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Abstract

Recently, there has been increased usage of electronic equipment with integrated circuits
(ICs), which are used in high-speed and high-end semiconductor devices. Meanwhile, CPU
clock frequencies have reached the order of several GHz, while signa voltages have
decreased to 1 V. As the performance and functionality of electronic equipment have
significantly improved, there have been severa problems regarding malfunctions of electronic
equipment due to electromagnetic noise.

With respect to electromagnetic noise, natural sources mainly include lightning, which is a
natural phenomenon, and man-made sources include high-frequency welding, high-frequency
sewing machines, electric discharge machines, lighting equipment such as fluorescent lights,
electro-mechanical devices and digital-switching devices. When high-frequency energy is
either emitted or propagated from equipment through its power cables, eectromagnetic
environment deteriorates.

During the development of ICs, electrostatic discharges (ESDs), which are among the main
sources of electromagnetic noise, have rise times and frequency ranges of the order of
sub-nanoseconds and above 6 GHz, respectively. Thus, discharge currents and
electromagnetic waves due to ESD may interfere with clock pulses of electronic equipment
and induce unexpected malfunctions. In particular, such failures are well-known to be
frequently caused by ESDs due to the collision of charged objects, while the mechanism
remains unknown.

In this study, we performed experiments to clarify the characteristic mechanism of the ESD
phenomenon when a charged electrode collides with a grounded electrode. We fabricated an
experimental apparatus by which a charged / grounded electrode makes a linear uniform
motion. Spark lengths, discharge currents, and induced voltages were measured with the
experimental apparatus. To determine the main cause for ESD due to the collisions of
discharge electrodes, which generate an electric field between electrodes, we performed
experiments with ESD when an increasing voltage was applied to fixed electrodes.

We used an AC servo-motor to make the collision speed constant, and performed the ESD
experiment. The results show that as the collision speed increases, the average spark lengths
decrease, the average values of the discharge current peak increase, the average rise times of
the discharge current decrease, the average peak values of the induced voltage increase, and
the average rise times of the induced voltage decrease. The collision speeds are also correlated
with the spark lengths. With respect to the discharge current, the discharge peaks can be
explained in a qualitative manner from an equation that was derived from the spark resistance



formula proposed by Rompe and Weizel. The time delay of the breakdown becomes shorter
as the collision speed increases.

We investigated the ESD as the size of the electrode was varied. The results show that as
the size of discharge electrodes becomes smaller for the same collision speed, the average
spark lengths decrease, the average values of the peak discharge current increase, the average
rise times of the discharge current decrease, and the average values of the peak induced
voltage increase. To verify the reliability of the measured discharge currents through a
commercially available current detection target which has a frequency flat response up to 4
GHz, we calculated the discharge currents based on the induced voltages in a magnetic loop
probe with a diameter of 10 mm. We confirmed that the calculated results agree with the
measured discharge currents for a spark length that is greater than approximately 0.5 mm, but
they rise faster than the measured discharge currents when the spark length is approximately
0.2 mm, which may be due to the frequency limitation of the target.

In the next experiment, a grounded spherical electrode was made to collide with a fixed
charged spherica electrode. The results show that as the collision speed increases, the average
spark lengths decrease, the average peak values of the induced voltage increase, and the
average rise times decrease. The spectrum intensities that were obtained by applying a
short-time Fourier transform to typical induced voltage waveforms for each collision speed
strengthened as the collision speed increased.

Asthe electric field between charged and grounded objects increases with time during their
collision, the electric field between fixed electrodes, which has a gap length of 0.66 mm or
1.16 mm, was changed by increasing the rise velocity of a charging voltage for the fixed
electrodes. The results show that as the rise velocity of the charging voltage increases, the
discharge voltages and the peak discharge currents increase. Thus, the ESD phenomenon
caused by the collision of the electrodes may be attributed to the rise velocity of the electric
field between the el ectrodes.

To confirm the above speculation, we measured the effect of the rise velocity of the
charging voltage for fixed electrodes that have gap lengths of less than 0.1 mm on discharge
voltages and discharge currents. The results show that as the rise velocity of the charging
voltage increases, the average discharge voltages and the average values of the peak discharge
current increase.

In follow-up studies, it will be valuable to clarify the effect of collision speed on spark
length theoretically, measure the discharge current using a wideband oscilloscope, and
examine the effect of uniformity and condition of a spherical electrode, the dusts between
electrodes, and humidity on ESDs.
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Table 1.1: Example of triboelectric series[10].

Metal Fiber Natural material Synthetic resin
+ + + +
Human hair, fur
Glass
Mica
Wool
Nylon
Rayon
Lead
Silk
Cotton Cotton
Linen
Wood
Flesh
Fibrous glass
Zinc Acetate
Aluminum
Paper
Chrome
Ebonite
Iron
Copper
Nickel
Gold Gum Polystyrene
Vinylon
Platinum Polypropylene
Polyester
Acrylic
Polyethylene
Polyvinylidene chloride  Celluloid
Cellophane
Vinyl chloride

Polytetrafluoroethylene

As triboelectric series are obtained using pure substances, the table is only a guide.
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Table 1.2: Human potential due to the combination of clothes[12] .

Cotton  Wool Acrylic  Polyester Nylon  Vinylon/
Underwear Cotton
Clothing
Cotton 100 % 1.2 0.9 11.7 14.7 15 1.8
Vinylon/Cotton 55/45 0.6 4.5 12.3 12.3 4.8 0.3
Polyester/Rayon 65/35 | 4.2 8.4 19.2 17.1 4.8 1.2
Polyester/Cotton 65/35 | 14.2 15.3 12.3 7.5 14.7 13.8

Unit:kV

oz DREIEDRET HE XN D D, T U A —XOFREMEVEREE I REZ MU
720, BRENMEDRRIR T RN S8E & UTHBSEEPRAET 2D H 2,

15 #EBESNEA I 1=7 1 3ER[13, 14]

e SRR DV TREAR 1 WEERRDLIZODA I 2 =T 1 iRERDS, EFRE S
255 (IEC: International Electro Ttechnical Comissjor® IEC61000-4-2 2 4-2 ¥ : iR
&U{HJE&WFI HESNELS I a7+ RR[A3] 2B VWTHKBILE N, BAEIZBWTH

[ BB 1 HEHIL U 7= H R 26814 (J1S: Japanese Industrial Standards) A&k < 1T
W5, ZOBEIZHEAMEDR L 28 EH 5B RO U CTHESENRET 5
GERBERT2EDOTHD, MBRL ~N)LiL Table 1.30 & S IZHEI N T WD, FiELNE
AR A DEARE KX IX Fig.1.1TH D, FHARMIZIE 150 pFD 2 > 7 >3 & 330Q DHHL &
DHER I TV 5,

Rg o B[N EREH TR ONABRE RO ATE 5 L 512, Fig.1.2[14]D
WEERIEES L OF ORMEIZE W T Table LA[14) I R TRMED MR T E R IT TR 5

720,
4@_( R. —o— Rq }—6 9—0
\ Discharge tip
Charge switch Discharge
switch
DC high

voltage supply p—
Cit+Cq

Discharge return
connection wire
0o

NOTE 1 Cy is a distributed capacitance which exists between the generator and its surroundings.
NOTE 2 C4+ C; has a typical value of 150 pF.
NOTE 3 R, has a typical value of 330 Q.

Fig. 1.1: Simplified diagram of the ESD generator[14].
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Table 1.3: Test levels[14].

Level Contact discharge [kV] Air discharge [kV]

1 2 2
2 4 4
3 6 8
4 8 15
Xa X X

a "x” can be any level, above, below or in between the others.
The level shall be specified in the dedicated equipment specifi-
cation. If higher voltages than those shown are specified, special
test equipment may be needed.

B 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time[ns]

Current [A]

0 10 20 30 40 50 60 70 80 90 100

Time [ns]

Fig. 1.2: Ideal contact discharge current waveform at 4 kV[14].
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Table 1.4: Contact discharge current waveform parameters[14].

Level Indicated  First peak Rise timet® Current 30 Current @30
voltage current of dis- (£25 %) %)at30ns[A] %)at60 ns[A]

[kV] charge {15 [ns]
%)IA]
1 2 7.5 0.8 4 2
2 4 15 0.8 8 4
3 6 22.5 0.8 12 6
4 8 30 0.8 16 8

@ The rise timety, is the time interval between 10 % and 90 % value of 1st peak current.
The reference point for measuring the time for the current at 30 ns and 60 ns is the instant when the
current first reaches 10 % of the 1st peak of the discharge current [14].

FEE RBUE R RS I TR ZE  (EUT:Equipment Under TeptiZ & K 2 FIINS
5L7-bDEME LT, EMKER (Fig.1.3(d) & &HMEM (Fig.1.3(b) £2H5, &
P69 BIRER IR TR E L T H 0 BB ORI M ORE S E@A U, K R I
Eﬁz@zﬂ» BEHTERWEAIZHWS, EUTIZHWS NSEEMRIORAPIBEI N TN
LB, EUTfJ B I N T VWA LRI NTVWEWEGES X, &> L MEEMT
@Eﬁ%ELéJ@ HEMPHCEMZ Y5, WEEH Lo T, MEEEIHRI N
TW2 & ZIFLAFBEDAZITV, HEEZ ER L 220,

RERZE T O AR GEAMERER) ORBREEOH % Fig.1.4[14)12 R 7,

Body of the
&
generator Interchangeable
part (tip) H12+1¢
——————— ——®-

— 1
a1 - & ________ S>> ‘ 81
= 25°~40°
< 5041 ‘

(a) Discharge electrode for air discharges (b) Discharge electrode for contact discharges
(unit mm) (unit mm)

Fig. 1.3: Discharge electrodes of the ESD generator[14].
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Typical position for direct
discharge to EUT

VCP0.5m x 0.5m

Insulating support Typical position for indirect
Typical position for indirect discharge to VCP

Horizontal coupling plane (HCP) 1.6 m x 0.8 m

Protective conductor

y
Ground 470 kQ
reference &
plane (GRP) 0 470 kQ

Non-conducting table

Fig. 1.4: Example of test set-up for table-top equipment, laboratory tests[14].

1.6 XRIFFTOEM

LABICHR A7z 2 BB TREDO 7 1y 7 FPREA ERERE 725 & & © [TEBME I3 U
THRIELPFHET BTN RE > TV D, TOLS REMMEDO DL UTESDIZ&
L BWIEPRA L 7o T Wb, ESDARIZITHEEZINETEZ EVRREARTHBH, B
EEF CIIHBLROREEZ2CHEIT A Z LIXERINTORWY, F7-. FBELEBHES
ZSERIZRET 2720 DX HKICIE, WEVEIERTH 50 HMEARTH D P L > THER
D, BATHTEHIZ X > TRHENATRETH 20, Mgk ch X, EEED 7+ 7 —
ZRETOEEMA, L. REB[CISGEFEBMOFM L ELILICDZ2L 2 HIT, TR
TOYEREZRIINET S Z L ITEBRICIIR#ETDH 5,

U7z o T, EFBEKDMEIXBIR TR 5 WIRIIZH 5728, ESDIC & % &l
IEDOXED —B & U TR TR R 72 IEC61000-4-2F 4-2 % : 3Bk K OVl Hifly #rE &

BAI 2T RR[AB)ICH DO WEA I 2=F 1 ilBRE21T>TH 5 H UM ER
217D T MBI ONT VWS, BFESNET I 2 =7 « adBROFIM Tl3EfliE &
LKHPEIRE S NT WD, HEMED S O I3EARES BRI fTb T WS 23, EEE
D ESDTIFAHT BN MR THZ Z 06, KAHTEDIFED A& D EBRHRABRTH
2 0bTW5, HESHMES I a=7 1 idlBRO T, #lbss st nT
Wd & EITIE, [FEDAZITV., EMIEIXERL LW HEeINnTn5, S lE
2ITO5EI101F TRAEROBEEMEZ, TEL-1HEL EUTIZEER O E5, ] &
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BHEINTVWADAT, BARKEHEIZDOWTIFHEINTWARWI 26, SBOME
HEE o T W53,

LR OHESHE S I 2 =T  ABROBMLD—ERE LT, £/, ESDIZENT 5E T
BEERADREOXR, ESDHAKDMIAZ HE LT K DR b T\ 5 [15]-[24],
ZD LS ESDIFSEEDH T, #ib U HEBEAF —VHOKF LMoLz AF— L #l
DT DEITHOESD T IZERBEINZNN=Y F I TV Ea— XD REMEL 2D -
720, WEUEAF—IRF2EIE U2 AF — IV FIZABIZEE ST ESDEREX
BB, ELIZRBEINEZA—YFIL IV a—RPHEE;MELZEHIREINTVWS
[15].

