
3261

Korean J. Chem. Eng., 39(12), 3261-3266 (2022)
DOI: 10.1007/s11814-022-1214-0

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: jiwoohong@ssu.ac.kr, skchung@mju.ac.kr
Copyright by The Korean Institute of Chemical Engineers.

Acoustic bubble array-induced jet flow for cleaning particulate
contaminants on semiconductor wafers

Daegeun Kim*, Jiwoo Hong**,†, and Sang Kug Chung*,†

*Department of Mechanical Engineering, Myongji University, 116, Myongji-ro, Cheoin-gu,
Yongin-si, Gyeonggido 17058, Korea

**School of Mechanical Engineering, Soongsil University, 369 Sangdo-ro, Dongjak-gu, Seoul 06978, Korea
(Received 1 June 2022 • Revised 21 June 2022 • Accepted 25 June 2022)

AbstractThe demand for semiconductors and the necessity of developing the next-generation semiconductor have
skyrocketed with recent technological advancements, such as next-generation mobile networks, cloud computing, the
Internet of Things, and artificial intelligence. Accordingly, a new type of semiconductor cleaning technique that can
minimize environmental impact and physical harm to the exceedingly thin structures in semiconductor chips must be
developed. This work proposes a cleaning strategy for particle contamination on semiconductor wafer surfaces by uti-
lizing jet flow created by bubble oscillation constrained in arrays of microcylinders. The variation in the maximum jet
flow velocity caused by single bubble oscillation constrained in a microcylinder, which is affected by physical factors,
such as applied voltage, frequency, and microcylinder dimensions, has been investigated. A wafer cleaning apparatus
that comprised 9×9 arrays of microcylinders was designed based on experimental data on single bubble oscillation
constrained in a microcylinder. The maximum jet flow velocity for the multi-arrays of microcylinders can be attained
up to 148.5 mm/s, which is nearly five times the maximum value obtained from a single cylinder, even with a lower
voltage applied than with a single microcylinder. The wafer cleaning apparatus removes particulates with different wet-
tabilities and sizes from contaminated semiconductor wafers successfully with a high cleaning efficiency of up to 92.5%.
The current effort makes an important contribution to the development of semiconductor cleaning techniques that can
meet the requirements of current and next-generation semiconductor manufacturing in terms of yield, stability, and
environmental pollution.
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INTRODUCTION

Semiconductors have become ubiquitous because of the rapid
development of cutting-edge technology, such as next-generation
mobile networks, the Internet of Things, and artificial intelligence.
With the high demand for current semiconductors and the need
for next-generation semiconductors on an extremely small scale,
the role of cleaning technology that removes undesired particulate
contaminants (e.g., particles and metal debris) on the semiconduc-
tor wafer, which has a significant negative impact on semiconduc-
tor yield and reliability, has been enhanced [1-3].

Depending on the size of the particulate contaminants, conven-
tional cleaning techniques for semiconductors, such as brush [4,5],
ultrasonic [6,7], and electrochemical cleaning with an ammonium
peroxide mixture (APM) [2,8], have been widely used. Brushing or
high-intensity ultrasonic waves can damage the micro/nano pat-
terns (or structures) on the semiconductor wafer physically, or the
APM can etch the patterns away during the cleaning process chemi-
cally, thereby affecting semiconductor yield and reliability [9-11].
Thus, developing an alternative semiconductor cleaning process that
can remove particulate impurities effectively without disrupting the

patterns or structures on the semiconductor surface is critical. We
would like to begin by noting bubble oscillation as a potential clue
for developing new semiconductor cleaning techniques.

Bubble oscillation induced by external excitations, such as acous-
tic, electrical, and mechanical vibration, is a fascinating and practi-
cal topic in academic and industrial domains [12-15]. In particular,
the intriguing fluid dynamic phenomena [13,14] caused by oscil-
lating bubbles, such as secondary sound field and streaming flow,
have raised the bubble’s importance and applicability in the micro-
fluidic research area to new heights. Many researchers have devel-
oped a wide range of microfluidic techniques, such as fluidic regula-
tors [16-19] and micro-object manipulators [20-26], as well as engi-
neering (particularly biochemical or biomedical) applications [27-
31] by utilizing oscillating bubbles and the resulting fluidic phenom-
ena. A few recently published review papers provided concise sum-
maries of bubble oscillation-based microfluidic applications [15,32-
34].

