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Study of Bubble Activity in a Megasonic Field
Using an Electrochemical Technique

Manish Keswani, Srini Raghavan, and Pierre Deymier

Abstract—In the megasonic cleaning of wafers, size and motion
of cavitating bubbles and fluid flow due to acoustic streaming
play a very important role. In this paper, chronoamperometric
technique has been used to seek information on acoustic stream-
ing and bubble activity in a 1 MHz sound field. Specifically,
current transients during reduction of potassium ferricyanide
were recorded. Data collected at 1–6 MHz sampling rate using
a 25 μm platinum electrode show current “peaks” indicative of
the approach of oscillating bubbles to the electrode and current
“valleys” due to blocking of the electrode by bubbles. Acoustic
streaming velocity (∼1.5 cm/s) and bubble size (maximum radius
of ∼1 μm for oscillating bubbles) have been estimated from
local current transients caused by bubble activity near the
electrode.

Index Terms—Acoustic streaming, bubble size, chronoamper-
ometry, megasonic, wafer cleaning.

I. Introduction

THE USE OF megasonic energy for the removal of
particles and other contaminants during wafer cleaning

is widely practiced [1]. The parameters that are used to
control the efficiency of particle removal in megasonic clean-
ing include sound frequency, transducer intensity, cleaning
solution chemistry, process time, and temperature [2], [3].
The acoustic field parameters affect acoustic streaming and
bubble cavitation, which play a critical role in particle removal
[4], [5].

Acoustic streaming refers to steady fluid motion due to
the loss of acoustic momentum caused by viscous attenuation
and wave interactions with solid boundaries. There are mainly
three types of acoustic streaming, namely Eckart streaming,
Schlichting streaming, and microstreaming. Microstreaming
is related to cavitation and occurs due to oscillating bubbles
acting as secondary sources of sound. It often results in
significant fluid movement and can be instrumental in par-
ticle removal during megasonic cleaning. Fig. 1 is a simple
schematic representation of particles getting dislodged from
the surface due to microstreaming effects from an oscillating
bubble approaching the surface.
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Fig. 1. Schematic showing dislodgment of particles from the surface due to
microstreaming effects from an oscillating bubble approaching the surface.

There have been several studies [6]–[8] that have experi-
mentally measured streaming velocities using different tech-
niques. These studies show occurrence of streaming velocities
typically in the range of 0–1.5 cm/s in water for megasonic
frequencies of 0.5–4 MHz. For example, particle image ve-
locimetry studies have shown a maximum acoustic streaming
velocity of 1 cm/s in water at 0.95 MHz megasonic frequency
[6]. In another study, laser Doppler velocimetry was employed
to measure the fluid motion due to acoustic streaming and
streaming velocities in the range of 0.3–1.1 cm/s were reported
for megasonic frequencies of 2.98 and 3.46 MHz [7].

Acoustic cavitation, on the other hand, is related to the
formation of stable and transient cavities when the fluid is
subjected to an oscillating pressure field. Stable cavitation
entails small oscillations of bubbles about an equilibrium size
for many acoustic cycles and may lead to microstreaming.
Determination of bubble size distribution is important for char-
acterizing stable cavitation. Lee et al. used sonoluminescence
technique and computed the bubble size distribution to be in
the range of 2.8–3.7 μm in water for acoustic frequency of
∼0.5 MHz [9]. Other techniques such as laser light diffraction
[10] and active cavitation detection [11] have also been used to
measure bubble sizes in water. The second type of cavitation,
called transient cavitation, on the other hand, involves large
bubble size variations, often for less than one cycle, and
eventual bubble collapse, resulting in the formation of microjet
or shock waves. Kornfeld and Suvorov were the first one to
suggest that cavities collapse asymmetrically and proposed that
liquid jets are formed when a collapse occurs close to a solid
surface [12]. Other researchers have used numerical methods
to predict the collapse of vaporous bubbles lacking spherical
symmetry and obtained liquid jet velocities in the range of
130–170 m/s [13].