W ERYMUR N EERANDEZE 2D ESDEIR % fEIHT 572012, IEC THIE X N7 i
AR O EM, fain, B 2EESE, o OBEMEADEEEEZHS T &
NEERE — 7P KEL D Z e EINTVWS [16], FERKICHEESHERBREED A
TS N R B R 2R IC S B S ESDARAE IS L, EEKRDL
L EDRDDRABRE DB EHIINEBEROE —7EPKEL REBERPBEINTWS
[25, 26],

TR X N BRI & [A]E & CEE X N BRI S e O CKIEE 2 AR X
T, MHRIZ X B EOLHE D < 725 L IEBRRDN S LD HENHL 20, KR &K
BEMON D LD EE L IIIMHERBROH 5 Z P MEINTVWS[17], 2L EDK
fEEDOWIEIZIXEMSE 2 W TCHIE L T\W\Wa, Pommerenkéd, HHEVIADEZEHE 2 2
fEEET, kKfERLHEBEERO Y — 7l - BIRORMEMD OmAME L IZMHEDOH 2 Z & %
WELTW5 [21], KAEEDHIEICIX, EET H2HEVRKICIO AT o) =T KTV
YaA—RERAV, EEERPOEENLMNEZRKDE I LNTES, 72720, HEHRED
WEEHIHEIO FIEEIZ DO WTIHBMEIZ AR X T W, Chundrod 158 AMADY IEC D&
TED SN KAPFNEHOEMZ R LT, ZDOEMZ ESD A 4G FH ACE B
M (X=7y M) ITEEEIE T, KERLHMBEBEROE —27ME - iH B0 K & DRIz
FEERERD 5 Z L 2ME L TW5 [27],

FEAZ i KU AR R R D 7o 8 X N 7 U B & R I SUR 1Tl 2 S E 728 S ESD
EREIEDL L, WEEMEZFE—L UZBEERZ BN ICEARICHES S5 50
ESDIZLEIR L T, FAET H2EBMARELR 25 Z L 2HELTWVWS [20], BV = —7
Ly MZ & 2L EMUGE 2 AW IO ERICEWTIE, BESRERREDREIN
7o A A PRI B 2 X eSS ESDR A E 5 &, EAMHEBIC B B EE
MIFIF—DEINL ., BEMEE O L AU LRI 2 HREMEAMER X T\ 5 [20, 23]

HWEYARD KR E INPEEET 5 ESDIZ KIFTHEIZDOWTIL, B EKREM & M4 B
ZRAWVCEBOIRD EBRIZHEZE RIFTHELZREL TS [24], 272U, E&2M
TR JEHE TR LT D ESDDEBRMKAME L TIEHE I T VRV,

MED XSz, EEZM4S ESDIZEWTIE, WA ZEE L TEWT, WELZY
R PRI @R X85 Z 2 AR fTb T Wb, L, EBROHESNHET
LZERBIZBWTIX, 72 ZIEFHE LR8I L TWT, B RS ER I
E28d 2B TESDORENEZ S5NBEHN, TOLIRGEDESDIZDOWTIE, HHH

LeDlE5 % @ JIR s SARFBER S & (C L, DR E AR RS & E 2 A R & AR
WZHRET B WS B AZR VIR LIT S @2\ S,
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X, B U 72 ERENEM A E CAB I N B EMICEE I ET, KAEE, KE
HEREZNEL, KIEELHEBROE — 27 - b A0 IR & ORICHERHD B Z &
. FRHEED 4.9 YA T CTEMOEZERE D 4 mmIsSA FDGEIZOVWTHELTWS
[37].

EANES I a7 lBRICBVTIE, [HPREICSWTEMZ TE57Z1F#HED
I3 LERINTVWEDAT, HEIZDOWTHMEZIRDS R INT WAL, AIFETIE,
A I a=T 4 ABROKFNEDOHMAICTFS T 2R T — X 2t 2 L 2 H L
LTWa, BARIIZIE, Bk U 7SR T O KIEE» S@EZE2 LS S8 KRG L
LRI EFIELU-EME TOXKIEED (LAT, KIEEDMHR L WD) 2 &I S
MZT BT, WMEER, FEBLEZIE L, FEHEEMIZ X 5 HEXMNEHROM
BZHRKWE LTWD, ZZTIHEREMZ AW, MRHEZ K OFESED D 2 B ERZ AW,
BRIZHE SN TV HF T E W TIFEERE DR EIZ DOWT, HE DR E LMD HIHEIZE
BENTWERNWZ A5 [21] ACYH—RE—XEHWS Z LIZ& > CEME —THET
HRXET, KEE, WEER., MR T — T NOFEEFEZMET S, THhIZX-T,
B 22T D S % BIREAL U 72 5 2 Tk 100 mm/sE TO —EHE CEMZ FiE Xz &
EOESDIZL - T, BWEHBIINT 2 AR, MEERY —27ME, FEBLELY— 27D
fHRZHS D& T 5,

ESDAFAET % & ZDFEYRIZIE, A7V a—RIANN=D &5 1Zhmhi#ifaos o
NS, RFRED LI IR NE D F TEHREMNELH 5, BMDKE X%, BEMEFEIZ
T 2BFREDOOMIIHELE RIZT I 25, BB KRS I BEEEMIZ X 5 ESD
WCRIFTREEZTRD, £/, BEOEET 25512, FHEVKDIE L U 72 SR o
T 556 & BEHURDERIEL COWAHEMRNEZ 5NDE Z 0 s, BRI ERIELTWS
HEREMIZEZET 25560 ESDEHE 2 HIET 5.

DA EO@EZRIZE 2 @EENRBIR E UTid, wEYR L Btk & O O O E Rk
DM e 2 IR BB e EZOND, T T, H227 L% ESDHEIZHE T35 EHEK
RIS 27212, BH A ESDIZ KIT T 02 % [E e M E NS 2 REEE D ERH®E
&% 2L B THETT 5,

1.7 XFWBXDAR 1B

K SCIE 2 6EN O INTE D, FEOHSFEUIILATOMED TH S,

B 2 % Tk, Pommerenke[21P EER GIEIZHB W T, BRSBTS 57-D12 AC
Y —RE—XZ AW EERIENC X > TEZEEMZ AWz ESDOERZITI, TD=D
2, EiiE —EHECHEEIELHELHEL, EEICED ESDIZOWT, KIEE., 1K
BER. WA TO—T~OFEETL2WET 5, TO, MEBFIL 4 GHz £ TOIE
Kbz £ D5%—7y b THIE L, FEETEIX. BROEFEEA CTER 10 mmDIL— 7D
WA 7o - ETHEEEZNET 5, TOME, HEEENHELS 2B L, AR
Wb Z e, MBERY —Z7MEOFEIEIZKE L, WEBRDLS LW KO FEEE
W< R5 2, FEBEOE—7HOFEIEIZREL LD, FEELEDOLS B0 RFHE
DVFEIZEL B Z e 2 HEREL2 —~E L UK NTHLNE T 5, £7-. KfEE%R
AW, Rompe-WeizeD KAGHEHTANZHE D W THEFIZ X > TEH I W KIEEBER» S &
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PR HA 2 EECE 5 L 2T, MERENELSRE L, MEBI WA HEL LD L
2R

HI3ETIE, F2ETCHELAEEL AL LT, HEBBOERELZZ TR, K
HER WA T — T NOFEEEZHET 5, HEBMOERINI L LB L, H—D
EEEETEH, KEEDEHITE b2, NEEBHROC— Z7lOEEEITAEL, 1K
BEROND EA 0 R OFEMEIZEL 25 2 8, BEEBTFDOY — 7 EDOFHEHEIZ A E L
252 &R, HENRBBEROGEMEZ, MR IO -7 "OFEBEL MG L, Kt
E205mmiEEE TIEHWZZ =7y N THIEAHETH 205, 0.2 mmiEEIZAR5 &iih
EDROPEEE R E I ERT, NEEBROY — 27 - EREEEIZKAEED 1.2 mmiLE
F Tlk. Rompe-WeizelD KAEHHTANZ D W THREFIZ & o TEE I Nz KIEETR & D #E
ETCELHIERERT,

BAZBTIIEED-DIZHENT 2 EM A EHER L U T, SEHERAE L U 7 7B B
2R T 5 8 ZICKIER., MR T O —TANOFEEEEZNET 5, ZOHAIZBVWTH,
ERHENHL 2B L, KIEEDOEIIEL b 2 b, FEEBEY — 7 HOEEHEIZKE
<. BEBLEDONSL EMNOKHIOVFIMEIXHEL 25 Z 2 2R, SEOLHEE IZE 1) 5 Al
7RSI 7 — ) TA M WA L T, HEHEN N HL B e, ARY NVIEE
bR RB I L ERT,

HEERIIHE 2~A4FHETHRONIAERDOERTH B, H2~4HTHERL - EMHIEET S
R CITH BB L M EML COBARE LR L L H IR EEFEZ6NE T L0
5. ESDHAUZ KX T EBME OB R DM EEFANRDS 212, BEMEFRED 0.66 mm 1.16
mm T » 5 [EE X N2 BBFIZEINS 2 RBELEO LAFHE2ZHLS THZ 212K -T, [
EIN-EMEOBRBED LAHE 22T, TOME, FEES - EMmE I E
TEHERBEILED LA EEIEL 725 L INEBIENVE L 2D, NEERY — 7 HOEIEDL
KEL BB ERT, /2, RBEED LA EEIELS 2B L, NEBBRD AT b
MENR LD I E2RT,

DEIZ, 0.1 mmM FOEMERCTABELD LA EEHVREEBTL., MEERICRIET
WEBEDEREITS, TOMEOLMMU FOEMEREICEWTE REBED EAEHED
WL B INEBEBENEL R, WEERY — ZHOFEEENPREL REEGE 258
2R,

FB6HEIZ, AFEDZ OB LTHERTH D,
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B2E
T e e B DE R IC & 5 ESDEER

