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The application of megasonic energy in semiconductor cleaning solutions has been shown to be very
effective in improving the particle removal efficiency (PRE). There has been a significant interest in
understanding the phenomena of cavitation and acoustic streaming, which are known to play an impor-
tant role in particle removal during megasonic cleaning. In the present work, transient cavitation in
acoustically (�1 MHz frequency) irradiated aqueous solutions containing different dissolved gases (Ar,
N2 and CO2) has been characterized with a 25 lm diameter microelectrode using high resolution cyclic
voltammetry. Specifically, using ferricyanide as an electrochemical probe, current transients are obtained
as a function of time. A simple mathematical analysis based on diffusion is used to correlate the collapse
characteristics of a transient cavity to the magnitude of current peaks and the time scale of rise and fall in
current.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Megasonic cleaning is an important technique for removal of
particles from wafer surfaces during integrated circuit fabrication
[1]. Much of the work in the area of megasonic cleaning has been
directed towards understanding the effect of different solution
variables such as chemistry and dissolved gas content and sound
field parameters such as power density and frequency of the acous-
tic field on particle removal from surfaces. Of these variables, dis-
solved gas content can be expected to directly affect gaseous
cavitation and therefore is an important parameter for megasonic
cleaning.

Several studies have been conducted to identify the role of dis-
solved gases on particle removal and damage to structures under
megasonic conditions [2–7]. These studies have been aimed at
investigating the removal of silicon dioxide and silicon nitride par-
ticles of different sizes from silicon wafers in chemical solutions
irradiated with megasonic energy and containing dissolved gases
such as N2, O2, He and CO2. There is considerable discrepancy not
only in terms of effect of different dissolved gases on particle re-
moval but also on the mechanism (cavitation or streaming) that
is responsible for cleaning. Goh et al. studied the removal of 0.1–
1 lm SiO2 particles from 300-mm silicon wafers in ammonia per-
oxide mixtures (APM) containing N2 under megasonic conditions.
It was proposed that the increase in particle removal efficiency
ll rights reserved.

.

with increase in dissolved N2 content from �2 ppm to 16 ppm
was due to microstreaming caused by stable nitrogen bubbles near
the wafer surface [2]. In another study, the removal of �35 nm SiO2

particles from silicon oxide wafers in degassed de-ionized (DI)
water was compared with that in DI water containing 20 ppm of
oxygen in a sound field of 0.72 MHz frequency and it was con-
cluded that cavitation and not acoustic streaming is responsible
for particle removal [4].

Bubble behavior (oscillation and implosion) can be altered by
the type and amount of dissolved gas during megasonic exposure
and therefore studies have been conducted to characterize bubble
activity in solutions containing different gases using techniques
based on sonoluminescence measurements and sono-electrochem-
istry [8,9]. Young was one of the early researchers to relate cavita-
tion intensity to thermal conductivity of dissolved gases [8]. He
measured sonoluminescence from 17 different gases (including
five inert gases, nitrogen and carbon dioxide) dissolved in DI water
that was subjected to 20 kHz of sound frequency at 10 W/cm2.
Although sonoluminescence intensity for inert gases followed an
inverse relation with the thermal conductivity of gases, there
was no explanation for lower sonoluminescence from carbon diox-
ide saturated water compared to argon saturated water although
both gases have similar values of thermal conductivity.

