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ABSTRACT

In integrated circuit (IC) maufacturing, @rticulate contaminatiorirom hundreds of
processestepsis a major cause of yield los3he emoval of particles is typically
achieved through liquid chemical formulations aided @&gound field in the MHz
frequency rangeWhen liquidis irradiatedwith megasonic waves, dissolved gases play
an important role in particle removal and feature damagedake the advantage of the
beneficial effect of C@(aqg.), his thesis describes the development and optimizatian of
megasonic cleaning prossing a chemical system containing dHH and NHHCO;

at an alkaline pH in which a specific amount of aqueous,@@n bemaintainedto
minimize feature damagdn addition, certain etching effestat a slightly alkaline pH
were supported for achieving higparticle removalSonoluminescence (Sldata were
collected from these cleaning solutions and correlatgd the cleaning performance.
The intensity of SLis believed to bea sensitive indicator of transient cavitation during
megasonic irradiationyhich is thoughtto beresponsibldor fragile feature damage. To
further analyze the SL signal with respect to the emission from hydroxyl radicals; single

band filters were used to collgbe SL signalin different wavelengthanges.

The study of particle emoval and feature damages performedusing a singlevafer
cleaning tool, MegPfé(ProSys,nc.), which provided acoustic irradiation afrequency

of 0.925 MHz Commercially available Sigslurry with 200 £20 nm particles was used
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for particle contanmation. Paticle removal was investigated on both blanket ;SiO
sampes and patterned sampldseature damagstudies wereconductedon patterned
samplesdy examiningthe number of he lreakageger unit areaBy adjusting the pH in
NH4OH/NH4HCO; solutionsfrom 7.8 to 8.5,the amount of CQ (ag.) wasvaried At a
pH of 8.2 with ~ 320 ppm C®(ag.) in the cleaning solutiom high particle removal
efficiency was achieved (> 90%) an acoustic power intensity of 1 W/énfor an

exposure time of 66, andthefeature damage was reduatby > 50%.

For SL signal analysisband filters in the wavelength range of (i) 28805.5 nm, (ii)
30071 340 nm, (iii) 335" 375 nmand (iv) 374.5 397.5 nm were used tesolvethe SL
spectrunmin these waglength ranges. The filters were sandwiched, one at a time, between
the optical window and thghotomultiplier tubgPMT) in the Cavitation Threshold (CT)
cell. Air-, Ar-, and CQ-containing DI water(at pH 4.53 with ~ 90 ppm aqueous £0
was pumped throdgthe cell ata flow rate of 130 ml/min. The acoustic poweas
ramped from 0.1 to 4 W/cat an acoustic frequency of 0.925 MHEhe SL signal
intensity showedhe highest value in the rangef 3001 340 and 335 375 nm inair-
and Arsaturated DI watemwhich isdueto the emissiorirom excited hydroxyl radicals.
These results are consistemith an SL spectrum analysiperformedusing expensive
optical setups. In CO,-containing DI water, the SL signal intensity wagpressedy a
factor 0of100. The methodology reported in this work is simple, inexpensind capable

of capturing SL spectral features due to hydroxyl radicals.
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CHAPTER 1. INTRODUCTION

1. Explanation of the problem and its context

An integrated circuit is nothing more thawvery advanced electric circuitvhichis made

from different electrical components such as transistors, resistors, caparitbdiodes
conneckd to each other in different way®Vith the continuous effortbeing madeto
reduce the size of these individlw@mponents, more components can be integrated in a
chip, thus significantly enhancing the performance of IC systems while reducing the cost.
In the 1960s, the efbunderof Intel, Gordon Moorefirst describeda trendobserved for
computerhardwarethat is now known asMo o r e 6:ghe huaber of transistolis
integrated circuits doubles approximately every two yddys Under such vigorous
growth, challengesn each manufacturing step havsen One of the biggest concerns in

all of themanufacturing steps is tlemovalof contamination, which ia major cause of

yield loss in integrated circuit (IC) manufacturi(g).

Particles need to be removed from the surface of the wabarsy tmes during the
hundreds omanufacturingprocessesParticles resulirom etching procegs chemical
mechanical planarizatipnchemical and physical vapor depositicemd many other

fabrication stepsSuch particles may obstruct many processing opesatadultimately
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result in open or short circuit¥herefore in the IC fabrication process, trenches and vias
must be cleanebdefore subsequent processirsgeps Particle location and size are the
main factorsdetermining whethea killer defectoccursduring processingParticlesthat
exceed ondourth of the minimum feature size have the potential to cause fatal device
defectsWith the continuous effos being madéo decreas thefeature size, technologies
that can remove smaller particles ailsorecuired By 2018, the critical particle size

the front end of line (FEOLpProcessess expected to be 9 nm (3).

The objective of todayés cleaning technolo
wafer surface without damagintpe fine structure®n the surface Several cleaning
techniques have been usedhe semiconductoindusty. They canbe divided into two

maintypes dry and wet cleaning methods. Dry (vapdrase)cleaningmethods include

jet scrubbing using dry carbon dioxjderyogenic argon aerosol jet impingement,
supercritical carbon diade, gas plasma cleaning, eWet cleaning methods employ
liquid-based chemistries such as hydrofluoric acid solutions, sulfuriciaperoxide

mixtures, alkaline and acidic peroxide wibns (SC1 and SC2 solutiongind sulfuric

acidozone mixtureqg4). Figure 1shows a typical sequence of wet cleaning stapb

operation conditions used fthe semiconductandustry.
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H,S0,: H,0,

_ ; DI Water HF: H,0 DI Water
4lto2:1 = Rins | isori00 [™ Rins
120 to 150 °C e * e
- 25 00" 25 °C, 1 miin 25 °(C
10 min
_ SC-2 , SC-1
DI "{r\':ttcr HCEILO,:11,0 DI ?’“t“' NH,OH: H,0, :H,0
Rinse | 1 1:5t0 1:1:200 | e Rinse 1:1:5 to 1:1:200
25°C 80 °C, 10 min 25°C 80 °C, 10 min

Figurel: A typical sequence of wet cleag steps and operation conditions used in the

semiconductor industry

The mixture of sulfuric acid (HSOy, 96% by volumEand hydrogen peroxide ¢B,, 30%
by volumg, also known adRiranha solutionpiranha etchis used toremoveorganic
residuesfrom substratesat an operation temperature in the range of &2@50 C.
Because the mixture is a strong oxidizing agent, it will remove mbs$he organic
mattes and form a thin oxide layert will also hydroxylate most surfaces (addHO
groups), making them highly hydrophilic (water compatibke)typical mixture is 3:1

concentrated sulfuric aci®8%)to 30% hydrogen peroxide solution.

Dilute HF (DHF) solution istypically used toetch andemovethe oxide layer formed by
Piranta. The ratio of HF (49%) to water is usually varigdm 1:50 to 1:100. The

removal process usually takes 1 min at room temperature.
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The SG1 solution (also known as APM)where SC stands for Standard Clean, is
prepaed with NHOH (29%), H,O, (30%) andH,0 at a ratiofrom 1:1:5 to 1:1:200. The
cleaning operation is usually doae75 or 80C for 10 minutes. This treatment results in
the formation of a thin silen dioxide layerformallyaboutl nm) on the silicon surface
by the oxidization effect froniH,O,, followed by the etching effect froMdH4,OH. The

SC1 solution is very effective in remiag particulate contaminants from wafer surface.

The SC2 solutionis prepar& with HCI (36.3%), H,0, (30%)andH,0 in a ratiobetween

1:1:5 and 1:1:200. The mixture is also called HPM. The cleaning process using HPM is
typically performedat 75 or 80C for 10 min This treatment effectively removes the
remaining traces of metallic (ionic) contaminametween each cleaning steleionized

water( wi t h r esi st an dsasedforingngt han 18 MY)

The cleaning efficiency of SC1 (APM) can be enhanced with acoustic irradiation. Sound
wavesare appied through a liquidnedum to thewafer surfaceRemoval of particles is
typically achieved through liquid chemical formulations aidedabgound field in the

MHz frequency ranges( 6). In the fabrication of statef-the-art sub45 nm devices, the
challengefor megasonic cleaning processn both frontend-of-line (FEOL) and back
endof-line (BEOL) processess to maintaina high particle removal efficiency (PRE)

without damagng small feature$7-10).
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During acoustic irradiation of liquids, two types of phenomana known to occur,
namely acoustic stre@ng andcavitation. Acoustic streaming refers to time independent
motion of liquid due to viscous attenuation. In the case of acoustic cavitation, bubbles
formed during low pressure cycle of the sound wave either continumsslylate over
many cycles ¢sble bubbles) or grow isize and eventually collapse in less than a few
cycles (transientoubbles). The flow generated from oscillating bubbles, kn@sn
microstreaming, is considered to be instrumental in partieteoval whereas shock
waves and microets generated fromansient bubbles are believed to be responsible for
damage.Acoustic cavitation is accompanied by a number of physacal chemical
effects. It is known that due to high temperat{x4000 €) conditions reached inside the
bubble duringts collapse, excitation of various species as well as formatioaditals
occurs When the excited species go baockthe ground state, light is emitted, and this
phenomenon iknown as sonoluminescence (SL). The intensitglofs considered to be

a ensitive indicator of cavitatioeventsand therefore can be a good predictor of the
extent of feature damage on patterned wafers. The intensiy afepends on solution
parametersuch as the level of dissolved gases, pH, etc. and megasonic frequency and

power density.

Dissolved gases play an important role in megasonic cleaning procé&sasss such as

N>, Oy, air or inert gasesgsuallyinduce high level of transient cavitatidghen generate a
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lot of feature damage in the cleaning procésgueousCO, has been observaduch
different fromother gases, witlwhich in the cleaning solution much less intensity of SL
signalwas measuredlhe objective ofthis workis to take advantage othe beneficial
effect of CQ in reducing feature damagdevelopng a chemical system containing
specific level of aqueous GCat alkaline pH to achieve high particle removal and
generate less damage to the patterned structByesptimizing themegasonic cleaning
conditiors, a formulation ©ntaining NH,OH and NHHCO; was developedas an
effective cleaning solution in semiconductor manufacturiige NH,OH provides some
etchirg effect for particle removal alightly alkaline pH and NEHCO; servesto
maintain somelevel of aqueous CQ in the cleaning solution for feature damage

reduction.

Another objective of this work is toonduct resolved SL signal in specific wavelength
ranges At MHz frequencies, the SL signal is typically very weak and requires very
sensitive spectrometts to resolve the SL spectra. Additionally, in most of the published
work, SL spectral features were reported in relative intensityes making it difficult to
determine if the peaks are redhe emission of SL is believed to be due to excited
hydraxyl radicals falling backtio their ground state. The emission is typically in the
wavelength range of 280 to 400 ni.simple methodologyusing a photemultiplier

tube (PMT) inconjunctionwith single band filterat specific range of wavelength280

T 305.5 nm, 300 340 nm, 335 375 nmand 374.5 397.5 nmhas been developed
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2. A Review of the Literature

2.1MegasonicCleaning

Megasonic cleaning was first introduced by the Radio Corporation of America (RCA) to
the semiconductoindustry in 1985 (11). Megasonic cleaning has become a highly
advanced cleaning technology fagmoving nanoparticles. The acoustic wawegh a
frequengy in the MHz range are generated by exciting a piezoelectric crystal.
Piezoelectric crystals vibrate when they are subjected to an alternative electric field. Most
of the electrical energy can be converted into acoustic energy whmezoelectric
ceramicis excited at its resonance frequency and under optimized physical parameters.
The acoustic wave isrppagated through a liquid mediualong with the generated

pressure fluctuatian

During acoustic irradiation of liquids, two types of pberena are knowro occur
acoustic streaming and cavitatiorhese two phenomena are considered to be the main
mechanisms for particle removahcoustic streaming refers tthe time-independent
motion ofa liquid due to viscous attenuation. Thrg/pes of streaming phemenaare
known to exist in solutions subjectedasound field namely Eckat streaming, Raleigh

streaming and Schlichting streaming. Eckart streaming, which is mainly bulk flow, is
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characterized by vortices much larger than the wavelength of s@#)dwhereas
Schlichting and Raleigh streaming result in liquid flow close to a solid boundary with

length scales much smaller and on the order of sound wavedengspectively(13).

Particle removal ina megasonic field relies om reduction inthe bounday layer

thickness at the solfluid interface. Eckart streaming mainly reduces the diffusion
boundary layer thickness and thus increases the chemical reactivity at the surface.
Schlichting streaming (boundary layer streamiaghances the particle remowethin a

viscous boundary layer grolling mechanismT he acoustic boundary |
in a fluid with a kinematic viscosity ofi decreases with an increase in the angular

acoustic frequency (7v).

| — (1)

In a sound field at a frequency of 1 MHz in water, the acoustic boundary layer thickness
is approximately b pm. In comparison, the turbulent hydrodynamic boundary layer on a

flat surface is greater than 1600 pm fofrae stream velocity of 10 m/s in water.
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The acoustic streaming velocify,) is proportional to the product of the square of the
acoustic frequency and transdugeower densityand inversely proportional tohe

viscosity.

Yo — 2)

where P is the transducer power denskgr example, in an acoustic field with a
transducer intensity of 10 W/émthe streaming velocity can be as high as 5.4 m/s at
0.925 MHz in waterThus the viscous stresses and large velocity gradients combined
with boundary layer thickness reduction expose particles to a much higher fluid velocity

than that in a hydrodynamitow, which enhances particle removal frasubstrate.

In the case of acoustic cavitation, bubbles formed duhiedow-pressure cycle of the
sound wave either continuously oscillate over many cycles (stakitation or grow in
size and eventuall collapse in less than a few cycles (transieavitation). Stable
cavitation acts as a secondary sound source and leads tiiduiddjacento the bubble
wall, which is called microstreamingStable cavitations referred to bubblegscillaing
at anequilibrium sizeand will usuallyeventuallydisappearand atl MHz, the resonant

bubble size is roughly 3.7 pnTransient cavitation is characterized by large bubble size
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variations and eventuallgy bubble collapsing. This procegsvolving bubble collapse

can cause extremely high temperature and pressure conditions, from which shock waves
and microjes are formed.Both microstreamingand shock waves or microgetre
considered to be instrumental in partickemoval (14, 15. Figure 2 presents these

different particle removal mechanisrisat occurduringthe megasonic cleaning process.

Cavitation —__

Microstreaming

/smus Boundary Layer

Streaming

2.82um

Figure 2: Schematic of differephenomena actioim an acoustic field at a frequency of

MHz

Acoustic cavitation is accompanied by a number of physical and chemical ¢ff248).
It is known thatbecause ofhe high temperature conditions reached inside the bubble

during its collapsethe excitation of solvent moleculesnd the formation of radicals
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occur. When the excited species go back to the ground state, lighttisderand this
phenomenon is known as sonoluminescence, @Lshown in Fig3 (19). The intensity

of sonoluminescence is considered to be a sensitive indicator of cavitation(80eB19

and therefore can be a good predictor of the extent of feadnmage on patterned wafers.

The intensity of SL depends on solution parameters such as cleaning chemistry and level
of dissolved gaseandon sound field variables such as megasonic power density and

acoustic frequency.
M
Tra 1
0.93 |

Cavities are

Acoustic
Pressure

Bubbles,
usually filled
with gases _ _ _
STABLE CAVITIES TRANSIENT CAVITIES
During the wave cycle If they implode, they are
cavities oscillate in size. called TRAMNSIENT Cavities.
If they do not implode, they When they implode they
are called STABLE Cavities release LIGHT, giving

SONOLUMINESCENCE

Figure3: SL emission in the megasio field (adapted fronRef. 19
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Megasonic cleaningan be pretical in single waferand batchmode processesSingle

wafer cleaningprocessing has become more important than conventional batch
cleaningprocessing in recent years because it allows better processing control and better
process uniformity across the wafer surféggmgle wafer spin cleaning tools are used to
meet stricter wafer cleaning requirements. Cleaning chemicals are continuously supplied
over a spinning wafer resulting in a thin boundary lafarticle removeaefficiency can

be further enhanced upon use of megasonic energy in such sinfge spén cleaning

tools As opposite to single wafer cleaninigatch cleaningprocess is referred tthe
procedure in which many wafers are processed simultaneously wéthirgdesolutions

and then rinsed by denized water.