21 [FUL®HIC

BB TR X D12, FEERIZES ESDIZOWTIX, DED LS BBERH S, X
MR [17] 128V TIE, AE I N2 FERIEEM % [ X W CHEE S /- LEREEMR & ORT
KAEEZFBESIE T, MHRIC K BEEEENEL b L EERDNLS B3 D #E D
ML 72D, KGR L EBRDIL D LAY HE & IZITIHBEBIRDH 5 Z AR T TV
%, XER[21] Tld. V=7 RTF v Y a A —REZAWTKEEZHIE L, KEE L EE
RO —7ff - KD OB AMEL IZHBEOH 5 Z 2B EINTWDS, 72770, Bl
% EEEEOE R AFEICOWTIIHEIC R I NTE 53, HEEE L kLR & OBf%
IZDOWTIX, 30 mm/sTDHERTMIFMEDOAIRINT VS,

AETIE, ACY—RE—XTEEHIXNS 2l AT —V 2T, HEREMAF -5
Mk iz @ > TEMRANIZ —EEE TEZET 5 & D ESD, KILE., HEBR L OHR 7
0 — 7 ~OFEEEEZWET 5,

2.2 ESDOFEERE

Fig.2. 1(@QZ I EWIK E BN 2 2 BT 2 K2R 7, BERESEEER (e 7LV
v a Yy, HER-10P3 F#&H1 (50 MQ) 2/ LT, &EEEEA A v F (Switch) D 112 HEse
ENTW5, ESDOFA: L NEBRNED OO KL, wEYKE2ERT Iy T VY
(422 pF) MEEIT(LKQ ). MELFET 2 EREIKREM (D =09.53 mm (LAR, BkE
M) KO ESDIZ & BB % HIE T 5 728 D ESDiABREMRGEHER X —7 v b
(/ 14 AX#5EFr. MODEL : 06-00067A AR, X—7 v h&\wd) LbkIhTn5,

Fig.2.1(b)iZix z# A 57— (T LA, SAFG-100ZTI-B & MBELFRET I TH S
BIRHOBREM L 2R 7, EREMHPED oz 178X —ZAy NXBELKKMEHD
T2V EANLT z#AT—YOE) T — 7)1 (100 mmx 100 mm JE X : 10 mm)iZ
EfisnTwbd, 77— 7 B BRI B T 5 & EiZid, zifAT—Y /e L
TKEIZEI N -EERD _EHED S 274 mmEJFI2Ai@E U, K 100 mm N ET & %
o T\W5, FREMIZNMT S LS ICiEINZX—>7 v ML, IEC61000-4-2 Ed.2[13]
HBEANES I a2 =T 1 iBROBBIZEVWTHEINZEDTH D, SMAT—T)L (E
X500mm ZHALTCT a4 VENVA RNV =Y Aa—7 (Tektronix. DPO70404BJH
BB : DC~4 GHz, %> 7'V v J M : 25 GHz Y H _EAYD K (10-90 % AR
fii) : 93ps BAF, DSOYMEE L, Avm2a—72\Wd) IZHEmEINTWD,
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100
2800 50 MQ /-~ 140

High-voltage Spherical

Switch 200 1 kO lectrode
power supply -
230 hee et

400 -G” pF
600 560

L
|z—axis stage controller [— 2100 500

2200 Digital storage

000 oscilloscope 1000

Unit:mm

2

Magnetic field
probe

(a) Circuit diagram

Mechapical
origin

. Table
z-axis stage

274

To discharge
resistor:1 kQ

Limit gensor|

Acrylic plaTe

74

L
st 129
| e s |
e e D
ﬁf)\ Current tlxrget
To DSO

Top view

Unitmm

Flat-head
Phillips
screw

%

Unit:
mm

(b) Collision device for a charged spherical electrode

Fig. 2.1: Experimental setup for electrostatic discharge when a charged metal spherical elec-
trode collides with a current target.
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2. WEBMOMEZEIC & 5 ESDERR

BBESMAT —7NDX—7y MIlIZIZ20dBO T v 52 —&, A¥BaA3—7HICIZ6
dBDT v T X —ANENETNWMOMIT SN, AvuRa—TFTCOEETE 101555 Z
CIZE o TBEIRICBATE S, ZITX—=7 v MIABK S NPT 2 AT 5,
R =1y N & BRI A S A7z Fig.2.1(0)D RN RT RO & 512, EREMIZ KT 5 E
WM O MM EMILELR @7 mmTH O, Z OFREMO NEHI IR BT HIE D 72 O I [H
IDFPIRICHLE X N 72 4K PTE 51 Q D HLHT 25 A% 7 mm D P FE MR & AR M 51 12 2
FEINTWD, ZH6DEHTD I F13ERD 20dBT v 742 — X BHO 1T 57z N
B a3 7 RICERINTWS, 2=y N OBEBREHDO & A EGUE X 2.04Q
ThbO., ZTOBEHEFRE(S,) PEEL, DC~1GHz T+ 0.5dBIUN, 1GHz~4 GHz T+
1.2 dBEAN & 72 5 T3 [39],

ESDIZ L 2FFEBEIE2WET 5720 DKS 7 v —7 (ETS LINDGREN. 7405-903B
@10 mm, SR 1 0.5 mm iE, X—7"v b OduLD & 50 mmi 7z A UL DL E X
N, BREME X =7y NETRET AP RKNICHEHLT S & 51— THO FLDE
B D EED S 12 mmOE S IZEE SN T WS, MR 7 a— 73 FEEr — 7 (Bt v
E—XYZ:50Q, BEX1mzNALThRoATnAa—-TIzERINT WS,

mE, BRTo—-TJ0HOA Y X ZR U ALIFA (2.1 i2&oTRD SN B [28],

L = pgb{In(8b/a) — 2} (2.1)

ZIT. a b g lTERROERER, V—T DR, BEEOEHERETNTNET,
X (2D Da b, pytz0.5mm 5mm 4mx 10" HmMmZRALTLIZ19.3nHE %5,
ERRIRAREIL 2.3GHZTH Y, TV TF T 7Y X% Fig.2.2[29iT /R T

Performance Factor (dB)

T
] 500 1,000 1,790 2,009 2500 3,000

Frequency (MHz)

Fig. 2.2: Antenna factor for a magnetic probe. [29]

Fig.2.3@)cix ziili 25—, Fig.2.3(b)2id ziiAT—YDar bu—7 (YASUKAWA
SGDV-R90F01A Keyence KV-3000 KV-MC20V, KV-MX1, BAF, avhE—7&\
) DEEZRT, ZvF /85T L > T 100 mm/sE TOELEE 2 (TiEICREA L
BoTW5B, 72, Z AT —VIZWMO AT oY) Iy bV HDREETSEZ 2 I2&-
T, T—7VIZEO I SN EREBBOZUEIET 2L o T W5,
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z-axis stage

(a) z-axis stage

Display of
Display of i o B discharge
collision ; . N position

speed

(b) z-axis stage controller

Fig. 2.3: z-axis stage and controller.
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2. WEBMOMEZEIC & 5 ESDERR

2.3 EBIROERES LUV ESDRAIESAE
2.3.1 EMBDEZRE ESDDOFRE

EERMEME LT, BREMZ 1 mm/sT FEIE T FRmIZEREINZY Iy b U 2ME
LT zEAT—YDTF—7NAAEIE L Zi1Z, VI by FoRMEHIZIES - E
DHB7-H, T—TNDHET 2 LERTH M M D S ORI 99.815~99.847 mniT
Hotz, TOLEIT, FREBBVX =7y MEHEELRNZ &2 HWIZ, BREBRE X—7 v
N DRI UM E B LD, YA 7B A =X~y RiIZk > THEL 2,

DEIIZZWAT =Y DT — TN E2FEABERIY Y RIZ &> TR SICER B2
12, BREMBOEEE TR =7y MIEET LEE (v, AT, BZdEEEWS) 2% EL
7zo ZIZTVylE. 1 mm/s 20 mm/s 40 mm/s 60mm/s 80 mm/s 100 mm/sD /N2 D
G U7,

ESDRED-dIC, TTERBEEERF,»SS0MQEF 2N LTIy T2 AEE
%, RBBIIEBEAMYFIZE-T, avFryrERBERE 20T 212, O
VT VY L EREMMA ORI L AT A Z itk o T, BREMAIO R E FRET S, TV
FA—=5DRAR—F ALy F 2T, 0.15RBICHE X N/ EHLHE CEREMD X —
7y M2 > TEMRNICBENT 2, BREMOBEITIZESDARKET L, X—7 v b
TORBEBRIZLDELRESHAVYB AT —-TIZEONT, WEBRPMUEZI NS L[FE
iz, MEERNERICA YDA —70 AUXOUT i Fh o hEhd 002 (50Q
BRIADH LRIV 0 1.26 V. 7SV ANE - 400us) 1DMESFHRAEBRITEEINT, E5F
BN S T — TN EAEEIREZEDDIONVA (AF—JAMADH I L~V 5.7V, /8
JVANE : 400us) BHAEINT, T—7AWBEILT S, FIESEZ2ZEROT—T LD
PMEBEE ST = TR RIZIE U -AED T Y b —F O SEEIZRRI NG, £7-,
HBEAMEROEAR T — T ADOFEEENA BRI -TIZE o THIEEI NS, b,
FEEREB/PA IO A IA=TNEDIINVAZZEL TS, AEIEAD N IVAZENT S
2 BIEIE A0 us2TH B, AEIEFHD IV AESITIFIRIE 4.5 VELE, /X)L R0E 10
USLAETH B Z e hnEE I N5,

AEBRTIAEEL UTWAHELKINEREROREME 2 —7 v b2 OMKRIZ. 7—7
VOMELFOBGRERE L TWSZ Eh 6, KIERIX, T—7IUVIMEILESE2ZE L7
LEDT—TINVDAEEZHANTRO NG, BIFILESORE L ZEILEFRIILEL X
N5 R 2 N2 7= B T a5 50 us R z il A 57— 2 TOE| b SA AL (65 us)
ObOETLU5us 28T 23205, AERTORKOBMBEHE TH 5 100 mm/s
T 11.5um4D#EzE2ET 50, AL TIRZ OEESEZHEL TV 5,

L T50Q EffADH I LR 1.8V A5 OV IZVED R0, 100usf&ic 1.8 VIZ b RSB0V A] 1T
FTIET %,

260 us IZFTIEY %,

3IAvmAa—7DAUXOUT SDVHL FARVEENL8VHRS 0V &b, FE 1.8VIZVL BN
5IZHT B TH D 100us. BMFIEES OFE L ZEIE S ITHE L TN 2 R & N 2 72 I T &
5 70 us KU z i 2 7 — T OE| D IAAMLILERH (65us) 2 EbET235us2E3 5] LiTiET 5,

4 1235um | LETIET 3,

53y hu—35® KV-3000 & KV-MC20V D@5 I121% 1 msDIif12 HEd 5 Z &5 5, KV-3000 TD A
B EOEBIZImsZ & IiTbhd, ZOREDIY b —FIZERINBNEAEIZIZ 0~1 msD A
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2. WEBMOMEZEIC & 5 ESDERR

EitmE L EROHJIEIE Eyydd. +6.5kV. +10kVDO=2DE&HL L, &HIE
BT 5 ESDOFKERNIERBME O X =7 v M2 T X ) —)VIZ& > THEFIZ LU=, %@Iﬁ
HEIZ BT 5 5RO U 72 %2, HZEHE % 2 27206 &l 21 °C, MXHEE 55 %D E
> — IV KV —ANTITo 7z, B AV T VY % REBIZEREMN X —7y MIEZET S
WIETHABEIHIZ ESDAKET S X TIZIZRE 100RE 24 3223, BHOJRHEIZ
Ko THBBEMMETLRWZ & %2, JEREMATH 2ERmENGT (BHER. KSD-3000)
ZHWTHERRL TW5,

2.4 FHRICK D ESDDOEERGER

241 BEREEEXEREDBERZ

Fig.2. 413 flj22 8 & KILE & DBRMTH > T, Y VR, TT7—N—FZNTHhFH
fifi, *s“iﬁ@{ﬁ%%r? ERHEENHL 2B L L HIT, KAEEDFEIZELS R>TW5,
B2 DY 100 mm/SZiET 5 &, E  »+6.5kV. +10KkV TiEB DB D KIEEHEIEL 72

ST 1 2.6 — T T T T T
L4 - [ 5 25 = 4
— 13 - 1 =4[ ® i
=) r E 1 E [
£ :? r ; 1 E23[ E ]
g 1 £ 202F ]
g 1o ® 1 £t E ]
= 09 + 4 — L j
% 08k ) 1 £a20f E ]
& 070 E 1 S 19tk .
oeL—0v sy s ] R T O S SO S B B
0 20 40 60 80 100 0 20 40 60 80 100
Collision speed of spherical electrode [mm/s] Collision speed of spherical electrode [mm/s]

(2) Eout = +6.5 kV (b) Eout = +10 kV

Fig. 2.4: Dependence of the spark length on the collision speed of the spherical electrode.

