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Abstract

Fluctuating pressure (p’) of a large-scale vortical structure generated in a semiconductor single wafer spin cleaner was
detected by using microphone array. Twelve microphones were installed on the exhaust cover under the rotating disk of the
cleaner with their interval of 7.5° or 15°. Power spectrum densities (PSD) of p’ were compared with those of fluctuating
velocity measured by PIV for various rotation angular velocities to identify fluctuations due to convection of the large-scale
vortical structure. Good agreement of PSDs indicates that the large-scale structure could be detected by using microphone.
Cross-correlation of p’ measured at different positions revealed that the large-scale structure convected to the downstream in
the rotational direction of the disk. The convection speed was about 12 % of the angular velocity of the rotating disk. Number
of the vortex in the large-scale structure was also evaluated from the time-series p’ data. Time-space contour map was made
for p’ based on the data measured at the different angular position, and showed periodical swept strip patterns. Presences of
the strip patterns indicate the pressure disturbances were stably convected to the downstream. From this time-space map,
two-dimensional Fourier transform efficiently extracted the number of vortices in the large-scale structure.
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AR, SRR OBAMEIZ S, ARG T 205 R0, Ny FA Mo BEE ITEE S oo
H5 (ARHEL, 2008). BEEXPEETIE, 1| KBS Y 2— " ZBHKTY > AL, 1000~2000 rpm F2E O [Elfizk T
o — /N I [EE SR D RIS R A S DI LRSS, DR Z OZERIED 2 & & TR & RS,
ZOF A TITFIREIFIC Y = — " Z EE AR S 5 720, PRSI oG8R GR) SRAEL D 5. [FliEH
W EoFiAUTE < B S, PR EOfE s S 3 ELE S E R T 2 R CIRFEIRICHER A3 FE 295 2 & 2vAn
HILTW 5 (Schlichting, 1979) . F72U = — NIEASNZAHENICRE SN TWD. 20X REHIN
ReErP TN Z Bz S V-5, 7 — 3 v TNITETEIROEI T ATER S5 2 E 3570 Tu 5 (Schouveiler et
al., 1999; Gauthier et al., 1999) . £7o 7 = — "ZEEZSE 5RO TIIE, TEREZE—ICHERT 572007 ~—
HER A=) DBRESINTWD. 2D X7 2 DOEHEM (—HAEEE L TRWEE S i) THEEN
IRHPZ KR MR E N A U5 Z E STV D (Moisy etal., 2004) . PEFHEDTAIRCIEIRSAMFIC L - C
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Uz —NNIHEAEL D D,

LU D, AHESENOIBBEEOFERNIIEE A E 00> TE BT, SRR A —7 TlX, WFRDOIRe
HIRSIREIE ORBRICE VRO STV ONREBURTH 5. FAlin D EREEEI W BN D T = — T,
(& /X—T 4 7 V% 20 nm TECHE, 50 nm TEELINICEB E 2 2081 H 5H. DD, HICHREHE OB
HHE 10 L S5 721 CTlidie, SEBESRICE O TUEENORTREZ TR L, S—T 4 7 VOHEMNE %
ETRWE I Y REIRE2IT) ZENEEERD.

Bx D7 NV—T7TIIZDOLRERE DT, BERIPOWHEEND 2 WILIEEH PIV (Particle Image
Velocimetry) <3 Xt LES (Large Eddy Simulation) f#HTIZHRY #LA T2 (E/KAM, 2014; {rIPNfth, 2015) . £ D
FER, RS L o TR VISR T & 9 e KHUZ2BEERAS, PavdbE N o D b R adMa ~m oo TL
B E— 2R L, FAROEEHF AP - < Y EERELTWD Z 030 0o72 QiR 2015) . Z OKRBIE
ML, BRI & PER D AS—R DWW LI LY, EEOPEEAF M~ END & ZIL, TRRE S200
T, RFEOWETRZEE, Wik OB ORSEIZ W EREHAR O O I X 0 3EE L5 m, 2o T
WK VPRI N—~BIRT D L OICRZ D, 7RIBVEEHENICTER S D KEIBGRREE OFERICE L CIE, W
fil. (2015) #ZHW I i,

