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1.1.1 BRI R T OEFLER

HERDORIBEFE A BT DAL OWHME SR, b—T OEANCHE - 72— R THEA L
TEREZED R T PAZDRE S LMRIEL T OREIL—/VIE, 2018 R R T, RO =
PETNA AT 10 nm 25 L-YLIZEELSOH Y, TOBNE, #itax b, TuokR
AANROEPIIANYy =V 7 aA MO REZEZD LML OOHLLEVDRTVD
[1,2], Fig.1-1 |Z IEDM2015 THEINTZAFTH Y, FEKRDORAr—1 7HITH 5 24F
ThT U PRAEEN 2 FI272 5 &\ 9 Moore DIERINTE L, ¥4 DRAM O i % FE AL 138
L2252 ERTHEDOTHD, 2 FTT A ZAEEDF7ITHE/ L TN &)
Dennard DA —1U > 7] & & THERDBHIE DOERE L OF 408 2002 4F 4 1 X 7-EH )
DIRZIZRELS RO TNDH EEDLNT VD,

Moore’s Law and DRAM Density Progression
1Tb

b = Moore'slaw y
512G ~+—Avg. DRAM Density Shipped ."
256Gb 1979 - 2003: 51% CAGR e
128Gb 2003 011: 299% CAGR v-'

64Gb DRAM Density Gapis Increasing
32Gb

16Gb
8Gb

P _J
;|
-
=
-
' —
4Gb e oo B8Gb - 15 years behind
ey o

2Gb 12 years behind

1Gb : 1Gb - 5 years behind
512Mb . ' P "7 SuMb 3.5 years behind
256Mb - . _~% 256Mb - 3 years behind Moore's law

ZGb 8 years behind

1994 1998 2002 2006 2010 2014 2018

Changyeol Lee, Short Course IEDM 2015

Source: De Dios and Associates

Netlist Bloqg, Jul 24, 2012
Fig. 1-1 Gap in trend of miniaturization between Moore’s Law and actual DRAM density progression [1]

—J5C, HZRRIEE A R EREREE L CTER LYY o F v 72 ENRT,
EHEEZ/NSLSTHLEEHIE, FyXMazoRk<yVaryr8@me 7T H5 0T

Through-Silicon-Via (TSV) &I D, —IRITONARKZREMZ T 5 Z & T, B0
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OVFIER B 2 K L il B - ARV ) 2 BT 2 M B =R Oo i@ R OB % - %
e b3t AT B3],

BOED~—/2 v FREN DS, TSV BELN D ERITLL T O Fig. 1-2 1IZR-T X 5 12 DOE
TINE L, FEIDE NS BN A R T p—~v AT Ea—% (HPC) 72 & D3EFCA
WRIEN 0 Z AEo5oh 5, 7ok, P TIE=%kx (3D) OHeLT  « Hikt (2.5D)
L EDND ZRICH OB & IR TOEMR A M B DRIy =2 EH T 5D,

g LSRR E R LIz ) a2 F v 7% RISk BT A PEURRIC L 0 $2
BT DNy —VEENS, ZRICICHEA BT BT v I EEE SR SOl E
KON LT e A Z G LizfizRE L) a vy BEEE T (Cu-TSV) oAk rtk
AEEAL, BOZWRICONEERT v TGO T A A0 O e E R ELED E 1L
PHESD BT E TV AH[5][9],

3D TSV and 2.5D market forecasts for 2016 - 2022, by end-application
5

Stacked memory

4,5
" 3D SoC
= Interposer
c k-

4 s

z S Silicon photonics
S . - Em
= 3 ot
E - oR=3e
p o (ol
£ 3
.
<
o
> 25
L
0]
(=8
£ 2 ‘
5] =20%"
& ChGR
E 1.5
« CIS and ToF
=

0.5

CAGR=29%*
RF filter - MEMS - FPS ...
2016 2017 2018 2019 2020 2021 2022

*From 2016 to 2022
(Yole Développement, May 2017)

Fig. 1-2 Market trend and forecast of 3D TSV and 2.5 D that includes meaning of combined packages of TSV
and TSV interposers [3]

Fig. 1-3 12, ZIRTHEMMEIE D —KITIZ TSV 2 FEETH 2 L THLNLD A U v MZHOWN
TRY . IR TERENTZ VAT DA T v 7 EFHIN D RKIFEZ2ERRIE 2, A0
BHET vy 7 (A, A€V, @E, 7—ZH#%) 200 T—F v 7 RIERT S
EF v THBITIREL 2D, KT ny 7HZB’T v T EORI Y A= FLIZbB LS

FWERIEE ORRREIC X 2P & REREIC X D1E 5B, 70 H CR [BIEEIZE 5 Ehr
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OBEZ LV HE SN =R LF—a AL > TL b,

ZIT, KHEET 0y 2 2ENEREBOF S E LTERATEREL, BEAMICEL
DR E LTEFEST 7Y RIA4 2 0 EFREOF v THOEZ®@ET A % 30um &
VD KD ARE TSV R & U CIBRL, EAET 5 2 LT, IR, RIEEE ), S sk
EWIHIRERAV  MEETZENRTEDLLEITRD, IHITE, Fv 7 HOEMONE
AL CREE AT, Fo T OMEIC LERTEARWT v FRIERET L v b, [\
WO EHBENE L, LV EERY AT AR ZIRTTRET D ZENTREL 25,

OIS, ERUA YERBRTRIET LV AT AL Ny r—2 (SIP) L9k
MABAsE S A, FEORGEIND, K23 RA M TERTOEEEEMEIKT N AT v T
BHEEET L 2 LT, ERb~OEINNR S E A2 NI TE TV, LirL, 6725
BMEENE, BH5TA v OBIEOMFENLEL 2o TE T,