BIE O KR (2.4.3THIE) ([ZHBLU T, #49%. #23 96#HiL T\W5, £/, fH%E
HEED 40 mmISTIE, E, Bh3+6.5 KV, +10 KV TIE B DO B O KIEE D E ik L 72 B O K
fERICHI LT, #9127 % 8 9%EiEL T\ 5,

B2z & 2 KAERIE, #ik U 72 @M T o KIERIC iR U Tl 223 A 30 mm/s Tk
72 - 72 Pommerenk@#E 5 [21] & [[RRIZ. 1 mm/sh & 100 mm/sE TOEZLHEIZ B N
T, fEEHENHEL 25 & KIERIFELS o T3,

Fig.2.4DFERIZDWT, HEEHEITH T 2K kKEEEZ 70y b LK% Fig.2.5(2 R 7,

2 v & KAEE |} & DT — X5 (voi,li)([i=1,2, ==+ , BT U CHIBIRE R % X (2.2)
IZEDOWTHEIT 5,
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Fig. 2.6: Examples of discharge current due to ESD and induced voltage waveforms in the
magnetic probe &, of +6.5 kV.
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Fig. 2.7: Dependence of the peak value and the rise time of discharge current due to ESD on
the collision speed of the spherical electrod&gt of +6.5 kV.
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Fig. 2.8: Dependence of the peak value and the rise time of induced voltage on the collision
speed of the spherical electrodeEgt;; of +6.5 kV.
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Fig. 2.10: Dependence of the peak value and the rise time of discharge current due to ESD on
the collision speed of the spherical electrod&at of +10kV.
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Fig. 2.11: Dependence of the peak value and the rise time of induced voltage on the collision
speed of the spherical electrodeEgt;; of +10 kV.
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Fig. 2.12: Dependence of the time delay of breakdown on the collision speed of the spherical
electrode.
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Fig. 2.13: Discharge current waveforms obtained by calculation and measurement.

Table 2.1: Measured capacitance of the spherical electrode and micrometer head.

Time [ns]

(b) Eou= +10 kV

+6.5 kV

Spark length [mm]

Capacitance [pf

+10 kV
-Spark length [mm]

Capacitance [pF]

1.38
1.25
1.08
0.97
0.87
0.75

2.18
2.22
2.29
2.35
2.26
2.17

2.52
2.41
2.35
2.19
2.13
1.95

1.95
1.97
1.92
2.05
1.99
2.10

26



2. WEBMOMEZEIC & 5 ESDERR

Table 2.2: Measured capacitance of the spherical electrode and micrometer head measured
when the terminal is insulated properly.

+6.5 kV +10 kV
Spark length [mm] Capacitance [pFSpark length [mm] Capacitance[pF]

1.38 3.06 2.52 2.92
1.25 3.06 2.41 2.93
1.08 3.09 2.35 2.94
0.97 3.11 2.19 2.96
0.87 3.14 2.13 2.96
0.75 3.17 1.95 2.99
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Fig. 2.14: Discharge current waveforms obtained by calculation using the capacitance in Table
2.2 and measurement.
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Fig. 3.1: ESD experimental setup for collision of electrodes when the size of a charged metal
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X, KV-MC20V %/t L T SGDV-ROOFOIAZ F— 7L 2 A L X H A ESME SN 5,
KV-MC20V DA v X 22 B U CTHEMENEH I, 32 O —F O IZRR
b, REBRTAKIEREL LTS ESDRAEROREME X —7y b & OREIFRIZ, HE
NMEZHANTRD 5NSE, DSONRSDILE RBDESWMEERERITIEEINGICET
5 (0.1us) . EEFHERIPSFHESING OV ZADRHGERF (20 us) . kV-3000i2 3%
SNz NIV ADEEETS LRI NB DIV AEER 0V IT R 7281233 A
(10 us) . kV-30007%° &5 KV-MC20V N2 g 1E4y % 5153 2128 9 5 JLERRS[E] (65 us)
ZHbE7295.1usziEL T, KIERZBEH L TW5S, 7B KV-3000 & KV-MC20V [H]
DFEEIZIFImsZ2ET LI 2h 5, KV-3000 COREEIEMEDOE I ImsZ & iZf7hbh
5, TDHAY MO —FIZRRINBSHEBENMEIZIX 0~1 msDAHEE R FFFIZENT 5
ARG ENTWS, BMRIIZIE, H2EEEIZ I ms2 R ULEE R, 722 21310 mm/s
TIZ 10 usMDKHAENEL B Z L Lin b,

ERESEEER (ME 7L ¥y ay, HER-10P3 D EFE Eoyt 1Z+4.0kV. +6.5 kV
U, WMERICEREMKR O X =7y M Z2RZ02umD T IV I F 256 HHEHICXRE
EEENTZIRIZT R ) — )V TEENI Uz, BRI FPHEREDORKIC, SMEEEICH ) 5H
fe U 7o 2 EREHE 2 BRI 61T > 72, EERITER Y — )V FIL—LNT, % Eoun R
BB D ELRE Dyped S BT DK T, MHAHEE RH, KJE p % Table 3.12 L THro7z, IV
T VY R FEBIZEREMDS R — 7y MZEESETIZ ESDARAET B £ TITIdE 20 R E
2ET LD, BROREIZE > THEBMME RN LW &%, JERilTd % R E
# (FHER, KSD-1000)iZ & - THEZRL TW 5,

Table 3.1: Experimental condition.
Eout [kV] Dbrass[mm] T [OC] RH [%] p [kPa]

+4.0 5.0 23~24 47~48 100.9
+4.0 159 23-25 47/7~53 1013
+6.5 5.0 2425 41~52 100.9
+6.5 15.9 25 38-41 100.9

3.4 ESDDEERFLER

3.4.1 FREAEEEXNEEEDOER

B 928 Vo 73 0.1 mm/STIX, ESDORLEL TW=Z s, XZ—2y b & OEMER
2 mm O il 2 BREME O BEEFAGALE & U T 3 OE. EHE®EEH 5 mm/sbl =T

33



% 3. BHOKEIANESDIZ MIFTREEE

0.9
08 = o D, =50mm
EA % " = D_=159mm
E o6 5 u
= L
‘gﬂ 0.5 C § I
5 04
% 03 |
< -
o 02 -
0.1 L 1 1 1 1 1
0 10 20 30 40
Collision speed of spherical electrode [mmny/s]
(@) Equ= +4.0 KV
1.6
=
_ 14+ A
£ 2l ¥ ® x
E .3
= 1.0 |-
Y L
5 0.8 -
E 0.6 [ O Dbrass: 5.0 mm
:’% 0.4 r = D, =159 mm ‘
02 A thf ;53 mmI(Flg.ZAé}(a)) | ) | ) |
0 10 20 30 40

Collision speed of spherical electrode [mmy/s]
(b) Equ= +6.5 KV

Fig. 3.2: Dependence of the spark length on the collision speed of the spherical electrode.

VBB & BREME D LR B A E & LT 10 DO RE %17 - 72,

Fig.3. 213 F LM E & KIEE L DBERHTH > T, YRV, TI7—N—FZTNTFThIFY
., fEHEfE %2 RS, AN CTEMERED 5.0 mm EZEHEEH 40 mm/sTOER T v k
INTOVWARWD, KIEEDAERN 12 %r R 5HZRN L2720 ThH 5, Fig.3.204%
B, BIHER9.53mm Egu 2+6.5kV. +10kV & U7-BiEDkE R & EZEH A <
725 L KIEEDOEYENE L e BEERIZOWTCTABEORME e o T W5, FEEHEN0.1
mm/sTIX5.0mm 15.9 MmO W T NDBEMERTE L KIERIZITLE AL ERZVE D
D, fEZEHEEH S mm/sbl ETIE, [Fl—OMEZEHEE 12N U CEMER%Z 5.0mme L7z A
15.9 mmIZ R U CEHAAEEDRE L o T\W5, BMERDN 15.9 mmd & 12, fFH2E
HEDR 40 mm/ISIZIET B &, Eout 23+6.5 kV. +4 kV TIZKAEED i 1k U 7= B o K AE
RIZHERL T, ZNZ 8 28 %, #9 46 9EkE L T\ 5, Fig.3.2(b)iZ ik Fig.2.4(Q) T/ L
7z Eout 346.5 KV, Dprass® 9.53 mmo L& £ it L. KFEBRTOKIEE L BI%—3 L T
W5, ThsDFERE2 KIEEDEME L LT Fig.3.312/m5R 7, Fig.3.20%HRIzD>\W\WT, fH
LI 5K KfER % Fig.3.412 R, IREMOERED 15.9 mmD 54 12 1l 283 &
X9 B KAEEDOFBEMER E WA, D 5.0 MmO A ITIFMHBEMEDMEL o T W3,
Table 3.2 9 & 512, EREMDELE 5.0 mmT Egy 23+6.5 KV D354 H3-0.55 & FHE D if
S HEORE 7 TH D, MOGEIL T HOFEE T OH B L hbhr s,
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Fig. 3.3. Dependence of the shortening of spark length on the collision speed of spherical

electrode.

Table 3.2: Correlation coefficient between the collision speed and the spark length.

