on 
the particles without powerful inertial cavitation which might cause dam-
age to the features on the surface. To lower the destructive effect of cavita-
tion, a solvent with higher vapor pressure may be added which provides a 
cushioning effect to the collapsing cavity and softens its impact. Similarly, 
addition of gas to the liquid in optimum amount reduces the impact of 
cavitation. 

Ohl et al. have shown that the dynamics of bubble collapse depends 
on the distance of separation between the solid boundary and the bubble 
center [34]. When this distance is three times or greater the radius of the 
bubble, the bubble stays spherical during its collapse and shock waves are 
emitted [35]. If the distance is lower than three times the bubble radius, 
asymmetrical collapse of the bubble occurs resulting in a fluid jet forma-
tion. Shock waves are emitted in this case also, but are less violent.

Flynn suggests that during transient cavitation, the bubble implodes 
and rebounds with extreme pressures [36]. We know that the speed of 
sound is an increasing function of liquid pressure. This leads to a signifi-
cant increase in sound speed during collapse and eventual formation of a 
shock wave.
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Minsier and Proost illustrated that a physical discontinuity occurs 
between the liquid pressure and velocity during bubble collapse, suggest-
ing the presence of a shock wave [37]. It was demonstrated using numeri-
cal computations that rebound of the liquid after bubble collapse results in 
spikes in liquid velocity at a few radial distances from the bubble center. 
These spikes correspond to the liquid velocity at the shock wave front as 
shown in Figure 6.7. One can notice the decrease in spikes or shock wave 
front velocity over time. 

The effect of solution parameters on liquid velocity at the shock wave 
front is critical in cavitation induced cleaning of surfaces. A high liquid 
velocity at shock wave front can clean but can also damage the surface. 
Therefore, tuning of solution conditions to optimize the velocity of liquid 
at shock wave front is necessary. Cavitation process variables such as initial 
bubble radius, sound source pressure amplitude and solution surface ten-
sion have been investigated for their effect on liquid velocity at the shock 
wave front. The calculations were performed for water and the results are 
displayed in Figures 6.8 and 6.9. It was observed that the liquid veloc-
ity at the shock front increases with acoustic pressure and goes through 
a maximum as a function of the initial radius of the bubble. The trend 
is similar to that observed for maximum velocity at the bubble wall, the 
latter values being much higher in magnitude (of the order of 1000–6000 
m/s depending on the solution conditions). In the case of effect of surface 
tension, the liquid velocity at the shock front decreases with increasing 

Figure 6.7 Liquid velocity as a function of distance from bubble center after specified 

elapsed time [37], Reprinted from Ultrasonics Sonochemistry, 15 (4), V. Minsier and J. 

Proost, Shock wave emission upon spherical bubble collapse during cavitation induced 

megasonic surface cleaning, pp. 598–604, copyright (2008) with permission from Elsevier 
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Figure 6.8 Effect of source pressure amplitude (P
∞
) and initial bubble radius on liquid 

velocity at shock wave front [37], Reprinted from Ultrasonics Sonochemistry, 15 (4), 

V. Minsier and J. Proost, Shock wave emission upon spherical bubble collapse during 

cavitation induced megasonic surface cleaning, pp. 598–604, copyright (2008) with 

permission from Elsevier
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Figure 6.9 Effect of liquid surface tension and initial bubble radius on liquid velocity at 

shock wave front at a source pressure amplitude of 4 bar [37], Reprinted from Ultrasonics 

Sonochemistry, 15 (4), V. Minsier and J. Proost, Shock wave emission upon spherical 
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surface tension. This was attributed to the fact that the maximum bubble 
velocity decreases with an increase in surface tension due to the lower 
maximum radius of the bubble attained during expansion in liquid with 
higher surface tension.

Plesset had indicated that the stresses produced by rebound during col-
lapse of a spherical bubble fall off rapidly with distance and hence may not 
have a significant impact on damage to surfaces observed during clean-
ing [38]. Kornfeld and Suvorov [39] proposed that liquid jets are formed 
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during bubble collapse close to a solid boundary. These bubbles start their 
collapse as spheres followed by elongation in the direction normal to the 
wall and then form an inward moving jet on the side of the bubble opposite 
the wall. 

Plesset and Chapman used a numerical method for collapse of vapor-
ous bubbles lacking spherical symmetry and obtained the jet velocities for 
two cases: a bubble initially in contact with a solid boundary and a bubble 
initially at a distance half its radius from the boundary at the nearest point 
[40]. The jet velocities of 130 m/s and 170 m/s were obtained respectively 
for the two cases. The shapes of the bubbles and jet formations during the 
collapse for the two cases are shown in Figures 6.10 and 6.11.