In this work, we suggest a cleaning technique for particle contam-
ination on semiconductor wafer surfaces by drawing inspiration
from remarkable fluid dynamic phenomena, including the synthetic
jet flow caused by oscillating bubbles. Fig. 1 illustrates the proposed
jet flow-assisted cleaning apparatus conceptually. This apparatus is
constructed mostly from arrays of microcylinders and a piezoac-
tuator. When the arrays of microcylinders in the cleaning device
are immersed in chemical solution or distilled water, bubbles are
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naturally trapped inside the hydrophobic-treated microcylinders.
When confined bubbles in microcylinders are actuated acoustically
by a piezoactuator, they oscillate and generate synthetic jets that
clean particulate contaminants, such as dust and debris from nano/
micropatterned areas on semiconductor chips.

To demonstrate the feasibility of the suggested cleaning technol-
ogy, we preferentially explore jet flow characteristics induced by sin-
gle bubble oscillation constrained in a microcylinder and the physical
factors that control them, such as applied voltage, frequency, and
microcylinder dimensions. We constructed a wafer cleaning equip-
ment composed of several arrays of microcylinders and tested its
cleaning performance under simulated particulate contamination
on semiconductor wafer surfaces.

EXPERIMENTAL DETAILS

Fig. 2 depicts the fabrication procedure of the proposed wafer

Fig. 1. Conceptual diagram of the proposed jet flow-assisted cleaning technology. (a) A wafer cleaning system comprised of arrays of oscillat-
ing bubbles contained within microcylinders. (b) Jet flow-assisted cleaning device with bubble arrays is placed near contaminated
semiconductor wafer surfaces. (c) When a piezoactuator attached to the device is activated, the bubbles acoustically oscillate, thereby
generating synthetic jets that remove particulate contaminants from semiconductor wafer surfaces.

Fig. 2. Schematic of (a) the fabrication procedure of the proposed wafer cleaning device, which is primarily composed of an array of oscillat-
ing bubbles subjected to acoustic excitation. (b) Fabricated arrays of microcylinders for bubble trapping. (c) Entire experimental setup
for a wafer cleaning technique based on the acoustic excitation of confined bubble arrays.

cleaning device, which is primarily composed of an array of oscil-
lating bubbles subjected to acoustic excitation, as well as the entire
experimental setup for the wafer cleaning technique. As shown in
Fig. 2(a), the arrays of microcylinders with a reverse conical shape
and one end open are microfabricated onto an acrylic block using
a laser lithography method, similar to previous works [35,36]. Fol-
lowing that, the inner walls of the microcylinders are deposited with
parylene using a chemical vapor deposition process to produce
hydrophobic surfaces, hence allowing bubbles to be spontaneously
trapped to the microcylinders as the device is submerged in water.
Finally, the top side of the chip is glued with UV epoxy to a disk-
type piezoactuator (MFT-27T-4.1A1, KEPO Co.). The fabricated
wafer cleaning device, which consists of 9×9 square arrays of micro-
cylinders with dimensions in 10×10 cm2, is shown in Fig. 2(b).
The microcylinders all have a diameter of 100m and a length of
5 mm. When the microcylinder arrays are submerged, the created
bubbles have nearly the same diameter and length as the micro-
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cylinders.
A top-open water chamber (dimensions in 6.5×6.5×4.5 cm3) was

constructed with transparent acrylic plates for the visualization of
bubble motion and it-induced external flow. To excite the con-
strained bubbles inside the arrays of microcylinders acoustically,
electrical signals generated by a function generator (33210A, Agi-
lent Co.) and amplified (PZD700, Trek Co.) are applied to the pie-
zoactuator. The dynamic behavior of the acoustically oscillating
bubbles and the external flows that surround them was recorded
sequentially using a high-speed camera (Phantom Miro eX4, Vision
Research Inc.) integrated with a zoom lens (VZMTM 450i eo,
Edmund Optics). The particle image velocimetry (PIV) technique
with the illumination of a continuous laser (PSUH-LED, Changc-
hun New Industries Optoelectronics Tech. Co. Ltd.) and the seed-
ing of micro-fluorescent particles (6m in a diameter, Duke Scientific
Corp.), as well as conventional PIV software (INSIGHT 4G, TSI
Incorporated), were used to obtain quantitative information on the
external flows.

To simulate a scenario of particulate contamination on a semi-
conductor, microparticles are coated on patterned silicon wafers
through spin coating. The patterned silicon wafers are fabricated
using conventional photolithography techniques, such as photore-
sist deposition, UV exposure, and developing. Hydrophobic micro-
particles (silica particle, 5-15m in diameter) and hydrophilic mi-
croparticles (carboxy-modified acrylate-based polymer particle, 6m
and 15m in diameter) are utilized in this study to compare and
analyze the cleaning efficiency of the proposed cleaning technique
according to particle wettability and size. The number of microparti-
cles on the wafer is estimated before and after cleaning by using a
metallurgical microscope (GX51, OLYMPUS) and particle count-
ing function of an image analyzer (ImageJ, NIH, Bethesda, ML).
Every experiment was carried out at least five times, and the data
presented in the Results and Discussion section are the average of
the results.