Z ORBUEHEEIZE S B B Y OF B2 O Z, Bix ZaEiRS IRV THER U, ol 7@ iR
R ZENTE D, F2E BNV 251 &k 2 3 RHBIE S 2 06 © & 2R 2 BR TE T, TS
ITROKIELRRHEMOHRFCTE 2. Lo L6 8R, PIV R LES ZEMORBICET T 5 2 &%, K=
A MOENSHEETH S, PRpEEITT — P EICHRE TE 5 AN—R, @R ESCURSE OTRN L D F
Hhh e 70 s, ZOTDHARICE DY THE, SR BROEBESI AR T 2MENHDH. PIV TIEZEDOEEIC
AHULET VAR T 2 BENH D 7w, FHESHOBIRICITE S 2. 2Bl OB E Sy &2 Ofho 71
DR Sy OEEZE RN U7 5HAEE ORI GrIfth, 2015) 225, HREREEE B 7=5H 3@ L <, S
FER~OEA LR TH 5. )7 LES T i, T OMMICIZFERT — & & O+ 72l - BREEE1T 5 LR H
Z. BUR, BEEHICHE O T — 2 I3RED 2 RO FENOEET —# O T4 EIEE 2720, FRCRKHESH
D 3 WITHEECB IR LB U CIERGEE 7 — Z 23720 (A, 2015) .

Z ZTAMIZETIE, PIVEH L W EASABNES e~ A 707 3 210, KEBHEE OB EZ OfH
ORI E ATz, MOFE TR O LV IENPME T T 5. 207 bIEENZ KBER @ET 5 &,
B L FRRICENCOEBNE LD L EZDND. FZTETP, ~A 7073 Ak VRIS -ENEBH O
IRT— 2T ML, BEFOPIV T —Z OF Ll L, KEBAEGENOMRMOEIEIZFE > B#nAE L 0D 2
L ERIET S, FLUCHERFBICEHENE LI~ A 7 1 7 4 OEEONAACHAMBIRE O, mofEke
g 2R L7z o THiEd 5.

Fig. 1 Snapshot of large-scale vortex structures observed in a modeled single
spin cleaner. The vortical regions are identified with the second
invariant of velocity gradient tensor over 200 for LES. The disk
rotates in a clockwise direction in this figure (Kouchi, et al., 2015).
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2. RBAHE

2.1 MEARSFEEETTIL

X 2 (ZARARIE CHW P E T T VO 2773, (X 2a (3EE 2RO RFX, X 2b (XRETOMEE, X
20T FEIRTH D, MIEERITALFRSE 2 L2 EA D=520mm, &S 470 mm OAFENSR->TERY, FOH.L
IR Ry=165 mm OARMBEINT NS, ZOFFATIEV ) a v Uz — e FNERET2F vy v 75—
ME 1 2Obo L LTHFL, EE 10 mm O 7 /L IR EZH O TWD. PR FEICIIPER I S —0363% 1T B
, FORENZ 3 SRR — F R d 5.

FIRRIC IR & 1T B D ZERIRITEERS I L 0 BN AR T 5. REWED D= DN BRNMITA ) 7 0 A&
FHEEY, MEEO FFICRRE SN K EBEY, £S 1830 mm OBEXBIZHAT S, BERKBA 031
I8 26 mm DG AN= D LT TH Y, BERKB TRAOINNME SN D, JEBICHA L= FEfZE
EEBRIZS O, R 3= B EOT X/ EZE > THNN—NIZAD, A — PO EEE~E RS, K
e CIEMER LR O Lz B E LZMEEESR (60,2 Z2H0W5. BfEEe T LV oOEMICE L Ciis®s
STk QRPN 2015) BB STz,