Dpras§mm)
5.0 | 15.9
Eout(kV)
+4.0 -0.80| -0.97
+6.5 -0.55| -0.93

342 MBEHREEREE L ORRK
(1)Equt 2+4.0 KV DA

BEZEE BT 2 LN R B BRI D6 % Fig.3.512RF, 24.2HTHRR/ZLE
D, Fig.3.50DEY =273 FIZVA 70 RA =&~y NEEREMIZHBELZEMIZLEEHD
ThHH, EOEY—2ZFFIZa VT U HIZREINZEMIZE S, ARIZBWTHNEE
MOEF——2 (UF, E=2\nS) IZEHL THET 5, BEEENEHL RLL, )
BEROE—7EIIKREL LD 1T, b B DK (10-90 %)XFE < 2> T\ 3,
B2 E D 0.1 mm/sTIZEMERS 5.0 mm 15.9 MmO WTNTHEEKDO Y — 2712
RKERENZNE DD, FHLEHEEN 20, 40 mm/sTI, [F— DE 25 E (2% U CEME
£EH35.0 mmA A 15.9 mmiZ Lhik U TIEEBER O ¥ — 7@K E <, b EAY 0 KA
{725 TWb, XHk[16, 20, 26]iI2 BV T, EHEEE IR VGG ITITEWGEIZHERL T,
WEBROEY — 7P REL LB e HIIuD LD HEMOEL 5 FRAHMEINT
W5, Fig.3.50%E R, SCHR[16, 20, 26] H UBHKRDFEEL TWAH Z L EZRLTWS,

Fig.3.5D N EBERIG 5 N7 5E OFEE LK % Fig.3.612m 7, EEHEMIHEL 42
LY, BEEBFOC—IVEPKEL 0B HIT, b EAY0 [ (GBEE L OHNMEAS
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Fig. 3.4: Distribution of the spark length to the collision speed.
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L Clx, 0.1 mm/sTITEMERH 5.0 mme 15.9 mme OREER Y — 7 D FIE D
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Fig. 3.5: Examples of discharge current due to ESD dgjof +4.0 kV.
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Fig. 3.6: Induced voltage waveforms in the magnetic probe corresponding to Fig.3.5
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Fig. 3.7: Dependence of the peak value and the rise time of the first peak of the discharge current
on the collision speed of spherical electrod&gj; of +4.0 kV.
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Fig. 3.8: Dependence of the peak value of the induced voltage on the collision speed of spherical
electrode aEgt of +4.0 kV.
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Fig. 3.9: Examples of discharge current waveformBat of +6.5 kV.
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Fig. 3.10: Induced voltage waveforms in the magnetic probe corresponding to Fig.3.9.
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Fig. 3.11: Dependence of the peak value and the rise time of the first peak of the discharge
current on the collision speed of spherical electrodé,gtof +6.5 kV.
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Fig. 3.12: Dependence of the peak value of the induced voltage on the collision speed of spher-
ical electrode aEq; of +6.5 kV.
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Fig. 3.13: Dependence of the peak value, rise time, and rising speed of the first peak of the
discharge current, on the spark lengtlegt; of +4.0 kV andDprass0f 5.0 mm.
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Fig. 3.14: Dependence of the peak value, rise time, and rising speed of the first peak of the
discharge current, on the spark lengtlicai; of +4.0 kV andDpa550f 15.9 mm.
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Fig. 3.15: Dependence of the peak value, rise time, and rising speed of the first peak of the
discharge current, on the spark lengtlegi; of +6.5 kV andDpa550f 5.0 mm.
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Fig. 3.16: Dependence of the peak value, rise time, and rising speed of the first peak of the
discharge current, on the spark lengthegt; of +6.5 kV andDpass0f 15.9 mm.
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& DEFEEDY 20 mMTEJERERTEH S O X9 mmoO &z, SRR (3.1) [40]
WRTHRAKMEE R LA T —T2RELZSATAY AT T v T2 —X
(30dB, DC~8 GHz) %=/t L Tk L. REMFIZ L 2FEETENSNEEREZHE T L
7zo MEERIF RN TS L LT, X (3.2) 2 HWTHEREio(t)[25] 2 H L 7=,

® = poio(t)(d— /d2 —a2) (3.1)

o= (9 e ) 62

ZZT, Mol ZEZEDBEHE, LIIER o —TOHCA VXX VA, aldER Ta—7
DHE, diFR =7y F R T — T o O, Zo1x50Q. v(t') IXEEHR 70—
TAOFEETETH D, TSN % Table 3.3/ 7,

Table 3.3: Experimental condition for the measurement of induced voltage and discharge cur-
rent

EoulkV]  Dyasimm] T[C] RH[%] plkPa]

+4.0 5.0 22 61 101.3
+4.0 15.9 22 61 101.3
+6.5 5.0 23 60 101.3
+6.5 15.9 22 60 101.3

Eout 3 +4 kV, EIGERED 5.0 mmiZB 1T 25 EEF L FEEBENP ST v T2 — X &2 EE
U TR S N BB K OHIE U 7 B ER OB & Fig. 3.1712/mR 9, EZEHEAHT0.1,
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20 mm/sTIXEBERDL D L0 ER0 OFHEME & JIEME 2 1XIFIE ;L TV B 08, fE2%E
LD 40 mm/sTiE, FHRADOAMREME D HIH LB AL 72> TW\W5, Fig.3.18
RS LDz, MR TORAELHIEIZ L BNEBRDNLE LD EHAIXIZIE—HLT
W5,

MED XSz, KIEENOSMMIEE XTI, X—7 Y Mz &> CTHEERZIZITHE
TETWED, KIEED 0.2 mmIEEIZ72 2 L IEBRDONSL ER DD NREX =7y v T
KBNS L B Z L 2R TE -, BEDHEIX, X—7 vy MOEERtEE A o Ra—-7
DEIBORFIZLEEDEEZ B,

1.0

— L o _ Measured
Z‘ 0.5 'Z‘ 25 C 0 Calculated
2 0o} . e

£ -05 §

B 1.0 [ ——v,=0.1 mm/s, /=0.785 mm o

. ——v,= 20 mm/s, /= 0.498 mm g

s -15F 5

— —v,= 40 mm/s, /= 0.198 mm 2 i

2.0 L | L | T T T T T I I A -5 s | L | L | ! | L | L
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
Time [ns] Time [ns]
(a) Induced voltage (b) Calculated and measured discharge current

Fig. 3.17: Waveforms of induced voltage in the magnetic probe (a), and calculated and measured
discharge current (b) &g of +4.0 kV andDy;ass0f 5.0 mm.
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£ 20 ' ~
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=

8 15 [ ,=0.1 mm/s

o 10 H=0.814 mm

SN

=} L

2 0
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A 1 | 1 | 1 | 1 | 1 | 1
-5

-5 0 5 10 15 20 25
Time [ns]

30
25 B - v,=40 mm/s Measured
K v, =20 mm/s /=1.078 mm Calculated
20 - /=1.198 mm
15 | v=0.1 mvs )
I =1.503 mm

Discharge current [A]
=)

-5 0 5 10 15 20 25
Time [ns]

Measured
Calculated

v,=40 mm/s
V=20 mm/s 1=1.326 mm

1=1.446 mm
15 |v,=0.1 mm/s \ \

[ /=1.525 mm
- S

Discharge current [A]

-5 0 5 10 15 20 25
Time [ns]

(¢) Eou= +6.5 kV andDyass 15.9 mm

Fig. 3.18: Waveforms of calculated and measured discharge current.

3.45 ANIEEHAIC & B2 MEERDMKET

Rompe-WeizeD KIEEFTHI D St 27212, 2.4.4TH TR U 72 KIEERR i(1)[31] D
X (2.6) L HIEEIR & DR % 1T - 7=,
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LCR XA —4& (HP 4285A HIEEIE : 75 kH2) Z W7 — 7V Z & U EE U 72 REE
T, YA P7AA=Z~ANY ROAE Y N)L&E ERIEENSXF vy TEZFHEEL T, ER
BED 1 kQ T X DERBEMM DT —T I, 470X —=Z~y RESOHEREZHIEL
Tzo FHIKIEEDOHIPH TORFEREC OHEFER % Table .42 /R, ALY NIV ZEEL
Ti1>7- ESDERIZE I 2 EAEICHIRL T, KTO0.2pFRELHEZINT WS,
FOBENBWRETH D Z ENOMEHL TW5B, SEKIEEOHIFE TOHEREDLEH)
NS WZ e s, RIETIIHEREZ €& LT Table 3.4Z/R9 Cqe & U7z, &fE
BECae 2N QR.7NIZRAL T, MEEBRD Y — 7 1H Imax 2 51 L 72455 % Calculated>
L Fig 3.13(a)~3.16(a)c At LT\, F72. =X (2.8) % FI\ 7= (di/dt)max D EF A %
Calculated” U T Fig.3.13(b)~3.16(b)Ic ftid LT\ 5, HEERD Y — 2 fHIz DWW T,
KAEED 0.8 mMIESE £ CIFFHEMEIZEBRER L ARE L R >oTW5, HEERD EHHE
JEZDWTIE, KIEED 1.2 mmEEE £ CTIGEHRMEIXERER L FAREE L 2> TV,

Table 3.4: Measured capacitance.

Eout[kv] Dbrasslt-mm] C [pF] Cave[pF]
+4.0 5.0 4.12-4.28 4.2
+4.0 159 4.88-5.18 5.03
+6.5 5.0 4.04-4.16 4.1
+6.5 159 4.67~4.77 4.72

346 MEDE<N

Fig.3.208E RIFMEDO B NAEMERICEMEL TVWDEI L EZRLTWVWSE I &5,
WEDB L NIZDWTHKRET 5,

FHEEME O KRR g & UT, EMAEZEEZMES BEDEEkEEE |, &35, [
— D Eout X OVEMERIZNT B 1 & lg Z2HWT, $HEHWKEOB L e EDES <
NEELEZREBOB I Ny (X (2.3) ) 2HET 5,

Table 3.5: Experimental condition when the spherical electrode is fixed.
Eout [kV] Dbrass[mm] T [OC] RH [%] p [kpa] I0 [mm]

+4.0 5.0 22 40 101 0.851
+4.0 15.9 22 40 101.3 0.845
+6.5 5.0 20 39 100.9 1571
+6.5 15.9 20 39 100.9 1.567

Table 3.5Z/R§ KftKlg. Fig.3. 20T kbR 1 2 (2.3)IZfRA L T, EquA'+4.0
KV, +6.5kVIZBITHMEDB < NzRD S &, Fig.3.19L 725, HIETORERIZENT,
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BMODO K Z XMW ESDIZ KIF T B FEE

B 2258 HY 20 mm/sBL Tl OD:B S NDEZEHERFMEDIINS Do 7208, RFEBRIZ
BWVWTHEMELRA 15.9 mmDGEIZIE, EZEHEED 20 mm/sbl ETIX 10 msfEE & 7 -
TW5,

BIRED 5.0 mm 15.9 MmO W T NDGEIZEWTH, HEFEEIEL 125 tﬁéﬁ
DOBLNIFFEL o T W5, [Al—DEZEHEE I L TIE, ﬂilﬁ %H315.9 mmDGE Iz
LT, EHE 50mm0)7§75 MEDBLNPEL LRoTWVW5, 5.0mm0)£i975)15.9

(ZEEER U CEREMIZ & B EE M A E R IET Eﬂmw\éb\t&bc:\ ki & B
7RI EBL\’C@IHUEE%E& bl o‘(éﬁkéﬂ’bt HHE T R ERICHN B ICE T D475
7R AY, BMEREAY 15.9 mmOD LA IR L T 5.0 mmOGED i EL B> TWwd

AREMENE Z 6N B,

IS
=

£
§ 35 N © D, =50mm
z 30 - o = D _=159mm
= 25 [ ]
E -
S 20 o
= L

15 +
E ol ) - .
B - n
X 5 I \ I \ I . I
g
P 0 10 20 30 40

Collision speed of spherical electrode [mnvs]

(8) Equi= +4.0 KV

100

o Dbms=5A0mm
u Dbmsa=15.9 mm

80

60 S
(0]
40 .
U
20 ]

0 1 1 1 1
0 10 20 30 40

Time delay of breakdown [ms]

Collision speed of spherical electrode [mm/s]

(b) Eout: +6.5 kV

Fig. 3.19: Dependence of the time delay of breakdown on the collision speed of the spherical
electrode.