Although considerable work has been done to understand
the phenomena of acoustic streaming and cavitation, reported
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investigations on experimental characterization of single bub-
ble activity in megasonic fields are very limited. One of the
reasons for this is the requirement of a high speed experimental
technique that can monitor the cavitation and streaming effects
that typically occur in millisecond to microsecond time scale.
Birkin et al. were amongst the first few to investigate mass
transfer effects due to cavitation and streaming [14], [15] in an
ultrasonic field (20–100 kHz) using chronoamperometry and
cyclic voltammetry on a 6–25 μm microelectrode (C/Pt/Au).
The current-time transients, due to single cavitation events,
were observed to last for a few milliseconds. They concluded
that micro-jetting resulting from bubble collapse contributed
to the current spikes that lasted for a few milliseconds.
More recently, a new insight into understanding of single
bubble behavior was provided using a platinum microelectrode
array (ranging from 25 μm to 0.5 mm in diameter) for both
ultrasonic (20 kHz) and megasonic (0.5 MHz) frequencies [16],
[17]. It was shown that hemispherical bubbles in the size range
of 15–0.8 mm oscillating at harmonics and sub-harmonics of
the driving frequency (20 kHz) had a life time of several mil-
liseconds. At life times of the order of milliseconds, formation
of microjet (which has a life time of a few microseconds
[18]) was not possible and therefore its occurrence was ruled
out. At acoustic frequency of 0.5 MHz, current transients were
attributed to flux of solution toward the electrode surface
due to microstreaming caused by bubble oscillations (∼1 μm
oscillation amplitude for resonating bubble of 6 μm in size)
with life time of tens of milliseconds.

It is apparent from aforementioned studies that high resolu-
tion electrochemical technique employing a microelectrode is
very useful for characterizing cavitation and acoustic stream-
ing [14]–[17]. This technique can provide important informa-
tion on bubble behavior including its movement, oscillation,
size, as well streaming effects generated by it. However, so
far most of the work conducted using this technique has been
in ultrasonic frequency range. Considering the fact that semi-
conductor industry uses megasonic frequencies for cleaning
applications, this paper is aimed at the understanding of cavi-
tation and acoustic streaming in a 1 MHz sound field. Using a
25 μm Pt microelectrode, chronoamperometric measurements
have been conducted to understand bubble activity in real time
and to estimate the local acoustic streaming velocity close to
the electrode surface.

II. Experimental Methods and Materials

Chemical reagents, potassium ferric cyanide (99.9%
K3Fe(CN)6) and potassium chloride (99.9% KCl) were pur-
chased from Alfa Aesar and were used as received. Aqueous
solutions containing 2 mM of K3Fe(CN)6 and 0.1 M KCl
(as supporting electrolyte) were prepared using ultrapure water
of resistivity 18 M�·cm. Oxygen was removed from solutions
as measured using an oxygen sensor (Rosemount Analytical
model 499A DO) by bubbling argon gas for 30 min. After
this period, argon gas blanket was maintained over the surface
of the solution to prevent diffusion of oxygen back into the
solution during the experiments, which were conducted at
23 ± 2 °C.

Fig. 2. Schematic of three electrode setup used for electrochemical experi-
ments.

Electrochemical experiments were performed in a ferri-
cyanide solution, with and without megasonic exposure, using
a three-electrode arrangement. A schematic of the electrode
setup is shown in Fig. 2. The working electrode used was a
25 μm diameter Pt disk electrode. Platinum wires of diameter
0.05 cm and length 1.0 cm served as counter and pseudo-
reference electrodes. All three electrodes were mounted in
a Teflon block in a triangular pattern with ∼0.4 cm spacing
between them. The back side of each electrode was connected
to a 0.2 cm diameter copper wire (used as current lead)
with a minute amount of silver epoxy to reduce any stray
capacitance. Platinum and copper wires were of 99.99 % purity
and purchased from Goodfellow. Prior to each experiment,
all electrodes were cleaned using room temperature nitric
acid (reagent grade 70%) for 5 min followed by sulfuric
acid (reagent grade 96%) for another 5 min. Electrodes were
thoroughly rinsed with DI water and dried with N2 blow after
each cleaning step.

All experiments were conducted in a megasonic system
provided by ProSys. The system consisted of a cylindrical
polypropylene bowl, 8.9 cm in diameter and 9.5 cm in depth,
containing a 1 MHz circular transducer of area 22.2 cm2

that was covered with sapphire for chemical tolerance. All
experiments were run at a power density of 2.0 W/cm2. The
working electrode was positioned close to the center of the
transducer but moved at different locations in the vertical
direction to obtain current transients with different degree
of cavitational activity. A liquid fill height of 3 cm was
maintained approximately constant in all the experiments.