RESULTS AND DISCUSSION

To obtain fundamental information for developing our proposed
cleaning technology, we preferentially observed and analyzed jet
flow features induced by single bubble oscillation constrained in a
microfabricated microcylinder using high-speed imaging and micro-
PIV techniques over a wide range of applied voltage and frequency.
As shown in Fig. 3(a), a very violent jet flow is observed around
an oscillation constrained in microcylinder at a specific frequency.
The resonance frequency can be determined experimentally by
locating the specific frequency in the present work. Furthermore,
information about the jet flow fields, especially velocity amplitude,
can be extracted from high-speed images using conventional PIV
software Fig. 3(b). Fluidic information of synthetic jet flow, such as
maximum velocity and resonance frequency, can be obtained using
flow visualization and PIV measurements to evaluate the physical
factors that influence cleaning efficiency (e.g., applied voltage and
frequency, bubble dimensions, and distance from wafer sample) in
developing our proposed cleaning technique.

The oscillation amplitude of the constrained bubble in the micro-
cylinder, which is well known to be greatest at the resonance fre-

quency, can be expected to influence the velocity of the jet flow. To
understand the relationship between the maximum jet flow veloc-
ity and applied frequency, the maximum velocity is measured by
varying applied frequency at a fixed applied voltage of 500 Vpp (Fig.
4(a)). The maximum jet flow velocity is greatest when the applied
frequency is 1.87 kHz, which is identified as the empirically deter-
mined resonance frequency. Here, the dimensionless applied fre-
quency is defined as the applied frequency divided by the resonance
frequency of the oscillating constrained bubble. The dimensionless
applied frequency has a value of one, which indicates that the applied
frequency corresponds to the resonance frequency.

We also investigated the variation of the maximum jet flow veloc-
ity with respect to applied voltage at various applied frequencies
(Fig. 4(b)). Regardless of the applied frequency, the maximum jet
flow velocity tends to increase in general as applied voltage rises.
When a voltage larger than 500 Vpp is applied to boost the maxi-
mum jet flow rate, the constrained bubble is witnessed to vibrate
violently and eventually escape. A systematical examination of the
geometry or wettability of the microcylinder, which can strongly
confine the oscillation bubble even at high voltage, will be conducted
to boost the maximum jet flow rate. Furthermore, the minimum
applied voltage necessary to generate jet flow increases with the
dimensionless applied frequency (i.e., the disparity between the
applied and resonance frequencies).

Fig. 3. (a) Flow visualization and (b) particle image velocimetry (PIV)
measurements of the flow field that surrounds an oscillating
bubble constrained in a microcylinder. Here, the values of the
applied voltage and frequency are 350Vpp and 1.87kHz, respec-
tively. The legend bar in Fig. 2(b) represents the velocity ampli-
tude of jet flow in millimeters per second.
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The bubble dimensions (e.g., diameter, length) could be a phys-
ical factor that influences bubble oscillation and resulting jet flow
velocity. To verify this, the variance in the maximum jet flow veloc-
ity was quantified using oscillating bubbles contained in microcyl-
inders of varying lengths and diameters (Fig. 5). The dimensions
of the bubble are considered the same as those of the microcylin-
der. Here, the applied voltage was set to 100 Vpp, and the applied
frequency is set to match the resonance frequency determined exper-
imentally for each bubble dimension. The maximum jet flow veloc-
ity increases as the length of the microcylinder (or constrained
bubble) increases, with a fixed diameter of 100m for the micro-
cylinder (Fig. 5(a)). In contrast, at a fixed length of 5 mm for the
microcylinder (or constrained bubble), the maximum jet flow veloc-
ity decreases as the microcylinder diameter increases (Fig. 5(b)). It
is known that the maximum jet flow velocity increases linearly with
the amplitude and resonance frequency of the confined bubble oscil-
lation [36-38]. The resonance frequency, on the other hand, is known
to be inversely proportional to the square root of the length and
diameter of the microcylinder [37]. Although the resonance fre-
quency decreases as the length and diameter of the microcylinder

increase, the tendencies shown in Fig. 5 may be attributed to an
increase in oscillation amplitude as these dimensions increase.