Original equipment manufacturing (OEM) companies sucR@E Systerns, Inc.,, SUSS
MicroTec company, ProSys, Inc. et a provide megasmic cleaning tods used in wet
clearing process. A single wafermegasoniacleaning tool MegPi€ (ProSys Inc), has
been usedn the present studfpr particle removal and feature damage study of blanket
and patterned wars MegPié& consists of transducewith areaof 32.3 cnf, designed to
apply uniform acoustic energy to the rotating substrate at a frequency of 0.929 MHz.
transducer power density can vary from 0.1 to 4 \f/chie distance betvem the

transducer and wafer is designed to be ~1.5 mm.
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E Radial Megasonic Array

Process Gas
" Fluid Blanket

Ry //

Rotating Wafer Chuck Wafer

@ L (b)

D

Transducer

Figure4: Single wafer cleaning tool MegFiand its schematic

The whole MegPi&system contains the following parts:

1 Transducer (MegPie V3: is triangular in shape and designed to aphyform
acoustic energy on a rotating substrétdemperature sensor ilstegratedto prevent
overheating on the transducer surface.

1 The MicroDuo 200 (RF Generator) supplies RF energy to the @gasonic
Transducer (MegPie V3). The MicroDuo 200 provides both RF Supply and control
interface to the Megasonic System. Any operation of the System requires the

MicroDuo 200.
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1 Impedance Matching Network is used to connect the MicroDuo to the Megasonic
array assembly.

1 Polos spinner consists of a chuck on which the wafer is held (B)g.The rotation
speed of the wafer is controlled by adjusting the settings incéinérol panel as

described in the later sections.

Megasonic Immersion Tank(oSys Inc.) contains the following components:

9 An immersion tank (15 L capacity) made of KYNAR (polyvinylidene fluoride)
equipped with four 0.925 MHz transducers covered by the resonator (quartz) on
the top

1 MegaPulse unit the Megasonic System Controliecontains an oscillator and an
embedded micrammputer with two communication interfaces to create the
signals which feed to the MegaPower

1 MegaPower unit the Megasonic Power Sourdemplifies the signal from
MegaPulse to a specific power density to the Transducer

1 Impedance Matching Network is used & connect the MegaPower to the
megasonic array assembly, which matches the impedance of the oscillator circuit

tree to that of the transducer.
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Figure 5 shows the picture fammersion megasonic cleaner and its dimension with 4
transducers on the bottom of the tank. The total active area of the 4 transducer i4.200 cm
The power density applied to the transducer is from 0.1\W/(corresponds to 20 W
power output) to 2.88W/cfr(corresponds t676 W power output). Standard Transducer

Arrays operate at process temperatures s ttegrees C.

over flow region

X [ -
' VaVaVaVaVaVaVaveV. ~I
i B :
| Cleaning
' solution
i
Lois

// // J

Resonator

L Transducer (quartz)
(piezoelectric crystal)

Side view of the tank

Transducer map
(top view of the tank]

Figure5: Immersion megasonic tamd its schematic
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2.2Megasonic Cleaning Mechanisms

Particles can be removed from the substrate wafer throwgfollowing mechanisms:

lifting, sliding, and rolling. The removal process may be a combination of two of these
mechanisms. In the megasonic noncontact cleaning process, the rolling mechanism is
dominant. The removal under megasonic irradiation reliesconstic streaming and on

the reduction of the boundary layer thickness on the substrate surface. In this section, the
forces on particles in a megasonic field ikt be describedandthen different cleaning

mechanisms will be summarized.

2.2.1Forces on particles in a megasonic field

i Adhesion forces

The adhesion of particles was determined in the first instance loyrthipresentvan der
Waals forces. Van der Waals fosarise due to the polarizability of the molecules. This
force arises from thehortperiod movement of the electrons in the atoms or molecules
which givesrise to momentary areas of charge concentrations called diptdeset
charge neesito be present; the dipeladuced effect gives rise to attractive forces, which

are electrichin nature 22).
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For the case of an undeformed sphere and rigid plane, this force is proportional to the
radius ofthe spherg(23). Becauseghe magnitude of the adhesion force between a particle
and a substrate depends on the contact dedarmations bthe contacting materials can
therefore increase the adhesion for(@4. When a sphere and a flat substrate come into
contact with each other, according to Bowl{{2®), the attractive forc&,qv deforms the
interface, and a circular adhesion area ieméed between the adherents. The total
adhesion force consists of two additive components, namely, the force acting between the
adherents before deformation at thstamt of the first contacE,aw , and the forceacting

on the contact area due to theatafation,Fyan.deform,

0 O 0 0p — 3)

where’'O —is the van deWaalsforce for the spherical picle, A is the Hamaker

van der Waals constarR is the radius of the spherical partickg,is the separation
distance between the particle ahé substrate (foa smooth surface, it is taken as 4, A)

and a is the contact radius between the deformed particle and the sdi@cefore, in

the case of a spherical particle resting on a flat substrate, the particle adhesipn force
including the van der Waals force anthe adhesioAnduced deformationcan be

expressed as:

0 O 0 — b — @)
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The contact radius, results from adhesieimduced plastic deformation.

®w ()

where W, is the work of adhesion betwedime particle andthe surfacew  qff [ ,
whered, andy, arethe surface free energy of the two ¢act materials. H is thieardness
of the deformation part. The relation®y) between the Hamaker constants of two

dissimilar materials may be represented by

o) 0 20 (6)

ApandAar e the Hamaker constants for substan

~

medi um denoted by A30, the net interaction

o) O 0 O 0 ) 7)

whereAgzi s t he Hamaker ¢ ohamaker nonstahtofertypmoad di um A 3 0

substratanediumparticle system are given in Taldl¢26):



Tablel: Hamake constant®\;3»
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Substrate-medium-particle Ai132(J)
Si0,-H,0-SiO; 3.40 x10°"
SiO-H,0-Al,05 1.07 x10%°
Si0,-H,0-PSL 3.90 x10°*
SiO>-H,0-SisNy 1.60 x10%°
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1 Electrical double layer forces

Double layer forces occur between charged objemtssa liquids, typically water. This
force acts over distances that are comparable to the Debye length, which is on the order
of one nanometerto a few tenths ofh nanometer Electrical double layer interaction
forces can be explained thefollowing way. when a substrater apatrticle is immersed
in a solution containing iongts surface acquires chargbrough theadsorption of
potentiatdetermining ions (PDI)The distribution of ions in the interfacial regios
disturbed resulting in an increased meentration ofcounter ionsclose to the surfacef
either the substrate or particl€onsequentlyan electrical double layés formedaround
each particle and substrate surfélcat isimmersedin a solution containing ionsTwo
layers exisin the ligud surrounding the particlean inner region called the Stern layer,
where the ions are strongly bound to the partimtel an outer, diffuse region whete
ions are less firmly attached. The electrical double layer contains boftetidayerand
thediffuse layer An imaginary planealled the shear plarexist inside the double layer.
Inside this plane, the ions move along with treeticles as the particlasove in the

solution. The potential that exists at this plane is calleddtapotential.

The electrostatic double layer force between a spherical particle (1) and a flat surface (2)

in a liquid medium (3) under conditions of low surface potential is given by

o) — - -Y Y y Q (8)
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Y “ ¢ Y Y N A .
o) --Y Y y 1 1 T p 9)
Al IR c D£ a®E YOO TR Qo (10)

whereY andY are the surface potential§the particle (1) and the surface (B), is
the electrical double layer interaction enerfyyj s t he radius of t he

inverse Debye lengttandh is the shortest distance betweea farticle and the substrate

7).

The ®lution ionic strength and pHlayed an important rolia the particle adhesion force
and removal forceSucha dependence may be exploited for efficiegrmnoval of particles
from wafer surfacesln theprevious work done by Kumaeit al, silica particleswith a
diameter of~185 nm were removed from blanket Si@afers using NREHOH and
NH4OH/NH4HCO; solutions at pH 8.228). Thezeta potentiabr surface potential of the
dispersion was0.030V. The ionic strength ahe NH,OH solution at pH 8.2 was 15 M
whereast was 0.5 M forthe NH;OH/NH;HCO; solution at the same pH. The calculated
interaction force betweethe particles and wafer under the particle deposition condition
was 24 pN (at 10 A). Ae componentvan der Waals and electrical double layer
interadion forces and energies for the partislébstrate paiwere calculated using the

following parameters:
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Table2: Parameterand constantased in thecalculation of interaction forces

Parameters and Constants

Values

Effective Hamaker constant (4)

pRC wT Yp Tt *

2AAE@EBOOKA

pypupTm Tci

2 A1 ABDEM®IAE @ GEAGRAM

80

0AOI E O GAGRDU

o pm &M T &7 . i¢

Y 0AOOEXI A A £A®ing cleaning v w DPUA D ( ™ @ @
Y Y during particle depositio -0.030 VvV
%l A A GXHA GA PH pTm #
1 O CAKOTABO @81 ¢ op T
"T1 OUAIAT OGAT pE Y p T K+
4AT DAOAYD 298 K

During cleaning process, the solution pH i 8nd pzc (both particle and wafer) is 2.
The ionic strength of the solution during particle deposition is 0.5 nM; the molar ionic

strength during cleaning is 0.5 M for WHCOs/NH,OH and 15 M for NHOH solution.

Figure 6 shows the calculated waferticle interaction forces conducted by Kumeirial
Blue curves representan de Waals interaction; red curves repaet electrical double
layer interaction and green curves show tbil interactionbetween silica wafer and
silica particles.At a normal partite-wafer separation distance, 10 A, the calculated

repulsive forces ithe NH,OH solution and NEOH/NH;HCO; solution were 0.7 nN and
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23 nN. This is arapproximaion of the actual valuebecausehe surface potential was
calculated as 366 mV. The double daynteraction equation is valid when the surface
potential is less than 50 mYlowever, the calculated repulsive electrostatic double layer

force is beneficial during the cleaning process to prevent particles frdepuesition.

6.3 107%) b i
“w-s\ Mm_w\
2.% 1078} ; |

{ o

£ _2.x10°8}

orce (N)

Force (N)

—
—4.%1075) :
ol -5.x1071°}
=6.%107%; |
-9.0 -85 -8.0 -75 -7.0 -6.5 " _90 85 —Sﬂ T _70 — _5<
Log[Distance] (m) . ~ . N ’ -

Log[Distance] (m)

Figure 6:Waferpatrticle interaction ina) NH;HCOs/NH,OH and (b) NHOH cleaning

solutions apH 8.2(Ref. 28)
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2.2.2Particle RemovalMechanisms

Particle removal is achieved by optimization of the megasonic cleaning conditions,
includingthe megasonic power density (intensity), freqexeimainly inthe MHz range),
exposure timegand cleaning chemicals. Several mechanisms;axisrostreaming and
acoustic cavitation are the two main mechanighe are widely accepted. Acoustic
streaming is the timandependent fluid motion generatededto the loss of acoustic
momentum in a sound field, resulting from the attenuation of a sound field in viscous
fluids. Based on the worn nanoparticle removal done by McQue#hre use of acoustic
streamingto redue the boundary layer thicknessthoudt to contribue tothe removal
process(29, 30). Busnainaet al calculated and compared the acoustic bountiamr
thickness with the hydrodynamic boundary layer thickness. Compaseith the
hydrodynamic boundary layer thicknesise acoustic boundariayer thickness is 1000

times smaller31).

The acoustic boundary layer thickness is giveretpyation (1), which was introduced

previously

| — 7 1)
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wherg ¢“ "CF beingthe acoustic frequency of the sound field, arid the viscosity
of the cleaning solution. The hydrodynamic boundary layer is given by equatiamdl

12 for laminar and turbrlent flow conditions

T v— T W (11)

1 ™ ¢— T b (12)

In the above equationt, is the fluid velocity ad x is the distance from the leading edge
of the wafer. FigureZ shows the boundary layer thickness vs. velocity of the fluid at
different acoustic frequencie3he thicknessof the acoustidboundary layer is much

smaller than that dhe hydrodynamic bondarylayer.
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Boundary Layer Thickness vs. Velocity
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Figure7: Boundary layer thickness vs. fluid velocifydf. 31)

In addition toacoustic streaming, acoustic cavitation plays another important role in
particle removalSound wave propagation in liquids is nothimgre tharpressue waves

passing througthe medium Cavities are usually formed in thav-pressure region. Two

kinds of cavities (bubbles) exist, nametgablecavitiesand transientavities Bubbles

that implode within a few acoustic cycles are known as igahsavities whereaghose

that remain stable over several acoustic cycles are known as stable cavities. Oscillation of
stable cavities generates microstreams, wbaifacilitate the cleaningprocessWhena
bubblecollapseshigh temperature and prese conditionscanoccurinsidethe bubble

which generate shock wavesand microjets.Shock wave and micrejets are very

effective at removing particlesbut they also damage the fragile wafer structurébe
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higher the acoustic power used, the mttre damag@ that can occur due toincreased
transient cavitationThis fact has limted the use of megasonic applicatienin the
cleaning of patternediafers 82). Therefore, it is important to find conditisin which
transient cavitation is considerably suppressed and stable cavitation is preserved for

damagefree megasonic cleaning.

The role of acoustic streaming and cavitationthe megasonic cleaning process was
explored by Galet al (33). They claimed that cavity events can heliglodgeparticles

from the substrate surfaand thatmicrostreamingtransportsthe dislodged parties

away from the surface. Deymiet al (34) studied the firsbrder acoustic field and
secondorder acoustic streaming. The results showed that the removal forces (streaming
forces) resulting fronthe scattering ofan acoustic wave by a particle adhered the
substrate surface are too small to remove submisimed particles.However, the
parallel component ahe streaming forceat the solidfluid interface was large enough

to remove particles through rolling and tugging mechasiism

When particlesre detached from a solid substrate, they may either slide ordde lifted

away from their initial deposition sitturingthe removal proces81).

1 Sliding detachment

In the wet cleaning process, particles will be removed by sliding if
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0 O (13)

where F; is the external removal force (i.ethe fluid drag force) acting on
particles parallel to the substrate surface and Aeeisdhesion force betweére

particles and the solid surface.

1 Lifting detachment

When external forces (i,ethe fluid lift force and electrostatic double layer
repulsion force) overcome the adhesion force, the particles will be lifted up and
detachd from the substrate. However, in a megasonic field, the lifting force is

very small and can be neglected compavihd the adhesion force3).

1 Rolling moment detachment

The rolling mechanism plays the dominant role among the three detachment

mechanisms Figure 8 shows the geometric features of a deformed spherical

particle attached to a plane substrate surface.
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Figure8: Rolling moment detachment
whereFy is the drag forceke is the electrostatic double layer repulsive foared
F, is the adhesio force.The removabf particles by rolling occurs when the ratio
of the hydrodynamic rolling moment to the adhesion resisting moment, RM, is

much larger than 136).

YO (13)

For alinear shear flow boundary layethe distribution of the drag force on a
particle isshown in Fig5. The arm othedrag moment is 1.399R from the plane

surface, which can be found by
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i P& W0 (15)
h
Thus, 'Y O 8 (16)
wherg Y WY & (17)

Ris the radius of the partickenda is the contact radius. The force required to remove a

particle by rolling is less than that required by sliding or lifting.

2.3 Sonoluminescence (SL)

Dissolved gases play an important role in controlling the intensity of transient cavitation
in liquids (37, 38). In general, two types of SL occur when liquid is irradiated with sound
waves multi-bubble SL (MBSL) and singlbubble SL (SB8). The spectrum oMBSL

is dominated by atomic and molecular emission peaks,éxcited states of OH radicals

in water and of diatomic carbon,@C=C-) in hydrocarbons)whereasthe SBSL
spectrum is essentially featureless. Solution parameters sutyipea®f chemical and

level of dissolved gases and sound field variables such as megasonic power density and
acoustic frequency are known to influence the intensityhef SL signal which is

generallydetermined as the measured total photons ahtée seondin the megasonic
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field. In 1976, Younget al. measured the SL signal from water saturated with different
gases using a photomultiplier tube (PMT). The sound frequency used in their study was
20 kHz and the power density was kept constantGt/cnf (39). The SL intensity
followed thefollowing order. Ar > Air = O, > N, > H, = CO,. Table3 shows the SL data

of Younget al

Table3: SL signal measured Bgoung et al. (Ref. 39).