Chronoamperometry experiments were conducted using
a Princeton Applied Research potentiostat PARSTAT 2273
which has a minimum rise time of 0.25 μs, current resolution
of 1.2 fA, and current sampling rate of ∼15 Hz. This poten-
tiostat allows filtering of the current if necessary to decrease
the noise level. In most experiments, a single potential-step of
either −0.8 or −1.2 V was applied to the working electrode
(with respect to platinum reference) and current was measured



KESWANI et al.: STUDY OF BUBBLE ACTIVITY IN A MEGASONIC FIELD 515

Fig. 3. (a) Plot showing current (∼15 Hz sampling rate) as a function of time recorded at 25 μm microelectrode for applied potential-step of −1.2 V (versus
Pt reference) in aqueous solution of 2 mM K3Fe(CN)6 and 0.1 M KCl. The markers I to IV are explained in the text. (b) Plot of current versus time for
similar conditions as (a) except that the applied potential-step was −0.8 V (versus Pt reference).

as a function of time. In some of the initial experiments,
measurements were first made for 5 s without application of
potential and this was followed by a potential-step of −0.8
or −1.2 V and the current was recorded for ∼6 s. After that
the transducer was turned on for 30 s, in either continuous
(100% duty cycle, 50 ms pulse period) or pulse mode (10%
duty cycle, 5 ms pulse period). The entire measurement lasted
for about 65 s. The temporal variation of current was also
recorded using an external oscilloscope NI USB-5133 at a
sampling rate between 1 and 6 MHz. The data acquisition at
such high sampling rates, however, limited the total capture
time to less than 1 s. Labview 9.0 was used to acquire and
write the data from the oscilloscope, which was processed for
graphical output using SAS JMP 8 software.

III. Results and Discussion

Chronoamperometric experiments were performed in aque-
ous solutions of potassium ferricyanide at a potential of
−1.2 V in the absence and presence of 1 MHz sonic field.
Fig. 3(a) shows the current recorded under low resolution
conditions (15 Hz sampling rate) for a total measurement time
of 65 s as curves A, B, and C. Curve A corresponds to no
megasonic condition, and B and C to continuous and pulse
modes of sound excitation, respectively. Initially between time
t = −5 s (point I) and t = 0 s (point II), no potential was
applied and hence the current value was zero. At point II, a

potential-step of −1.2 V was imposed and the current jumps to
a steady-state diffusion limited baseline value of about 4 μA.
In the absence of megasonics (curve A), the current drops
slightly and eventually stays approximately constant for the
entire period during which the potential is applied. When
the transducers were turned on at a time marked by III (in
the case of curves B and C), the current increases to about
three times the initial steady-state value and then decreases
and finally reaches another quasi steady-state value lower
than the steady state current for curve A (no megasonics).
The increase in baseline current on application of megasonic
energy may be attributed to the bulk flow of solution toward
the electrode surface brought by the acoustic streaming. The
decrease in acoustic streaming current after a certain time is
believed to occur when a bubble adhering to the electrode
(which probably restricts its oscillatory movement) gradually
gets bigger and blocks electrode surface to a significant extent
and leads to a situation where the current falls below the
diffusion limited current. This suggests that the shape of the
bubble is a deformed sphere, as also reported in some of the
recent literature [19], [20]. It is also important to point out
that there does not appear to be much difference in the overall
acoustic streaming current between the continuous and pulse
modes of sound excitation, as apparent from profile of curves
B and C. When current was sampled in the MHz range, current
transients were found to be superimposed on the acoustic
streaming current. This will be discussed later.
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In some cases, as shown in Fig. 3(b) the measured current
during the transducer on time was higher than the current
measured in the absence of megasonic field. In Fig. 3(b),
the dotted line corresponds to the chronoamperogram for a
potential step of −0.8 V in the absence of megasonic field
while the solid one represents that obtained in the presence of
megasonic irradiation. The higher value of current during the
entire period (7–60 s) of megasonic exposure indicates that the
electrode surface is free of any adhering bubbles unlike in the
case shown in Fig. 3(a).