Keswani et al. used high time resolution cyclic voltammetry and chro-
noamperometry techniques to characterize transient cavitation in megas-
onic (~ 1 MHz) irradiated aqueous solutions containing additives such as 
dissolved gases (Ar, N

2
 or CO

2
) or non-ionic surfactants (Triton X®-100 

or NCW®-1002) [41,42]. Their results revealed that dissolved Ar and non-
ionic surfactants increase the intensity of transient cavity collapses while 
dissolved CO

2
 significantly reduces it. An example of cyclic voltammetry 

(CV) plots for experiments conducted using a 25 μm platinum working 
electrode in solutions containing 50 mM potassium ferricyanide and sat-
urated with Ar or CO

2
 is shown in Figure 6.12. The current ‘peaks’ (or 

Figure 6.10 Collapse of a spherical bubble initially in contact with a solid boundary 

[40], Reprinted from The Journal of Fluid Mechanics, 47 (2), M. Plesset and R. Chapman, 

Collapse of an initially spherical vapor cavity in the neighborhood of a solid boundary, pp. 

283–290, copyright (1971) with permission from Cambridge University Press
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Figure 6.11 Collapse of a spherical bubble initially at a distance half its radius from a 

solid boundary [40], Reprinted from The Journal of Fluid Mechanics, 47 (2), M. Plesset and 

R. Chapman, Collapse of an initially spherical vapor cavity in the neighborhood of a solid 

boundary, pp. 283–290, copyright (1971) with permission from Cambridge University 
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actually inverse peaks) observed in CV plots for Ar saturated solutions 
exposed to ~ 1 MHz acoustic energy were attributed to diffusion of ferricy-
anide resulting from its accumulation by advection at the end of a transient 
cavity collapse. These peaks were not observed in CV of CO

2
 saturated 

solutions suggesting absence of transient cavitation in these solutions. The 
authors also developed a diffusion based mathematical model that corre-
lates the size of transient bubbles prior to collapse and intensity of bubble 
collapse to the magnitude and the rise and fall time of current peaks.

The effect of acoustic frequency, acoustic pulse width, and degassing of 
DI water on pressure threshold amplitude to initiate cavitation as measured 
using a hydrophone was illustrated by Gouk et al [43]. The pressure thresh-
old in air saturated DI water was found to decrease significantly (about 4 
times) with increase in acoustic pulse width from ~ 0.5 to 12 ms at acous-
tic frequencies of 0.98 and 1.76 MHz. The degassing of the DI water also 
had a dramatic effect on increasing the threshold. The threshold increased 
slightly with increasing the frequency from 0.78 to 1.76 MHz.
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6.3  Particle Removal Mechanisms During 
Megasonic Cleaning 

Although several mechanisms have been known to occur in megasonic 
cleaning of surfaces, the actual cleaning mechanism has been a topic of 
debate for many years. Olim estimated that the acoustic pressure force, 
which acts parallel to the surface due to the pressure gradient in the direc-
tion of sound wave propagation, cannot remove particles smaller than 350 
nm. It was suggested that removal of these particles in megasonic cleaning 
requires additional cleaning mechanisms [44]. 

Ferrell and Crum highlighted two mechanisms by which wafer clean-
ing can be achieved, one by direct interaction of the sound wave with the 
particle adhered to the wafer and the other due to cavitation [45]. It was 
suggested that the propagation of the sound wave generates a periodic 
movement of the fluid element which will cause displacement of the par-
ticle. If the particle is displaced sufficiently away from the surface, it may 
get detached. However, simple calculations show that the fluid element in 
water at ~ 1 MHz of sound frequency is displaced only a few angstroms 
from its equilibrium position at a transducer power density of ~ 1 to 2 W/
cm2 and is unlikely to cause particle removal [46].

Figure 6.12 Effect of dissolved gases (CO
2
 and Ar) in 50 mM K

3
Fe(CN)

6
 and 0.1 M KCl 

solution on current-voltage behavior ( ~ 1 MHz sound frequency and 2.0 W/cm2 power 

density, 25 μm Pt working electrode and 500 μm Pt counter and reference electrodes, 

scan rate = 0.05 V/s) [41], Reprinted from Microelectronic Engineering, 102, M. Keswani, 

S. Raghavan and P. Deymier, Characterization of transient cavitation in gas sparged 

solutions exposed to megasonic field using cyclic voltammetry, pp. 91–97, copyright 

(2013) with permission from Elsevier 
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Shwartzman et al. claimed that the time for cavity formation in megas-
onic cleaning was too short (1.25 μs) and that rocking action due to sound 
waves, rather than cavitation, was the primary cleaning mechanism [47]. 
Deymier et al. showed that the acoustic pressure force due to the scattering 
of acoustic wave by a particle adhered to the wafer surface is negligible and 
therefore unlikely to generate a significant pressure field to cause removal 
of particle from the surface [48]. Kim et al. [49] determined that particle 
removal in the presence of a megasonic field was brought about by the 
interfacial and pressure gradient forces generated by microbubbles present 
in the vicinity of adhered particles. Their studies were performed on both 
blanket and patterned Si wafers contaminated with fluorescent polystyrene 
latex (PSL) particles of ~ 0.7 and 1 μm in diameter in the presence of 0.95 
MHz acoustic field. They showed that acoustic pressure gradient does not 
primarily remove particles but acts as a secondary factor. However, after 
numerous discrepancies, two major cleaning mechanisms, namely acous-
tic cavitation and streaming, have evolved to become widely accepted 
mechanisms for removal of particles during megasonic cleaning. 