Luminous intensity at  Sonoluminescence Total radiation
photocathode (Young) (Prudhomme & Guilmart)  energy (Muller)
{Phots x 10°19) (Relative resulta) (Joules)

Gas 1650-6500 A 19002800 A 40006000 &

Air 2.40

Nitrogen 1.22

Oxygen 2.40

Helium 1.16 1

MNeon 3.20 1B 0,002

Argon 30 54 0.014

Krypton 50 180

Xenon 125 540 1.3

Methane 0.80

Ethane 0.85

Propane 1,00

s=RButane 1.00

Carbon Monoxide 2.40

Carbon Dioxide 0,86

Nitrous Oxide 2.20

Freon (CCLF,) 3.60

Hydrogen 0.86

—  _________———————— —
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With respect to noble gases, the Sgnsil in Ar and Xesaturated water wallectedby
Didenkoet al. at a sound frequency of 24 kHz and 1 MHz as a function of power density
(40). They found that at a given power densihg SL signal in Xecontaining water was
much higher than that fromrAcontaining water. At higher power densitia)igher SL
signal was measured from both-And Xecontaining water. The influence of noble gas
(Ar and Xe) doping in single bubble SL was investigated by Hékeal. at a sound
frequency of 24 kHz in wateWith 1% noble gases mixed i, Nhehighest intensity SL
signal was measurddl). Some SL data have been reported jcbhtainingDl waterat

the acoustic frequency of MH#e higher the H concentration, the lower the SL signal

thatwas measure(87).

Kumariet al. made SL measurements in DI water saturated with different dissolved gases
at the acoustic frequency of 0.93 MHz in the megasonic power density range from 0.1 to
4 Wicnf (42). Ar-saturated DI water showed the highest SL sigoahpared \ith Ny-

and Q-saturated DI water. They reported that £0©ntaining DI water showed a very

low level of SL. This effect was attributedttee high solubility of CQ, whichresuledin

its diffusion into the cavity and cushioning the collapse, thereby iadibe intensity of
transient cavitationApproximately BO ppm of CQ (ag.) was found to be sufficient to
suppress SL generation in DI water under all conditions of transducer power density and

duty cycle.The SL signal was collected using a CavitatitmeBhold (CT) cell
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Cavitation Threshold (CT) Cell is used to measure sonoluminessgmze (total photon
counts per sec) as a function of tinrea flowing liquid exposed to an acoustic field at ~

1 MHz frequency at a fixed or increasing values of power density.

It is a light tight cell with a liquid holding volume of ~ 163 Tms shown irFig. 9, the
cell (body made o& polymer such ashlorinated poly vinyl chloride) is cylindrical in
shape(with 104 mm in length and internal diameter of 48 mmijh a piezoelectric
crystal transducer located on one side. The transducer operates at a frefuehdiHz
and a power densitin the rangeof 0.1 to 4 W/cr. The other side of the cell has a
conicalPTFE (polytetrafluoroethylene) baff(laeight 48 mm)which prevents the sound
waves from reflection anthe interacton of reflected waves, if anyyith the incident

waves. This allows foa more uniform distribution of the sound field inside the cell.
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Figure9: Internal construction of the CT cell

The cell has inlet and outlet ports for liquid to flow through it. During irradiation of the
flowing liquid with the acoustic energy, theglit that is emitted is measured using a
photo multiplier tube (PMJT SensTechlocated in the middle of the cell body. The
interface between the PMT and the liquid is a fused silica window that allows the light to
enter into the PMT but prevents its direct conta¢hwhe liquid. PMT is a plugindplay
photodetector module configured for photon counting. It comprises a selected type 9111B
25 mm diameter end window photomultiplier tube with bdween sensitive bialkali
photocathode and ultlaw dark counts, a posie high voltage power supply, a high

speed amplifiediscriminator, a counter, and a miaontroller. All are encapsulated
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within a cylindrical mumetal caseroviding a high level of immunity from the effects of

external magnetic éids.

The CT cell set up (shown fRig. 10) consist of a pump, water flow meter (rotameter),
oxygen sensor, membrane contactor, gas flow meter and vacuum pump. A direct DI
water line is connected to the rotame#gth a value to control the water flow rate. If a
desired chemical system (liquid) is to be flown through the cell, it may be taken in a

container and pumped through the cell using the peristaltic pump.

WATER SUPPLY

Computer

Figurel0: A Schematic of SL signal measuremantl spectra acquisition setup
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The liquid is first passed through the membrane contactor to dissolve a gas of interest in
the liquid. The membrane contactor contains thousands of C8lgaitto porous
polypropylene hollow fibers knitted into an array tlsatvound around a distribution tube
(shown inFig. 11). The hollow fibers are arranged in a uniform open packing, allowing
greater flow capacity and utilization of the total membrane surface area. The liquid flows
through the shell side and the gas thiotlge lumenside. An oxygen sensor is connected

at the outlet (shell side) of the membrane contactor to measure the amount of dissolved

oxygen.

Vacuum/
Strip Gas

Distribution Hollow Fiber Collection
Membrane €

Cartridge

Figure1l: Liqui-Cel® membrane contactor
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24 Correlation between sonoluminescencgeextent of feature damage and

particle removal efficiency (PRE)

Some correlation betweethe SL signal and the extent of feature damage has been

established. Kumaréet al. (43) measured the feature damaged SL signal in CG-

containing DI water. They used structures csiirsg of thin (3556 nm wide) polysilicon

or highk/metal gate lines in their study at a megasonic frequency of 0.93 MHz. Their

results revealed that with 1035 ppm £@q.) in DI water, the number of line breakages

dropped from several thousand to ~100 et at powerdensitesup to 3 W/cr for an

irradiation time of 2 mir(Fig. 12). The damage results were correlatath the SL data

collected in C@-containing DI water.

12000

0

Number of Line Breaul':.ages!mm2

Figurel2: Dissolved CQin water reduced theumber of line breakageRéf. 43)

10000 |
8000 1
6000 -
4000 1
2000 1

| gt

! [T @ene 0.50 ppm CO, (pH 5.65) o
—ssmiiemss 45.0 ppm CO, [pH 4.70) -
= 4= = 412 ppm CO, (pH 4.20)
it 1035 ppm CO, (PH 4.00) " ™

....-“. ,-
n
. N
’ e
el
.~ 4’

gl

—

00 05 10 15 2.0 25 3.0

Power Density, We‘t:m2



5C

Kanget al. (46) evaluated botlthe cleaning peiormance andhe pattern damage events
on photoresist (PR) line patterns (300 nm widtha etegasonic frequency of 0.83 MHz
using DI water gasified by 51 N,, O,, and Ar.The number of damaged sites on the PR
patterns is reduced when DI water andDAWV is used for cleaningnterestingly the PR
pattern had a lot of damagées when Kgaswas usedThey claimed thaH, gaswould
generate a gherdegree ofransient cavitationthan other dissolved gases due to its high

diffusivity in water.

Shendeet al. did a study on the effect of dissolved gas properties on megasonic cleaning
at 2 and 3 MHZ68). The effect of Ar gas was characterized by measuhagacoustic
energy and SL. The phenomenon was further verified with pattern damage studies.
Features with aspect ratios ranging from 1:1 to 1.8:1 were tested in the study.
Interestingly, he SL measurementonducted at 2 MH&howed nodinear trend with

increasinglissolved Ar concentration (as shown in Fig). 1
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Figure B: Plot showing SL signal measurement comparison between different

concentations of Ar at 2 MHz frequendyRef. 68)

Pattern damage study showed that tlanagedevel (normalized data) did not increase

with dissolved Ar concentration in DI water (as shown in F@). They claimed that

such phenomena were due to excessive insoluble gas bubbles leading to erratic cavitation
behavior. However, the pattern damage study witly \@v Ar concentrations showed

linear trend with Ar concentration DI water.
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Figure X4: Plot showing effect of different Ar gas concentras on pattern damage at 2

MHz (Ref. 68)

For the application of megasonic cleaning in semiconductor manufacturing, particle
removal efficiency isvery critical Based on different levels of SL signal in the
megasonic field, dissolved gases in the cleaning solution have been confirmed to play an
important rolein the level of cavityintensity Researchers have also correlated the level

of dissolved gasesith the PRE.Vereeckeet al.investigated the role of gas cavitation in

the removal of SiQparticles of different sizes (126, ,781d 34 nm) 44). In degassed
solutions, the PRE was extremely low. From this result, they concluded that gas
cavitation is the main mechanism of particle removahimegasonic fieldFigure 8

showsthe PRE data collected in this wof&s shown in Figl5).
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Figurel5: PRE vs. degass DI water or Q(Ref. 44)

In DI watercontaining CQ, Ar, O,, and N, Bremset al (45) conducted particle removal
studies on Si waferat very low megasonic power densities (0.167 to 0.336 W/cm
They found that it was impossible to remove any particl& watersaturated with Cg)
even at an applied electric power of 2.5 Wicheyattributedthis to reduced cavitation

in CO,-containing Diwater(42).

Kumari et al. measured thefficiency of removal of SiQ particles with ~185 nm
diameter from blanket S¥Owafers carbonated ammonium formulatid69). Particle
densities were measuresuntedusing SP1.n her study, high particle removal was

achieved usinga NH,OH/NH,HCO; formulation at pH 8.2 under ~ 1 MHz acoustic
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irradiation for 2 min. However, only two power densities (0.7 W/and 1.5 W/crf) and

onemegasonic exposure time wepglored no feature damage data were reported.
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2.5 Sonoluminescence spectrum

Even thoughmany attempts have beenadeto determine the level of SL signal and
correlate it to feature damage and RRiBly limited attemptshave beenmade to
characterize the Sgpectum. In general, the SL spectruroveing the wavelendts from

200 nm to 600 nm showeproducible peakat 310and 340 nm; thesgeals are thought

to be due to the emission from the electronically excited hydroxyl radité47).
Numerous investigations of aqueous SL provide evidence of collisions between gas
phase moleculethat, during bubble collapse, create hagiergy species capable of light
emission(47-48). The hydroxyl radicalareformed from the chemical reactions during
acoustic cavitatior{49). Figure16 shows different chemical reactiotisat can occum

the presencefaxygen, ozongor an inert gas (M{j34).

o

H;O-—-'O[I + "H

S

oH + 1
0 + 0

\/

2°0OH

Figure16: Chemical reactionsuiting acoustic cavitatiorRef. 34)
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Among all of the reactions, the hydroxyl radieppearsto play the most significant role

in emitting photons. In 1979, Sehgglal observed SL siwpls from water saturated with
He, Ne, Ar, Kr, Q, N, and airat acousticfrequencies of 333 and 459 kKi¥6). In their
study, the emission extending from 240 nm to the-éeared region was measured by
using singlephoton counting techniges. Theresults were used to identify hydroxyl
radicals and explaithe effect ofdissolved gases. The sonoluminescence spectra of
argonsaturated water were captured by Dideekal. at soundrequences of 337 kHz

and 1.1 MHz 47). The peaks &70, 280, 310and 340 nm and a continuum were clearly
seenin the spectra. The effect tiie bulk solution temperature on tlspectra was also
studied (Fig. 17 and 18). The results also showed the effect of temperature in the
intensity of SL signal; the logr the solution temperature, the highex 6L signal can be

observed.
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Figurel7: SL spectra of Aisaturated water at 337 kHz and various bulk swtuti

temperatures (C): (A)13, (B) -22, (C) -30, and(D) -40 (Ref.47)
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Figurel8: SL spectra of Assaturated water at 1.1 MHz and various bulk solution

temperatures (€): (A)11, (B) -30, (C) -39, and(D) -50 Ref.47)

At 1.1 MHz, the spectra sh@a clearerpeaks at ~ 270 nrmompaed with those at 337
kHz. The optical setip used in this study to captutbe SL spectra was gated
monochromator MDR23 (Russia, LOMO) with a 0.22 cm slit through which the emitted
light passed firsandan FEU-100 photomultipker tube (Russia, sensitive in the 2800

nm range) to detect all the photons.

More and moreadvanced optical techniques and equipment have been used to capture
and study SL spectra liquid exposed to sound fieid the MHzfrequencyrange In the

study of line emissianof sodium and hydroxyl radicals in singlibble SL conducted

by Schneideet al, the spectroscopic measurements were performed in the range of 200

700 nm with an Acton Research -8B0i imaging spectrometer coupled to a charge
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coupleddevice detector (PIXIS QDB, Princeton Instrument). They also detected the
acoustic pressure using a needle hydrophone (Dapco Industries, metie{l\Boupled

to an oscilloscope (HAMEG, HM407, SP107) in water and 0.5 M NaCl with 70 mbar of
Ar (50). Figure19 shows the spectraaptured in their study at a sound frequency of 27
kHz. With a higher level of Ar maintained in water, the SL spectra showeadore

distinct peak at 310 nm.
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Figurel9: Singlebubble SL spectra in water with ~ 1 mbar Ar (blue, light blue) and 70
mbar Ar (gray, black) at various acoustic press(iPg); (Inset) Enlarged hydroxyl

radical peak in water (atk) and in 0.8 NacCl (red) with 70 mbar of AfRef.50)
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Multi-bubble saoluminescence spectra were measured by Haysdi. to study the
effect of alcoholsn waterat the frequencies of 116 kHz and 1.0 MHE8)( The emitted

light was detected by a photomultiplier tube (Hamamatsu, R08Y7through a
monochromato(Nikon, P250) witha resolution of 4.5 nmand wasphotorrcounted with

a photon counting unit (Hamamatsu, C3866). The spectra welfected atdifferent

sonic powers. The Oirhdical emission peaks at 310 nm were detected at both
frequences in Arsaturated water (Fi@0). At 1.0 MHz,the peaks were not as obvious as
those at 116 kHz. This is due to the lack of cavity events at higher frequeratiesg
weaker light emission. The spectra intensity did not show a linear relationship with the
sonic powersThe hghestspectraintensities were observed with the sonic power of 7.3
and 7.4 W at both frequencies. Interestingly, at 1.0 MHz, the peak at 310 nm disappeared

from the spectrat 16.1 W (highest power applied in their study).
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Figure20: Multi-bubble SL spectra fro Ar-saturated water irradiated at 116 kHz (a),
and 1.0 MHz (b) for sonic powers of 1.8 W, 7.3&Md 15.5 W for 116 kHz and 2.0 W,
7.4 W, and 16.1 W for 1.0 MHz. The insets illustrate typical mhitbble spectran a

linear scale, demonstrating @iddicd emission(Ref. 48)

Xu et al. characterizedhe molecular emissiodue tosinglebubble sonoluminescence
from a 65% HPO, solutionre-gassed with 50 torr Ar at different acoustic press(b&s
The strong molecular emission from excited OH radietl30 nm was again observed

(Fig. 21). The spectidantensity increased with acoustic pressure.
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Figure2l: Singlebubble SL spectra from 65%PIO, regassed with 50 torr Ar at

different acoustic pressureRegf. 51)

In the study of the effect of the raresga on SL spectigerformedby Pfliegeret al, SL
spectragenerated in a 607 kHz sound fielere captured in the range of 200 to 450 nm

(52). Figure22 shows the spectra in water with different rare gases.

In addition tothe peakat 310 nm, whichhas beercapturedoy other researchers, another
very strong emission at ~240 nm was obserfgsdshown in Fig. 2). This peakwas
hypothesized athe OHradical emission through water vapor and in water radiolysis.
Suchan emission was ab treatedas clear evidence for plasma formation during multi
bubble cavitation in water. The optical %gt for capturing SL spectra consisted of a
spectrometer (SP 2356i; Roper Scientific) coupled to a Hgitrdgeri cooled CCD

camera (SPEC1000BR with a UV coating; Roper Scientific).
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Figure22: Effect of rare gases on SL spectra in water (110€1,7 Wiml) at 607 kHz.

Insert: zoorad toapproximately 30 nm Ref.52)

Table 4 summarizedthe methodology and resultd some key investigations on SL

spectra.
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Table4: Summaryof key investigations on theollection andresolution of SLspectra

Peaks
Authors Acoustic | Acoustic Liqu_id Equipment (nm)eln Comments
Frequency | Power | medium Used L
emission
spectra
Didenko | 22 kHz, 10, 4 and | Deionize | MDR-23 270, 280, | Peaks due tc
et al. 337 kHz 22 d water | monochrom| 310 and | OH radicals
and 1.1 Wien? | (Ar ator (Russia| 340
MHz saturated) LOMO) and
FEU-100
PMT
Beckett | 205, 358, |5.1 Ultra- Cornerstone| 310 Maximum
et al. 618 and W/cn? pure 130 intensity at
1071 kHz water (Ar | monochrom 358 kHz
saturated) ator and
PMT (Oriel
Instruments)
Pflieger | 20, 200 0.17 Ar-, Kr-, | SP 2356i ~240 and| Due to OH
et al. and 607 W/ml or Xe- spectromete| 310 radical
kHz containin | r and formation
g DI SPEC16
water 100BR
liquid-
nitrogen
cooled CCD
camera
(Roper
Scientific)
Hayashi | 116 kHz 1.8,7.3 |Ar- Monochrom | 290, 310 | Very weak
et al. and 1.0 and 15.5 | saturated| ator(Nikon, | and 340 | emission at
MHz W for Dl water | P250) and | nm 1.0 MHz
116 kHz; PMT
2.0,7.4 (Hamamats
and 16.1 u, C3866)
W for 1.0

MHz
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2.6 Radicals formation in agueous solutions under megasonic irradiation

In aqueous solutions, acoustic cavitation is generated by the growth of preexisting nuclei
during the alternating expansion and compression cycles of sound waves. In the process
of transent cavitation (bubble collapse), temperatures higher than 4000 K and pressures
over 1000 atm can exist withgas and vapoffilled microbubble following an adiabatic
collapse $3, 54). Under such conditions, the excitation of water molecules can be
promoted and free radicals will be formed. These highergy species release photons

when they fall back to their ground states.