35 F&&b

*”%Wiv@ﬁ% S, FHCESDHFELET 5 & S DREIHNDRE S A ESDIKIFTRE
Z, EAH5.0mm 15.9 mmd 2 FMHO K & & ORREME IV THE U7z, T ORER, K
@*%'-éo.m E— 2, ib EAD K RO EREEIL, KIER BB D 5 2 & HifER
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SNz, BMOEEEENH 2D L, NEBREFEE LY — 7 O FEEHEIFRE R
D, WEERONLS BV RFEOFEMEIFE L 20, EOB K L o7z, BREM
DEREDINZ N EEZGHEITN T 5 KAEEDIXS DE IR E <, HEHE & REER
E OMBERIMEWD D TH o7z, ERELRD 15.9 mmD & 12, FHZEEE D 40 mm/siz
HT DL, Eou+6.5 kV, +4 kV TIXKAEEDFIE U 2B O KfERIZHEKL T, %
NZNHK 28 %, 1 46 YIEHE L 7=,

6] — DEZEEEIZ N U TlE, EREBMOERDIINS 725 & KIEEDFEEMEIXEL 72D,
WEEBROE —7EDEEIFIRE LS RB 2 & HI2VH EA D RO FEEMEIZE LS 72D,
FEBLE — 7 HEOEIEITRE L R o7z, F/2E—DOEZEHEEIZH LT, REMDER
WINX LB e, SEHYKAEIIHTEIREDOB L NIFEL 572, Eoy H3+4kV. +6.5kV.
BMREEHY 15.9 mmD & S IZHEZEHE A 20 mm/sPh E T, EOB < hIFFiZELE U
10 mstEE & 725 7=,
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4.1 IIXLC®HIC

i £ CIXAB I N/2EMAEE U - BB ised 5 & SO ESDZHIE L 72, il
D S4TSR bmf%m%%@ﬁﬁxﬁéiﬁézmﬁofmé

— i, YR & EHYIA L OEEIZ L D ESD T, WEMARDE L U 72 SRR Iz
B2 A0z, BRI ERIE U - EYIK) @ﬁ?%imﬁ%26m5oﬁﬂ
YR DS 11 U 7= R 2522 4 3358 0 ESDERIZOWTIX., &H & WVEZEEE N 4
mm/s £ TOMHIIZE A 4.9 Y%A T DRIREEREE F CTEEZ T > TWARITH 5 [37],

AREEINZEWTIE, BEHRDE IE U 72 R B WA D E 2258 5 ESDHIRIZ RIF T &
% EBRIZIRIAT 272012, —ill7 7 F 2T — X % F\WT 100 mm/sk TOEZEHE c 8
HER MG A B I U /- My BB BRI 2 S % & SIZESDEZRESE T, @HOENERE T
TKRIEE R OGS 70— 7A® FEE T 2 JE L 7=,

72720, AETOEBEETIX, IR TOEREEIZS W, FEEKEMZEELTH
WTXR— 7/b%%bﬁio iaofm&m B OBREMABE T 5 L12L->T
%mbt TEERBMIZE 22T BIGEIT, E2EEE I 5 KALE K OFFEE E DM %
U7z,

4.2 ESDDOEERAE

421 EMEBRAEERI T IERESE

Fig.4.1(a) 4.1(b)Ic HhEEM % &1k U 72 FREEEREMUCE 28 X & 5 TR E ORGE, Ehk
[ %2 T NFIRT, FETLEMBTH D DO DERMEEREM (920 mm BAF, BRE
e nws) MU TRBESI N, 17 7 F 2T —XOEHNT & > THEHEREMIZ—HH
B, MEORMIEIEERA 100 mMmIZEE SN T W5, BREMIIERE (KX 125 mm
@6 mm) IZELD 1 S, BRI O 1300 B30 mmDIE A THET 7)) IVE
AREICEEINT VWS, 72 VIEAREO—FIE7 VI oy A MEBIZEEINTED,
%®Ei%ﬁﬂ%ﬁéMtﬁﬁﬁﬁﬁﬁéMkéﬁﬂﬁ\%WEH/T/ﬂ(NOMD&
UE%E7U~7OﬂWmMI%m5ADovaHaﬁmDHH6MTméo%@ﬁﬁ
%, 100 kQ @ &t T % A ﬁ%ﬁﬁ%%(&ﬁfbyyay HEOPT-10B10Q
B IEIEEE : 1000) c‘if?ﬁé’ﬂfb\é B IEESR O H BT IIME T RERIT L > T+10
KV IZHEB XN T W5, i DOBREMIZ mbﬁibMtﬁﬁﬁi\ﬁélzmwﬁﬁﬁ%
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NAUT, @MEIY T Y OFEMBICER SN T WS, SR e XL a7 (CT)
DFEAINTED, MBERICE>TIMAA XV AT IZHEESINZBEN N HESE
2o T, HETIEES EEEREROMICER I NIZAAM Y FR I P —FI12X > Tl
WX g, SEHINZREBOIR T oh=T 27 ) VEMEIX 1T 7 F a2 —XIZHE
HIN, BBEDPEHINI NS FFIEEREMIZ [ h > CTHEEE CHEET M > T WA,
KEDEH%Z Fig.4.2I1mR7,

2.6 m | High-voltage Signal
42m generator Controller
Brass rod(¢6 mm)

10 cmf ——12.5 cm— 12m
200 Spherical
L_pE electrode(¢20 mm)
High- z
voltage 3 N
probe S \ X A]uminu/
& /% plate 2
Acrylic
column
\ Aluminum Stepping K=7.5 gm—3
N motor Tl

Vernier caliper

Aluminum

Actuator

(a) Structure of ESD experimental setup

Digital storage
oscilloscope
29m Im
>Magnetic probe($1 cm)
Signal 1.5m Controller £ tam
generator
Llm &
ol
Actuator |
k2.6 m——, €3 cmx—22.5 cm—> <——
 —

6 cm Tﬁoo kg/g—zoo oF

High =
voltage CT
amplifier Spherical electrode(¢p20 mm)
1.325m

(b) Experimental circuit for ESD

Fig. 4.1: Experimental setup for the study of ESD when a grounded metal sphere collides with
a charged metal sphere.
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Ei: . RN =
o Al |

Fig. 4.2: ESD experimental setup.

4.2.2 FEMIRBEBEOERAIE

P X N EREM D REBBADEHEIIOED LS f7bs, £9., I hA—7D
B SER AR Z NI > TATYE Y ZTE—X (MUK, =X WD) BWMEFHLT, 7
I F 2T —RPKEEAICERT S, 20k &, EREMOMIEIZ 100 mme 25, D1,
arvho— 70)“5'313/’(/( VFERBAT L, SEEMOEREMIZIE+10 KV HBSEINE
5, ZOHBT, AVMA—TDARXR—FAAL Y FELRAT DL, Amm/sTREL 72412,
133.3 mm/8THI#E L T, ﬁ@%mtﬁﬁ"ﬁéz%ﬁﬁﬁﬁﬂﬁﬁﬁéo%ﬁﬁﬁﬁ
TOMEH 4 mmisk 0 & ZiE, Amm/sTRE L 72%IZ, EHITHRE S N FHE
f@ﬁ%k%ﬁ?éo::fi #@ﬁ@hﬁ@@%ﬁﬁwzbf 1 mm/s 20 mm/s
40 mm/s 60 mm/s 80 mm/s 100 mm/SD/NDDFZEIZDNWT, £ 5[ D ESD % FE X
w7z,

Bt X /- BREEMAADNE 1L U 72 SR BB BREMUC 28 4 5 8FE T ESDA AT 5 &, HEE
RIZEo T A XN ATIZFEEINDIEENR N AHEFSLR->T, I b =915
E—RIZBIBEIEEPEEING, E—XDPRAEIESZ2ZEL TR T 7FaT—&N
Fribd 5 Tz, EWIZ X BREENDEL B, BET 5 F TOBEERE L, FdEE L
ROHEEIKFTH I 0o, TOEREE L E—XVFILESZ2ZERICEMEICX -
THEET 2 £ CICBEIT 20EREE DRARZ KO T, D% KAEEF D720 OHIEME &
UL CTHWZ,

423 ESDOEES LVBIERE

FE 2L H L T D ESDEBRFAMAAETIC, BREMIIFE A L ITHM CEMKE % B\ 72 5#I12,
TR —=IVTERIZ U, ZO%IZ, 5EOER L 72 ESDEREZ# VKL 72, Fig.4.1T
ARE T — 70V i@ - AR (1.2 m) SilitE 2 > T Y R R O BRE A THERL
N7 ESDEIE I xz W IC A B X 4, # Ik U 72 BREMSE I OB EM 2 e 35 &,
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5 71 —7 (ETS LINDGREN 7405-903B X/ EFAERH & 200 mmisiEi 7355k (0,-
200 mm,0)Z FULASEL & X v, EREM CHRAET AMA VPR ANIZHR T2 L5V —T7MH
Zxy m EIiZEE L, ESDREROFEETLZ2BHL -, AR To—T3tvnA2a—-7
(Tektronix. DPO70404B @ 50Q AMiFIZBNC7 — 7L (EX :1m) I2& > T
INTW5E, REBRTIIA B R —TOREFEHEIEIE DC~1GHz, ¥ 7V v 7R
BlZ 25 GHzIZ & L 7=,

ESDDOFRAEDHEE, HEM X N/-BREMDERIEL -2 EOEMEOMREZ T 7 F a1 —
REHMEIUTCHRENIT S F AL > THIE L 72, EEZICEIEL -2 EOBEMEOMRE
NoEMIZEAMIEEEZELFIWT, KfEEZEH L,

FER TSI 16~18°C . HIXEE 30~32 %D KKEBRE F T o 72,

4.3 ESDDEBERHER

431 FEBERUVHKEERE

ESDAFRAELZ L EOEELE 70— 7 TOELEREHZ Fig.4.312, ZOEILIFIEHE
LNz L TOMHR 70— T TOFEELEDOWY % Fig.4.412R"F, ESDOFEL & HIT,
L 70— 7 TOBEEIRIE A 13 MHz O AR CIRERE L T\\W5, Zhidmi T
YT VY C, MERBEOS VX IR VAL KESDEIEEDOAE T 2L RIZ & > THEKR X
N5 R—L—-CRIBEOEEHKIERT D, —FH, FBEBILEOBEIITIE. BAIOHSIZEH
FIRP DB X 72217, R RE R SEREEE VB I N T W5, BAIOPE D
SPFEREIRI ARB S NIBMIC & B KIEMEIZ L > THEBEINZEBIE, £ DBOENE 227
SHIREEZIE, FICEWNEI Y T U HICABEINZEMOMEIZ LD EEZS5N5 [32],

Fig.4.4D%EH & 0, H4EENHL B2 B2, FEBEDE -0 KEL Lo
TWb, ZTHIEEEEREEL 2B L L HIZKEEIFLRoTWVWE I s (&BiR) .,
KIEBRDPKELRDZ LI TIEX vy T TOKEEIIA/NS B Z 2IZZFL
TW3EeEZ5N5[31],

2P, Figa 3T Rd MEE 0 — 7 TOERERFIE, FigddIndFEELEORE &
D HH 10 nsORFFENAE L TE Y, TR T o— 7 e EEE 7o — 712D )
SNEEMOESONHENERNTH 5,
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Fig. 4.3: Example of voltage waveforms in the high-voltage probe.
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Fig. 4.4: Example of induced voltage waveforms in the magnetic probe.
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432 Xitk

Fig.4.5121%. Fig.4.3 Fig.4.4D#ERMNME SN 856 O KIEE KR TH — OEZEHE T 5
[ D ESD % R4 X E 72581281 5 KIERDOEYME & fEHE R 2 & 2”37, FXTER WY
HIZE > TRUEZY VR, T —N=3ZNTNKAEEDEIHE, BEEFZEZR LT
%, BEHENHELS b LI, KEEWHEL Ro>TWDE, EHZEHE D 80~100 mm/s
TlE, KIEEOEHEEE T HIMFEDINS K RoTW0W5E, ZThs DFERIK, wEL-
NG AN 1 U 72 SRR [ s o THFZE T 2 E N < 72 % & KAEED Y < 742 - 72 0k
[21]. ARFmXD 2, 3EDFER L FEMROBERKNIHEEL TVWEI L EZRLTWVS,

Fig.4.5DFEENE SN & & DOEEEE T 2R KILEZ Fig.4.612m 7, HHLHEE
L 705 & KIEENEL b @A Z R L TE Y, TOMHEFEEIZ-063TH D, “HlHD
X OHEOBINRH D Z bbb,
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Fig. 4.5: Dependence of the spark length on the collision speed of the grounded metal sphere.