McQueen considered the usefulness of acoustic streaming in reduc-
ing the boundary layer thickness based on her work on removal of nano-
particles from surfaces [50,51]. Deymier et al. investigated the effect of 
second-order sound fields such as Schlichting streaming on removal of 
particles in megasonic cleaning [52]. They treated the solid as an isotropic 
elastic medium and water as a viscous fluid. It was shown that the nor-
mal component (perpendicular to the wafer surface) of the removal force 
resulting from the second-order acoustic field was too small to remove the 
sub-micrometer sized particles. However, they predicted that the parallel 
component of the streaming force can exert significant drag on the particle 
and remove it through a rolling mechanism. 

Gale and Busnaina explained the roles of cavitation and acoustic stream-
ing in megasonic cleaning [18]. They suggested that stable cavitation results 
in strong microstreaming currents close to the wafer surface that can induce 
cleaning. Acoustic microstreaming occurs due to the large stable oscilla-
tions of the gaseous cavities which, in turn, causes the rapid movement of 
the surrounding liquid in the same pattern as the bubble wall. These gas-
eous cavities can either nucleate on a solid surface or pre-exist in the liquid 
solution. If asymmetry in the bubble oscillations occurs, say due to the 
presence of a boundary of a particle or a surface, intense microstreaming 
patterns develop causing significant shear stresses along the boundary. In 
addition to stable cavitation, shock waves and liquid jet formation occurs 
due to cavity collapse, which can cause particle detachment. The detached 
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particle is then carried away from the wafer surface by streaming forces, 
due to strong currents and boundary layer thinning. 

Microjet formation is often observed where inertially controlled oscil-
lating bubbles with large displacement amplitudes become unstable fol-
lowing an asymmetry in the flow field around them. This causes one wall 
of the bubble to collapse faster than the other, thereby forming a liquid jet 
that can attain supersonic velocity and impact the boundary that caused 
asymmetry in the first place. If the boundary happens to be a particle sur-
face, it can get dislodged from the surface as a result of this impact. This 
form of cavitation is believed to be the primary mechanism for removal 
of particulate contaminants from surfaces during cleaning in a megasonic 
field. When the same effect is present in ultrasonic cleaning of surfaces, 
damage of the surface can occur in addition to removal of particles due to 
higher impact velocities of microjets.

Busnaina et al. considered three different mechanisms that may con-
tribute to particle removal: lifting, sliding, or rolling [11]. Zhang et al. pro-
posed that particles will be removed if the drag force (F

D
), lift force (F

L
) and 

the adhesion force (F
a
) satisfy the following condition with C

F
 being the 

coefficient of friction [53]:

 F C F FD F a L≥ −( )  (6.3)

In a megasonic field, the lift force is normally very small and can be 
neglected compared to the adhesion force [54]. The van der Waals force, 
which is the dominant adhesion force, is given by

 F
A R

H
a = 123

0

26
  (6.4)

where F
a
 is the adhesion force (van der Waals) between a solid flat surface 

and a spherical particle in a liquid medium, A
123

 is the Hamaker constant 
for particle 1 and substrate 2 with medium 3 in between, R is the radius of 
particle and H

0
 is the distance between particle and solid surface. 

The removal of a particle by rolling can occur when the ratio of the 
hydrodynamic rolling moment to the adhesion resisting moment, RM 
(Eq. 5), is much larger than 1 [55]. The rolling mechanism with different 
parameters is shown in Figure 6.13. 

 RM
F R

F a

D

a

=
−( )1 399. d

 (6.5)
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6.4 Types of Megasonic Systems

There are three most common types of megasonic cleaning systems that 
exist in market today, namely, immersion type, single wafer spray type, 
and single wafer with radial transducer (MegPie®, Prosys Inc., Campbell, 
CA). The immersion cleaning systems can be direct or indirect type. In 
direct type of megasonic system, sound energy is directly transmitted into 
the cleaning fluid as the transducer resonator surface is in direct contact 
with the fluid. In indirect megasonic system, the resonator is in contact 
with degassed DI water through which the sound wave is transmitted first 
before reaching the cleaning fluid. Figure 6.14 shows schematics of a typi-
cal direct and indirect immersion megasonic cleaning systems.