FERIT TR O 2 1.0+ 0.1 m*/min TRHEE L, FAMEEEE # 2 0~2000 rppm TELSETITo 72, ZHITHIE
EOWTE HIRE U= 0.078 m/s, FIHA HEE Q=0 ~ 209 rad/s [CFI24 45 . ARFZETIEEIZ 0= 1.0 m*/min, n = 1000
pm OFEREZTT. ZORMFIFENTRHERDEEL A 2V ZE Ry (= QRE/v) =1.9X10°, TRV A /L 2%
Rp (=UD/V)=27X10° TS 9%, RRBvIZZEKOBEE RS TH 5.
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Fig. 2 Model of a single wafer spin cleaner used in this study. Fig. 2a shows the schematic diagram of the experimental
apparatus. Arrows in this figure indicate flow direction. Fig. 2b shows the details near the rotating disk. Fig. 2¢ shows
the top view of the model and the details on the installation of microphones.
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Fig. 3 Electret condenser microphone used in this study and its typical frequency response. This microphone had flat response
from 0.5 Hz to 1 kHz. Its sensitivity was 6.8 mV/Pa (-43.3 dBV/Pa).

2-2 WNEHNZEEIOERA

EEE I OFHNCIIK 3 IR dT =Ly Ly harysF oY —<A27a 74 (Primo il EM246) ZHW=. =
D~A 787 F > OREET 100 Hz (2T 6.8 mV/Pa (-433+0.8dBV/Pa) T, X 3b(Z"79 X HIZ0.5Hz1kHz
TR B BOSE R A R D, ARE R OFHNCE LT\ 5.

~A 7T F DRBENE, LLEAT 72 PIV & LES OftJ: (I, 2015) & PlEERZ & & IZE Lz, PIV
& LES OFERIC I B &, KBS X BRI D AMEEEIZ [\ 5 EEE OBSEmIc L 0 AL S, FREIC X
DR A R—IZ 50> T, ’®@ﬁﬁ%ﬁﬁb%¢wi5:747n7¢yiw%WA%i:&%Lt
FRENEIIX 2b 1R S5 KO ICHAR EHER I S—8m0H & 5 EFf r=190mm & L, FJEF IS 12 %

7. BrYoR %ﬁraiSNﬁgﬁiﬁﬁW5°SSW%SHET@I?&&OTV%(.2Q%@.itLK
DOFERE, JENEIMNT n<500pm TiX£1PaLh T L5 Z EN TSN, D7 OIS INeE )%
FIOFHAUN A[RE e~ A 7 a7+ V-,

~A 70T G AFBEIEF R RN E BB ZFHITTE 50, EEOMNRMEBI L HIE LT
TLE 9. WEEOYS, MEROERASER Lo EARNAEL, ZNNRMOEHE KR TE N2 & AES
STz, &2 CHEEORE) L RoOmIBICE S JENEE L B2 XKBT D720, RBFETIE~A 7 174 v EEBNcHE
R[A NN IEFEFH 2 5% Lz (K 2¢ 280) . $ o BHEEAREILIIMC b, TRERENICHE LIzElnay T
Btz i U CEBE DFHINCR B LZ RITT 2 ENB 206D, L LR LAREROGE, BRENICHEAE Lz
ELAVITEE R N = 0 A L BERIC K 0 o iy, FHIICREEB L2 & %, MROEELRe L« FRERO A0
FHE B A RS T D EERe L - TRIER LOBRNOHERL TS, RB~vA 707+ OHINE, &
v M7 EREE 05 Hz DA IRAT 4 L H—E 400 Hz D — 3R T 4 )VE Tz BT, o7V v 7@k s
mufs\mﬁﬁbt

X 412 Q=104.7rad/s (n=10001pm) (2T HJES1ZE) p ORFREREZ "3, K4 DO EDYZ 7583, Hgn
S4, TAS5IZBIFHERET, S3NEERSFMICKIT D ERlchz5. KLY, EHEEBHOREIL n= 1000 rpm
TH £3Pall T EIEFHITNENZ LB D. FEKFOBFR TR LIEE 91, W D00 E—7 [ XBIRIC T
IZBH LT\ 5.