There has been an increased interest over the past two decades
in ultrasonic cavitation studies using microelectrode based electro-
chemical measurements [10]. This is because microelectrode al-
lows monitoring of single bubble activity through cavitation
effects of the bubble that result in enhanced mass transport of
the electro-active species at the electrode surface. In one study,
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cyclic voltammetry and chronoamperometry was used to examine
the effect of pressure (8–60 bar) on ultrasonic cavitation and
acoustic streaming in CO2 and Ar saturated aqueous solutions
[9]. The threshold for cavitation, as determined from the current
due to the reduction of hexa-ammineruthenium cation on 25 lm
Pt microelectrode, was found to be lower for CO2 containing solu-
tion compared to argon containing solution. The lower cavitation
threshold for CO2 solutions was explained based on higher solubil-
ity of the gas compared to argon, a decrease in the interfacial ten-
sion of CO2–water mixture with increase in pressure and the
formation of a liquid CO2 phase under high pressure conditions.
Birkin et al. conducted a detailed study on understanding the role
of cavitation and acoustic streaming on mass transfer effects in ar-
gon saturated aqueous solutions using chronoamperometry and
cyclic voltammetry techniques for reduction of hexaammineruthe-
nium on a 6–25 lm microelectrode (C/Pt/Au) [11,12]. Their study
revealed that the contribution of cavitation to mass transfer was
much higher compared to that of streaming in the ultrasonic fre-
quency range of 20–100 kHz. Although, the current–time peaks
were observed to last for a few milliseconds, they were hypothe-
sized to occur due to transient cavitation events that resulted in
enhanced mass transfer. More recently, a study on understanding
of single bubble behavior in argon containing aqueous solutions was
conducted using a platinum microelectrode array (ranging from
25 lm to 0.5 mm in diameter) for both ultrasonic (20 kHz) and
megasonic (0.5 MHz) frequencies [13,14]. It was shown that at
20 kHz of driving frequency, hemispherical bubbles in the size
range of 15 lm–0.8 mm had a life time of several milliseconds.
At life times of the order of milliseconds, formation of microjet
(which has a life time of a few microseconds or less [15]) was
not possible and therefore its occurrence was ruled out. At higher
acoustic frequency of 0.5 MHz, current transients were attributed
to flux of solution towards the electrode surface due to microstrea-
ming caused by bubble oscillations (�1 lm oscillation amplitude
for resonating bubble of 6 lm in size) with life time of tens of
milliseconds.

Much of the available literature correlating dissolved gases and
bubble behavior is in the ultrasonic frequency range. In the semi-
conductor industry, cleaning of wafers using acoustic energy is
typically carried out at a sound frequency of 1 MHz or higher due
to lower damage to structures at these frequencies. Further, there
is a potential interest in semiconductor industry to control or re-
duce transient cavitation in cleaning solutions using dissolved
gases. Microelectrode based electrochemical technique offers the
advantage of understanding transient cavitation occurring close
to a solid surface (the region of interest for wafer cleaning) in com-
parison to sonoluminescence and hydrophone based techniques
that are mainly used for measurements in the bulk of the solution.
In the present work high resolution cyclic voltammetry is used to
characterize transient cavitation in aqueous solutions containing
different dissolved gases (Ar, N2 and CO2) and subjected to
�1 MHz sound frequency. Specifically, using ferricyanide as an
electrochemical probe, current transients are obtained as a func-
tion of time. A simple mathematical analysis based on diffusion
is used to correlate the collapse of a transient cavity to the magni-
tude of current peaks and the time scale of rise and fall in current.
2. Materials and methods

Chemical reagents, potassium ferric cyanide (99.9% K3Fe(CN)6)
and potassium chloride (99.9% KCl) were purchased from Alfa Ae-
sar and were used as received. Platinum wires were of 99.99% pur-
ity and purchased from Goodfellow. Aqueous solutions containing
50 mM of K3Fe(CN)6 and 0.1 M KCl (as supporting electrolyte) were
prepared using ultra pure water of resistivity 18 MO cm. The solu-
tion at 22 ± 2 �C was saturated with a gas (>99% purity) of interest
(argon, nitrogen or carbon dioxide) by bubbling the gas in the solu-
tion for 30 min. Oxygen removal from solutions was confirmed by
measuring the oxygen content using an oxygen sensor (Rosemount
Analytical model 499A DO). A gas blanket was maintained over the
surface of the solution during experiments to prevent diffusion of
atmospheric gases back into the solution.