The advantage with indirect megasonic system is that resonator does 
not come in contact with the cleaning chemistry, which improves its dura-
bility and lifetime. However, the main drawback with indirect megasonic 
cleaning system is that sound energy losses can occur at the solid boundary 
that separates the DI water from the cleaning fluid. Attempts have been 
made to understand the effect of angle of incidence of sound waves at the 
solid boundary on the transmission characteristics [56].

In single wafer spray megasonic cleaning system, sound wave is propa-
gated through a cleaning liquid that is sprayed from a nozzle onto a rotat-
ing wafer surface (Figure 6.15(a)). The spray nozzle moves from the center 
of the wafer to the edge at different speeds to allow for uniform distribu-
tion of sound energy across the radius of the wafer. 

The MegPie® is a spin cleaning tool with a radial transducer for wet 
cleaning of single wafers (Figure 6.15 (b)) under megasonic conditions. 

Figure 6.13 The different forces involved in a rolling removal mechanism [62], where, 

M
a
, M

R
 are the adhesion and rolling moments, respectively and F

D
 is the drag force, 

Reprinted from Microelectronic Engineering, 87, P. Karimi, T. Kim, J. Aceros, J. Park and 

A.A Busnaina, The removal of nanoparticles from sub-micron trenches using megasonics,

pp. 1665–1668, copyright (2010) with permission from Elsevier

M
R

F
D

M
a

U

δ

R

F
a

a

119



Megasonic Cleaning for Particle Removal 263

Figure 6.14 Schematics of direct (left) and indirect (right) immersion megasonic cleaning 

systems 

WAFER WAFER

RF In RF InTransducer Transducer

DIW outDIW in

Figure 6.15 Schematics of spray megasonic (left) and MegPie® (right) cleaning tools 

[65], Reprinted from ECS Transactions, 41 (5), S. Kumari, M. Keswani, S. Singh, M. Beck, 

E. Liebscher, L. Q. Toan and S. Raghavan, Effect of dissolved CO
2
 in de-ionized waer in 

reducing wafer damage during megasonic cleaning in MegPie, pp. 93–99, copyright (2011) 

with permission from ECS-The Electrochemical Society
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The radial transducer (area 32.3 cm2) is designed to apply uniform acous-
tic field to a rotating substrate (typically 0 - 60 rpm) at a frequency of 
0.925 MHz. Acoustic power density can be generated in the range of 
0.15 to 2.94 W/cm2. The rotating chuck is designed to hold single wafer 
at a time. Cleaning solutions are dispensed on top of the rotating wafer 
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at an appropriate flow rate such that a continuous liquid film (meniscus) 
is formed between the rotating wafer and the transducer. In recent years, 
single wafer tools have become the choice of cleaning tools and have slowly 
replaced immersion tools. 

6.5  Particle Removal and Feature Damage 
in Megasonic Cleaning

Considerable work has been done to understand the particle removal 
mechanisms in megasonic cleaning using different solution chemistries. 
Bakhtari et al. studied the removal of polystyrene latex (PSL) nano-par-
ticles from silicon wafers in SC-1 and DI water solutions at 0.760 MHz 
[57]. The proposed cleaning mechanism was based on acoustic streaming 
for dislodging the particles and double layer repulsive force for prevent-
ing re-deposition of the particles. Lifting, sliding and rolling of the par-
ticles resulting from a higher ratio of drag force moment to adhesion force 
moment has been shown to be useful in megasonic cleaning of substrates 
[11]. Gale and Busnaina concluded that the particles get removed from the 
wafer surface due to microstreaming but are transferred to the bulk solu-
tion away from the wafer by means of other streaming flows [18]. 

In another megasonic cleaning study by Busnaina and Gale the removal 
of PSL and silica particles of different sizes was investigated at 0.862 MHz 
at 150 W in SC-1 (1NH

4
OH:1H

2
O

2
:5DI) solution as a function of time. The 

cleaning time for complete removal of particles smaller than 300 nm from 
the wafer surface was found to be 20 min or longer [58]. Such long cleaning 
times can cause excessive loss of wafer surface due to continuous oxidation 
and etching in SC-1 solution. The use of DI water instead of SC-1 elimi-
nates the problem of silicon/oxide loss but requires much higher trans-
ducer intensity to achieve a comparable level of cleaning. Keswani et al. 
conducted investigations on the feasibility of removal of positively charged 
aminated silica particles (~400 nm) from silicon wafers with chemical 
oxide in near neutral (pH ~ 6) KCl solutions of different ionic strengths 
(1 μM to 1 M) irradiated with megasonic waves at ~ 1 MHz [59]. As can 
be seen from Figure 6.16, the particle removal efficiency (PRE) increases 
with KCl concentration (ionic strength) and transducer power density and 
much lower power densities were required at higher KCl concentration 
for a comparable level of cleaning. In DI water alone at 0.43 W/cm2, the 
PRE was lower than 10 %. When KCl solution was used at same power 
density, the PRE increased from 20 to 95 % with increase in ionic strength 
(or KCl concentration) from 1 μM to 0.5 M. Similar trends were observed 
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at lower power density of 0.077 W/cm2. Theoretical computations showed 
that removal forces due to electro-acoustic effects generated in acoustically 
irradiated electrolyte solutions were comparable to van der Waals adhesion 
forces under certain conditions and were likely responsible for significant 
enhancement of particle removal efficiencies. The work illustrated that 
benign electrolytes at near-neutral pH can be used to achieve enhanced 
cleaning of wafers at much lower megasonic power densities where feature 
damage may be absent.