Many investigations have be@onductedo studythe role of different specidas light
emission. In terms of water molecslavithin bubbles duringa collapse the kinetic
energy of water molecules can be converted into internal energy via inelastic collisions
with gasphase molecules. For example, waihinert third molecule (M, such as argon),

water molecules will be exciteidito various rotational, vibrational, or electronic states

(59):

06 O O 06 O (18)
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The excited water molecules will relax and fall back to their ground states via reggtion
producing a luminescence contirm in the wavelength range of 3866 0 0 nym~ ( &

425 nm) b6).

'00° 000 Q@ (19)

With sufficient energy, excited water molecules may dissociate into hydrogen atoms and

hydroxyl radicals. Hydroxyls radicals may stay either in their ground state (re2ion

or excited state (reactidtl) andwill emit light at the wavelength of 280, Glor 340 nm

(53).
00 00 )0 (20)
'O0 0’0 JQ)'0 0 )0 @ (21)

The study of such emissi@pectrarom hydroxyl radicals has shown a continuum in the

wavelength region of 200400 nm 66).

When hydroxyl radicalareformed in the gas phasethe presence afther specigsuch
as inert gaseshe radicalanay reactand recombine to form hydrogen peroxi@ecited
species withanemissionmaximumat 310 nm 18) (56) may be produced when inelastic

collisions occur between hydroxyl radicals and inert gases.
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BOOOXBT HOWBOD R (22

Reactions21 and 22 are considered predominant during acoustic cavitatiod theSL
spectra introduced in the SL spectra section showedstemnisresultswith the maximum

emission at ~ 310 and 340 nm from DI water saturated with inert gases.

00 WO D °O CEG@®O "o 00 O @ (23
However, because of the broad continuums idifficult to differentiate the pealsolely
due to excited hydroxyl radicals frothe peaks fronother species (reactid2B). The #
symbol in reaction 6 denotes an excited gumasiecule at its vibration state, which can

emit atawavelength of ~ 400 nr{56-58).

Some other excited speciessu c h  a's’, Mo MAArO H(,®) Addn also be formed

possibly because of the immense transient pressures and densities created upon bubble

implosion. These species are usually formed by thosly collisions andontribute to

the broad continuunm thelower wavelength range (< 300 nnggj.

00" ¢d © 006" O °© 00D O Q (29



67

Sucha process has to occur at a short distance betweén &hd M. The collision
potential has to be equ&b or greater than the thermal energy ofCHand M. For
example,whenargonis presenin DI wat er(, wiAtrhA Oad ,and31B0m) 3 1 6

and A(AHOh & ~ 340 n 2battheasamamex@Ost (reacti on

601 0'C °06iWC 6130)° ©6i1 0O @ (29

Under sonic irradiation, liquids containing oxygen will undergo additional reactions that
produce other free radicalgthin the gaseous bubble phg&d i 63). Sonolytic reactions
of,gener ate ,A0d8, AAOOHd i dheithghly réActie aaluse én the f
gaseous phasé&l) , t h e afkedoraliketyosplay an indirect role by providing
radical species (througeactiors with oxygen and water vapor) with longer lifetimes that
can subsequently move to the interfacial region and react with a target com@p4us%). (

All free radicals may react with other molecules encountered within and around the

cavitation bubl#s.

Dissolved gases play an important role in SL generation. The temperature in the center of

a collapsed cavitation bubble can be estimated with the following equation:

Y — (26)
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whereTy is the temperature of the bulk solutians the polytropic index of the saturation

gas (=C,/C,), P is the pressure in the bubble at its maximum $%gs the pressure

the bubble upon collapsBy is the resonance bubble radiaadRyi, is the bubble radius

upon collapse 66, 67). During acoustic cavitationthe presence ofjases with high
polytropic indexes and low thermal conductivities will lead to more inteosdittons

within a collapsing bubble because less heat is dissipated to the surrounding aqueous
environment during the rapid implosion. The polytropic index of Ar is 1.660hm@dt is

1.41.In the cas®ef CO,, the polytropic indexs 1.31
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3. Explanation of the Dissertation Format

This dissertation haselen prepared in accordance with the format prescribed by the
University of Arizona Graduate Colled¢anual for Electronic Theses and Dissertations

and is consistent with the formatting requirements of the Departmedherhical and
EnvironmentalEngineerig. My work has been presented three chaptes and five
appendices. The central problem addressed in this research and its context is introduced
in Chapterl. Chapter2 summarizes the most important findings of research described in
each of thefirst two appendicesand the detasl of operation procedures of MegPie,
MegTank and CT cellThe conclusion and future directions of this study are presented in
Chapter 3. My contributions to each manuscrigind the operation manualsre

summarized here.

Appendix A. Megasonic Cleaning of Blanket and Patterned Samples in Carbonated
Ammonia Solutions for Enhanced Particle Removal and Reduced Feature Damage

All the particle removal and feature damage experiments on blanket and patterned
samples, including particle charagtation, particle dispersion preparation for deposition,
particle density counting, blanket and patterned samples preparation, sample surface
analysis before and after cleanisugd cleaning solution preparatias@re done by mebr.

Sangita Kumari and DManish Keswani trained me on the operation of MegPie and CT

cell. 1 developed the methodology using ImageJ software to simultaneously analyze
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particle density and feature damage on the optical imagemttérnedsamples. The
results from Imageanalysisis consistent with that from SEM image&ken by mel

wrote the manuscript. Dr. Manish Keswani and Dr. Srini Raghavan edited the manuscript
and provided enough guidance in the project. Profsgs,(Campbell, CA)constructed

the single wafer megasonic al@ng tool (MegPie) for the cleaning performance study

and cavitation threshold (CT) cell for SL measurements.

Appendix B. Use of a SimpleCavitation Cell Setup with Replaceable Single Band
Filters for Analysis of Sonoluminescence Signal from Megasonicradiated Gasified
Aqueous Solutions All the SL data werecollected by me. The series of filters which
were used to locate hydroxyl radicals emission were selected and found by me. | wrote
the manuscript. Dr. Manish Keswani and Dr. Srini Raghavan edigedhanuscript and
provided enough guidance in the process of the methodology development. RioSys,
(Campbell, CA) constructed the CT cell and the assembly part on the cell body for

sandwiching the filters between the fused silica window and the PMT.

Appendix C  7Gpgratidh Manuals of MegPi€’, MegTank® and CT cell. The three
operation manuals were written by me. Dr. Keswani and Dr. Raghavan edited the
manuals and provided enough guidance. Pro$wys, provided all the technical

information of each@mponent of the equipments.



71

CHAPTER 2. PRESENT STUDY

The experimentalmethods, results and conclusions of my study are presented in the
appendices. The following is a summary of the most significant findings in each of the

studies reported in tHest two appedices.

1. Appendix A. Megasonic Cleaning of Blanket and Patterned Samples in
Carbonated Ammonia Solutions for Enhanced Particle Removal and Reduced
Feature Damage The challenge of megasonic cleaning process is to achieve high
particle removalvhile minimizing feature damage&queousCO, has been well known to
suppress SL signal in liquid when it is under megasonic irradiation. The intensity of SL
signal is believed to be a sensitive indicator of transient cavitation, which has been
claimed to cause featur@amiage.The objective of tis study is to take advantage thie
beneficial effect of C® (ag.) in reducing feature damagm developing alkaline

formulation needed for removirgarticulatecontamination.

Ammonium bicarbonate wasisedto mantain a specific amount ofCO, (ag.) in the
formulations By varying the amount oadddedNH,OH, the amount ofCO, (ag.) was
adjusted The PRE and feature damaggperiments were performed using a single wafer
megasonic cleaning tool (MegPie) fon blanket SiQ and patterned sample$he
patterned samples (1 cm x2 cmrediced from a 300 mm wafer (provided by IMEC)

consisting of long (2 mm) lines of 40m in width separated by 500 nm. The lines were
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gatestacks consisting of HEDAIO (10 nm)/TiN (5 nm)/Si (5 nm)iSi (100 nm) Figure
23 showsan SEM image of the structure and its schemd&ibica particles with ~ 200 nm
diameter were used for contamination. Thoensity of depositedoarticles was ~
3500/mnf. ThetargetCO, (aq.)level was>150 ppmbased on the fact that the SL signal
was completely suppressed with 150 ppm,@&.) maintained in DI wateA system
containing different levels o€0O, (aq.) generated bwdjusting the pH of NFHCO;
solutionby NH,OH was developed and testddhe effect of pH in the range of 7.8 to 8.5
was first tested at megasonic power density of 1 \Wfom1 min. The resultsevealed
thatwhen pH vas higher tha®.2 with ~ 320 ppm C@(aq.) maintained in the cleaning
solution, high particle removal (> 90%puld be achieved.The effect of megasonic
exposure time was then studied using the same formulation at pE@@sure time
from O to 120sec was studied. The results revealed that when the exposure time was

more than 60 sec, high PREN beachieved.

a- Si
100 nm

si
Snm
TiN.
5 nm

HFO,/AI0
~10 nm

Silicon substrate

15.0kV 9.2mm x400k SE(U) 8/11/2011

(a) (b)

Figure B: The patterned structure (a) un&M and (b) its schematic
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Based on the particle removal results on blanket silica samples, RREatuwre damage

was investigated simultaneously on patterned samples usig@MNH,HCO; cleaning
system at pH 8.2 and 8.5 under an acoustic power density of 12\Hagh PRE was
achievedat both pHvaluesfor megasonic exposure time of 1 min. However, theufeat
damagewas much higherdpoubleamount of line breakageat pH 8.5 (with ~ 150 ppm

CO; (aqg.)) than that at pH 8.2. Compared to the feature damage data usiO¢iMdidne

at the same pH 8.2, using MBH/NH4HCO; solution reduced more than 50% of the
numker of line breakages. Feature damage data orcastaminated patterned samples
using the carbonated ammonium solution at pH 8.2 showed that there is no effect on the

number of line breakages from particle deposition.

The beneficial effect of C£{aq.) s most likely due to suppresion of transient cavitation.
To test this hypothesis, SL measurements were done in both soliMidsQH alone and
NH4OH/NHsHCOs) at pH 8.2 as a function of power density in the range of 0.1 to 4.0
W/cn?. In NH,OH solution, SL ignal was very weak until a power density of 0.6 W/cm
was reached. Above this power density, the SL signal was foundréase continuously.

In the case of NFODH/NHsHCO; solution, SL signal was weak in the entire power
density range of 0.1 to 4.0 W/énThese results indeed suggest that transient cavitation is

significantly suppressed in NBH/NH4HCO; solutions of pH 8.2.

This study has shown thadldition of ammonium bicarbonate to ammonitiydroxide

solutions allows significanteduction offeature demage while providing high particle
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removal efficiency duringmegasonic cleaning of patterned wafeé8snoluminescence
studies indicate that transiermgavitation is suppressed in carbonated ammonium
hydroxide solutions.Based on theseresults, ammonium bicbonate/ammonium
hydroxide solutions have the potential teerve as effectivemegasonic cleaning

formulations.

2. Appendix B. Use of a SimpleCavitation Cell Setup with Replaceable Single Band
Filters for Analysis of Sonoluminescence Signal from Megasonicradiated Gasified
Aqueous Solutions The measurement of SL in liquid under megasonic irradiation has
beenreported by many researcheisowever, at MHz frequencies, the SL signal is
typically very weak (wih pico level watts ofncident light power) and requires very
sensitive spectrometers to resolve the SL spectra. Additionally, in most of the published
work, SL spectral features were reported in relative intensity of values making it difficult
to determie if the peaks are rearhis manuscript describes a simple methodology to

study thecharacterization of SL spectra.

The SL signal generated in agueous solutions containing dissolved gases was collected
using a modified version of cavitation threshold JQEIl. Specifically, a single band

filter was sandwiched between the UV grade fused silica window in the cell and the
photomultiplier tube (PMT) to characterize photon emission in a very narrow range of
wavelengths. Four different single band filters wesed; these are 280305.5 nm, 300

T 340 nm, 335 375 nm and 374.5 397.5 nm. These filters were chosen based on the
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fact that excited hydroxyl radicals predominantly emit light in thegseific wavelength
ranges. Aif Ar or ammonium hydroxideontainng DI water was pumped through the
cell at 130 ml/min and irradiated with~a0.935 MHz transducer. The power density was
ramped from 0.1 to 4.0 W/drin 90 secat 100% and 10% duty cycletn some
experiments, no filters were used and the spectral sigrthe range of 280 630 nm

was recorded using the PMT.

The results of measurements made using 4pa&sd filters indicate that the SL signgl
higher in the absence of filters at all power densities for both air and Ar saturated DI
water. In air satutad water, at power densities greater than 1 Wionthe continuous
mode (100% duty cyclejhe SL signals reduced by 90%hen any of the filters is used.

In the case of Ar saturated solutions, a roughly similar tiendeen. Further, there
appears tde a threshold in power density below which the SL signal remains at the
background level. This threshold power density was measured to be about 0.3f¥/cm
both air and argon saturated DI water Ar saturated water, the measured PMT output
with 300340 nm and 33870 nm filters is slightly higher than that measured with the
other two filters. In the case of air saturated water, the SL signal intensity is roughly the
same with any of the four filters in plade. the wavelength range of 280 to 400 rihe

total SL intensity is ~ 930,000 counts/sec in air saturated DI water at 4%Wbich is ~

43% of the intensity in the entire wavelength range of 280 to 630omeredby PMT.In

Ar saturated DI water, thiglueis ~ 63%.
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In the case of the SL measment at 10% duty cyclehé¢ trends in SL signal are
somewhat similar to those observed under 100% duty cycle. The signal was highest
without any filter; when different filters were used, the SL signal was highest in the
wavelength range of 33575 nm forair saturated water (at power densities higher than
~0.5 W/cnf) and in the 30B75 nm rage for Ar saturated DI water (entire power
density range)Compared to 100% duty cycle, the SL signal intensity in each wavelength

range is lower at 4 W/chbut a sinilar trend is seen.

Keswaniet al. reported the generation rate fofdroxyl radicals (~ 0 td.2 niM/min) in
ammonium hydroxidesolutions irradiated with megasonic wawesing a fluorescence
techniquethat works on the capture of hydroxyl radicalH{") by terephthalic acidThe
generation rate of OHdecreasedrom ~ 0.16 pM/min to ~ 0.005 pM/min agmmonia
concentrationincreased from 0.001% to 1% (in volume)hel attributed this to
scavengingof OH' by ammonia. To check if these results bear any reldtipr® SL
signals, dilute ammonia solutions of different concentratisare pumped through the
CT cell and data were collected in the absence of different fillensever, the intensity
of SL signal from ammonium hydroxide solutions at different conagotrs did not

show any difference from each other.

The resultsfor air and Ar saturated DI water are consistent whibsereported in the
literature and obtained using expensive spectrometers. The SL signal collected in

ammonium hydroxide solutions iwéted that at higher power densities the signal



77

intensity may not be relatable to the generation rate of hydroxyl radhictieir ground

State.
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3. Conclusionsand Future Directions

This thesis presents a systematic stuadgned at the developmerdf carbonated
ammonium solutios for particle removal and feature damage reductiomegasonic
cleaning proces®By addingNH4OH to NH4HCO; solution specific amount of C&X(aq.)
can be generatedat slightly alkaline pH. The results have shown that using the
carbonated ammonium solution at pH 8.2 (with ~ 320 ppm (&@.), high particle
removal efficiency (> 90%)an beachievedon both blanket and patterned sampieder
acoustic irradiation of ~ 1 MHasingpower density of 1 W/cffor anexposure time of
60 sec.Feature damage study has shown that the number of line breataydse
reduced by ~ 50%sing the carbonated ammonium solution compared to that pisiimg
NH4OH solution at the same pHSonoluminescenceatudies indicate that transient
cavitationis suppressed in carbonated ammonium hydroxide solutRased on these
results, ammonium bicarbonate/ammon hydroxide solutions have the potential to

serve as effectivemegasonic cleaning formulations.