DXL THELNEERYIT — 2 N5 U —2~27 k)L (PSD) % FFTICLXVFHE L7=. PSD ##H 42
B1%, AT MV A REAKRT 572, FHIILTZ24300s DT — X %25 —H D 50% %A —"T7 v T SERNL
10s MRICHEIL, 7 —2ICxf L CPSD B LINFESEY Lz, K5 IC2ofRErd. Loy I 713~ A 7
073 OEED, FTOZT 73NEEFOE SO PSD TH 5. MEEFFO PSD # /1.5 &, f=17,47,100 Hz |2
B e AR 7 RR NS, ZHUTEEORMICER T2 L0 TH D, ZOREEOANRL Jid~A /a7 1
DPSDIZH A/, 7 L LTHALTWAD. o T, ZDAIEI A A 7 | 3EE OEENCER T 5 60T, JEHEH)
WIZERETHEDOTIHRWEHBITE S, ZOANRL T ZRWVTHRISGS, ~A4 278742 ® PSD X 10 Hz 7 H 1
ML, 20 Hz PIEREC/IZIAD LTV D, 20 f=10~60 Hz (BT DEELH 2 ALY MV DAR T, HE
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Fig. 4 Typical time history of fluctuating pressure (p’) at S3
(upper), S4 (middle) and S5 (lower) at Q= 104.7 .
Downstream p’ had a certain time lag for upstream
one. Note that the range of p " is + 3 Pa.
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Fig. 5 Power spectral density of both p’ (upper) a_flld the Fig. 6 Auto-correlation of p’ at S4 (dashed lines) and
signal of accelerometer (lower) at £2=104.7 s”. Line cross-correlation of p’ between at S4 and S5 (solid

spectra are observed in PSD of the accelerometer line). The peak in the cross-correlation is observed at
signal owing to the vibration of the model. These lag of ~0.01 s.

peaks are also observed in PSD of p’.

LR DA MAOE—I NEBLZ 18Hz 20 E LT3~4HFEL TV D, Z OO v — 7 13k
A EHITmoBERICERTHHLDOTHA.

BONTRERIIT — X IZIFM 4 IR T X912, B LEOEWVIZE S (BN A RS . £ 2 TZ O
BENEHAEMBEIC LY EEE L. 6 IZEDFERERT. 621X S4 D Y EIEL LB OB ()
L S5 L OMAFB () AL Ths. ZRIMHEREER T HB8%, PSD Ffk, 7—4 2% LISk L
7. MBI A RO DBEOT — 2 RlE, A7 MOBFELYV EL 60s & Lz, 72X 5 TR LN EE OIS
VR T AR I3 R CREFEN N 2 W2, 7 4 V2RI & 0 - ECHEMER AR LT
W5, K&V S5 OMEDESEENT, S4 LVEBLZ001sHEATNDZ ENGh5.

3. WMREEE

3-1 KE#EROKY

AWFROBBID—21F, ~A 7751280, FREENORBFIMEEZ RN TE 0 E I NTHD. Zh
ERGET D70, KB ICER L2 EBEhEE TE TV 5D PIV OFEER (TN, 2015) t~A 277520
FERAZ R L (K7). KOREENTERRE £ fitihX PSD T, Q=10.5~104.7rad/s DI EZ R L THDH. 2BHE
BiI~A7a 74y, BHEIZPIVOFRERTH LS. PIV TEA A TO AT Y OFIRNSFHAFER A~ A 707 4
OFHNE E RSB 2T, 2D PIV OIS MFEIZ 1 Hz &, v A7 17 4 AT 10 fFRE V.
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Fig. 7 Power spectral density function of p~ (black lines), compared with
those of u,” measured by PIV (red lines), for various £2 cases.
Multi-spectral peaks are observed in each 2 case. The frequencies
where the multi-peaks are observed increased with increasing 2.
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Fig. 8 The frequency of p’ caused by large-scale vortical structures
(spectral peak frequency) are summarized for rotating
frequency of the disk. The spectral peak frequency linearly
correlated to the rotating frequency of the disk.
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PIV DfERAZRD L, Hlz1E Q=419 rad/s TIX6 Hz ICE— 7 RNR.OND. 2O — 7 [ ZHB O SN
T2, L0EWEREICY T 15 BilziE Q=104.7rad/s TiX 16 Hz). Z D Q OB LA L i R %k
DEINT 28— 03, KEWHEE 2 TERT Dimomimc 2R T 2 EAB ChH 5 (1l 2015).