The removal of particles from patterned wafers is much more challeng-
ing than that from blanket wafers [60]. In a study comparing removal effi-
ciency of 330 nm silica particles from blanket silicon wafers and wafers 
with 1 μm wide by 2.2 μm deep silicon trenches, it was observed that par-
ticle removal was significantly lower for patterned wafers under megasonic 
conditions of 0.85 MHz frequency and 3.7 W/cm2 power density. Other 
studies have revealed that removal of particles attached to the trench side-
walls or deposited at the bottom of the trench is far more difficult than 
removal from top of the trench [61]. The effect of trench width on particle 
removal efficiency as a function of transducer power density and cleaning 
times at 0.76 MHz of sound frequency was illustrated by Karimi et al [62]. 

Figure 6.16 Effect of ionic strength on removal of aminated silica particles from 

silicon wafers immersed in KCl solution subjected to megasonic field [59], Reprinted 

from Microelectronic Engineering, 86 (2), M. Keswani, S. Raghavan, P. Deymier and S. 

Verhaverbeke, Megasonic cleaning of wafers in electrolyte solutions: Possible role of 

electro-acoustic and cavitation effects, pp. 132–139, copyright (2009) with permission 

from Elsevier
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It was shown, as illustrated in Figure 6.17(a), that for 4 min of cleaning time 
at 7.75 W/cm2, the removal efficiency of 100 nm polystyrene latex fluores-
cent particles reduced from ~ 95 to 25 % as the trench width decreased 
from 2 to 0.2 μm for aspect ratio of 1 and percent power of 100 %. At lower 
percent powers, the PRE reduced for all widths of the trench. The cleaning 
studies conducted at higher cleaning time of 8 min at 100 % megasonic 
power revealed that particle removal efficiency for 100 nm particles was 
more sensitive to power density than to cleaning time. Figure 6.17(b) shows 
comparison of particle removal efficiencies of 100 and 200 nm particles 
from 2 μm wide trenches at 100 % megasonic power as a function of clean-
ing time. Clearly, the removal of smaller 100 nm particles is more difficult 
than larger 200 nm particles as larger particles experience higher drag for 
the same streaming velocity. It is apparent from these studies that by using 
high levels of megasonic power density and long cleaning times, significant 
particle removal can be achieved for patterned surfaces. Unfortunately, 
higher megasonic power also results in more intense transient cavitation, a 
phenomenon known to cause damage to fragile features [63]. 

The effect of megasonic power density on damage to single crystalline 
silicon fins of varying widths (30–80 nm) and lengths (10–100 μm) was 
investigated by Muralidharan et al. [64]. It was shown that as the power 
density increased from 0.43 to 2.2 W/cm2 at ~ 1 MHz of sound frequency, 
the defect density increased from 0 to 165 #/mm2 in air saturated DI water. 
Additionally, thin and long lines were found to be more susceptible to 

Figure 6.17 Particle removal efficiency of polystyrene latex particles as a function of (a) 

trench width (100 nm particles, 4 min cleaning time) and (b) cleaning time (100 % power, 

2 μm trench width [62], Reprinted from Microelectronic Engineering, 87 (9), P. Karimi, T. 

Kim, J. Aceros, J. Park, A. A. Busnaina, The removal of nanoparticles from sub-micron 

trenches using megasonics, pp. 1665–1668, copyright (2010) with permission from 

Elsevier
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damage than thick and short lines. Kumari et al. conducted a detailed and 
systematic study on damage to high-k metal gate test structures (consist-
ing of HfO

2
/AlO, TiN and Si layers) with 2 mm long and 36 nm wide array 

of lines in air or CO
2
 containing DI water for a range of transducer power 

densities (0–3 W/cm2) at 0.93 MHz of megasonic frequency [65]. The 
study revealed that breakage of lines was a strong function of power den-
sity and type of gas dissolved. As demonstrated in Figure 6.18, the number 
density of line breakages increases from zero to more than 10000 #/mm2 
with increase in power density from 0 to 3 W/cm2 in air saturated solu-
tions containing 0.5 ppm of dissolved CO

2
. The defect density decreased 

progressively with increase in the concentration of dissolved CO
2
. In CO

2
 

saturated solution, the defect density was lower than 500 #/mm2 at all 
investigated power densities.