Based on the fundamental information presented above about
the oscillation of a single confined bubble and its induced jet flow,
a wafer cleaning apparatus that consists of 9×9 arrays of microcyl-
inders was devised. To determine an optimal distance condition
for improving cleaning efficiency preferentially, the maximum jet
flow velocity was measured by varying the distance between the
wafer cleaning device and the sample wafer chip (Fig. 6(a)). The
applied voltage and frequency for this experiment were set to 270
Vpp and 2.48 kHz, respectively, where the most violent jet flow is
experimentally observed. As shown in Fig. 6(a), the maximum jet
flow velocity peaks when the cleaning device is 5 mm away from
the sample wafer and it then tends to decrease as the distance in-
creases. When 9×9 arrays of microcylinders are used, the maximum
jet flow velocity can be attained up to 148.5 mm/s even with a
lower voltage applied than with a single cylinder. This is nearly five
times the highest value (29.9 mm/s) obtained from a single cylinder.

As described in the Experimental details section, microparticles
with different sizes and wettabilities are coated on patterned silicon
wafers to simulate the scenarios of particulate contamination on
semiconductor wafers. For convenience, hydrophobic silica micro-

Fig. 4. (a) Maximum jet flow velocity induced by the oscillation of
a constrained bubble as a function of dimensionless applied
frequency at a fixed voltage of 500 Vpp. Here, the dimension-
less applied frequency is defined as the applied frequency
divided by the resonance frequency of the oscillating bubble.
(b) Maximum jet flow velocity as a function of applied volt-
age and frequency.

Fig. 5. Maximum jet flow velocity as a function of (a) length and
(b) diameter of microcylinder. In this work, the applied volt-
age was set to 100 Vpp, and the applied frequency was set to
match the resonance frequency determined experimentally
for each bubble dimension.
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particles (5-15m in diameter) and hydrophilic acrylate-based
microparticles with 15m and 6m in diameter are referred to as
Type I, Type II, and Type III, respectively. The patterned substrate
polluted with the microparticles can be cleaned by performing jet
flow-based cleaning for 3 minutes with a wafer cleaning apparatus

(Fig. 6(b)). When the jet flow-based cleaning procedure was per-
formed for 3 minutes using our devised cleaning apparatus, the
microparticles of all types were visibly eliminated from the contami-
nated patterned wafer.

We conducted a quantitative analysis of the cleaning efficiency
of the proposed cleaning technique for each type of microparticle
(Fig. 6(c)). In this work, cleaning efficiency is defined as the num-
ber of microparticles removed following cleaning divided by the
number of microparticles present prior to cleaning, expressed as a
percentage. Cleaning efficiency for Type I, Type II, and Type III was
measured to be 75.2%, 92.5%, and 84.4%, respectively. Hydropho-
bic particles are removed more efficiently than hydrophilic parti-
cles, and larger hydrophobic particles are removed slightly more
efficiently than smaller hydrophobic ones. In the future, we will con-
duct further research on the removal of various contaminants from
wafers with various 3D structures using the proposed cleaning tech-
nology to come closer to the actual semiconductor cleaning process.

CONCLUSION

By drawing inspiration from intriguing fluid dynamic phenom-
ena, including synthetic jet flow created by oscillating bubbles, we
propose a cleaning strategy for particle contamination on semicon-
ductor wafer surfaces. First, we observed and analyzed jet flow char-
acteristics caused by single bubble oscillation constrained in a mi-
crofabricated microcylinder over a wide range of applied voltage
and frequency with a high-speed micro-PIV technique. The maxi-
mum jet flow velocity was discovered to be greatest at the experi-
mentally determined resonance frequency, and it increased as applied
voltage increased. In addition, the effects of microcylinder dimen-
sions were investigated as another physical factor that influences
bubble oscillation and resulting jet flow velocity. The maximum jet
flow velocity was found to increase with increasing microcylinder
length and decreasing microcylinder diameter. Based on funda-
mental information on the oscillation of a single confined bubble
and its induced jet flow, we designed and fabricated a wafer clean-
ing apparatus comprised of 9×9 arrays of microcylinders. To emu-
late scenarios of particulate contamination on semiconductor wafers,
patterned silicon wafers were coated with microparticles of vari-
ous sizes and wettability. The microparticles can be removed from
the contaminated patterned wafer with a high cleaning efficiency
of up to 92.5% by using the wafer cleaning apparatus. Finally, in
the near future, we will develop a unique cleaning strategy that uses
backward microstreaming flow to suck up particulate contami-
nants from semiconductor wafers by adjusting the position of an
acoustically oscillating bubble’s gas-liquid interface [39]. The pro-
posed particulate removal strategy, which is based on oscillating
bubble-induced jet flow, opens possibilities as an alternative clean-
ing technology that can alleviate the limitations of existing cleaning
technologies by minimizing the use of toxic chemicals and physi-
cal damage to fine structures on semiconductor chips.
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