A simple and inexpensive method feapturing thefeatures of sonoluminescence
spectrum from aqueous solutions due to hydroxyl radicals has been develtyged
method consists of using single band filters in the wavelength rang&0®80m to filter
the SL signal prior to its capture by a photomultiplier tubair saturated DI wateAt
power densities ithe range of 1 to 4 W/chthe intensity of the signal in the 2800

nm range is roughly40% of the intensity in the detection wavelength range of PMT,
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which is 280630 nm.In Ar saturated DI water, thigalueis roughly 60%. Work with
ammonium hydroxidsolutions has shown that the intensity of signal may not be directly

related to concentratioof hydroxyl radicals in their ground state

Use of sound field wih frequencies much higher than MHz would increasethe
cavitation threshold valuesHence astudy on the developed carbonated ammonia
formulationsunder higher frequencysand fieldsfor the purpose of damage reduction is
worth exploring.The particles sed as contamination source in the present study were
silica particleswvith ~ 200 nm diameter. However, the ITRS has shownldingér than 20

nm diameter contaminations are able to kill the ciranithe stateof-art manufacturing
process.Removal ¢ particles withsub50 nm diametemusing megasoniavill be a

valuableextension of the current study.

With the methodology developed in the present study using doagidfilters in the CT
cell, it is possibleto identify radicals other thamydroxyl radicals such as&ydroperoxyl

radicab. This would be a very fruitful area of research.
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Megasonic Cleaning of Blanket and Patterned
Samples in Carbonated Ammonia Solutions for
Enhanced Particle Removal and Reduced
Feature Damage

Zhenxing Han, Manish Keswani, and Srini Raghavan

Abstract—An investigation of particle removal efficiency and
feature damage has been conducted in NH,OH/NH,HCO; clean-
ing solutions irradiated with megasonic energy. By adjusting the
pH of the solution in the range of 8.2 — 8.5, high particle removal
effidency (PRE) was achieved while feature damage was reduced
significantly. The sonoluminescence data collected from NHyOH
and NHyOH/NH,HCO; solutions indicate significant suppression
of transient cavitation in alkaline solutions containing aqueous
CO,.

Index Terms—Megasonic cleaning, particle removal efficiency
(PRE), feature damage, CO; (aqg.), sonoluminescence (SL)

L INTRODUCTION

Articulate contamination is a major cause of yield loss

in integrated circuit (IC) manufacturing [1]. Remaoval
of particles is typically achieved through liguid chemical
formulations aided by sound field in the MHz frequency
range [2]. [3]. In the fabrication of the state of the art sub-
45 nm devices, the challenge of megasonic cleaning process at
both front-end-of-line (FEOL) and back-end-of-line (BEOL)
is to provide high particle removal efficiency (PRE) without
inducing damage to small features [4]-[7].

During acoustic irradiation of liquids., two types of phe-
nomena are known to occur, namely acoustic streaming and
cavitation. Acoustic streaming refers to time independent
motion of liquid due to viscous attenuation. Three types of
streaming phenomena are known to exist in solutions subjected
to sound field. namely Eckart streaming. Raleigh streaming,
and Schlichting streaming. Eckart streaming, which is mainly
bulk flow, is characterized by vortices much larger than the
wavelength of sound whereas Schlichting and Raleigh stream-
ing result in liquid flow close to a solid boundary with length
scales much smaller and on the order of sound wavelength
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respectively. In the case of acoustic cavitation. bubbles formed
during low pressure cycle of the sound wave either continu-
ously oscillate over many cycles (stable bubbles) or grow in
size and eventually collapse in less than a few cycles (transient
bubbles). The flow generated from oscillating bubbles, known
as microstreaming, is considered to be instrumental in particle
removal whereas shock waves and micro jets generated from
transient bubbles are believed to be responsible for damage
[3]-{10].

Acoustic cavitation is accompanied by a number of physical
and chemical effects. It is known that due to high temperature
{(=4000°C) conditions reached inside the bubble during its
collapse, excitation of various species as well as formation of
radicals occurs [11]-[13]. When the excited species go back
to the ground state, light is emitted. and this phenomenon is
known as sonoluminescence (SL). The intensity of sonolumi-
nescence is considered to be a sensitive indicator of cavitation
events [14], [15] and therefore can be a good predictor of the
extent of feature damage on patterned wafers. The intensity of
5L depends on solution parameters such as cleaning chemistry
and level of dissolved gases as well as on sound field variables
such as transducer power density and acoustic frequency.

It has been reported in literature that dissolved gases play
an important role in controlling the intensity of transient
cavitation in liquids [16]. [17]. Young et al. measured the SL
signal from water saturated with different gases in a 20kHz
sound field at a power density of 10W/cm® [18]. The SL
intensity followed the order of Ar> Air=0; > N; > H; =C0,.
With respect to noble gases, the SL signal in Ar and Xe
saturated water was studied by Didenko er al. at a sound
frequency of 24 kHz and 1 MHz as a function of power density
[19]. They found that at a given power density, SL signal
in Xe containing water was much higher than that from Ar
containing water. At higher power densities, higher SL signal
was measured from both Ar and Xe containing water. The
influence of noble gas (Ar and Xe) doping in single bubble SL
was investigated by Hiller ef al. at a sound frequency of 24 kHz
in water. With 1% of noble gases mixed in N, highest intensity
of SL signal was measured [20]. Some SL data have been
reported in Hy containing deionized water (DIW) subjected
to MHz acoustic frequency: higher the H: concentration, the
lower was the SL signal [16].

OEM-6507/531.00 € 2013 IEEE
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Fig. I. (a) Picture of Mchi:a showing triangular transducer and
(b) schematic sketch showing wafer location and port for injecting chemicals.

Kumari et al. made SL measurements in DI water saturated
with different dissolved gases at an acoustic frequency of
0.93MHz in the megasonic power density range of 0.1 to
4Wiem? at 10 and 100% duty cycles [21]. Ar saturated DI
water showed the highest SL signal compared to Ny and O
saturated DI water. They reported that CO, containing DI
water exhibited a much lower level of SL signal. This effect
was attributed to high solubility of CO; in water resulting
in its diffusion into the cavity and cushioning the collapse,
thereby reducing the intensity of transient cavitation. About
130 ppm of CO; (aq.) was found to be sufficient to suppress
SL generation in DI water under all conditions of transducer
power density and duty cycles.

Some correlation between SL signal and the extent of fea-
ture damage has been established. Kumari e al. [22] measured
the feature damage as well as SL signal in CO; containing DI
water. They used structures consisting of thin (35-36 nm wide)
polysilicon or high-k/metal gate stack lines (67 and 113 nm)
in their study at a megasonic frequency of 0.93 MHz. Their
results revealed that with 1033 ppm CO; (ag.) in DI water,
the number of line breakages dropped from several thousands
to ~100 per mm® at power density up to 2.94 W/em® for an
irradiation time of 2min. The damage results were correlated
to the SL data collected in C0; containing DI water.

The role of gas cavitation in the removal of SiO, particles
of different sizes (126, 78 and 34 nm) from Si;Ny substrate
was investigated by Vereecke e al [23]. In degassed solutions,
the particle removal efficiency (PRE) was extremely low.
From this result, they concluded that gas cavitation is the
main mechanism of particle removal in megasonic field. In
DIW containing CO,, Ar. Q.. and N, Brems ef al. [24]
conducted particle removal studies on Si wafer at very low
megasonic power densities (0.167 to 0.336 Wiem®™). They
found that it was nearly impossible to remove any particles
in DIW saturated with CO,, even at an applied power density
of 2.5W/fem®. This was attributed to reduced cavitation in
COy containing DIW as well as acidic pH of the solution
[21]. There is only one study that reports using carbonated
ammonia solutions for particle removal [25]. However this
study was conducted at only one pH value and high power
density. Cleaning performance and pattern damage events on
photoresist (PR) line patterns (300 nm width) were investigated
by Kang et al. [26] in DI water gasified by H;. Nz, O; and

Ar. Hydrogen containing DI water yielded the highest particle
removal efficiency but also generated most damage sites.
The objective of the current study is to take advantage of
the beneficial effect of CO; (aq.) in reducing feature damage
in developing alkaline formulation needed for removing par-
ticulate contamination. A system containing different levels of
C0y; (aq.) generated by adjusting the pH of NHyHCO; solution
by NH4OH was developed and tested. Additionally, sonolu-
minescence data have been collected in these solutions and
correlated to the cleaning performance and featwre damage.

Il. MATERIALS AND METHODS

The experiments reported in this work were divided in two
parts: (1) PRE study on blanket Si0; samples and (2) PRE
and defects study on patterned samples.

The blanket samples (2em x 2cm) used in the experi-
ments were diced from 87 oxide wafers (thermally grown
5000 A Si0; film on boron doped Si). The patterned samples
(1 cm = 2cm) were diced from a 300 mm wafer (provided by
IMEC) consisting of long (2Zmm) lines of 40nm in width
separated by 500 nm. The lines were gate stacks consisting of
HEO/ALIO (10 nm M TiN (5 nmpySi (5 nm)a-8i (100 nm). Com-
mercially available Si0; slurry with 200 £ 13 nm particles was
used to prepare 0L,001% (by weight) dispersion to contaminate
the samples. The pH of the dispersion during contamination
was 3.8.

All the experiments were conducted in a Class
100 Micro/Nano fabrication center at The University of
Arizona. The blanket and patterned samples were subjected
to megasonic irradiation in a single wafer spin cleaning tool,
MegPie® (picture and schematic sketch shown in Fig. 1)
manufactured by ProSys (Campbell. CA). It consists of a
radial transducer (area 32.3 em®) [1 (a)] to apply uniform
acoustic emergy to a rotating substrate (0-60rpm) at a
frequency of 0,925 MHz (22). Acoustic power density can be
varied in the range of 0.15-2.94 W/em?.

Blanket Si(); samples were first pre-cleaned using dilute HF
(1:100) for 1 min followed by DI water rinsing for 5 min. Pat-
terned samples were cleaned by APM (1:1:50 NH4OH: H,0,:
H:0) for 1 min followed by 3min DI water rinsing and then
dried by IPA. The samples were quickly examined under an
optical microscope (Leica DM4000 M) at 200X magnification
to make sure the samples were clean and damage-free before
contamination. Then the samples. one at a time, were placed
on the chuck of a spin coater chuck and | ml of the 0.001%
dispersion was dispensed onto the samples at a rotation rate
of 30 rpm for 1 min. After contamination. the samples were
aged for 24 hr in a polypropylene wafer holder. The particle
density after contamination was approximately 3500/mm?.

The contaminated samples were attached to a blanket Si0;
walfer at a radial distance of 5cm from the center and placed
in the MegPie unit. Freshly prepared solution containing either
NHsOH or NHyHCO; and NHyOH was dispensed on the
surface of the substrate at a rate of 300 ml/min while the
substrate was rotated at 30rpm. The transducer was then
switched on to generate acoustic energy for different times
(0 — 120 5) at the power density of 1 W/em?®. The samples
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Fig. 2. Estimated CO; {ag.) and solution pH for 0.5 NHyHCO; as a function
of NH4OH concentration (based on the amount added).

were then rinsed by DI water for 1 min and dried by IPA.
On each blanket and patterned sample that was cleaned. 10
regions (each of 0.3mm x 0.4mm area) were imaged at a
magnification of 200X using a Leica DM4000 M microscope.
The images were processed using the Imagel software. By
adjusting threshold value of the image contrast, the Imagel
software was used to count particles and distinguish between
particles and defects on the same samples.

SL data were collected from NHyOH and NH,HCO:/f
NH;OH solutions using a cavitation threshold cell (CT cell).
The details of CT cell setup and the experiment procedures are
available in the literature [27]. Briefly, the power density was
ramped from 0.1 to 4 W/em® and the intensity of the SL signal
was measured by a photomultiplier tube (PMT) sensitive in the
wavelength range of 280 to 630 nm.

. RESULTS AND DISCUSSION

In order to maintain a specific level of CO; (aq.) in the
solution at alkaline pH values, NHyHCO; and NHyOH were
used. To keep the level of NHsHCO; significantly below its
solubility limit in water {(~ 2.7 M at 20°C), a 0.5 M NH;HCO,
solution was first prepared. Different amounts of NH4OH were
then added to adjust the pH of the solutions. Charge and mass
balance calculations developed for the NHsOH/NH:HCO:
system were used to estimate the equilibrium concentration
of the CO; (aq.) and pH values. Pertinent equations used in
the calculations, are provided in Appendix.

Fig. 2 is a plot that shows the amount of CO; (ag.) and pH
as a function of NHyOH concentration (based on the amount
added) in NHyOH/NH,sHCO; solutions. The original pH of the
solution with no added NH,OH is 7.8; this solution contains
800 ppm COy; (aq.). By increasing the concentration of added
NH,OH. the solution pH increases while the amount of CO;
(aq.) decreases. Specifically, at pH 8.2 and 8.5, the CO; (aq.)
level is 320 and 150 ppm respectively. In some of the tests,
NH,;OH alone was used to adjust the pH of DI water in the
range of 7.8-8.5.

Fig. 3. PRE mesults on blanket Si0y;  samples wsing NHyOH  and
NHtHCOn/MNHyOH cleaning solutions at different pH.
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Fig. 4. PRE results on blanket Si02 samples using NH4OH and NH4HCO3
/MNH4OH solutions at pH 8.2 for different megasonic exposure times.

Fig. 3 displays the results of particle remowval tests con-
ducted on blanket Si0; samples for a cleaning time of 60 s
in NH4OH and NHyOH/NH,HCO; solutions of different pH
values (7.8 to 8.5) at a power density of | W/em?®. The PRE
from samples cleaned in NH4OH solutions is close to 100%.
In NH;HCO3/NH,OH solution, the PRE is not as high as that
in NH4OH solution until the pH reaches 8.2 (PRE is > 90%
at pH 8.2 and 8.5). It may be recalled that NH,OH/NH,HCO,
{0.5M) solution of pH 8.2 contains ~ 320 ppm of CO; (ag.).

The effect of megasonic exposure time in the two cleaning
solutions at pH 8.2 was then investigated. The megasonic
exposure time was chosen to be 0, 20, 40, 60 or 120 s. In
the NH,OH solution, the PRE on blanket Si0; samples is
close to 100% when the exposure time is longer than 40 s:
in contrast, in the NH,OH/NH,HCO; solution. high PRE can
be only achieved when exposure time is > 60 s. This slight
difference may be attributed to reduced etching of oxides due
to the presence of dissolved carbonates.

Simultaneous PRE and damage studies were conducted on
patterned samples. Fig. 5 shows the PRE from patterned
samples using the two cleaning solutions. The particle con-
tamination level on patterned samples was the same as that on
blanket Si(}; samples, which was ~ 3500/mm-. The resulis
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Fig. 5. PRE from contaminated patterned samples under megasonic irradi-
ation for 60 s at power density of | Wiem?.

Fig. 6. Line breakages under optical microscope at 200X (1 and 4) and
SEM (2. 3 and 5, 6) in NH4OH solution (1, 2 and 3) and NH4OH/NH4HCO3
solution (4, 5 and &) at pH B.2.

show that at pH 8.2 and 8.5, high PRE (> 90%) is achieved
in both solutions, which 15 consistent with the results on
blanket 5i0); samples at the same pH. The beneficial effect of
megasonic irradiation is very clear from the data in this figure.

Optical microscopy and SEM images of patterned samples
were taken after cleaning to characterize damage to lines

0 30 60 90 120 150
Megasonic enposure time (5)

Fig. 7. Defect analysis on contaminated patterned samples cleaned at a
power density of 1 Wicm? for different times.