The effect of using a high sampling rate of 1 MHz on
current-time data is shown in Fig. 4(a). The data in this
figure was collected at applied potential-step of −1.2 V after
the transducer was turned on and during the time period
marked by III and IV (notations explained in earlier section).
Superimposed on the acoustic streaming current are current
“valleys” these are most likely due to blocking of the electrode
surface as a bubble moves in close vicinity of the electrode
thereby restricting the flux of solution toward the electrode
surface. The rate at which current falls probably reflects the
bubble movement caused by convective fluid flow close to
the electrode surface. For the three current “valleys (V1, V2,
and V3)” shown in Fig. 4(a) (insets show expanded view of
“valleys”), although the current fall time is different (0.4–
1.7 ms) for each, the rate at which the current falls is about
the same (∼5.0–6.0 × 10−3 A/s). After the current falls to
the lowest value, it starts to recover back to the acoustic
streaming current. The recovery time for current may include
time taken by the bubble to move away from the electrode
as well as the time for relaxation of the diffusion layer after
the bubble leaves. Since the area of the electrode covered by
the bubble will depend on the size of the bubble, the depth of
the valley may also be expected to depend on the bubble size.
In the case of “valley V1,” where the current drops below the
baseline current value under no megasonic condition (∼4 μA),
the bubble covering the electrode surface must be about the
same size as the electrode or larger. However, if the bubble
size was much larger than the electrode, one would expect
that the bubble would entirely cover the electrode for some
time as it moves across it and therefore the current would stay
constant at a low value during that time. Since the recovery of
current begins immediately after fall, it is quite likely that the
bubble in the case of “valley V1” is approximately of the same
size (25 μm) as the electrode. Making the assumption that the
distance traveled by the bubble as it moves across the electrode
is approximately equal to the diameter of the electrode, the
bubble speed representing local (near the electrode surface)
fluid velocity can be estimated by dividing the diameter of
the electrode by the current fall time (1.7 ms) for “valley
V1.” This gives the local fluid velocity to be ∼1.5 cm/s. The
calculated value agrees reasonably well with that obtained by
other researchers using non-electrochemical techniques [6],
[7]. Fig. 4(b) shows another example of “current valleys”
obtained under similar experimental conditions as that for data
in Fig. 4(a). The rate at which the current falls in these valleys
is between 3.0 × 10−3 A/s and 6.0×10−3 A/s, suggesting that
streaming velocities are in the same range as that calculated
in the previous section. The mean of all the current fall rates

Fig. 4. (a) Chronoamperometric results obtained on 2 mM K3Fe(CN)6 and
0.1 M KCl solution, irradiated with ∼1 MHz frequency, while holding the
microelectrode (25 μm) at −1.2 V versus Pt and recording the current at
a sampling rate of 1 MHz. (b) Chronoamperometric results obtained for
experimental conditions similar to that used to obtain data in Fig 4(a).

observed for different sets of experiments performed in this
paper was ∼5 ± 1.5 A/s.

A bubble oscillating with significant amplitude near the
electrode could lead to enhanced fluid flow (mass transfer)
toward the electrode, thereby yielding current “peaks” super-
imposed on baseline current due to acoustic streaming. Fig. 5
shows such current peaks recorded for a potential step of
−1.2 V in the presence of 1 MHz sound field. The current first
rises to a maximum (peak) value, stays constant at this value
for a few milliseconds, and then decays back to the reference
value of acoustic streaming current. These peak currents lasted
between 15 and 50 ms with rise time varying from 3 to 10 ms.
Considering the millisecond time scale of the current rise, it
may represent approach of an oscillating bubble from the bulk
of the solution to the electrode surface [17]. At the same time,
the magnitude of current values would represent enhanced
mass transfer due to fluid displacement to the electrode surface
due to the oscillations of the bubble. Similarly, the current
decay time may represent bubble moving away from the elec-
trode. Fig. 6 illustrates transport of ferricyanide species toward
the electrode surface due to convective fluid flow generated
by microstreaming from an oscillating bubble approaching the
electrode. Initially when the bubble is far from the electrode,
microstreaming effects are not felt by the electrode surface. As
the bubble gets closer to the electrode, fluid displacement due
to oscillations of the bubble causes upsurge of ferricyanide
concentration at the electrode surface resulting in observed
current “peaks.” Another possibility is that increase in current
is due to increasing amplitude of oscillation of a bubble near
the electrode as the bubble grows (due to rectified diffusion
[21]) from a smaller size to close to its resonant size.
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Fig. 5. Single cavitational bubble transient chronoamperometric current
(sampling rate ∼6 MHz) recorded using a 25 μm Pt microelectrode for a
2 mM potassium ferriccyanide solution. Electrode potential: −1.2 V (versus
Pt ref.), megasonic frequency ∼1 MHz.

Fig. 6. Illustration of transport of ferricyanide species toward the electrode
surface due to convective fluid flow generated by microstreaming from an
oscillating bubble approaching the electrode.