Electrochemical experiments were performed in the presence
and absence of megasonic field using a three-electrode arrange-
ment. A schematic of the electrode set up is shown in Fig. 1. The
working electrode used was a 25 lm diameter Pt disk electrode.
Platinum wires of diameter 0.05 cm and length 1.0 cm served as
counter and pseudo-reference electrode, respectively. All three
electrodes were mounted in separate glass (Pyrex�) capillary tub-
ing and affixed in a triangular pattern with �0.4 cm spacing be-
tween them. The back side of each electrode was connected to a
copper wire (used as current lead) with a small amount of solder
to reduce any stray capacitance. All electrodes were cleaned using
iso-propyl alcohol, rinsed thoroughly with DI water, dried with N2

blow and flame treated prior to each experiment.
All experiments were conducted in a megasonic system pro-

vided by ProSys�. The system consisted of a cylindrical polypropyl-
ene meg-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. The experiments were run at
power densities in the range of 0–2 W/cm2. The working electrode
was positioned close to the center of the transducer at �2.0 cm
above it. A liquid fill height of 2.5 cm was maintained constant in
all the experiments.

Cyclic voltammetry experiments were conducted using a
Princeton Applied Research potentiostat PARSTAT� 2273 which
has a minimum rise time of 0.25 ls, current resolution of 1.2 fA
and current sampling rate of �20 Hz. In all experiments, the scan
rate was maintained constant at 0.05 V/s. The temporal variation
of current was also recorded using an external oscilloscope (NI
USB-5133) at a sampling rate of 0.6 MHz. National Instrument Lab-
view 9.0 was used to acquire and write the data from the oscillo-
scope, which was processed for graphical output using either MS
Excel or DIAdem™ 2010.
3. Results and discussion

Cyclic voltammetry experiments (scan rate of 0.05 V/s) were
first conducted in a solution of 50 mM of K3Fe(CN)6 and 0.1 M
KCl saturated with argon gas in the absence and presence of mega-
sonic energy. The results for these measurements at data acquisi-
tion rate of 20 Hz are shown in Fig. 2 with the sign convention
that the cathodic (reduction) current is negative. In the absence
of any sound energy (silent trace (blue color)), as the potential
was swept from 0 V to �0.4 V (versus Pt), the magnitude of current
increased from 0 to 0.3 lA and then attained a steady value of
0.3 lA (also referred to as limiting current) until the potential
reached �0.8 V. No significant current was measured in the posi-
tive potential range. The sigmoidal shape of the voltammogram
(as opposed to the conventional cyclic voltammogram containing
peaks) is due to the microelectrode geometry used in these exper-
iments [12,16]. Application of megasonic field increased the limit-
ing or steady current and also produced current transients riding
the baseline current. The steady current value increases from
�0.3 to 0.4 lA with increase in transducer power density from 0
to 2 W/cm2. This increase in current may be attributed to enhanced
mass transport of ferricyanide to the microelectrode or corre-
sponding decrease in diffusion layer caused by convective flow
from acoustic streaming [17,13]. The diffusion layer thickness (d)
can be calculated to be �5.5 and 4.0 lm in the absence and pres-



Fig. 1. Schematic of three electrode set up used for electrochemical experiments.

Fig. 2. Cyclic voltammetry results obtained in argon saturated DI water containing 50 mM K3Fe(CN)6 and 0.1 M KCl solution irradiated with sound of �1 MHz frequency at
different power densities (25 lm WE, scan rate = 0.05 V/s, data acquisition rate = 20 Hz). (Note: 7 point moving average was taken for Ar_No megasonic to eliminate the
background noise.) (For interpretation of color in this figure, the reader is referred to the web version of this article.)
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ence (2 W/cm2) of megasonic field using the equation d = nFADCB/
Ilim , where Ilim is the limiting current, n(=1) is the number of elec-
trons transferred in the reduction of ferricyanide, F is the Faraday
constant, D (=0.7 � 10�5 cm2/s [18,19]) and CB are the diffusion
coefficient and bulk concentration of ferricyanide, respectively. It
may also be seen from Fig. 2 that the frequency of occurrence
and the magnitude of current transients observed during the
cathodic scan (�0.2 to �0.8 V) increased with increase in power
density.