TABLE I
DEFECT LEVEL ON CONTAMINATED AND NON-CONTAMINATED
PATTERNED SAMPLES CLEANED IN NH4OH AND Hg HCO3/NH4OH AT
1 Wicm? FOR 60 5

Thefect Demity NHOWalone  SHICO,/NH00
i} (PR (pHR2)
A onturndnmatid
cample 335243 15015
Nom-contaminated 280220 125230
gl

and these are shown in Fig. 6. Under optical microscope,
line breakages are observed as dark spots in the image.
The SEM images of selected areas show the nature of line
breakages. To further analyze the line breakages. 50 SEM
images (10 = 15, pm area) on each sample were taken. The
size of the broken regions was observed to be in the range of
=~ 200nm to 1.5 gm in the NH,;OH solution while a maximum
size of ~ 1.0 pm was seen in the NH,OH/NH,HCO; solution.
Interestingly. as may be seen from Fig. 6 (6). some fractured
lines in the NH,OH/NHyHCO: solution were lifted but not
totally removed. This suggests that CO» (ag.) in the amount
of 320 ppm lowers intensity of transient cavitation.

Fig. 7 shows the defect density on patterned samples after
cleaning in NHyOH and NH,OH/NH,HCO, solutions. As
exposure time increases from 30 s to 120 s, defect density
increases in both solutions at pH 8.2, At megasonic exposure
times between 60 and 120 s, feature damage is much lower in
the NHyOH/NH,HCO; solution compared to that in NH,OH
solution. For the exposure time of 60 s, the feature damage
is reduced by ~ 50% at pH 8.2 when compared to pH 8.5.
Since the level of CO; (aq.) increases with decreasing pH. the
beneficial effect of COy, (aq.) should be evident.

The damage study was also done on patterned samples
without any particle contamination. Table [ lists the defect
results on both contaminated and non-contaminated samples
cleaned in NH,OH and NH,OH/NH,HCO; solutions at pH
8.2, From the data, it appears that particles on the patterned
samples do not influence the defect density.
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Fig. 8. Sonoluminescence measurements in NHeOH  and NHgOH/
NH4HCOy solutions at pH 8.2

The beneficial effect of CO; (aq.) is most likely due to
suppresion of transient cavitation. To test this hypothesis. SL
measurements were done in both solutions at pH 8.2 as a
function of power density in the range of 0.1 to 4.0 W/cm?
and the results are displayed in Fig. 8. In NH,OH solution. SL
signal was very weak until a power density of 0.6 Wicm?® was
reached. Above this power density, the SL signal was found
to increase continuously. In the case of NH,OH/NH,HCO,
solution, SL signal was weak in the entire power density range
of 0.1 to 4.0 W/cm?. These results indeed suggest that ransient
cavitation is significantly suppressed in NHyOH/NH,HCO,
solutions of pH 8.2.

The effect of CO; (aq.) in quenching the SL signal is still
being debated. Three possible reasons are: (i) cushioning effect
due to CO; entering the bubble and preventing its collapse, (ii)
reduction of the emperature during bubble implosion and (iii)
scavenging of hydroxyl radicals generated in the megasonic
field [21]. Lower SL signal measured in NHyOH/NH HCO,
solutions indicates lower transient cavitation activity in the
solution compared to the NH;OH solution. This is an impor-
tant result as it illustrates that lowering of damaging transient
cavitation can be achieved for the protection of fragile features
without the loss of cleaning efficiency by using alkaline
carbonate solutions.

IV. CONCLUSION

Addition of ammonium bicarbonate o ammonium
hydroxide solutions allows  significant redoction of
feature damage while providing high particle removal
efficiency during megasonic cleaning of patterned wafers.
Sonoluminescence studies indicate that transient cavitation
is suppressed in carbonated ammonium hydroxide solutions.
Based on these results, ammonium bicarbonate/ammonium
hydroxide solutions have the potential to serve as effective
megasonic cleaning formulations.

APPENDIX

The amount of COy (aq.) was calculated as a function of
NH;0H added into 0.5M NH;HCO; solution from known

values of equilibrium constants and wsing the laws of mass
and charge conservation|21]. The relevant equations are as
following:

[H:C 5]

m:m:].?xm" I
% =Ka=25x 10" )
7[6[?;;(]?[?] =Kn=5601x10" ()]

[OH NHY | =K, = 107" 4)
[NHI1+[H | = [OH |+ [HCO; | +2[CO2]  (5)
[NH{]1+NHs| = B+Cy (6)
m:.ﬂ,:].axm‘s )

[NHs]

[COnlag.)] + [H2CO:] + [HEOT |+ [COF = G+ Ca (8)

Here Cp=0.3M, B =added [NH,;OH] and C; =total carbon-
ate in solution in the absence of NHyHCO; (~ 1.4 % 107°
M). In the above equations.[H*], [OH ], [COu(ag.)]. [H2COs],
[HCOZ ], [CDi_], [NI—II] and [NH;] are unknowns, which were
solved for different values of B.
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Use of a SimpleCavitation Cell Setup with Replaceable Single Band Filters for
Analysis of Sonoluminescence Signal from Megasonic Irradiated Gasified Aqueo
Solutions

Zhenxing HaA Manish Keswatlj Eric Liebschet Mark BecK and Srini Raghavan

@ Department of Chemical and Environmental Engineering, Tucson, Arizona 8572
b Department of Materials Science and Engineering, Tucson, Arizona 85721, L
¢ Product Systems, InadCampbell, California 95008, USA

A simple method to resolve the featurbattare characteristic of
hydroxyl radicals in sonoluminescence (SL) spectra from aqueous
solutions has been developed. Using a modified version of
cavitation threshold (CT) cell in which single band filters were
sandwiched between the UV grade fusedailivindow and the
photomultiplier tube (PMT) in the cell, photon emission in the
wavelength range of 280 to 400 nm was measured. Four different
single band filters, 28D 305.5 nm, 30G 340 nm, 335 375 nm

and 374.51 397.5 nm were used. The resufte air and Ar
saturated DI water are consistent withose reported in the
literature and obtained using expensive spectrometéise SL
signal cdlected in ammonium hydroxide solutiomglicated thatt
higher power densities the signal intensity maybetelatable to
thegeneration rate dfydroxyl radicas in their ground state.

Introduction

In the semiconductor industr there are a number of wet processing steps thi
intended for particle removal.oday, emoval of particles is typically achiedeéhroug|
liquid chemicas assistedy sound field ithe MHz frequency range (1, ZJhere arewo
types of phenomenthat occurduring acoustic irradiation of liquigsheseare acoustir
streaming and cavitation. Acoustic streaming refergiqoid motion due to viscot
attenuatiorof the sound waveAcousticcavitation isthe formation ofbubblesin thelow
pressure cyckeduring the propagation of asound wave The formed bubblegithel
continuously oscilla over many cycles (stable bubbles) or griowsize and eventual
collap® in les than a few cycles (transient bubbled¥hen bubbles oscillaj
microstreamindorcescan begeneratedhataid in particle removalMicro jet andshocl
waves generated from bubhliellaps are believed to be responglfor featuredamag

3).

A number of physical and chemical effeat® observed during acoustic cavitatio
agueous solutions containing dissolved ggde®). Just pior to bubbles collaps very
high temperatur¢> 3000 degree Conditionscan bereached inside the bubbleSuct
high temperatures result in the formation of radicals suchydsoxyl radicals. The:
radicalsand solvent moleculereexcitedto high energyibration statesunderlocal high
temperatureand when they returrto ther ground stats light is emitted This
phenomenoiis known as sonoluminescence (E). In general, two typesnulti-bubble
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sonoluminescencéMBSL) and singlebubble sonoluminescencgSBSL) are possible The
spectrum of Multibubble Sis dominated by atormiand molecular emissiqreaks €.g. excite
states of OH radicals in water and of diatomic carbg(+C=C-) in hydrocarbons), while SB¢
spectrunis essentially featureleg¢8, 9). Solution parameters such as type of chemicals anc
of dissolved gaseand sound field variables such as megasonic power density and
frequency are known to influence the intensity of SL signaldditionally, the SL signi
intensity has been correlated tdent of damage to patterned structues; 11).

Therole of dissolved gases in modulating the SL signal has been investigated by a nt
researcherdn 1976, Younget al. measured the SL signal from water saturated with diff
gaseausing a photomultiplier tub@MT). The sound frequenaysedin their study was20 kHz
and thepower densityvaskept constant at0 W/cnf (12). The SLsignalintensity followed th
order of Ar > Air = Q > N, > H, = CQO,. The influence of noble gas (Ar and Xédping ol
SBSL intensitywas investigated by Hilleet al. at asound frequency of 24 kHz in watét3).
The highest intensity of SL signal was measuréemi% of noble gasewere mixed with No.
Kumari et al. made SL measurements in DI water saturated with different dissolved gas
acoustic frequency of 0.93 Wz andpower density rangef 0.1to 4.0 W/cn¥ (14). In the powe
density range investigated,gan saturated DI water showed the highest SL signal compa
N2 and Q saturated DI wateiCarbon dioxidecontaining DI water showed a very low le
SL. This effect was attributed tihe high solubility of CQ resulting in its diffusion int@avitie:
and cushioning the collapse, thereby reducing the intensity of transient cavitation.

Several investigators have etli to resolve and analyze the SL speat@lected unde
different ultrasonic andmegasonicconditions. Results of some key investigations
summarized in Table As may beevidentfrom the information in this table, spectrometers
used to capture the SL spectrum. Peaks at2280 310 ad 340 nm were commonly seen
these are due temission from electronically excited hydroxyl radicgts 15-18). At MHz
frequencies, the SL signal is typically very weak and requires very sensitive spectron
resolve the SL spectra. Additiohglin most of the published worlSL spectrafeatures wer
reported irrelative intensity of/aluesmaking it difficult to determine if the peaks are real.

In this paper, aimple methodology is introduced to analyze SL sign8isgle band filtel
were used to allow photons at specific wavelengths to pass through, which are then coul
photomultiplier tube.Using this method, SL spectra fronr,aAr and ammonium hydroxit
containing DI water irradiated with megasonic waves have been charatterize
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TABLE |I. Summary of Key Investigations on the Collection and Resolution @&ictra

Peaks (nm)
Authors Acoustic Acoustic L'q“.'d Equipment Used |n_th<_e Comments
Frequency Power medium emission
spectra
Didenkoet al.(16) 22 kHz, 337 10, 4 and De- MDR-23 270, 280, 310 Peaks due to
kHzand 11 22 Wicnf ionized monochromator and 340 OH radicals
MHz water (Ar  (Russia, LOMO)
saturated) and FEU100
PMT
Beckettet al.(17) 205, 358, 5.1 W/cnf  Ultra-pure Correrstone 130 310 Maximum
618 and water @r  monochromator intensity at
1071 kHz saturatell and PMT (Oriel 358 kHz
Instruments)
Pfliegeret al.(18) 20,200 and 0.17 W/ml  Ar,Kror  SP 2356i ~240 and Due to OH
607 kHz Xe spectrometer and 310 radical
containing SPEC10100BR formation
DI Water  liquid-nitrogen
cooled CCD
camera (Roper
Scientific)
Hayashietal.(19) 116 kHz and 1.8, 7.3 and Ar Monochromator 290, 310 and Very weak
1.0 MHz 15.5W for saturated (Nikon, P250) and 340 emission at
116 kHz; DI water PMT 1.0 MHz
2.0, 7.4 and (Hamamatsu,
16.1 W for C3866)
1.0 MHz

Materials and Methods

All SL signat werecollected using @avitation threshold cel(ICT cell) made byProSys, Ing
which is schematically shown iRigure 1 The cell 163 cni in volume,is light tight and
equippedwith a transducef~0.73 cm) on one end for acoustic wave generation at a freque
of ~0.925 MHz A photomultiplier tube (PMT, SensTech P25232 sensitive in wavelengtr
range of 280" 630 nn) located just outside the optical window in the eedls used taollect
photors emitted during acoustic irradiationSince excited hydroxyl radicals emit light in th
wavelength range of 280 to 400 nm, four single band filters (Semrock) covering this wave
were chosen for use in the experiments. The band passlemgths of the four filters are: (i
28071 305.5 nm, (ii) 300 340 nm, (iii) 335/ 375 nm and (iv) 374.5 397.5 nm. These filters
were sandwiched, one at a tieetweenthe optical window in the CT cell and the PMT 1
collect the SL ignalin a narow wavelength range.

Aqueous solutions with dissolved gases were pumped through the bottom of the cell at
rate of 130 ml/min and discharged from the top of the cell. Experiments were carried out i
continuous (100% duty cycle) and pulse méti@% duty cyclewith 5 ms pulse timeover the
power density range of 0.1 to 4.0 Wkm
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UV grade fused silica
window

Liquid in from
the bottom

Single band filter

Data collection

Transducer

Liquid out from
the top

Figure 1 Schematic of CT celftop view)with a single band filtesandwiched between the P}
and UV grade fused silica window.

Results and Discussion

Figure 2 (a) and (b) show ti&L signal (in counts/s) as a function of increasing power de
for air and Ar saturated DI water subjected to megasonic waves at 100% duty cycl
absence of any filter. The SL signal from Ar saturated DI wiatdrigher than that from
saturaed DI water in the wavelength range of ZB80 nm at different power densities. °
higher levels of SL intensity from Ar saturated DI water has been explainedo highe
polytropic index valueof Ar compared taair (20). The results of measurementsade usin
bandpass filters indicate that the SL sigrial higher in the absence of filters at all pc
densities for both air and Ar saturated DI water. In air saturated water, at power densitie
than 1 W/cm, the SL signais reduced by 90%henany of the filters is used. In the case o
saturated solutions, a roughly similar tresdseen. Further, there appears to be a thresr
power density below which the SL signal remains at the background level. This threshol
density was meased to be about 0.9 W/cfor both air and argon saturated DI water.
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Figure 2 SL signal from ai a), Ar (b) containing DI water at 100% duty cycle atmmparison
of signalsat 4 W/cnf in the wavelength range 280 nm(c).

The bargraph (based on 4measurements$hown in Fig. 2 (c) compares the SL sig
intensity in thenarrowwavelength range of each of the filters for both air and Ar satural
waterconductedat 4 W/cnt. In Ar saturated water, the measured PMT output withBTDnn
and 335370 nm filters is slightly higher than that measured with the other two filter
mentioned in the background section, the strongest emission signal from excited |
radicals occurs in the vicinity of 310 nm and 340 nm, thetintensity of the signalat MHz
frequencies is typically not as strong as at ultrasonic frequennig¢se case of air satura
water, the SL signal intensity is roughly the same it ofthe four filtersin place.

It is worth noting that in the wavelength range of 280 to 400 nm, the total SL intens
930,000 counts/sec in air saturated DI water at 4 W/arhichis ~ 43% of the intensity in t
entire wavelength range of 280 to 630 oowveredby PMT. In Ar saturated DI water, thisalue
is ~ 63%.
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Figure 3 SL signal from aila), Ar (b) containing DI water at 10% duty cycle and the
comparison at 4 W/cfr(c).

The results for SL measuremetaried outat transducer duty cycle of 10% are shan
Fig. 3 The trends in SL signal are somewhat similar to those observed under 100% du
The signal was highestithout any filter;when different filters weresed, the SL signal w
highest in the wavelength range of 3BE6 nm for air saturated water (at power densities
than ~0.5 W/crf) and in the 30875 nm range for Ar saturated DI water ( entire power de
range). The bagraph in Fig. 3 (c) displys SL signal intensity at 4 W/érn each waveleng
range. Compared to 100% duty cycle, the SL signal intensity in each wavelength range
at 4 W/cnd, but a similar trend is seen.

An area of interest to researchers involved in sonic cleaningitges is correlation between
signal and hydroxyl radical concentration in ammauktions that are used for cleaning. Ve
recently, using a fluorescence technitjuet workson thecapture of hydroxyl radicalOH") by
terephthalic acid, Keswangt al. (21) reported the generation
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rate of these radicals<(0 to 0.2 mM/min) in ammonium hydroxidsolutions irradiated wii
megasonic waves. Thyeneration rate dDH" decreasedtom ~ 0.16 pM/min to ~ 0.005 pPM/mil
as ammonia concentratiomcreased mm 0.001% to 1% (in volume).hEy attributed this -
scavengingof OH"by ammonia. To check if these results bear any relationship to SL <
dilute ammonia solutions of different concentration were pumped through the CT cell €
were collected ithe absence of different filters. The results of these tests displayed in &
show that NH concentration does not affect the intensity of SL signal. This result, thou¢
seem surprising at first, may be explained as folldvis known that the transition of exoi
hydroxyl radicals to their ground state is a very rapid process and the PMT in the CT cel
its very high time resolution and sensitivity, is able to capture this transition and provide
SL signal. The process of scavenging of hydroxgiaas by ammonia may not be as fast a
transition process and perhaps occurs after the radicals have fallen to their ground
consequently does not influence the SL sigiifilese results stress the fact that SL sign
highe power densities, is indicative of transient cavitation but may not be relate
concentration of radicals in their ground state.