Maisonhaute et al. [17] estimated the size of the bubble
using a simple procedure and the same method is adopted here.
The current due to microstreaming, as obtained from the peak
height in Fig. 5, ranged between 1.0 and 3 μA (which also
corresponded to maximum value of peak height current mea-
sured for all the experiments conducted with this electrode).
Converting this current range into corresponding charge in one
acoustic cycle gives a charge value of 1 × 10−12−3 × 10−12 C.
Since the concentration of electroactive species used in experi-
ments was 2 mM, a charge of 1 × 10−12−3 × 10−12 C would
be contained in a liquid volume of 5–16 μm3. Assuming, the
bubble contracts close to zero radius during its oscillation,
a fresh solution of volume 5–16 μm3 equal to the volume
of one bubble would be introduced at the electrode surface.
This would yield bubble radii in the range of 1.1–1.6 μm.
These bubble radii values are quite reasonable considering
that the resonant size of bubble is ∼3.5 μm at 1 MHz sound
frequency.

In the above method to estimate bubble radii, it was
assumed that the oscillating bubble shrinks to zero radius
during contraction. This assumption may not be true. Using the
linear theory of small oscillations of gas bubble [22], [23], one
can estimate the bubble sizes and the corresponding oscillation
amplitudes that will yield a liquid displaced volume of
5–16 μm3. The oscillation amplitude (ξb0) and a dimensionless
parameter, δ, indicative of contribution to damping of bubble
oscillation from viscous dissipation are given by the following
equations:

ξb0= [P∗
aR0/(3∗γ∗P0)][(1 − (ω/ωr)

2)2 + (ω/ωr)δ
2]−0.5

and

δ = 4∗η/(ρωrR
2
0)

respectively.
In these equations, Pa is the gauge pressure (2.15 atm)

for the power density of 2 W/cm2, P0 is the atmospheric
pressure, R0 is the mean radius of the oscillating bubble,
γ (= 1.67) is the ratio of the specific heat at constant pressure
to that at constant volume for the gas (argon) dissolved in
the experimental solution, η and ρ are the viscosity and
density of the solution, ω is the angular driving frequency
and ωr is the angular resonant frequency corresponding to
radius R0. The terms ωr and R0 are related by the equation
ρω2

r R
2
0 = 3γ (P0 + 2σ/R0) − 2σ/R0, where σ is the surface

tension of the solution. First, ξbo and δ were calculated for
different values of bubble radii, R0. The computed values of
ξb0 were then used to calculate the maximum and minimum
radii of oscillating bubbles as R0+ξb0 and R0−ξb0, respectively.
The volume of liquid displaced due to oscillating bubble
was calculated from the maximum and minimum radius of
bubble. These calculated values for different bubble radii were
compared with previously computed liquid displaced volume
of 5 and 16 μm3. It was found that bubbles of radii of 0.7
and 1.1 μm with oscillation amplitudes of 0.35 and 0.54 μm
(for δ values of 0.25 and 0.16, respectively) would yield liquid
displacement volumes of ∼5 and 16 μm3, respectively. Bubble
sizes in this range have been reported in the literature for
acoustic frequency of 1.1 MHz and were determined using
active cavitation detection technique [11]. These results show
that the electrochemical sensor (microelectrode) used in this
paper is capable of probing oscillating bubbles with a maxi-
mum size of ∼1 μm in liquid exposed to a 1 MHz sound field.

This preliminary work has shown that bubble activity in
a megasonic field can be probed using chronoamperometric
technique. One of the benefits of this technique is that it
can provide cavitation and streaming related details close to a
surface (pertinent for megasonic wafer cleaning) as opposed to
other techniques based on sonoluminescence and hydrophone
which are mainly bulk measurements. However, to obtain in-
formation useful for wafer cleaning applications, investigations
need to be conducted in different chemical cleaning solutions.
Additionally, the technique in its present form is limited to
measurements at one location at a time in the solution. This
shortcoming can be eliminated by employing a microelectrode
array, which can provide information at several locations with
respect to the megasonic transducer.

IV. Conclusion

High resolution electrochemical technique employing mi-
croelectrode has been used to monitor cavitation and acoustic
streaming during exposure of a liquid to a high frequency
sound field. The choice of megasonic frequency of 1 MHz for
investigations in this paper was based on its relevance to wafer
cleaning applications for integrated circuit industry. Current
transients due to microstreaming caused by bubble oscillation
were found to be superimposed on acoustic streaming current.
Acoustic streaming velocity was computed to be ∼1.5 cm/s
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from current “valleys” observed due to blocking of the elec-
trode by the bubbles. The microelectrode used in this paper is
capable of probing oscillating bubbles with a maximum size of
∼1 μm in liquid exposed to sound field of 1 MHz frequency.
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