In order to capture the fine details of the current-transients
superimposed on the streaming current, the temporal variation
of the current peaks was also measured at a sampling rate of
0.6 MHz. In Fig. 3(a), where the data is shown for megasonic power
density of 2 W/cm2, the gray and red plots correspond to potential
and current measured as a function of time, respectively. Compar-
ing the current peaks in Fig. 3(a) with those in Fig. 2, it may be ob-
served that sampling the data at a higher rate reveals additional
current peaks. The magnitude of the current peaks ranges up to
1 lA with the highest peak magnitude about three times larger
than the steady baseline current under no megasonic condition.
Fig. 3(b) shows examples of expanded current transient peaks.
The rise and fall times for the currents shown in the top of the fig-
ure are �35 and 100 ms, respectively. Overall, the rise and fall
times for various peaks observed during megasonic exposure were
found to be in the range of 5–40 ms and 50–120 ms, respectively.
The current peaks may be attributed to implosion of transient bub-
ble(s) near the electrode surface, which results in an increase in the
concentration of ferricyanide species. Mishra et al. have shown
that depending on the fluid velocity due to the collapsing bubble
transport of species by advection can lead to significant enrich-
ment/accumulation of the species at the liquid vapor interface
[20]. After the collapse, the ferricyanide species start diffusing
out radially and as it reaches the electrode surface, the current will
change depending on the ferricyanide concentration. The current
peak shown in the bottom of Fig. 3(b) exhibits a composite current
behavior which could be a result of multiple bubble collapses
occurring simultaneously in the proximity of the electrode surface.
The shape of current transient data may be used to estimate the
distance (r) of the (center of) imploding cavity from the electrode
surface. Current is proportional to the concentration of the electro-



Fig. 3. (a) High resolution (0.6 MHz sampling rate) cyclic voltammetry results obtained in argon saturated DI water containing 50 mM K3Fe(CN)6 and 0.1 M KCl solution
irradiated with sound of �1 MHz frequency at 2.0 W/cm2 power density, scan rate = 0.05 V/s. (b) Examples of current transients superimposed on the limiting current
obtained for experimental conditions similar to that used to obtain data in (a).
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active species at the electrode surface [19,21] and this concentra-
tion, which is a function of ‘r’ and time, may be calculated using
appropriate models. Only for certain ‘r’ values, the shape of the
concentration versus time data may be expected to match the
shape of the transient peak.

The concentration profile for ferricyanide at different times
after the collapse of single transient cavity can be obtained by for-
mulating a differential equation and solving it analytically using
suitable boundary conditions. The derivation is shown in the
appendix but the final equation resulting from this derivation is
below Eq. (1):
CA ¼ CB þ
M

8ðpDtÞ
3
2

e�
r2

4Dt ð1Þ

Eq. (1) relates ferricyanide concentration, CA, at different radial
distances (r) and times (t) to moles of ferricyanide, M, accumulated
at the center of the bubble at the end of its collapse. Using Eq. (1),
different ferricyanide concentration profiles (CA versus time) can
be generated for a range of values of r, provided M is known. The
value of M can be computed as follows. At 1 MHz of sound fre-
quency, bubbles of �3.5 lm resonant radius (Ro) can be expected
to be present in the solution [22]. In order for a bubble of this size
to transform into a transient cavity at a megasonic power density
of 2 W/cm2, it must grow to approximately two times its initial size
[23] to a maximum radius (Rmax) of�7 lm. We assume here that at
the end of the collapse, the amount of ferricyanide contained in a
liquid volume of radius Rmax gets accumulated in a small region
at the center of the bubble due to advection as highlighted earlier.
This assumption may not be unreasonable considering the high
bubble velocity and radial compression ratio during the collapse.
Since, the initial concentration of ferricyanide (at t = 0) is 0.05 M,
the value of M can be computed to be �8 � 10�14 mol using Rmax

of 7 lm.
Fig. 4 shows the ferricyanide concentration profiles for different

values of r ranging from 2 to 20 lm. In all cases, the concentration
of ferricyanide increases with time above its initial value and then
drops back to the initial concentration. For r < 4 lm, the rise times
are lower than 5 ms and also the increase in ferricyanide concen-
tration is five times or larger than the initial concentration. Simi-
larly, for r > 10 lm, the increase in ferricyanide concentration is
very small (<10%). The concentration profiles for values of r in
the range of 5–10 lm exhibit rise times between 5 and 20 ms
and fall times of about 100 ms. Additionally, the concentration at
the peak is about 1.1–2.0 times larger than the initial concentra-
tion. It may be recalled that the measured current peaks were three
times or lower in amplitude (or height) compared to the steady
current and exhibited rise times of 5–40 ms and fall times of 50–