—1:66666 (NH40OH:DIW)_pH8.53
—1:10000 (NH40H:DIW)_pH10.04
—1:133 (NH40H:DIW)_pH11.05
—Air Sat DIW

Figure4. SL signal from NHOH solutiors at 100% duty cycle.

Conclusions

A simple andnexpensivenethod forcapturng thefeaturesof sonoluminescence spectrum fi
aqueous solutiondue to hydroxyl radicalbas been develope@he method consists of us
single band filtersn the wavelength range 28M0 nmto filter the SL signal prior to its captt
by a photomulplier tubein air saturated DI wateAt power densities in the range of 1 t
W/cn?, the intensity of the signal in the 2800 nm range is roughly#0% of the intensity in tt
detection wavelength range of PMT, which 8530 nm.In Ar saturated DI ater, thisvalueis
roughly 60%.Work with ammonium hydroxide solutions has shown that the intensity of
may not be directly related to concentratadrydroxyl radicals in their ground state
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APPENDIXC
OPERATING MANUAL FOR MEGPIE CLEANING SYSTEM
The manual introduced a detailed procedure for operating MegPie and the function of
each electronic component in the whole cleaning system. The particle deposition

procedure was alstocumented and attachedla end of the manual.
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Operating Manual for MegPie © Cleaning System

MegPie® Configuration : MegPie® consists of a radial transducer array (area 32.3 cm?), designed to
apply uniform acoustic energy to a rotating substrate (0-60 rpm) at a frequency of 0.925 MHz, as
shown in figure 1. Acoustic power density can be generated in the range 0.15 - 2.94 W/cm?®. MegPie®
is configured for a distance of ~1.5 mm between the transducer and the wafer surface.

d q] Radial Megasonic Array b
Process Gas Radial Megasonic Array
Fluid  Blanket :

V;' B.,

Rotating Wafer Chuck Wafer Wafer
Figure 1 : Schematic sketch of the single wafer spin-cleaning tool MegPie®. (a) Cross-sectional
view and (b) top view.
Parts of the MegPie® System
The complete MegPie® assembly consists of the following parts:

1. Transducer ( MegPie V3 as shown in figure 2): is triangular in shape and designed to apply
uniform acoustic energy on a rotating substrate.

Figure 2 : MegPie V3 system.



1. The MicroDuo 200 (RF Generator) : supplies RF energy to the Megasonic Transducer (MegPie
V3). The MicroDuo 200 provides both RF Supply and control interface to the Megasonic System.
Any operation of the System requires the MicroDuo 200 (Fig. 3).

Figure 3 : MicroDuo 200.

2. Impedance Matching Network : is used to connect the MicroDuo to the Megasonic array
assembly (Fig. 4). Each serial numbered MegPie has a specific corresponding serial numbered
Matching Network. THESE COMPONENTS CANNOT BE INTERCHANGED WITH OTHERS!

Figure 4 : Impedance Matching Network

3. Polos spinner : consists of a chuck on which the wafer is held (Fig. 5). The rotation speed of the
wafer is controlled by adjusting the settings in the control panel as described in the later sections.
Figure 6 shows a picture of the wafer placed on the chuck.

Figure 5: Polos spinner system
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Figure 6: Wafer placed on the chuck properly.

Caution: After using MegPie® system, check the spinner to make sure it is tightly
screwed to the chuck, especially when 1000 rpm applied for drying in PRE study.
Otherwise, if the spinner is loose, it will throw away the wafer, which can cause
damage to the transducer.

Connection of the MegPie® System

Figure 7 illustrates the MicroDuo system interconnect diagram.

PROGRAMMING PC
W/PROSYS SOFTWARE

187-253VAC,
50/60Hz

PURE w5 HeUT

MEGPIE V3 TRANSDUCER

[
MOMLIN

NI N || e
no M~ﬂ%
| o
|

MICRODUO 200

EE DG, NO.
300-02203-00

 —

Figure 7 : MicroDuo 200 system interconnect diagram.
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Before work on the power input connections, ensure that power is disconnected at the
source (e.g. circuit breaker locked off), and a notification sign is posted to advise other
personnel not to apply power.

The ProSys MicroDuo 200 requires one AC power source with 208 volts, at 50/60 Hz, and 2 Wire
+ Ground. Ensure that the Power Switch on the MicroDuo 200 is in the OFF position. Connect the
MicroDuo 200 unit to 208 volt 50/60 Hz grounded power source with a minimum 10-amp rating.
Connect the BNC RF Cable from the MicroPower RF OUT connector to the Matching Network RF
IN connector. Connect the Cable from the MegaSonic Transducer to the Matching Network RF
OUT connector. If connecting directly to a PC, connect the crossover network cable to the RJ45

network port. If connecting the system to an internal network a straight RJ45 cable is required.

TCP/IP Setup and Software Operation Procedure

The Single Wafer User Interface Program will operate using only the Ethernet communication. In
order to use the MegPie system, we must change the IP address of the PC/Laptop to allow
MegPie to connect.
Connect the (Red) crossover cable (provided) from the PCOote theENidioPulse
Ethernet port located on the back of the MicroDuo. Setup the PC for TCP/IP networking per
manufacturers specifications.Under 6 YedQd mtgrsddYf O Rebhwbodokd Set
properti epantPoAddr&peci f

- |.P. Address: 192.168.10.YYY (Where YYY is any number between 1 to 256 except the

address of the MicroPulse.)
- Subnet Mask: 255.255.255.0
- Default Gateway: Not applicable

No other settings or properties need to be Set/Changed from the defaults.

The steps below will describe MegPie software operation procedure

1. Please ensure the complete system is properly installed and all connections are secure.

2. Connect the red crossover cable (provided with MicroDuo) from the Ethernet port of the PC
that has ProSys Single Wafer GUI software installed to the Ethernet port on the ProSys
MicroDuo.

3. Switch power on at MicroDuo.

4. Start GUI software.

5, Establish connection to MicroPul se. Choo:

figure 8).
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 Gonnact o this MicPulse uni. P« I

OoR
# Selgcta uritio connact 10 from the mvailakle list Dalow:

(3 Tmac [
[ ERTNY S WHIAIIHEE- 330

Establish
Connect

Comnect | omee | Renashio]  Bn |

Figure 8 : Connect to MicroPulse.
1. The GUI software interface will show up. Select the Recipes button; the interface will come
up as shown in figure 9. The Product Systems, Inc. MicroPulse uses four (4) Wave recipes
and (4) Process recipes.

E FraSys MictoPulse [Ofine] - Hecipes

(Recpe  [Mame 0 [Power 000 | Time| Puse| OuyGyde]

Recipes

Figure 9 : Recipes interface.

1 Wave recipes contains the detail of the Megasonic operation (example pulse time,
power, duty cycles, and Megasonic exposure time as shown in figure 10).
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91 Process recipes are sequences of wave recipes which include more than one wave
recipes.

1 Load from Pulse Button retrieves current recipes from the MicroPulse.

1 Save to Pulse Button saves current recipe data to the MicroPulse.

1 New Button creates a new recipe set.

1 Load from file Button loads recipe data from PC file.

1 Save to file Button saves recipe data to PC.

9 Save as file Button saves current recipe data to PC prompting for a new name.
Recipe Source:  MicroPulse Luad(mmpu\se|
| Pecipe [ Mame [ Power | Time [ Pulse | Duty Cyele |

: 32 2 . Save fo Pulse
Wave 4 95 120 20 100
Process 1
Process 2 0 New
Process 3 0
Process 4 0
Load from File
Selected Recipe: Wave Recipe Name:
Power [ 32 Wats m
WaveTime: [ 60 seconds M
Puse: [ 20 millseconds
Duty Cycle: 100 %
Operate| |Recipes  Setup Help
=

Figure 10: Recipes interface with wave details

1. Set the substrate rotating speed between 15 and 50 rpm. A RPM of greater than 60 is not
recommended, as higher RPMs may not completely wet the transducer and the substrate.
On Polos control panel as shown in figure
Up and dowrmn dararmnodwsfi Z(6f butt on) c a n dbferentutenes.
Input the step number to create new step (always start with step 1), then input the rotation
time and speed (rpm) of the step, click
panel to save the step. If more than one step needs to be created, change the step number
to A20 to enter the step 2 interface, t h
same fAenterd button to save it. Up to 99
each step can be run. Put the wafer or sample to the chuck and close the lid. On the back
of the spinner, check the compressed ai

spinner. Make sure the input compressed air is always on (at ~5psi) during the whole
process.
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of 1
Relais & ..

Figure 11: POLOS control panel.

1. Select the Operate Button on the GUI software, the software interface as shown in figure

12 will come up.

1

=

= =2 =4 -a

Mode (Pull Down Menu):

. Wave i Allows selection of wave recipe.

Il.  Process i Allows selection of process recipe.
Current Recipe (Pull Down Menu) displays current recipe name after selection
Time Remaining displays time remaining on current recipe hours, minutes and
seconds depending on total time.
Cycle indicates cycle data for process recipes with multiple cycles.
Percent Bar shows percent time remaining.
Forward Power displays the current forward power in watts. If the reflected power
goes too high, the RF generators internal protectors may reduce the forward power.
Reflected Power displays the current reflected power in watts.
Run/Stop Button when selected will run or stop the current recipe.
Clear Attention Button clears warning indicator.

Clear Alarm Button clears alarm indicator.
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2.

Caution:
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2 ProSys MicroPulse (836) - Equipment Operations 3]

Mode: [wave v Cuntent Fecipe: [weave? - m
Time Remaining: Forward Power. | 0 Wats ProSys
Peflected Power: | 0 Watts
Total Time: | 01:00 .
0% RTD1 Temp: | 21 'C
Cycle: | 1ofl RTD2Temp: | 21 °C @

Step | wave| Total Secs | Remaining Wave 2

Fulse 20 ms

Duty Cycle. 100 %

Power, 32 \Walts

Operate Recipes|  Setup Help
=

Figure 1 2: Operate interface.

Select the recipe on the Operate screen of the GUI.

Start flow of process fluid (recommended 300 ml/min) onto the surface of the substrate,
wetting the entire surface. Ensure that the fluid has completely wetted the active surface of
the MegPie, forming a meniscus between the face of the MegPie and substrate. Then click
the fil/ O0 button on the POLOS control pan

Ensure that the meniscus is maintained at all times.

Click Run Button from the GUI operate int
MicroDuo200 as shown in figure 3. The transducer will power on for the specified time
according to the set up in GUI software.

Observe the forward and reflected power readings, if the reading appears abnormal (very

high, especially for reflected power), stop transducer immediately.

5. Select Stop Button, or wait until the run has finished.

6. Stop the fluid flow in the end. If the wafer needs to be spin-dried, then stop the fluid after

the transducer switched off and continue spinning the wafer till the wafer gets completely
dried.

MegPie Cleaning

Extreme care must be used to maintain and extend the use of the MegPie. Perform periodic
inspections for contamination and damage. Clean with appropriate means based on the type of
contamination and the MegPie materials of construction.
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Procedure for dispersion preparation  and particle deposition

For the dispersion preparation and particle deposition on patterned sample which will
be used in megasonic cleaning experiments , please refer the following procedure:

1.

9.

Commercially available Mirrosol 30180D slurry (30 % by weight) is contained in a 5-gal jar. Shake
the slurry vigorously and take ~100 ml of it into a 150 ml polypropylene container.

Stir the slurry (using magnetic stirrer) for 10 min and transfer 0.1 ml of it to a 1.5 ml centrifuge tube
using a pipette where 0.9 ml of already prepared 5 mM KCI solution was added.

Centrifuge the slurry at 17000g for 2 min. Remove the supernatant liquid using a pipette and re-
disperse the precipitate in a fresh 1.0 ml of 5 mM KCI solution. These steps need to be repeated 5
times.

At the end of step 3, mix the dispersion (1 ml) from the centrifuge tube with 2 ml of fresh 0.5 mM
KCI solution. The dispersion at the end of this step will be ~1% in concentration (30 times more
dilute than the original slurry).

Further dilute the dispersion using DI water for 1000 times. Thus the final stock solution obtained
is 0.001 % in concentration. The concentration can be adjusted according to different
requirements of the particle density for deposition by changing the DI water amount in the dilution
process.

300 mm pattern wafer provided by IMEC is diced into 1 cm x 2 cm samples. Pre-clean the
samples using SC1 (1:1:50) for 1 min and use IPA to dry them.

Sonicate the stock solution (0.001% by weight) for 2 min using a glass beaker.

Place the sample on the spin coater chuck and dispense 1 ml of the stock solution right after
sonication on the sample. Spin the sample at 250 rpm for 2 min.

Keep the samples after deposition in a clean sample holder for 24 hr.

10.Tape the four corners of the sample to the substrate wafer in MegPie at the center of the substrate

wafer radius before running the experiments.
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APPENDIXD
COOK BOOK MANUAL FOR THE IMMERSION MEGASONIE CLEANER
The manual introduced a detailed procedure for opertimmgnmersion megasonic tank

and the function of each electronic component in the whole cleaning system.
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Cook Book Manual for the Immersion MegaSonic ©® Cleaner

The ProSys Immersion MegaSonideanercontains of the following components:

1 An immersion tank (15 L capacity) made of KYNAR (polyvinylidene fluoride)
equipped with four 0.925 MHz transducerscovered by the resonator (quartz)on the
top

1 MegaPulse unit: the Megasonic System Controllez contains an oscillator and a
embedded microcomputer with two communication interfaces to creat the signak
which feed to the MegaPower

1 MegaPower unit: the Megasonic Power Sourcezamplifies the signal fromr
MegaPulseto a specific power densityto the Transducer

1 Impedance Matching Network : is used to connect the MegaPower to the
megasonicarray assembly which matches the impedance of the oscillator circt
tree to that of the transducer Each serial numberedMegTankhas acorresponding
serial numbered Matching Network. THESE COMPONENTS CANNOT
INTERCHANGED WITH OTHERS!

Figure 1 shows tte picture of immersion megasonic cleaner and its dimension with
transducers on the bottom of the tankThe total active area of the 4 transducer i200 cm?2.
The power density applied to the transduceris from 0.1W/cm2 (corresponds to 20 W
power output) to 2.88W/cm2 (corresponds to 576 W power output) . Standard Transduce
Arrays operate at process temperatures up t65 degrees C.The temperature of the liquic

in the tank should not exceed 65 deg C.
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Figure 1: Immersion megasonic tank.

Equipment Check:

IMPORATANT NOTE BEFORE RUNNING ANY EXPERIMENT IN THE MEGASONIC T.

ALWAYS KEEP WATER IN THE TANKThis will keep the transducers from burning out i

accidently turned on.

1. Make surethe MegaPower is connected to 220V source. Connect each part of th

system according tathe ProSys wiring diagram for detailsFig. 2
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Figure 2: MegTank system construction diagram.
TCP/IP Setup and Software Operation Procedur€This is a one time procedure and th
system has already been configred with these settingswhen it was installed for the first
time) The Immersion Tank User Interface Program (MUPI_v101) will operate using on
the Ethernet communication. In order to use the MegaTank system, we must change th
address of the PC/Laptopo allow MegaTank to connect. Connect the (Red) crossover ce
(provided) fromthe 0 # 6 O %OEA O1T A O Pbide @erned port. S&tub the BOCfe

TCP/IP networking per manufacturers specifications. Under
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1. O3AOCOEDDBO0T 10.0MAG<Adt@EOT) 0 DOT OT AT 1 ¢
an |.P. Address:
-I.P. Address: 192.168.10.YYY (Where YYY is any number between 1 to &&&ept
the address of the MegRulse.)
-Subnet Mask: 255.255.255.0
-Default Gateway: Not applicable

No other settings or properties need to be Set/Changed from the defaults.

Operation Steps:
1. Make sure the tank is always filled. The DI water valveis locatedas shown in Fic
3. If the liquid overflows from the main inner tank into the outer overflow region,
the liquid will automatically drain (through an opening at the bottom of the oute

region).

Figure 3: DI water valve.



1. Turn on the MegaPower and MegaPulse as shown in Hg.

12C

On/Off switch

Figure 4: MegaPower and MegaPulse.

2. Start upthe MPUI_v101 progranon the desktop Make surethe equipmentsare all

turned on andclick the GRefresh Lisbbutton on the program interface Select the |

address

3. The software interface changes to the operation interface as shown in Fig. 6.

shown in the listand click connect,Fig.5.
M Connect to MegaPulse El
ProSys.
" Connectto this MicroPulse unit: IP=
| om

& Select & unitto connect to from the awvailakle list below:

CB-00-00-F1-E1-B9

Connect | Offlineg | RefreshLlst| Cancel |

Figure 5: MegaPulseis registered by the MPUI_v101 program.
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2 ProSysMegaPulse - Equipment Operations
Mode: WAVE  Current Recipe: Wave 1 Time Left:

ProSys.