ZDOPIVE~A 7075 OFEREIET S E, Q=105rad/s ZERWDTARY MLVOFRIZEI 72— %R L
TWD. 1o T, v A 77+ KV FHIIS N EAETIC bimoOmEICER T 28 “BHE” ICHENT
WD ZENGID. PIV E~A 27074+ @ PSD ORHEAI/RE X, PIV CTIEHRE—7 BB LZE 1 DL A
ZIRVDIZX LT, v A 7 17 4+ v OFERTITMCER T 2 LB O FREEIRICERE O — 7 BRI R TH D.
Z AT EEEO FRRE DEWVICERT 5 H DT, PIVICBWT bl R L7 Z 8 E BN %5 Q=104.7 rad/s
T, BHHEOBERST-E—IBELND. ZOXIITERO Y —7 BWEET 2B81E, IMOMEE RN 2L
LTWSZEITKD HDOT, LLEAT-72 LES #HHICH A bz,

X 7b-7d IZR 5D £ DIZ 2>419radls TlE, v~ 7073 OfERE PIVOFRERENR—FK L TWD. ZHUTH
LT, 2=105rad/s TIXPSD DIBIRBKE L Hp > TS, ~A 7 v 7 4 CIERHEN 2 B — 27 28 f~33 Hz 128
NTN5. ZOFEBEROERL, EOMOMELSM (2=419, 62.8 rad/s) TH, AT hANTOAT—T
WETHLNTOWDINALND. 2D f~33 Hz IR 6D AT Ml TRRELZ 2SI D,
TR LEZEB THDHZ N> TS, LLARRE, ZO FERICE2EHZHBRNTAHATH, Q
=10.5 rad/s D~A T 7 4> DT —X TIL, PIV & 7 0 RERIICFER 2 ©— 27 BE LIV, ZAUIKHIE
EENPER I N—IZ BN TR I ERFRRTIE 200 E B X TNED, BED L Z ARFZREER IS > T
AN

[ 7b-7d (25 50 D KBS O @S 2R R 3 2 2 8h B A 2 (X 8 (R U 7-. ORI IR HIESR ISR T2
EENE WL S, C, HEENEMIROEMSERE (=227 Thd. [F—0 I LTEEO Y vy il dh 501,
KEBICER T 5 L8O v — 7 WEEEGET 5720 Th o (X7 58). BT OKRE Ry R, A8
SREN RO ZER L TWD. MEVBHLNRE S, KEBSEO®EIEICER 3 5 L8E KT, [FiEmH
MO BRI HAZ ] L THEM L T 3.

Jo=Ja (= £2m) (1)

PLEDFERNS, A 707+ A2 K DWUNEAEHOZHINC X0, HiEzUped i@ IS TE R S D KB
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Fig. 9 Time lag evaluated by cross-correlation between p’ Fig. 10 Phase velocity of p’ induced by the convection of
measured at S4 and those at S1-S6. The time lag the large-scale structure. This phase velocity of p’
was proportional to the angle position of the corresponds to the convection velocity of the
microphone. Phase velocity of p’ could be vortices in the large-scale structure. The
evaluated from the slope of this line. convection velocity is proportional to the angular

velocity of the disk, but its magnitude was about
0.12-fold to that of the angular velocity of the disk.
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3:2 KEEBEROBREE

