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Megasonic energy assisted wet cleaning is traditionally used for removal of particulate contaminants
from wafer and mask surfaces in semiconductor industry. One of the major issues associated with mega-
sonic cleaning is the damage caused to fragile features due to transient cavitation. Development of a
method to monitor transient cavitation events in solutions irradiated with sound energy will allow chem-
ical formulators to fine tune the cleaning chemistry and acoustic field parameters for maximum cleaning
efficiency without any feature damage. In this work, a method based on electrochemical impedance spec-
troscopy (EIS) measurements on a microelectrode has been found to be effective in detection of transient
cavity collapses in solutions subjected to �1 MHz sound field. Additionally, the technique also provides
useful information about the diffusion boundary layer thicknesses in the presence and absence of mega-
sonic field.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The use of megasonic energy for wafer and mask cleaning has
been of interest to semiconductor industry for many years [1,2].
Although, megasonic cleaning offers the advantage of high particle
removal efficiency (PRE), it has limited application due to feature
damage. Two principle mechanisms, namely, acoustic streaming
and cavitation are known to predominantly occur in solutions irra-
diated with sound field [3–5]. It is generally believed that both
streaming and cavitation are instrumental in particle removal
whereas cavitation is the main cause of damage to fragile features
[3,6].

Two types of cavitation exist in solutions subjected to acoustic
energy, stable cavitation and transient cavitation [7]. Stable cavita-
tion, acting as a secondary sound source and leading to microstrea-
ming, entails oscillations of bubbles about an equilibrium size for
many acoustic cycles. Transient cavitation is characterized by large
bubble size variations and eventual bubble collapse, which can be
quite violent. This violent collapse, accompanied by extremely high
temperature and pressure conditions, often leads to the formation
of shock waves or liquid jets, depending on the distance between
the collapsing cavity and the solid surface [8,9]. Both shock waves
and liquid jets are believed to be responsible for feature damage
[10,11]. In order to reduce damage while maintaining high PRE,
it is important to significantly lower transient cavitation in clean-
ll rights reserved.

eswani).
ing solutions without affecting streaming forces. This can be
achieved by monitoring transient cavitation events in solutions
using a suitable in situ technique and tuning the sound field and
liquid parameters that will minimize collapse of transient cavities.

Ashokkumar et al., used a multi-bubble sonoluminescence
based technique for detection of stable and transient cavitation
in aqueous solutions containing up to 100 mM of propanol or
acetone irradiated with acoustic frequencies in the range of
20–440 kHz [12]. Their study revealed that stable cavitation is
existent at low sound frequency of 20–37 kHz and transient cavita-
tion can occur at high sound frequency of 440 kHz. In another
study, high time resolution microelectrode based electrochemical
(chronoamperometry) technique was used to characterize tran-
sient cavitation in aqueous solutions exposed to ultrasonic field
(20–100 kHz) [13]. Measurement of reduction current of ruthe-
nium (III) hexamine at a microelectrode (10 lm) was used to mon-
itor transient cavitation. The results of this study showed that
increasing the acoustic pressure amplitude from 0.8 to 1.7 atm at
�40 kHz of sound field increased the transient cavitation events
from a few hundred to �5000 events per second.

Keswani et al., measured frequency of transient cavitation
events in DI water saturated with different dissolved gases (Ar,
N2, and CO2) as a function of megasonic (�1 MHz) power density
using cyclic voltammetry measurements on a 25 lm microelec-
trode [14]. It was reported that for Ar saturated solutions, the fre-
quency of occurrence of transient cavitation (of certain collapse
intensity) increased from �5 to 65 in 10 s with increase in power
density from 0.4 to 2 W/cm2. Interestingly, when the experimental
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solution contained saturated levels of N2 and CO2, respectively,
the transient cavitation events reduced to 35 and 5 (in 10 s) at
2 W/cm2. A novel method based on measurement of cavitation
noise using a hydrophone was shown to be effective in character-
izing stable and transient cavitation at �1 MHz sound frequency
generated in the power density range of 0.012–0.4 W/cm2 [15].
In this technique, the peak levels of f/2 and 2f harmonics in the
cavitation noise spectrum were shown to be good indicators of sta-
ble cavitation while the cavitation noise power was representative
of transient cavitation.

