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Abstract. Light emission in sound-irradiated liquids, known as Sonoluminescence (SL), is
associated with the phenomenon of cavitation that affects wafer damage during megasonic
processing of wafers. It has been shown that the intensity of SL can be substantially decreased
through the dissolution of carbon dioxide in deionized water. However, such dissolution decreases
the pH to roughly 4.0, which is not very desirable for the removal of contaminant particles. This
paper reports two chemical systems that are capable of taking advantage of the effect of CO, while
allowing the use of slightly higher pH values. Specifically, NH4OH/CO, and NH4sHCOs/dilute HCI1
systems have been shown to be capable of well controlled reduction in SL at pH 5.7 or 7.0. In order
to test whether the free radical scavenging ability of CO, may be responsible for its strong SL-
inhibitory effect, the effect of a well known free radical scavenger, dimethyl sulfoxide (DMSO), on
SL produced in DI water has been investigated.

Introduction

Megasonic irradiation of aqueous solutions of NH4OH and H;O, is routinely used in the
semiconductor industry for particle removal from wafer surfaces [1, 2]. Acoustic streaming and
cavitation are known to be the primary particle removal mechanisms during megasonic cleaning.
Unfortunately, cavitation arising from imploding transient cavities also results in wafer damage [3,
4]. Transient cavitation is strongly associated with the release of light, a phenomenon known as
sonoluminescence (SL) [5]. Conditions that generate high SL appear to lead to increased pattern
damage [6, 7] and thus there is a growing interest in identifying conditions that would reduce SL
without reducing the particle removal efficiency. It is well known that particle removal is a strong
function of pH of cleaning solution and therefore identifying conditions that would reduce SL and
also maintain the solution pH at a desired value, can be key to damage-free wafer cleaning.

The authors of this paper recently described the development of a portable, UV light tight
cavitation threshold (CT) cell allowing measurement of SL under precisely controlled conditions.
Using the CT cell, they established that dissolved CO; in the hydrated form [COz(aq)] strongly
inhibits SL generation in water, even in presence of other dissolved gases [8]. To demonstrate the
inhibitory effect of CO»(aq), a novel method for in situ release of CO, from NH4HCO; by a pH-
induced shift in the carbonic acid equilibria was developed. The method required a decrease in pH
to induce release of CO,. Decrease in pH may however adversely affect particle removal
efficiencies. In this paper, a method for generating varying levels of CO,(aq) (and thus SL
inhibition) at neutral to near neutral pH values is reported. Specifically, the usefulness of two
different chemical systems, NH4OH/CO, or NH4HCOs/dilute HCl has been investigated.



Additionally, the hypothesis that SL may be inhibited through scavenging of free radicals has been
tested using dimethyl sulfoxide (DMSO), a well known free radical scavenger [9]. The mechanism
by which DMSO acts as a scavenger in an aqueous solution has been attributed to quenching of OH’
radical by the CH;" radicals that are generated upon thermolysis of DMSO inside hot, cavitating
bubbles [10].

Experimental Methods

SL data were collected in a clean room environment using a CT cell as previously described [11].
In brief, solutions were flown through the CT cell at a flow rate of 130 ml/min and exposed to 0.93
MHz megasonic field in either continuous (100% duty cycle, 50 ms pulse period) or pulse mode
(10% duty cycle, 5 ms pulse period) over a power density range of 0.1 to 4.0 W/cm?”. Water samples
with varying concentrations of COj(aq) at a constant pH were generated using two different
systems, a) NH4OH/CO; and b) NH4HCOs/dilute HCI. In the NH4OH/CO, system, suitable amount
of NH4OH and CO; saturated (1500 ppm) DI water were added to air saturated deionized (DI) water
to generate a desired equilibrium concentration of CO,(aq) at a constant pH of 5.7. The initial
concentrations of NH4OH and total dissolved inorganic carbon required to generate a desired
concentration of CO»(aq) at equilibrium and at a given pH, were numerically calculated using the
equations of ionic equilibria and the laws of mass and charge conservation, yielding Eq. 1 through
Eq. 8, as shown below [8].
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Here, C,= added dissolved inorganic carbon, B,=added [NH,OH] and C, = dissolved inorganic

carbon initially present in DI water (~) 14x10° M . For the NH;HCOs/dilute HCI system at pH
7.0, the initial concentrations of NH4HCO; and HCI required were calculated using Eqs 1 to 8 with
two minor modifications; B,= added [NH,HCO,]and charge balance equation (Eq. 5) was

modified to include added HCI concentration as shown in Eq. 9.