X7 CTRIZEIC, ~A7a 742 K0 FHIES T2 p i3 KBS S O RO R O A CIEE L T 5.
BN, ZTOpiE, K4RX6 TRIEZEIIC, HDEXA LT T EFEST, AROEHESFEICERL TS, K
FBRCTIIHBEFMIZ R2EO~A 70 74 U BREREINTEY, BV VHOEEFOX A 27 7FE2MAEMBEIC LY R
BHLHILENTES. (- TC, BV ORBAZZOT 7 TELZ LIZLY, KEEMEEOBITAEENRIT
5. K92 Q=1047rads \ZEITD S4 ZIUEL L, SI DD S6 FTEHDT Va2 ROIFEREZ/RT. KO
T OREAT, HElET 7 Ths. REXVHL X DL, T 73EESE Y TRE ML TS,
ZOXEILTHELNEKOEE 2Rk D Z LT, JENEBOMJE G m~OMFEEE, S>F O KEEEEOBT
B U Z2kD7z. K10 128G b KBGO BIHE 2 £ &7z, KoM Q fthhit U, Thsd. MEY
BN D1, U Q OBIMTHAI L THEIML TWD., Lo LAans, TofT Q@ kv@nahasl, Bk
Z QD D2%FRE L 7o TWD Z LRSI T-.

3:3 REEBEZHEETIROEHK

INETIEEIL, EAEBOECZOHEFA~OLHRE &V S RSB A RICER L&, 22T
EE B2 BT 5 ARG EINCEE S~ A 7 0 7+ L OESICER L, KEBREZTER T 2o oR
HERAD, K112 Q=1047rad/s IZBTDHK~A 7 07 4 L THROLNWERSRS p4, FEha R ¢ itz S1
25 DA TR 5 (= 2nR0/360) T 2 X —~ » A L7222 (-t BRIX) ~ v 7R, 728 RATE YA
BEINTZHOERTHD. RODT—IIEBEOREZERLTEY, FROSEDOEELE, #HH3MEiEk s
RLTCWAD. B R, 7 —2 D OIER LIZRFZEM~ v 77, FRITKEEHES OB 9 5 28 85K
BIRD I %@l D3 RASAT 4 )V H, Bilz1E, Q=104.7 rad/s TIE 10 - 30 Hz #fk 2 @@+ 57 4 42 (X
7d BMR) & EHEEOERYNT — 2 1ThT TH O L2~ v 7 Th 5. ZORTIIESO 7 1 L2 —
BRI L0 ENEBORENE T/ NS Rolzlzth, a2 —1L P43 Painb2Pa lCEH L TWAH Z LTk
BN B OREMNSI NG SSETESSNLSI2ETTRRLITINE G, ZUTRHIFFEDIAL Y S5-S12
ETOTFT =X ERREOPN S1-S5 £ TOT —Z IZAbE THRIENIFT 5 Z & THIIE L.

K11 Eoarvy—<y T2l L, ZTo00ENR, FLEROAREDIBEIENRZD. 27 4 v ¥
PR Z i L7 TRITTIE2 D IR T, EAWEER TIRICBIEL TWD I EZERL TS, LnLRRL, Z0
BRI TR OEE NEE L TWD Z 0D, M E Ty, EHENEHOBERIISINCL > T
DG A LT Y, KEERE AT 2N G HRC0EE LTS Z Enand.

KIS 2 TR T DI, EHEBOREREOAREZ, FRICHE > THEXUEL V. L LR,
X 11 TR X DI OEEIXFE A, ZCRANCEB L CTWED T, FEETEORE 2D Z LITBREN TR,
AP TIL, ISR T s BN ot 7 — Y =85 L C, oz B Le, M 11 o X5 Zefiko
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Fig. 11 Time-space trajectory of p’. The upper figure was constructed from raw
p’, and the lower figure was from band-pass filtered p’. These figures
clearly show the periodical strip patter running from lower left corner to
upper right corer (dashed lines). This periodical pattern indicates the
pressure disturbance stably propagated to the downstream.
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Fig. 12 Frequency-wave number spectrum of p’. High power regions
appear at N = 8-10 and f = 14-18 Hz in the second and forth
quadrant. These peaks correspond to the strip patterns running from
lower left corner to upper right corner in Fig. 11.
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Fig. 13 Number of vortices in the large-scale structure for
various £2. The number of vortices increased with
increasing the rotating frequency of the disk.
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