In this paper, an alternative method for detection of transient
cavitation at �1 MHz of sound frequency is presented. The method
is based on electrochemical impedance spectroscopy (EIS) mea-
surements on a microelectrode in aqueous solutions containing
an electroactive species such as potassium ferricyanide. Under
reducing potentials for ferricyanide, when the applied AC fre-
quency becomes comparable to the frequency of transient cavity
collapses, the impedance values become unstable thereby reveal-
ing approximately the number of transient cavitation events occur-
ring per unit time.
Fig. 1. Cyclic voltammetry on Pt (�1 cm2) in deoxygenated 2 mM potassium
ferricyanide solution containing 0.2 M KCl solution at a scan rate of 20 mV/s. Pt
used as the reference and counter electrode.
2. Materials and methods

Potassium ferricyanide (K3Fe(CN)6), and potassium chloride
(KCl), were of high purity (P99.9%) and purchased from Sigma
Aldrich. Platinum (Pt) wires (P99% purity) were obtained from
Goodfellow. Electrochemical Impedance Spectroscopy (EIS) mea-
surements were conducted in aqueous solutions at 23 ± 2 �C
containing 0.1 M KCl and 0.05 M K3Fe(CN)6 prepared using de-
ionized (DI) water of resistivity 18 M X-cm. Prior to EIS measure-
ments, the experimental solutions were de-oxygenated by
bubbling with Ar gas (P99% purity) for 30 min followed by keep-
ing an Ar blanket over the surface of the solution. Removal of
oxygen from solutions is necessary to prevent any interference
with ferricyanide reduction and was confirmed by measuring the
dissolved oxygen content using an oxygen sensor (Rosemount Ana-
lytical model 499A DO).

The three electrode set up used for EIS experiments consisted of
25 lm diameter disc as the working electrode (WE), and 500 lm
diameter Pt wires 1 cm long as reference and counter electrodes
(RE and CE). The three electrodes were enclosed in separate glass
capillary tubes and arranged in a triangular manner. Pre-cleaning
of Pt was done using reagent grade isopropyl alcohol (IPA) and
flame heating to remove organic contaminants. Each of these steps
was preceded by thorough DI water rinsing for 5 min and N2

drying.
For electrochemical measurements, the electrode set-up was

placed in a ProSys� cylindrical tank (volume �500 ml) equipped
with circular transducer (area 22.2 cm2) that operates at �1 MHz
sound frequency. The working electrode was positioned close to
the center of the transducer at �2.0 cm above it. In cases of solu-
tions exposed to megasonic energy, the transducer power density
was set to 2 W/cm2 and the mode of sound propagation was con-
tinuous, where the transducer was on for the entire measurement
time. For cyclic voltammetry measurements, the potential was first
scanned in the cathodic direction from open circuit potential (OCP)
followed by reverse scan in the anodic direction and back to OCP at
a rate of 20 mV/s. In chronoamperometry experiments, the work-
ing electrode was biased at �0.1, �0.4 or �0.8 V potential and cur-
rent was measured as a function of time at high sampling rate of 8
million samples per second. After about 0.5 s, transducer was
switched on for �2–3 s at 2 W/cm2. The total time for measure-
ment was about 4 s. National Instrument Labview 9.0 was used
for acquisition of the data, which was processed for graphical out-
put using DIAdem 2010. Singe sine EIS experiments were
performed at �0.2 V overpotential bias by sweeping the frequency
from 100 kHz to 0.1 Hz using an AC rms voltage of ±10 mV. The
sampling rate was fixed at 10 points per decade of frequency,
where number of cycles at each AC frequency ranged between 2
and 20 with more cycles at higher frequency. Average of imped-
ance values collected for several cycles at each frequency was used.
Commercially available software, ZView (Version 2.9c), was used
to fit the data to an equivalent circuit and calculate values of the
circuit parameters.