Other studies have directed their efforts in optimizing the megasonic 
process for maximum cleaning performance and lowest damage by con-
trolling the amount and type of dissolved gas in the cleaning solution 
and modulating the power density [66,67]. One such study reports that 
DI water containing dissolved H

2
 exhibits significantly improved PRE but 

simultaneously creates more defects on patterned substrates [66]. Kumari 
et al., identified a novel way of suppressing pattern damage and enhancing 
megasonic particle removal efficiency by using chemical systems such as 

Figure 6.18 Effect of concentration of dissolved carbon dioxide in DI water and 

megasonic power density on damage to high k-metal gate structures consisting of 2 

mm long and 36 nm wide array of lines separated by 523 nm [65], Reprinted from ECS 

Transactions, 41 (5), S. Kumari, M. Keswani, S. Singh, M. Beck, E. Liebscher, L. Q. Toan 

and S. Raghavan, Effect of dissolved CO2 in de-ionized water in reducing wafer damage 

during megasonic cleaning in MegPie, pp. 93–99, copyright (2011) with permission from 

ECS-The Electrochemical Society
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NH
4
HCO

3
/NH

4
OH that release dissolved CO

2
 to inhibit damaging tran-

sient cavitation at slightly alkaline pH of the solution required to achieve 
effective particle removal [68]. This work was continued by Han et al., 
[69], who further developed the process by optimization of solution vari-
ables such as pH and cleaning time at ~ 1 MHz and 1.0 W/cm2 of power 
density for cleaning of patterned wafers (consisting of thin high k- metal 
lines) contaminated with ~ 200 nm silicon dioxide particles. Figure 6.19(a) 
shows particle removal efficiency in two different solutions namely 
NH

4
OH and NH

4
HCO

3
(0.5 M)/NH

4
OH at two different pHs of 8.2 and 

8.5 in the presence and absence of megasonic fields. The authors reported 
that both NH

4
OH and NH

4
HCO

3
/NH

4
OH solutions exhibited comparable 

and high cleaning efficiencies at both pHs. However, damage studies con-
ducted under similar megasonic conditions as a function of time revealed 
that defect density was lower in NH

4
HCO

3
/NH

4
OH solutions compared to 

NH
4
OH solutions as can be seen from Figure 6.19(b). It should be noted 

that any increase of pH of NH
4
HCO

3
(0.5 M)/NH

4
OH solutions would 

have yielded lower concentrations of CO
2
(aq.) which would have reduced 

the damage suppressing capacity of CO
2
(aq.). One of the disadvantages of 

this process is that it requires significant concentration of NH
4
HCO

3
 to 

generate necessary concentration of CO
2
 (aq.) for damage reduction and 

relies on etching for particle removal. 
Another study by Hagimoto et al. indicated that greater the concentra-

tion of dissolved gases such as N
2
 and O

2
, higher is the particle removal 

under megasonic conditions [70]. Experiments were performed on silicon 
substrates with polysilicon gate structures (<90nm thick). The substrates 
were contaminated with SiN particles and subjected to megasonic clean-
ing in ammonia-peroxide mixtures (APM). It can be clearly seen from 
Figure 6.20 (a) that as the concentrations of N

2
 and O

2
 increase from 2 ppm 

and 5 ppm to 16 ppm and 20 ppm, respectively, there is a simultaneous 
increase in particle removal. However, in the case of dissolved CO

2
 as the 

concentrations of dissolved CO
2
 increased from 50 ppm to 300 ppm, the 

PRE remained almost constant. The effect of higher concentrations of dis-
solved N

2
 and O

2
 in improving PRE was attributed to movement of water 

molecules due to microbubbling effect of dissolved gases. A contrasting 
behavior was observed in the presence of dissolved CO

2
 owing to the fact 

that CO
2
 readily reacts with water to form HCO

3
- or CO

3
2- ions, thereby it 

does not activate the movement of water molecules. Damage studies at two 
different megasonic powers indicated (results shown in Figure 6.21(a)) that 
almost no damage (# of pattern collapses) was observed in solutions con-
taining dissolved N

2
 and O

2
 at lower power of 200 W while significant dam-

age was observed with dissolved CO
2
 under similar megasonic conditions. 
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Figure 6.19 Particle removal efficiency (a) and defect density (b) for patterned samples 

(high-k-metal lines) contaminated with 200 nm silicon dioxide particles at megasonic 

conditions of ~ 1 MHz and 1.0 W/cm2 [69]
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damage than thick and short lines. Kumari et al. conducted a detailed and 
systematic study on damage to high-k metal gate test structures (consist-
ing of HfO

2
/AlO, TiN and Si layers) with 2 mm long and 26 nm wide array 

of lines in air or CO
2
 containing DI water for a range of transducer power 

densities (0–3 W/cm2) at 0.93 MHz of megasonic frequency [65]. The 
study revealed that breakage of lines was a strong function of power den-
sity and type of gas dissolved. As demonstrated in Figure 6.18, the number 
density of line breakages increases from zero to more than 10000 #/mm2 
with increase in power density from 0 to 3 W/cm2 in air saturated solu-
tions containing 0.5 ppm of dissolved CO

2
. The defect density decreased 

progressively with increase in the concentration of dissolved CO
2
. In CO

2
 

saturated solution, the defect density was lower than 500 #/mm2 at all 
investigated power densities.