Fig. 4. Concentration–time plots generated for different values of r using an initial bubble radius (Ro) of 3.5 lm. (Inset shows fit of generated data (for r = 5 lm) to the
experimental data.)
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120 ms. Therefore, it seems that the value of r (distance of the (cen-
ter of) imploding cavity from the electrode surface) between 5 and
10 lm provides a good fit of calculated concentration–time data
with some of the measured current transients (an example shown
in the inset of Fig. 4). Implosion of a bubble close to a surface may
also give rise to microjetting [24,25]. However, microjetting cannot
yield peak shapes shown in Fig. 3(b) for the following reason. With
the liquid jet velocity of about 100 m/s and initial bubble radius of
3.5 lm, the duration of impact will be �10�7 s. This time scale is
many orders of magnitude lower than the rise time of the current
peaks measured in our experiments ruling out the current increase
due to the jet impact. However, during the jet formation, the col-
lapsing cavities reduce in size considerably [26] leading to signifi-
cant local enrichment in ferricyanide concentration. While a jet
may disperse some of this concentrated solution, diffusion will still
be the primary mechanism for the homogenization of the solution
after asymmetric bubble collapse.

The effect of dissolved nitrogen and carbon dioxide on transient
cavitation in the presence of megasonic field at 2 W/cm2 is shown
in Fig. 5. In the absence of the megasonic energy, the current poten-
Fig. 5. Effect of dissolved gases (CO2, N2 and Ar) in 50 mM K3Fe(CN)6 and 0.1 M KCl sol
density, 25 lm WE, scan rate = 0.05 V/s, data acquisition rate = 20 Hz. (Note: 7 point mo
(For interpretation of color in this figure, the reader is referred to webversion of this ar
tial trace (light green and black) is the same as that observed in the
case of argon saturated aqueous solution. With the application of
acoustic energy at 2 W/cm2, the limiting current increases to
�0.4 lA with current transients superimposed on it. The increase
in limiting current, again attributed to the streaming effect, is inde-
pendent of the type of dissolved gas. However, the current tran-
sients strongly depend on the nature of the dissolved gas. The
number and magnitude of current peaks were observed to decrease
in the following order for dissolved gases: argon > nitrogen > car-
bon dioxide. Interestingly, in the case of aqueous solution saturated
with CO2 gas, the current for peak with the highest amplitude was
about 10 times lower than the one in argon saturated solution.
Overall, the magnitude of current peaks in CO2 sparged aqueous
solution was significantly lower than in Ar sparged aqueous solu-
tion. A plot of frequency of occurrence of transient cavitation (#/
10 s) with peak current values greater than 0.6 lA as a function of
megasonic power density for different dissolved gases (Ar, N2 and
CO2) is shown in Fig. 6. In the case of Ar saturated ferricyanide
solution, the frequency of occurrence of ‘current peaks’ increases
from �6 to 65 in 10 s with increase in power density from 0.4 to
ution on current voltage behavior (�1 MHz sound frequency and 2.0 W/cm2 power
ving average was taken for CO2_No megasonic to eliminate the background noise.)
ticle.)



Fig. 6. Frequency of occurrence of transient cavitation (#/10 s) with peak current
values greater than 0.6 lA as a function of power density for various dissolved
gases.
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2 W/cm2. Interestingly, the number of ‘current peaks’ at 2 W/cm2

reduces to 35 and 5 (in 10 s) when the experimental solution con-
tained saturated levels of N2 and CO2, respectively.