3. Results and discussion

Cyclic voltammetry experiments were first performed on Pt
(�1 cm2) in deoxygenated 2 mM potassium ferricyanide solution
to determine the redox potential of the ferricyanide/ferrocyanide
couple. The results, in the form of a voltammogram, are shown in
Fig. 1. As the potential is scanned from 0 V to negative values, fer-
ricyanide species reduce to ferrocyanide and a reduction (cathodic)
peak is observed at �0.26 V. During the reverse (oxidation) cycle,
when the ferrocyanide oxidizes to ferricyanide, an oxidation (ano-
dic) peak occurs at �0.16 V. A peak separation of 100 mV, which is
larger than 59 mV difference typically seen for a reversible redox
reaction, indicates the behavior of the ferricyanide/ferrocyanide
couple to be quasi-reversible, as also reported in the literature
[16]. The redox potential, calculated from the mean of peak catho-
dic potential and peak anodic potential, was found to be approxi-
mately �0.2 V.

Additionally, chronoamperometry experiments were also per-
formed at various bias potentials of �0.1, �0.4 V and �0.8 V. The
microelectrode set up consisting of 25 lm Pt working electrode
was used. The solution contained 50 mM potassium ferricyanide
and 100 mM KCl, which was deaerated by bubbling Ar gas. The se-
quence of events was as follows. The microelectrode was subjected
to a suitable potential for a total period of 4 s. During first 0.5 s of
applied potential, no megasonic field was applied. After this time,
the solution was irradiated with �1 MHz sound field at 2 W/cm2

for 2–3 s. Current was measured at 8 million samples per second
for entire 4 s. The results are shown in Fig. 2. As can been seen in
the case of applied potential of �0.8 V, the baseline current in
the absence of megasonic field is �0.3 lA. This current increases
to �0.45 lA with current ‘peaks’ superimposed on it upon applica-
tion of the megasonic field. The increase in baseline current has
been attributed to enhanced diffusion due to acoustic streaming
where as current ‘peaks’ are a result of transient cavitation. These
have been discussed in detail elsewhere [14,17]. As the applied po-
tential reduces to �0.4 V, there is no measureable difference in the
baseline current or other features in the chronoamperometry
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Fig. 2. Effect of applied potential on chronoamperometry current measured on
25 lm Pt microelectrode in Ar saturated solution containing 50 mM potassium
ferricyanide and 100 mM KCl. Current Sampling rate: 8 MS/s, Pt used as the
reference and counter electrode. Data from �0–0.5 s correspond to applied
potential and no megasonic exposure, data from �0.5–2.5 s (or 3.75 s) correspond
to applied potential and megasonic exposure at 1 MHz and 2 W/cm2, data after
�2.5 s for �0.1 and �0.4 V conditions correspond to applied potential and no
megasonic exposure.
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current. However, further reducing the applied potential to �0.1 V
apparently decreases the baseline current as well as the streaming
current and magnitude of current ‘peaks’ due to transient cavita-
tion. These results suggests that the required potential to com-
pletely reduce ferricyanide and create a diffusion limiting region
near the electrode surface exists somewhere between �0.1 and
�0.4 V. This further confirms the use of �0.2 V as the appropriate
potential for EIS studies as discussed below.

In the next step, EIS measurements at �0.2 V (vs Pt reference)
were performed on a 25 lm Pt microelectrode in argon saturated
50 mM potassium ferricyanide solutions (containing 100 mM
KCl) in the absence and presence of megasonic field. Nyquist and
Bode plots obtained under silent conditions (no megasonic field)
are shown in Fig. 3. A depressed semicircle is observed in the
Nyquist plot indicating that the surface of the microelectrode is
0
0

Fig. 3. Nyquist and Bode plots obtained from EIS measurements conducted on a 25 lm P
potassium ferricyanide and 0.1 M KCl) in the absence of megasonic field.
not very smooth. A characteristic finite length Warburg diffusion
response is also seen, which represents mass transfer limitation
of ferricyanide species at the electrode surface due to its continu-
ous reduction at �0.2 V potential.

In the Bode plot of frequency versus phase angle, two character-
istic curves with different time constants are observed. At higher
frequency of 105 Hz, the phase angle is �50� indicating contribu-
tions from both capacitive and reactive components to the current.
The phase angle approaches a value of �10� at lower frequency of
0.1 Hz suggesting dominance from reactive component.