Other studies have directed their efforts in optimizing the megasonic 
process for maximum cleaning performance and lowest damage by con-
trolling the amount and type of dissolved gas in the cleaning solution 
and modulating the power density [66,67]. One such study reports that 
DI water containing dissolved H

2
 exhibits significantly improved PRE but 

simultaneously creates more defects on patterned substrates [66]. Kumari 
et al., identified a novel way of suppressing pattern damage and enhancing 
megasonic particle removal efficiency by using chemical systems such as 

Figure 6.18 Effect of concentration of dissolved carbon dioxide in DI water and 

megasonic power density on damage to high k-metal gate structures consisting of 2 

mm long and 36 nm wide array of lines separated by 523 nm [65], Reprinted from ECS 

Transactions, 41 (5), S. Kumari, M. Keswani, S. Singh, M. Beck, E. Liebscher, L. Q. Toan 

and S. Raghavan, Effect of dissolved CO2 in de-ionized water in reducing wafer damage 

during megasonic cleaning in MegPie, pp. 93–99, copyright (2011) with permission from 

ECS-The Electrochemical Society
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Increasing the megasonic power to 600 W significantly increased the num-
ber of pattern collapses for all gases.

Another study [66] reported investigations of particle removal from 
200mm p-type (100) silicon substrate contaminated with Si

3
N

4
 particles 

(0.1–10 μm) in DI water gasified with different gases (H
2
, N

2
, O

2
 and Ar). 

Pattern collapse studies were conducted on SiO
2
/polysilicon/SiO

2
 gate 

stacks (60–120 nm) and photoresist lines (150–300 nm). The transducer 
frequency was 0.83 MHz and power was maintained at 70% of the peak 
value. Figure 6.20 (b) indicates that as the partial pressure of the dissolved 
gas (H

2
, O

2
, N

2
 and Ar) increases from a low level to 0.1 MPa, the PRE also 

increases. Highest PRE was observed for dissolved H
2
 gas at a partial pres-

sure of 0.1 MPa, which was attributed to the greater diffusivity of H
2
. On 

the other hand, although Ar has the highest solubility amongst these gases, 
it yields the lowest PRE owing to its cushioning effect. 

Damage studies (Figure 6.21 (b)) revealed that dissolved H
2
 gas caused 

the maximum damage even at low levels, while, the opposite was observed 
with Ar dissolved DI water. Again, high damage in H

2
 dissolved DI water 

was attributed to the higher intensity of transient cavitation of H
2
 bubbles 

due to greater diffusivity of hydrogen. 
Transducer variables such as power, frequency, duty cycle and pulse 

duration have been of great interest in determining efficient conditions 
for particle removal. Detailed cavitation studies have been conducted by 
Hauptmann and coworkers [71,72,73] to improve understanding of bubble 
behavior which affects particle removal. They noted that at ~ 1 MHz, for 
a given duty cycle of 25%, by varying the pulse duration (PD) from 10 ms 
to 1 s, there is an optimal value of PD (~ 300 ms) for which a maximum 
in cleaning efficiency occurs [71]. It was suggested that for a fixed pulse 
duration and duty cycle, there exists a bubble size (probably largest) that 
generates a maximum particle removal force (upon collapse). The authors 
conducted cleaning studies using 300mm silicon wafers in O

2
 saturated 

ultrapure water (UPW). The transducer frequency, power density and 
duty cycle were maintained at 980 kHz, 0.5 W/cm2 and 25%, respectively. 
It can be seen from Figure 6.22 that as the pulse duration increases, the 
PRE initially increases and reaches a maximum at about 250–300 ms and 
decreases with further increase in PD. The variability in PRE with respect 
to pulse duration was attributed to different size distributions in bubbles.

Shende et al. [74] performed a study on the effect of transducer frequency 
and type of chemistry on the acoustic energy and damage. Substrates used 
for the study were photomasks with aspect ratio of 1:1 to 1.8:1. Four different 
transducer frequencies (1, 2, 3 and 4 MHz) were employed. The chemistries 
used were CO

2
 containing DI water, H

2
 containing DI water, NH

4
OH-DI 
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water and SC-1 solution. It can be seen, from Figure 6.23 (a), that for sam-
ples treated with CO

2
 containing DI water, the acoustic energy increases 

with decreasing frequency. A similar trend was seen for other chemistries. 
This increase in cavitation with decreasing frequency could possibly mean 
that cavitation is more intense at lower frequencies. Figure 6.23 (b) indi-
cates that at a particular transducer frequency of 3 MHz, the acoustic ener-
gies for NH

4
OH-DI water, SC-1- DI water and CO

2
-DI water were almost 

similar while that for H
2
-DI water was lower than the others. 