433 FEEEE—7EEILS LD ERE

Fig.4.7\2 13258 E L FFEEFEDHE ¥ — VA OE Y —2 O3 s LAY I (10-90
%) & DR ERT, FAMTY YRV, TT7—N=EZTNTNEIMHE, B2 RS, &
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EEEDE Y —27 Db BB R Z U ZEOEIINES S RoTWE, —J, fii
EHENELS BB LI, FEELEDOE Y —7EIKRELR->TWVD, ZOMERIL,
Rompe-WeizelZ & - TRE X /- KLz B 5 EZERN Iz H D < KIEEBIE & KIEETR
EDBERIZENWT, FA—KIEEEIZH LU TKIEEIF L L5 &, KIEBRO Y — 7 HPK
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Fig. 4.6: Distribution of the spark length to the collision speed.

25X (2.7) L LITKHIZELRARE < 2B A (2.8) & 0., EMERITIZE S 3 [31].
[21].
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Fig. 4.7: Dependence of the peak value and the rise time of the first peak of the induced voltage
on the collision speed of the grounded metal sphere.
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CHAFT B 2 e h S (Fig.4.5518), IREMIZHE L -EBMHIC L 2FEBTEDORART ML
XL UTHINT 272010, FEEFEICH L TRk 7 — ) T28EEHT 2221tk o
T W — RN & 47\, 2 OR A BRT 5 2L 2T 5, T — ) TE#RIE,
(85 A CEIAT 2 X S IZEERO O 7L — Az LT 7 —Y) T&8 A AL TARY

NVORHER 2R %2185 H D TH 5 [36], FEETLHFBIZOVWTIE, H—-EL—rDXA
SVITMEUIZIRD KD ITEE L BT, 409681 >~ b OFEARMEZ W TR 7 — Y
IEWE T 577,
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Fig. 4.8: Amplitude spectra of induced voltage waveforms shown in Fig.4.4 obtained by short-
time Fourier analysis.
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Fig. 5.1: Experimental setup for ESD when the rise velocity of charging voltage is changed.
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Fig. 5.3: Current sensing characteristics of CT2.
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Fig. 5.4: Experimental setup.
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(b) Polarity of charging voltage: negative

Fig. 5.5: Charging voltage waveforms.
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(b) Polarity of charging voltage: negative

Fig. 5.6: Discharge voltage and discharge current waveforms for the gap length of 0.66 mm
when the change in the time of the charging voltage varied.
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Fig. 5.7: Discharge voltage and discharge current waveforms for the gap length of 1.16 mm

(b) Polarity of charging voltage: negative

when the change in the time of the charging voltage varied.
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Fig. 5.8: Dependence of the discharge voltage and peak discharge current on the change in the
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(b) Polarity of charging voltage: negative

time of the charging voltage (gap length= 0.66 mm).
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(b) Polarity of charging voltage: negative

Fig. 5.9: Dependence of the discharge voltage and peak discharge current on the change in the
time of the charging voltage (gap length=1.16 mm).
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Fig. 5.10: Amplitude spectra of the discharge current for the gap length of 0.66 mm.
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(b) Polarity of charging voltage: negative
Fig. 5.11: Amplitude spectra of the discharge current for the gap length of 1.16 mm.
Fig.5.10(a)Z =9 7B EE DM EDGE T, BEEED LFHEE (dVe/dt) A%<
725 BT, EEROIRIEIFMIER E < RoTWE, E-AEELED LFEE (dVe/dt)

DL 725 & 2 B AP 2.44 MHZD 5 200 MHZA & & < 72 512680, dVe/dt 23 0.1
~5.2 KVImsTIEMEBFRDIRMEINZ < 22 DIZX U, dVe/dt %10 kV/ms T iEE
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HOIRED AT 72> T\W5, Fig.5.10(b) IR T AEEELEDLE S FREDMH
[[TH D, dVe/dt 73-0.1~-3.1 KVIMSTIFJEFEA G < 7025 & & & TR O HRIE A/
XL RBDIZHUT, dV/dt H3-4.1, -5.1 KV/ImMSTIXREBRDOIRIEHFIHIEL 25T
Wb Z bbb,

Fry TEN 1.16 mmOEGE OFE R % Fig.5.11Z7R 7, 2.44 MHzA* 5 200 MHZ I J&i%
B g R B IRV IEBEROIRIFIZ/NE { A ERLTWS, 72, Fig.5.10(a)k
FIRRIZ, dV/dt 23K 725 & & HITHBBEIROIRIEN K E Lo T3,

4) KTEERICE DS KIEEREDARY MLEEE

Rompe-WeizelZ & 2 KEHFTHNIZFE D /5 Wz KAEERDO X (2.6) 2 HW T, HIET
Bo5NTZART ML E DR T 5,

EBIED EFIT AP WREBRO ¥ — 7R K E R B EBRIERIZ DWW T, KIEER
DY — 7 HEPKICBEED BIIZHHIT 2R (2.7)12 & > TEERIZITEHH I N S,

RN (2.6) 12 & B KALEIR & EERIZ & > TR LN MEBROIRIEA X2 ML % Lkt
572, Table 5.1054 & % A (2.6)IZ/RA L CTAIEER 2 KD 728, X (5.0 1ZHEDWT
KACEIRDIRIEA R ML OMIHEZ G L. 2~200 MHzD#ipH TLL#K % 17> 7z, Table
511IRTEFEARILLCR X —& (Hewlett-Packard 4285A. 75 kHz~30 MHz) % i\
T 1MHzIZBEWTHIEL 7=,

Table 5.1: Numerical values used for calculation.
Gap length [mm]  Capacitance [pF]d\¢/dt [kV/ms]  Discharge volt-

age [kV]
+0.1 3.8
+5.2 4.6
+10 53
0.66 4.69 -0.1 -4.0
-2.6 -4.7
-5.1 -5.1
+0.1 5.6
+10 7.0
+19 7.7
1.16 3.62 -0.1 -5.9
-1.0 -6.2
-10 -6.8

¥ vy 7EHN0.66 mm 1.16 mmOFER % ZhE 1 Fig.5.12 Fig.5.1312/~"3, = (2.6)
WCEED K KIEBFRICBWTH, BN E 25 IV KIEBIROIRIENA NS K b 2 &
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PHREBED LAEENEL 25 L & HIZKILBROIRIEN K E < A2 RMEIx, TS
REBELTVWEHDD, BUEFE & EBRFEREITITERVPEDONS, ZOHHE LT
X, ESDIZEIFTINFIZ 30 LE HBEMLBHR[14 THE Z eI TED, K
(2.6) 1RO NT & EDEBRE KERE D&MDEENEZ SND,
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-
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o 0.04
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(a) Polarity of charging voltage: positive
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| A
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A
r A Al A A A
0.06 [thhaiadmits A% pul s, 4000
. }lll)l)e))l}llll))l)ll}lll)l)))')l))llll))l)l)lll))) A “ N
XYY
— U. Y e " «««“«‘«««««««
3
ﬁ lllllllllllllllllllllllllllllTlIlll'Illl[ «(««««
I
g 0-04 - .nnn"'{'u!'linn[nnr[n
i: | " """'lm
= O 03 | | [u} dV(/dt:-O.l kV/ms (calculated) L)
@) | © av/d=2.6 kVims (calculated)
O 02 | | A dV/d=-5.1 kV/ms (calculated)
’ || = ar/d=-0.1 kV/ms (measured)
O 01 | | & dV/dt=-2.6 kV/ms (measured)
’ || A dV/d=5.1kV/ms (measured)
O 00 1 l 1 l 1 l 1
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Frequency[MHz]

(b) Polarity of charging voltage: negative

Fig. 5.12: Comparison of amplitude spectra between the measured discharge current and calcu-
lated spark current from the sparking resistance formula for the gap length of 0.66 mm.
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| B dV/di=0.1 kV/ms (calculated)
& dV /di=10 kV/ms (calculated)
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=
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(a) Polarity of charging voltage: positive
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= y
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(b) Polarity of charging voltage: negative

Fig. 5.13: Comparison of amplitude spectra between the measured discharge current and calcu-
lated spark current from the sparking resistance formula for the gap length of 1.16 mm.
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54 vy 7EN01LImMMUTOES

i CIEF vy TERN 05 mmE B 555122\ T, BEEEMEOFEBBED LHE
EAESDIZ MIFTHELFER LU=, AHIZBWTIZ, Fvy 7EN 0.1 mmEL KD EIZ
DWCEEEMETORBEED EAEEL ESDIZ RIFTHEELERT 5, Zhik, #i
BE IO EEEREE T, HZEEELE mm/sk E L 725 L ERIZHES 0.1 mm
DA =X TDKIEEDHENPRETH L Z2h b, SHOEEERIIFET LT -2 %245
5ZtxzHBMELTWS,

541 REEEXEDLAREZZ{LIH 3 ESDEREE
1) MEEE

B EM T H 5 BB BREM 2 & ORER S % X 5.14@)2 R, HEiREBREM (09.53
mm, BAR, BREME WD) IFEREMHEZ N LTI A 7B A—=ZAY R (Y b3, MHK-
15) IZHO T o, 4278 A=Ay KIFA ML= ZATL (I I, A2) 12L&
T7 27 VUHIZERE XN T, AR (Imx 1m. JEX : 1 mm)& BELRICHE S T
%, BREMUIEEHIEHN O Fuis & 0 $hiE LG ITEOE S 2v, SRR O HUDMTIZE DY ¢ 10 mm
DRI H 5, £ ORI I, R RT & ORMO S DBE— & 722 5 Hv Eig
BMHL (06 mm) DSEREMR & 09 5 & S ITHE X 1, BRI SMA Fiilr — 7L
(Agilent 8120-4949 1 m) DIESREDNuGF & B S ., [l — 7V oathflo o
F 7 XTI & BiREERIC K o THEF I T W5,