In the presence of megasonic field at �1 MHz of sound fre-
quency and 2 W/cm2 of transducer power density, typical Nyquist
and Bode plots obtained during EIS measurements are shown in
Fig. 4. Comparing the data from Figs. 3 and 4, the impedance values
measured in the presence of megasonic field are only slightly dif-
ferent compared to those measured in the absence of megasonic
field for AC frequencies higher than 25 Hz. This indicates that
megasonic field has no significant effect on impedance values
when the AC frequency is above a critical value. This may be ex-
plained as follows. In megasonic field, fluid flow can occur either
due to acoustic streaming or cavitation. It has been shown previ-
ously, that the transport of ferricyanide due to streaming forces
is significantly smaller than that due to cavitation [14,17]. It is pos-
sible that due to weak flow of liquid from streaming and much
lower frequency of occurrence of cavitation events compared to
the frequency of AC cycle, the impedance values are not much af-
fected by the application of megasonic field at higher AC
frequencies.

At AC frequencies lower than 25 Hz, as can be seen from Fig. 4,
the impedance values become unstable. This is likely due to fre-
quency of occurrence of transient cavitation becoming comparable
to the AC frequency (625 Hz). As transient cavities collapse inter-
mittently, they transport ferricyanide to the electrode surface which
changes (reduces) the impedance values. Since the cavity collapse is
not regular and may not occur at every AC cycle, the impedance val-
ues are not stable. Fluid movement in solution irradiated with
megasonic field can occur due to acoustic streaming (Eckart,
Rayleigh, Schlicting or microstreaming). However, since streaming
flow is continuous (and does not occur in events), it can be expected
to affect the impedance values at all AC frequencies and not just at
frequencies below a critical value (25 Hz) as observed in the current
data. Therefore, the possibility of fluid movement being the root
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Fig. 4. Nyquist and Bode plots obtained from EIS measurements conducted on a 25 lm Pt microelectrode held at �0.2 V (vs Pt reference) in argon saturated solution (50 mM
potassium ferricyanide and 0.1 M KCl) in the presence of megasonic field at �1 MHz of sound frequency and 2 W/cm2 of transducer power density.
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cause of the impedance fluctuations at AC frequencies 625 Hz can
be ruled out. In order to ensure that this instability in impedance un-
der megasonic conditions was not due to interference with electrical
noise from the circuitry of the megasonic equipment, impedance
measurements were performed in solutions without any megasonic
exposure but with the megasonic equipment turned on in the close
vicinity. No such instability in impedance was measured in this case.
Further, for better visual comparison of the impedance results for
megasonic and no megasonic conditions, the spectra (with a repeat
measurement) for each of these cases are plotted in the same Fig. 5.
Clearly, the differences in the spectra obtained in the presence and
absence of megasonic irradiation of solutions are prominent at AC
frequencies approximately lower than 25 Hz. The results of this
study seems to correlate reasonably well with those published in lit-
erature [14], where it has been shown using cyclic voltammetry that
transient cavitation events indeed occur at a frequency of 5–10 Hz in
Ar saturated aqueous solution irradiated with sound field at 1 MHz
and 2 W/cm2.

The impedance spectra (high frequency (>25 Hz) or stable part
of the spectrum for sound irradiated system and the entire data
for silent conditions) were fitted to a typical modified Randles cir-
cuit with Warburg diffusion. A schematic of this model is shown in
Fig. 6. In this model, Rs corresponds to the resistance of the aque-
Fig. 5. Data from Figs. 3 and 4 along with repeat measurements for comparison purpose
cases.
ous solution, Rct to the charge transfer resistance at the Pt/solution
interface, CPE represents the constant phase element associated
with the double layer capacitance at the Pt/solution interface,
and Ws is the Warburg diffusion element of finite length.

The impedance of Ws (Eq. (1)) is defined as

ZWs ¼ R� tan h½ðjxdÞP�=ðjxdÞP ð1Þ
where R corresponds to the Warburg element resistance related to
the diffusion of the electroactive species (such as ferricyanide). The
term (jx) is the product of j, an imaginary number equal to (�1)0.5,
and the angular frequency, x, which is 2p times the linear AC fre-
quency. The parameter d is related to the thickness, L, of the diffu-
sion boundary layer and to the diffusion coefficient, D, through the
relationship, d = (L2/D), and P is an exponent related to the slope of
the linear part in the Nyquist plot.