It may be noted that CO2 gas has much higher solubility
(�1500 ppm) in water compared to N2 (�18 ppm) and Ar
(�55 ppm). Therefore, higher amounts of CO2 gas can diffuse into
the cavity during the expansion phase and can cushion the subse-
quent collapse. This will result in a lower amount of accumulated
ferricyanide at the center of the bubble at the end of its collapse.
The reason for lower current peaks in N2 saturated solution com-
pared to Ar saturated solutions is unknown at this time. These re-
sults show that transient cavitation can be controlled by dissolving
a suitable gas in the cleaning solution during megasonic cleaning of
semiconductor surfaces. The use of dissolved CO2, in particular,
may prove to be beneficial for particle removal from patterned wa-
fers. This is due to the fact that subdued transient cavitation in CO2

containing solution will potentially reduce feature damage while
streaming (including microstreaming) forces may preserve particle
removal efficiency (PRE) [27].

4. Conclusions

Transient cavitation was characterized in acoustically (�1 MHz
frequency) irradiated solutions containing different dissolved
gases (Ar, N2 and CO2) using high resolution cyclic voltammetry
on a microelectrode. The current peaks obtained using ferricyanide
as an electrochemical probe were attributed to diffusion of ferricy-
anide concentrated at the center of the transient cavity at the end
of the implosion. A mathematical model based on diffusion was
used to correlate the collapse of a transient cavity to the magnitude
of current peaks and the milli-second time scale of rise and fall in
current. The number and magnitude of current peaks were ob-
served to decrease in the following order for dissolved gases:
argon > nitrogen > carbon dioxide.
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Appendix A

If CA is the concentration of ferricyanide at a distance r from the
center of bubble after its collapse at any time t, then the differential
equation in spherical coordinates can be written as:
D
@

@r
4pr2 @CA

@r

� �
¼ 4pr2 @CA

@t
ðA1Þ

where D, the diffusion coefficient of ferricyanide ion, is assumed to
be independent of r

D
@2CA

@r2 þ
2D
r
@CA

@r
¼ @CA

@t
ðA2Þ

Let CA ¼ CA � CB.
Eq. (A2) now becomes,

D
@2CA

@r2 þ
2D
r
@CA

@r
¼ @CA

@t
ðA3Þ

Let u ¼ rCA.
Eq. (A3) can be written as

D
@2u
@r2 ¼

@u
@t

ðA4Þ

Taking Laplace transform of Eq. (A4)

suLðr; sÞ � uðr; t ¼ 0Þ ¼ D
@2uLðr; sÞ
@r2 ðA5Þ

At t ¼ 0; CA ¼ CB; CA ¼ 0; u ¼ 0

suLðr; sÞ ¼ D
d2uLðr; sÞ

dr2 ðA6Þ

Eq. (A6) is an ordinary differential equation and the solution to
this equation is:

uL ¼ Ae�
ffiffi
s
D

p
r þ Be

ffiffi
s
D

p
r ðA7Þ

As r !1; CA ! CB; CA ! 0; u! 0 and uL ! 0.
Therefore, B must be zero

uL ¼ Ae�
ffiffi
s
D

p
r ðA8Þ

If M is the moles of ferricyanide accumulated at r = 0 at the end of
transient cavity collapse, then

M ¼
Z 1

0
ðCA � CBÞ4pr2dr ðA9Þ

M ¼ 4p
Z 1

0
urdr ðA10Þ

Taking Laplace transform,

M
s
¼ 4p

Z 1

0
uLrdr ðA11Þ

M
s
¼ 4p

Z 1

0
Ae�

ffiffi
s
D

p
rrdr ðA12Þ

After integration by parts,

A ¼ M
4pD

ðA13Þ

Therefore,

uL ¼
M

4pD
e�

ffiffi
s
D

p
r ðA14Þ

Taking Laplace Inverse,

u ¼ Mr

8ðpDtÞ
3
2

e�
r2

4Dt ðA15Þ

CA ¼ CB þ
M

8ðpDtÞ
3
2

e�
r2

4Dt ðA16Þ
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