Figure 6.23 (c) and (d) show that at transducer frequencies of 3 and 
4 MHz, the damage counts are highest for a medium concentration of 
dissolved H

2
. This observation is in contrast to the results obtained from 

acoustic energy experiments. The acoustic energy plots show a moderate 
acoustic energy for medium dissolved concentration of H

2
. It is to be noted 

that the damage counts observed for other concentrations of H
2
 were lower 

in the case of 4 MHz in comparison to that at 3 MHz. Also, in the study it 
was concluded that the sonoluminescence signal was higher at lower fre-
quencies which was in agreement with the acoustic energy studies.

Considerable amount of research has been done on the effect of megas-
onic field in cleaning of EUV masks [75,76,77,78]. These studies have inves-
tigated the effects of various factors such as type and flow rate of cleaning 

Figure 6.22 Particle removal efficiency and sound (harmonic) signal as a function of 

pulse duration (PD), duty cycle = 25%, power density = 0.5 W/cm2 and acoustic frequency 

= 980 kHz [71], Reprinted from AIP Conference Proceedings, 1433 (1), M. Hauptmann, H. 

Struyf, P. Mertens, M. Heyns, S. De Gendt,C. Glorieux and S. Brems , The importance of 

control over bubble size distribution in pulsed megasonic cleaning, pp. 299–303, copyright 

(2012) with permission from AIP Publishing LLC
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solution, concentration and nature of dissolved gases, acoustic frequency, 
proximity of transducer to cleaning surface, substrate rotation speed, and 
type of sound source (MegPie and horn type) on particle removal and 
damage. Particle removal efficiencies have been reported to increase with 
substrate rotation speed (100–500 rpm) and decrease with increase in 
megasonic frequency (3 and 4 MHz) [78]. Interestingly, transducer geome-
try plays an important role in generation of defects (pits), which have been 
reported to be lower in number when MegPie® tool is used due to the uni-
formity in the sound field. As for dissolved gases, increasing the concentra-
tions of dissolved gases such as O

2
, N

2
 and CO

2
, has shown to increase the 

number of pits suggesting that there is an optimal concentration of gases 
that results in lower number of defects [77]. Single and multiple/batch 
wafer cleaning processes have also been pursued by researchers, primar-
ily to determine a more efficient method for particle removal [79]. For a 

Figure 6.23 Acoustic energy as function of applied megasonic power at (a) different 

transducer frequencies for substrates in DI- CO
2
, (b) different chemistries at constant 

transducer frequency of 3 MHz. Damage counts as a function of megasonic power for 

H
2
- DI water solutions with different concentrations of H

2
 for transducer frequency of 

(c) 3 MHz and (d) 4 MHz [74], H. Shende, S. Singh, J. Baugh, R. Mann, U. Dietze and P. 

Dress, “Megasonic cleaning: Possible solutions for 22nm node and beyond”, Photomask 

Technology 2011, W. Maurer and F. E. Abboud, Editors, Proc. SPIE 8166, 816614 (2011), 

Copyright 2011 Society of Photo-Optical Instrumentation Engineers.
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fixed power density (0.35 or 0.7 W/cm2) and cleaning time (30, 60, 120 or 
300 s), it has been observed that for Si

3
N

4
 or SiO

2
 particles (greater than 60 

nm in size), single wafer cleaning processes provide higher PRE compared 
to batch/multiple wafer cleaning processes [79]. Overall, the studies have 
highlighted the importance of optimizing the sound field, and solution and 
tool variables in development of a megasonic cleaning process that can 
offer good cleaning performance with no damage.

Summary

A comprehensive understanding of the acoustic field effects such as 
streaming and cavitation is essential for identifying particle removal 
mechanisms that play an important role in megasonic cleaning. The suc-
cessful development of a damage-free and effective megasonic cleaning 
process requires a careful optimization of various sound field and solu-
tion parameters including acoustic frequency, power density, pulse time 
and duty cycle, solution chemistry, and dissolved gases, which directly 
affect the cavitation and streaming phenomena. This book chapter covers 
in detail both fundamental and practical aspects of megasonic cleaning 
technology with the intention that the readers will be able to advance their 
knowledge in acoustic field and apply it for solving megasonic cleaning 
problems in industry. 
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Characterization of Cavitation in Ultrasonic or Megasonic Irradiated 

Gas Saturated Solutions Using a Hydrophone 
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