(2)ESDEREREI R

ESDE BRI % Fig.5.14(b) IR T, Y1 270 A =X~y NEEREM & %2 6 % Bk
BMfE X, 100 kQ O &N E#PTE LT, mEEHEES (TREK, MODEL 10/10B &/
BEIER : 1,000 VIV, A)V—L— b :250Vius, EEE=X—/HIHEE: 1V/1000V) D
ESET =70 (BT 3m) LERINTWS, SEEMEES? SR ESIND REELIRE
DOFIENZ I, FEEBEFEAE S (Tektronix. AWG2021. &2 1w 27 J&EK : 250 MHz, T
EOREE : 12y N) 2 U 7z, BREM & M3 2 BRI kI B & vz SMA R
T— 7 WVIEEEREE T v T 2 — X (%) T. SFA-01AXPJ-30 30dB. DC~8 GHz)
ENALTCTYRNLAYTRAT—T (Tektronix, DPO70404 LARA TR ZAI—=T42\5H)
D50 Q AN FIZHERINT WD, ZOWFIZHEBR isiC&> TRET HELE Vs &
TYTFF—ZDFHEEIVIBRIANA VE—X U A50Q%2FE LT, R(5.2ITE>T
NEEIR % 25 GHzDY > 7)) V T RBEBIZ L > THTWS,

i Vex10M
°T 50

E7-. BEEHEER» OO NEFEZBHIT 5O 0EFEE=X —%i1 (HH1 v E—
XY A 47TQ) EMEEH T —7 v (A myz AL Thidotrmnxa—7D50Q ANbiT&
B h T3,

~ 0.632x Vs (5.2)
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Micrometer
head(MHK-15)

Straight system(A2)

| Brass cylinder( ¢ 13 mm)
Spherical electrode (@ 9.53 mm)

Acrylic plate

Brass disk (¢ 6 mm)

Copper sheet i U
(1 mx1 m, thickness:1 mm) ]ILJ?SMA connector

Brass fixture

SMA cable

(a) Discharge electrodes

Micrometer head

Signal generator

High voltage line
% 2 1 MQ /
High voltage amplifier
3m Voltage-monitoring line
_ ischarge electrodes /
I m
Digital
oscilloscope
Attenuator
SMA cable I

1m

(b) Experimental circuit

Fig. 5.14: Experimental setup for observing ESD from spherical electrode for different rates of
increase in charging voltage.
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(3) TEEBERY & REBRTAE

SEEFRDICRE N TV SR EYMA & BAR T, FEYMAR & § LA o ke 3%
50 mmODE D 5, H MRS R BEHLAIZ B 5 - T 200 mm/s 20 mm/sD #E & TEjZE
T 5 EEMIZRE LZGEIZDOWT, 2o LRROEBEBREMI LD LIIZXF vy TR
D 20~80 um IZ B W T REEL 2 FHAE X7, HEWIROEZLERE 200 mm/sk i 7 iz
Bt d 5726012, R IR O B BRI AR & AE LU T, MRS S B
SNDEREBIEOC—Ifli%E Vy[V] & T 52, EREERERTOHEIELEV [V] 1EX
(5.3) e KEIXIND (ZZ Tl Casele\)),

| x 0.001x Vch

V =
0.05— 0.2(t —to)

(5.3)

ZZT, t[s]IZFEEITH D, 0~(0.054)/0.24g [s] T TEULT B Z &6, VI[V] DK
fEIX Ven/1000 [V] & 725, | [m] 1ZF vy TR, to ld#Ef T — XD 8 DfEH L 1 572D D
FARHDOKRMTH D L us~7 usDfiz & 3,

K B.I)ITHEE D S HEIAERIZER L Tk, WEAERKY 7 b (Tektronix. WaveWriter)iZ & -
T, E—=Z2MlM1V &5 % 1 usfECTERLUZHZIZ, A=Y FLara—&xHh
SEBRRERAERITEELTWVWS, Fig.5.15121F, vy 7RI 20um DIGFEIZDOWT
WaveWriterCE S 7z ikIE 2R3, 2D & &t=0~0.249903s tp=3 usTHH, &5 —
KHE 249,904L 72 5, EEEIEIEZR O HIEEAY1,000CH 5 Z & 2 EE L T, LEHEE
FAERTOHIIEENTHEI LT VS,

YR D E AN OE SR EE A 20 mm/s& ARE U 72354 D H iEIEIE. Case iz
DT WaveWriterz Fl W CERL X 72 B T — X O el 2. (ERBEERER BV
T1lusHhS 10UsIZRELFT A LIZL>THTWS (ZZTlE, CasellE\nd),

Fig.5.16121&F vy 7 E | % 20 um L€ L 7z Case 2D \W T, [EEEEHKERTOD
WHEBEDORAMEZ 540mV e U BEDEBEE= X —COEERELATEETO—7
(Tektronix, P3000, 2.5 pF/500 ©) Tl U 7z BREBABER OB LI % R 9, BIEE=X—D
E—2fEIX292mVTH D, IREMTOEEDY — 7l Vep 13544V L7380 72, EEEH
IS eI ATIBE 2 I1FIX 1,00005 12 HIE L TWB Z e 23bh b, —f, BEE=X—DY—
JEZEA V=RV AIFEDWTEE T2 280mVeE D, HIEME DERO—RHIZIX
BEHEEENREZ OND,

Fig.5.17121ZF vv 7K1 % 20 um 2 8% L 7z Case 2D\ T, EENERERTOH
NEEDEKEZE 680 MVIZFHRE L 725512, BEE=X—CTOELEFEFRFELE 70—
7" (Tektronix, P510Q 2.75pF/10 M2) Z & > CTHIE LU 7= BREMBEBOBIEINIE 2 =T, &
JEE=X = oDt IO Y —7fEl% 344 mV, BREMTOFEELED Y — 7 H Vep 13 648
VThHorz, BETEESELISDOHNEEILX. EREMERERTOHREELD 1,00007 &
DENELKBRoTWVWD, TNIEEBTEEIEROA T 2 A8 HIRIZ & > THEJE K TOMIEE
DINE LK B Z LICRERERLTWS, ZD7-OFEHERER TOHIIET L &8 EES
TOWNELE L OBREZ T OEBRIIZKRD -,

ESDOERRIZBWTIE, ¥Fvy TR ZEEL BRI, EREERESR? SN (5.2)1C
O BEREZREI T TIREMZ BB L 72, WIEEORE ITIFREEE (ke mE
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(a) Charging voltage waveform
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(b) Enlarged waveform

Fig. 5.15: Charging voltage waveform produced using WaveWriter for the gap len@bum
(Case ).
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Fig. 5.16: Example of charging voltage waveform at the spherical electrode and voltage-
monitoring terminal of high-voltage amplifier(Case II).
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(a) Charging voltage waveform (b) Enlarged waveform

Fig. 5.17: Example of charging voltage waveform at the spherical electrode and voltage-
monitoring terminal of high-voltage amplifier (Case I).
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54.2 ESDDERERKRUVEE
(1) REER - MEBERKY

Fig.5.18IZ 13 EEED Y — 7l Vep 2 2L I ¥/ & E DINEEIRBILOH 2R, Vop
21X, POEBRMITKRD -AEERERERTOENET L GEEMERTOHNETL D
BfREHNTWS

F@SB»mémt#kﬁﬂ% AREBEELEDOYE — 7mmm#b®b®2mm1SMV®
SBEIZDWT, Fﬁ%%waﬁ% X —TOELELNEBRDIEIE % Fig.5.1912 /R
3, BEE=X “"G@%EK IZERNREEFRIEDRZIZ, EEROFEENS 5 nsFEEEE
MTM%%%?é&%ﬁ&6Mécﬂﬁ%%iﬁ%%m Ko THWEEZIIZZ LIZER
ITHEDEEZOND, BEE=X—FEFED 5000 > FIE%E LU 7-ETH 5 0.288 V
CHUBEE (RESRME T L IERMITRD -EREMIZB T AEFDBFEE =X —EFITN
T5) U CTHEBELEZ KD T WD, HEREIZIE1862% W, ZOHEGDNESE
JEIX 537V & 75, IRBBREIREIT 550 6 FHMEOREIIZHWT WA A, JHEIRERS S
RN YV TIVEIZEE D K SEYE L DX 0.35 U TH - 727280 ﬁ%ﬁﬁﬁ$%m’&
FETHELZEHAL TWS, FEOFIEIC &ofém%kﬁ?ém EOREHZEIT o7,
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B ! 1 1 1 1 1 L L] I L 1 L 1 L 1 L 1 L
7 i —— F20um, V=540 V (Casell) 7] 8 B —— =60 um, V=872 V(Casell) ]

— 6k T F20um, V. =648V (Case) L} 7 L ——— 1260 p, V=960 V(Casel) -
R /=40 um, V, =732V (Casel) |{ <, 6 ——— =80 um, ¥ =1012 V(Casell) |]
~"5 - - 1=40 um, V=800 V (Casel) ] = s === =80 um, ¥, =1224 V(Casel) |1
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(a) Gap lengthl, =20, 40um (b) Gap length| = 60, 80um

Fig. 5.18: Example of discharge current waveforms.
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Fig. 5.19: Example of discharge current and voltage at the voltage-monitoring ternw2dl, (
pum, Vep=540 V(Case II)).
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RYMEERE. MEERDOE—71E - L5 £ Y R

BERMITBEWTH 6 IR T 20 O ABEIEDOHIMZ T > T, MEFRL, KEERD
Y—2fH &5 B 2 flE L 7=,
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TRIZBWT, ESDRFAEL b o7z & ED Ve DI KEIZ Case [D1F 5 A Case 1k D
HWEBIE L o7z, ABBEEZHINU 72 20814 T T ESDMHAE L 7256 D NEETE D F
YAfElX, CaselDiZ5>d CasellE D EWEFE LR o7z, 2D Z ik, AEETLDO LFHE
ERELS 2B, WEBEBENL ERATAHI L Z2RLUTWVWS,

FREETEZEMUL7Z 202 TTESDAHKELZHBAIZDOWT, NEEL., WEER
DY —IEENEE EAYD I (10-90 % ZFEEHLH L 72558 % Fig.5.22012 "3, FXT
VURIVITEAME, T - NN FEE T TN ERT, Fig.5.22(Q)l R L5z, [
—DF vy TRIZDOWTIE, ABEED EAEENHL 105 &, WEEEOFEIMHEILS
moTW5, ¥7-HA—DARBEILED EAEZIZFLUTIE, vy 7ENLLNS ., NEE
JEDNWAfEIFE 7> TWB, Fig.5.22(b)Z/md K52, [A—DABELED LA EEIT
LT, vy TRVLNS L, MEERY—7HOEEIZAE S RoTWD, Tz —
DF vy TRIZH L TE, AEETED LFERENHLS 2D L, WEERY — 7 EO1H
ERELL>TWVWS,

EBRON S LMD RRIZDWTIE, Fig.5.22(C)im_T £ 512, H—DF¥ vy TRIZ
HLUT, 20umDLGEZRNT, REEBED EREENEL 225 L EEBRDOLS ED
DR ELS R oTWA, 20um TlE, V25 EDADKRIZEZDRAS NP o720, A1
AaA—=TEAEDILH DD IFEN 93 psTH > T, TDEL D BNEERDILS LD R
HPNEHTH 72 EDERNEEZOND, £2HA—DABELO EFELITN L TIE,
X vy TENENE & LHIZ, WEBROILS ENVERNEL R>TW5, Fig.5.18i2
AT EDITHMEERDNLS EDXDEPIZIE DO = BESNTZN, THhHodD DD
C— O WERLILEN—DDERE - T, fRELTE22(c)D & 57 H B Kk
o ZAEEMENE Z SN B,
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Fig. 5.20: Dependence of the number of ESD and discharge voltage on the peak charging
voltage (gap lengtH,= 20, 40um) .
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Fig. 5.21: Dependence of the number of ESD and discharge voltage on the peak charging
voltage (gap lengtH,= 60, 80um).
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Fig. 5.23: Amplitude spectra of discharge current for different rates of increase in charging
voltage.
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