Select Rep.

H

Run

Fill \Vatve
SUPPLY

Fwd Set: | 130
Refl Avg: 0
Recire Purmp
® ————— Drain Walves - - - - ® ————————————— ®
Operate Recipes| Sefup Maint. Alarm | History| Login Help
B ()| = W i

Figure 6: The operation interface of MegaTank.

1. Click (Recipes on the bottom of the interface to make changes of the tank s-up

(Fig. 7).

2 ProSysMegaPulse - Recipes

To view and edit recipes:

Load
Click on "Load" button to load recipes from the MegaPulse.

el

i

Operate| |Recipes  Setup Maint. Alarm | History| Login Help
B | L0 = W AN i

Figure 7: Interface of Recipes.
2. Then the software window (as below) showsup.« 1 EAE 11 OI 1A
recipes from the MegaPuls on the Recipes interfac . Click Load, th recipe list will

show up (Fig. 8)



2 ProSysMegaPulse - Recipes
Recipe List
Choose arecipe in the list fo display:

Wave 2

Wave 3

Wave 4
Display Recipe Details

Tank 2
Tank 3

Tank 4

Operate| (Recipes  Selup Maint. Alarm | History| Login
B | () =a| @ A W

Help

Figure 8: Recipe list.
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1. Choose therecipe number which needs to be edited (ex. Wave &nd click Display

Recipe Detail& The details of Wave 1 will show up (Fig. 9Change the parameter

as desired according to the experiments. Dwell time is not functioning since the

transducers are seé to run simultaneously by the hardware update from ProSy

Leave the dwell settings as 1000 milliseconds.

R ProSyshesaPulse - Recipes
Wavs 1

Xtal Sequence: |1
Dwell: 1000 milliseconds
Pulse: 20 milliseconds

Duty Cycle: 100 %
Run: ,760 seconds
Powsr: 130 watts
Operate| |Recipes  Setup Maint. Alarm | History| Login
B | ] = N i

List Reps.

Load

Save

Gt

o |

Help

Figure 9: Set-up of Wave 1.
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1. Click Gsaved button on the right side of the interface and go back to the Operati
interface by clicking the (perated button on the bottom. Then click (Belect Rcg
button as shown in Fig. 6, the wave list will show up (Fig. 10&hoose the recipe an

click OK, the recipe will be loaded then.

=

Mode: WAVE  Current Recipe: Wave 1 Time Left:

ProSys.

Select Rep.

I@J

Run

Choose a recipe to activate:

SUPPLY

i

ol 8

oK
ave 2
ave 3

FILTERﬁI ave 4
Re

®- ----Drain valves - - --- ® ————————————— ®
DRAIN ﬁ
Operate Recipes| Setup Maint. Alarm | History| Login Help
B )| = | ki

Figure 10: Wave list on the Operate interface.

2. Click Rund button on the interface or press the(green) RUN/STOP button o
MegaPulse as shown in Fig. 4 to initiate the transduceWhen transducers art
turned on, the acoustic wavegpassOE O OCE OEA | ENOEA Axgt
indication as shown in Fig. 6The reflected power should be less than 10 watts
while running 100 watts of power (10% of the power as set up) . If not, stop

running the system operation immediately, remove power, and contactZhenxinc

Han/Manish Keswani
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1. After finishing the experiment, urn off all the electronics and close the softwar
Drain the liquid left in the tank by unscrewing the tubing whichis located at the

right top corner from the bottom of the tank (Fig. 11).

Figure 11: Unscrew the tubing from the bottom of the tank.
2. Screw the tubing back and refill the tank by~ 10 L DI water. Always keep water il
the tank.
3. After using the tank several times, use dilute SC1 (1:1:50) to cle@n Keep the SC
solution in the tank for 30 min then drain it and use DI water to rinse thénside wall

of the tank for a few times

For any other technical questions, pleaseontact Zhenxing Han/Manish Keswani
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APPENDIXE
OPERATING MANUAL FOR CAVITATION THRESHOLD (CT) CELL
The manual introduced a detailed procedure for operating the CT cell and the function of

each electronic component in the whole cleaning system.
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Operating Manual for Cavitation Threshhold (CT) Cell

Application : Cavitation Threshold (CT) Cell is used to measure sonoluminescence
signal (total photon counts per sec) as a function of time in a flowing liquid exposed to
an acoustic field at ~ 1 MHz frequency at a fixed or increasing values of power density.

Cell Design : The CT cell is a light tight cell with a liquid holding volume of ~ 163 cm?.
As shown in figure 1, the cell (body made of chlorinated poly vinyl chloride) is cylindrical
in shape (with 104 mm in length and internal diameter of 48 mm) with a piezoelectric
crystal transducer located on one side. The transducer operates at a frequency of ~ 1
MHz and a power density range from 0.1 to 4 W/cm?. The other side of the cell has a
conical PTFE (polytetrafluoroethylene) baffle (height 48 mm) which prevents the sound
waves from reflection and interacting with the incident waves. This allows for a more
uniform distribution of the sound field inside the cell.

7

)

munnifl

SEALED WINDOW

V/
.
FLUID OUT (up)// ]
ACOUSTIC BAFFLE/ PMT SENSOR _—
~
Ta

FLUD IN (DOWN)—___|

= '7\\\|H|\:ﬂ
)
T
7 ﬁﬁé e
//E 1 L E
RESONATOR 1 Ll;:;l_d k BN
0, © =
PIEZOELECTRIC CRYSTAL TOP VIEW
RF POWER CONNECTION US PATENT NO. 7,443 079 B2

Figure 1: Internal construction of the CT cell



The cell has inlet and outlet ports for liquid to flow through it. During irradiation of the
flowing liquid with the acoustic energy, the light that is emitted is measured using a
photo multiplier tube (PMT) located in the middle of the cell body. The interface between
the PMT and the liquid is a fused silica window that allows the light to enter into the
PMT but prevents its direct contact with the liquid. PMT is a plug-and-play photodetector
module configured for photon counting. It comprises a selected type 9111B 25 mm
diameter end window photomultiplier tube with blue-green sensitive bialkali
photocathode and ultra-low dark counts, a positive high voltage power supply, a high
speed amplifier-discriminator, a counter, and a micro-controller. All are encapsulated
within a cylindrical mumetal case (as shown in figure 2), providing a high level of
immunity from the effects of external magnetic fields.

Figure 2: Photodetector module P25232

The CT cell set up (shown in figure 3) consist of a pump, water flow meter (rotameter),
oxygen sensor, membrane contactor, gas flow meter and vacuum pump. A direct DI
water line is connected to the rotameter with a value to control the water flow rate. If a
desired chemical system (liquid) is to be flown through the cell, it may be taken in a
container and pumped through the cell using the peristaltic pump.
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Figure 3: A Schematic of SL signal measurement and spectra acquisition setup

The liquid is first passed through the membrane contactor to dissolve a gas of interest in
the liquid. The membrane contactor contains thousands of Celgard® micro porous
polypropylene hollow fibers knitted into an array that is wound around a distribution tube
(shown in figure 4). The hollow fibers are arranged in a uniform open packing, allowing
greater flow capacity and utilization of the total membrane surface area. The liquid flows
through the shell side and the gas through the lumenside. An oxygen sensor is
connected at the outlet (shell side) of the membrane contactor to measure the amount
of dissolved oxygen.

Strip Gas

Distribution Hollow Fiber Collection
Tube “ Tube

Cartridge Membrane

Liquid
Stream

Figure 4: Liqui-Cel® membrane contactor



Operation steps:

Caution : DO NOT run CT cell without flowing liquid through it, which can

cause severe damage to the transducer!!!
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1. Check all the connections first according to fig. 5 (the ProSys CT-Cell_control
system diagram).

2] conrn. v wseace peR PR P
] cross-over o et ron oisce comezmon,
oty

NOTES: LMLESS OTHERWISE SPECIED

WINDGHS. PG
WITH MS EXCEL
RUN CT-CELL EXCEL ALE

080 exson ey etz
scon [T OmOTEmMEmeT TR e

|
—a

ETHERNET EdB ATTEMUATOR

s
Bl —
ESE &
AEB O
7 |
= {
A \
0 N
- o
5§41 e
== x3§ &
fisls| . . —ug
33 [T} 5 Ez2
2

3 RF POWER BT UM FREQ, PER SPECFKATON, WAKNLAM PONER 30 WATTS,

INTECRATION GUDE® SPECIZATON,

TWCR CABLL 108 EONNESTION 10, MTRASNET

Figure 5. ProSys _CT-Cell_control system diagram

2. Log into the laptop as user name: CAVCELL; Password: ProSys. Open the excel
file:CT-Cell_Template -07-2011.xIsm which is saved on the desktop. The excel

nterface wil/l

as default. The left side shows the general settings including:

PMT SN

Sample Period (secs.)

Array size (cm. sq.)

Resonator/Coating Material

Array SN

(M/u)Pulse IP Address

Pwr Low Limit (Watts/cm2)

Pwr Upper Limit (Watts/cm2)

Duty cycle (%)

Pulse period (ms.)

show up as below (fig.
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While the right side shows the cavitation power profile which plots the
photons/sec vs. Watts/cm?.

General Settings Cavitation Power Profile

Photors / second

;;;;;;

o
I~ Profile 1
I Profile 2 001 o010

4 v M| Summary - Monitor - Profilel - Profile2 Profile3 -~ Profile4 .~ Profiles .~ Profie6 - Profile? Profile8 - Profiled [HI[

Wates /| emit

Figure 6: Summary worksheet for total cavitation power profile

Figure 6 also shows that we have on
worksheets. The difference betwe en A Moni t or 0 mode #at
in AMonitoro mode, the power density
the duty cycl e, pl ot is showing phot
duty cycle can be changed, photons/sec is plotted vs. power density range from
0.1 Watts/cm? to 4 Watts/cm? for 90 sec.

Flow the liquid of interest first through the cell, the liquid flow rate is adjusted to be 130
ml/min. The liquid flows through the membrane contactor followed by the dissolved
oxygen sensor connected to it. The liquid flow rate is normally less than 2 L/min through
the membrane contactor according to the sweeping efficiency. Apply sweeping gas of
interest to the membrane contactor t hrob
the gas is set to be < 0.7 kg/cm? (10 psig, 0.69 bar). Make sure that the DO sensor is
mounted vertically within the 45 degree angle, which is required for accurate
measurements. Then put the DO sensor
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3. power on. The DO sensor will show the dissolved oxygen level and the liquid
temperature accordingly. When the readings from DO sensor become stable, put
the CT cell and micro pulse power on. When there is liquid flowing out of the cell
from the top, start gently shaking the cell to release bubbles trapped in the cell.

4. Set up the Duty cycle (%) and Pulse period (ms.) in Profiles# worksheet. Duty
cycle (%) can be set up as 10, 50, 100, etc. If the duty cycle is not 100%
(continuous mode), then Pulse period (ms.) is usually set to 5. Set
ATTENUATOR 60B) Theniclick the AStart
data. Figure 7 shows an example result when Duty cycle (%) was set to 100,
Pulse period (ms.) was set to 5 and Attenuator (dB) was set to -6; the liquid
flowing through the cell was Argon (Ar) saturated DI water with dissolved oxygen
level 0.09 ppm at 24 degree C. In the plot, the blue curve is showing the dark
count (background count) from the PMT when there is no power applied to the
transducer. Dark count is the unwanted signal produced by the photomultiplier
tube in the absence of light stimulation. Dark counts are a function of
photocathode type and temperature. The photocathode type of the PMT in our
set up is bialkali, dark counts of less than 2000/s is acceptable in our
experiments. The power density ramps up at 0.016 watt cm™?sfrom 0.1 watt/cm?
to 1.0 watt/cm? While from 1.0 watt/cm? to 4.0 watt/cm?, the power density

ramps up at 0.083 watt cm™?s™,
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Figure 7: Cavitation Power Profile in Profiles mode

under 100% duty cycle and 5 ms pulse period.

3. While in Monitor worksheet the Duty cycle (%), Pulse period (ms.), Attenuator
(dB) as well as power density need to be set up before running the experiments.
ck the APMT Ono bagarttecording, usdmally
the data can only show background counting at this moment because there is no

First cl i

power applied. After about 10 seconds o f recording, cl i
start transducer to vibrate, the signal will then increase in most of the cases if
there is photons releasing in the cell under that power density. When finish
recording, stop power first then stop PMT.

Summary worksheet only shows the summary of all the Profiles data (as shown

in figure 8).
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General Settings Cavitation Power Profile
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Figure 8: Summary worksheet of Profiles data

Cell Cleaning :

Cleaning is required after CT cell is being used several times, especially when
chemicals are added into the liquid that flow through it. Diluted HCI (1:100) is good to
remove metal ions left on the cell wall by flushing it at 300 ml/min through the cell for ~
20 min. Then flushing DI water for 20 ~ 30 min after it and drain the cell completely.

General Considerations and Precautions

The sweeping gas should be oil free prior to the membrane contactor; the gas and
water temperature should not exceed 30 degree C in the sweep gas mode. Remove
free chlorine, ozone and any other oxidizing elements prior to the membrane contactor
to avoid the effect of membrane oxidation.

The liquid flowing through the CT cell should be maintained at a flow rate of >10 ml/min
to avoid acoustic heating effect. The liquid temperature is recommended to not exceed
70 degree C through the cell.
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Memo:

The typical SL signal in air saturated DI water can be reached up to 10° counts/sec at
power density of 4 W/cm? in both continuous (100% duty cycle) and pulse (10% duty
cycle) modes under the fprofiledsheet in the excel. When first start running the CT cell,
make several dummy measurements in air saturated DI water until the signal goes up to
10° to be sure the cell is running properly.

Important note when running the cell under the fimonitor 0 sheet:

The fmonitord sheet was built to run the cell at constant power density, however the
excel sheet seems not functioning when changing the power density from the excel
sheet. So please refer to the following procedure to run the cell at constant power
density.

1. Open the GUIO software on the desktop from the laptop, the following pic will
show up and click ftonnectobutton.

B Connect to Mic@¥iulse

ProSys.

" Connedt inihe MicoFulse uni 9= |
OR

% Sedact st 1o connact i from the awailable list balow

P [mac
[EFALERLTRS WUHIUAUIHEE- S 8-/

Establish
Connectipn

N\

Cannact O Fairash List =1

Figure 9: GUI software connection interface

2. Then the MicroPulse will be connected to the laptop, click the fRecipesobutton to
enter the recipe interface:
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IR ProSys MicroPulse (B36) - Recipes

=

Recipe Source: MicraPulse Load from Pulse

| Recipe | MName ‘ Powier ‘ Time ‘ Pulse ‘ Duty Cycle ‘
! 40 20 100 Sawve to Pulse
3 B4 120 20 100
Wawve 4 95 120 20 100
Process 1 0
Process 2 0 New
Process 3 0
Process 4 0
Load from File
Selected Recipe: Wawe 2 Recipe Name;
Save to File
Pawer 32 WWatts
Save As File
‘Wiane Time: 60 seconds

Pulse: 20 milliseconds
Duty Cycle 100 %

Operate| [Recipes  Setup Help
k=

Figure 10: the Recipes interface

2

1. Create recipes and processes at this interface including megasonic power, time,
pulse period and duty cycle. Then click the fiSave to Pulsedbutton to finish. Since
the CT cell system is designed with an attenuator connected in the circuit,
which is attenuating the forward power by 0.25. The input power from GUI
software should be multiplied by 4 to correspond the correct value as
desired for the transducer.

2. Go to the Operate interface and select the wave or process as desired.

B ProSys MicroPulse (836) - Equipment Operations. E\
Mode: |'Wave - Current Fedipe: [wayve? j -
Time Remaining: Forward Power. 0 Watls HDS’/S‘
Reflected Power: 0 Watts

Total Time: | 07.00 .
0% RTD1 Temp: | 21 °C

Step | Wave |  Total Secs Fiemaining Wave 2

Pulse: 20 ms
Duty Cycle: 100 2%
Power. 32 watts

i

Exit
Operate Recipes| Setup Help
=

Figure 11: the Operate interface
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1. Then open the EM6 software on the desktop, select the PMT type to be
P25232 and turn on the fhigh voltagea The PMT reading will be recorded
when click the fstartobutton.