The impedance of constant phase elements, CPE, is defined as

ZCPE ¼ 1=½T � ðjxÞP� ð2Þ

CPE is essentially a distributed capacitor and its capacitance is
given by CPE � T (xm)P�1, where xm is the frequency at which
the imaginary part of the impedance has a maximum and the
exponent P is related to the surface roughness/inhomogeneity of
the surface [18]. CPE behaves like a pure capacitor when P = 1.
s. Experimental Conditions stated in Figs. 3 and 4 for no megasonic and megasonic



Fig. 6. Randle circuit model with mass transport limitations to fit impedance data
obtained in this work.

Table 1
Parameters obtained from fitting the experimental data to a model based on modified
Randles circuit with Warburg diffusion.

Parameters

�0.2 V (vs Pt) no meg �0.2 V (vs Pt) meg 2 W/cm2

Rs (O) 5100 ± 10 5500 ± 1000
CPE�T (lF-s(P�1)) 3.5E-09 ± 3.1E-09 3.2E-09 ± 2.6E-09
CPE�P 0.8 ± 0.05 0.81 ± 0.07
Rct (O) 0.97E05 ± 0.4E05 1.1E05 ± 0.2E05
Ws�R (O) 1.3E06 ± 0.14E06 0.3E06 ± 0.26E06
Ws�d (s) 0.775 ± 0.02 0.034 ± 0.03
Ws�P 0.32 ± 0.02 0.47 ± 0.05
v2 0.00095 ± 0.00007 0.00045 ± 0.0002
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The electrical parameters obtained from the fit of experimental
data (shown in Fig. 5 for megasonic and no megasonic conditions)
to the model are summarized in Table 1. A chi-square value lower
than 10�3 indicates good fitting between the experimental data
and the model. The solution resistance is �5100 X and the double
layer capacitance is 80 lF/cm2. A value of CPE�P (�0.80) less than
1.0 indicates some level of inhomogeneity on the platinum surface.
The fitted values of the parameters, R, T and P in the Warburg ele-
ment, are represented by W � R, W � d and W � P. A value of W � P
lower than 0.5 for no megasonic case suggests that diffusion pro-
cess is non uniform [19,20]. The diffusion layer thickness (L) values
in the absence and presence of megasonic field calculated from fit-
ted W � d values and a diffusion coefficient (D = 0.7 � 10�5 cm2/s)
of ferricyanide ions [21,22] are 20 and 7 lm respectively. The
reduction in diffusion boundary layer thickness with application
of megasonic field is expected due to mild streaming effect. These
boundary layer thicknesses are consistent with the reported values
in literature [14], which suggests that the choice of model is cor-
rect and also confirms the goodness of the fit. It is interesting to
note that although diffusion boundary layer thickness is lower in
the megasonic field, Rct remains unaffected. This may be due to
the fact that Rct is dominated by the impedance values in the high
frequency range where rate of diffusion will be the same in the
presence and absence of megasonic field due to large thickness
of boundary layer in both cases.

4. Conclusions

Electrochemical Impedance Spectroscopy (EIS) measurements
on a microelectrode in solutions irradiated with acoustic energy
at �1 MHz were found to be valuable in detecting transient cavita-
tion events. At 2.0 W/cm2 of transducer power density, the fre-
quency of occurrence of transient cavitation collapses was
determined to be of the order of 25 Hz. The diffusion layer thick-
ness in the absence and presence of megasonic field was calculated
to be 20 and 7 lm respectively. The reduction in diffusion bound-
ary layer thickness with application of megasonic field was attrib-
uted to weak flow of fluid due to acoustic streaming. In summary,
impedance measurements using a microelectrode can be very
effective in detecting the frequency of occurrence of transient cav-
itation events in different cleaning solutions used by semiconduc-
tor industry. The chemical formulators can use this technique to
their benefit by tuning the sound field and cleaning chemistry vari-
ables for optimized cavitation to achieve maximum cleaning and
minimum feature damage.
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