[NH," 1+[H"]=[OH 1+[added HCI 1+[HCO, 1+ 2[CO," ] (9)

SL measurements on DMSO - water mixtures were made by mixing DMSO and air saturated DI
water at different volume percentages and allowing them to equilibrate to room temperature before
data collection.



Results and Discussion

Fig. 1A shows a theoretical plot of required initial concentrations of total dissolved inorganic
carbon and NH4OH for generating varying concentrations of CO»(aq) at equilibrium, at pH: 5.0, 6.5,
7.0 and 7.5. Data for the plot were generated from the numerical solution of Egs. 1 through 8. Fig.
1B displays the SL data collected on NH4OH/CO, system at a constant pH 5.7. The CO,(aq) content
was varied by changing the total added inorganic carbon. The data show a well controlled decrease
in SL with increasing CO(aq) concentration. SL is almost completely suppressed in both the pulse
and continuous modes at an equilibrium CO;(aq) concentration of ~150 ppm. This compares well
with the value of 130 ppm that was previously shown to be minimally neccessary for complete
suppression of SL in air saturated DI water at a pH 4.2 [8]. It may also be noted that the threshold
power density necessary to produce detectable SL increases with increase in concentration of
COs(aq), suggesting that higher concentration of COj(aq) suppresses the initiation of transient
cavity callapse. Control of SL has also been demonstrated at neutral pH 7.0 in the NHsHCOs/dilute
HCI system (Fig. 2). Here too, a near complete suppression of SL is achieved at an equilibrium
concentration of ~130 ppm CO»(aq).
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Fig. 1. (A) Plot of the added inorganic carbon and NH4sOH concentrations required to generate a
desired final concentration of CO,(aq) at pH 5.0, 6.5, 7.0 and 7.5. (B) Pulse and continuous mode
(inset) SL intensity as a function of power density for the NH4OH/CO, system, at a constant pH 5.7.
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Fig. 2. Pulse and continuous mode (inset) SL Fig. 3. Pulse mode SL intensity as a function
intensity as a function of power density for of power density for varying concentrations of

the NH4HCOs/dilute HCI system at pH 7.0. DMSO mixed with air saturated DI water.



One plausible method by which CO, may reduce SL is by scavenging free radicals that
recombine and emit light [8]. To test this hypothesis, the effect of a chemical that is a well known
free radical scavenger on SL was investigated. Dimethyl sulfoxide (DMSO) was chosen for these
investigations. Solutions containing different volume percentages of DMSO in air saturated DI
water were prepared and characterized using the CT cell. Fig. 3 presents experimental data collected
on different DMSO-water mixtures. The data clearly shows that increasing concentration of DMSO
decreases SL generation, indicating that free radical scavenging could indeed lead to reduction in
SL intensity.

Various radicals such as CH3;SO’, CH3SO,’, CH3SOCH," and CHj; are generated during
thermolysis of DMSO and being free radicals themselves, they may act as excellent scavengers of
OH’ radical generated from water vapor inside the cavitation bubbles [10]. DMSO reacts with OH"
with a rate constant of 6.6 x 10° L.mol's™. Similarly, OH" radical can also be scavenged by both
CO, (rate constant of reaction = 1.0 x 10° L.mol"'s™) and the products of its interaction with water,
namely, HCO; (rate constant 8.5 x 10° L.mol™s™) and CO;” (rate constant 3.9 x 10° L.mols™)
[12]. Therefore, ability to scavenge luminescent free radicals may explain the SL inhibitory effect of
both CO,(aq) and DMSO.

Summary

Methods to suppress the SL generation in DI water to any desired extent while holding the pH
constant in the range 5.0 to 7.5 have been demonstrated using two chemical systems, NH4OH/CO,
and NH4HCOs3/HCI. The hypothesis that CO»(aq) may inhibit SL through free-radical scavenging
has been tested using another potent OH" radical scavenger, DMSO.
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