Functional block

Long %lobal wiring:
several millimeter

I
. j e ShortJ)S\
. ,. : / ~JU pm
= | ! -

SoC(system on a chip) Plan view ~sectional
view

Comenion 1 1c T

Fig. 1-3 Innovation of 2D IC to 3D IC with Trough-Silicon-via (TSV) technology [4]

BTz K DI HRER D [A1HE 1 OB b O R A EaFEIIC 8 D Z LD, gL
TNAARX=TNE, ELRDE A=A, HEN =R w8 LT OB I O
MEED HMEIZH BTV D, Fig. 1-4 12, ZOFEH & L TLEHRERRZIT > T ZRkonFEk
L= E8IKTF o F R ERNy r— Y O (Fig. 1-4 (@) &, TSV ZFIH U7z s g 52k
EERBT Ly —UOME (Fig. 1-4 (b)) Z/~7, AiE T, @5 7228 Z21T-> TV
Lz, ZORMREICE D, \BL, (&7 50 R 5 NSRRI X D15 SRl iz
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E, S DICEBEBRNODERE 7 v A b= BB AETHARESERH D, BHEICBWTIETF
EHEHEAS SIS, BEREITEZEFELME CEHEBEN LR TE S, =
NWHDHBMNS, VAT hA Xy — Y OIS TIEERRERRIC B HEITHRENLD b0
D, WMEICK S TELMERTIAYR T 4 7 F v 7O =T HMOPEAIZ LY FEBL
MBS T DLNEHDT SA ZDOMERIZH LTIRADNH L Z LB IND,
L2ALRd D, TSV ZHEIET DITIET A X RITHEIZ OO B 1 DRI 2
EHZPICHERT DT 0t R, HHOE N r— V%7 ) BB E G b 21TV
BT HLERDY, SEOVNMET AL ERYFEEDTLDDO AR MNREL 2D ENTA
Eb, FEEOTEGHA TIE, 3D IZhLE L7z TSV 234 =2 R Tfflidoi 2 High Band width
Memory (HBM) & FEITI 2 @ LD AE VIZH L TOFTBENRKENE DD, ZOHE D OF
EMORIOFELRERINTND LEOREND H[4], £z, MHLERCEVERHET
DIE SER OB, EVEEME L LERZ LD, KB 57200 E A 7 1t A
DI B FTIAEHM B L OFEEBIRN AR L 72o TN D,

\\
i

[5F 9 X329 7FCSP]

Nolr—oms
1.4mm (MAX) 3%

IIIIIIIIIIIII renwd <l smm (“Ax) X
#Hm®|/ e /\J‘;‘f R—L

ﬁsﬁ& 045 mm ﬂﬂ-&ﬁ 0.8 mm
05 mm ¥IFEFEYF08 mmDIBEER

(@) A system-in-package (SIP)
3D Direct Stack(Wide 1/0)

h’al.

}-E ) %2 —7(Memo
e | owu{rsvﬁnt‘za p—
)71..7 2%

ST |

(b) Scheme of a 3D direct stack package
Fig. 1-4 Structure of 3D Package solutions [5][6]
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Fig. 1-5 12 TSV #4425 ECHEEMICITON D 7Vt A0 % 2 fiRxd,

—0%, ViaMiddle & FEEILD 7 1+ 2T, Metal Oxide Semiconductor (MOS) @ k7 >
A B TERARBRIE KR, & 2 WIFEBIE RIS TSV Z2EV 1AL 71ET, Cu-TSV Z-oh
STIRS BTN TWD, LnL, ZRITCOEMRFDPLEL RDT-OLDOREIa A
MEm< 22 b, £72, ZDH&E LT ViaLast &I D FiEIE, T CICUZ— N EIZT A
ATCHALEL TR 244 2 T2 b DI L TR BIERT 5728, Cu-TSV AR DIz D7 vt X
ASDON= RAPHERES, T ZAERBRORIESE L WRETHY 2 X M ETHATH
D0, FEROWMMEIZOWTIIAR YT 4 V7 By TIN5 EALESDERBEZ R GHR
YT T OEEMEE RO ENEEL o TS 2RBEND, BE~OHIRNH D &E 2
LI T35,

Via Middle -~ - e

) .
, S ,
’ N /
) ! Y
| H | '
\ .

TSV etching TSV insulation = =TSV metalization

\\ - -___- - =
--FSV etching TSV Insulation \’FSV’r'ﬁétaIization + RDL

Monitoring of Etch CD, Depth profile, Cu filling status D. Henry et al, AIDA Meeting, April 2013

Fig. 1-5 Typical process scheme of TSV formation in cases of Via Middle and Via Last [8]

*CD: Critical dimension

TSV OFERBGETRIZIET y F 7 TR, 747 —@/ N7 —E,/ > — NERAE
Do X TRRLEVPFEN, TOT 0¥ X RGEE B RO ZENI K F 2 KHa<e/)
E7p2EZ (KA F) BRETLZENHDH, ZORA FIFK TRUE TR SRS EEOE
AR O 72, KMz RICR R T2 0ERNH D, TDHIC, TakAhoy ) a
VT T IEE CRRA DS ATRE A FIE~OERITE <, Loy, RO TSV ITx L
THEEEHOA T A U REPLEEN TN D,

St, HEMREREIKD, M bERORRAOREL RV 2, ELEHT TV ITiE,
SREEECEDE T v P U b, IR, RIHEET), REEREOT A ZOERIL
DAYy b &S ZRICEERDORRITIE, B ZEOIRETEL T A~DT 4
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— MRy 7, RIBA~OT v ZAE=ZIFEROA 7y FPITA DN EHEEL 0D L35
D,

— 75, International Technology Roadmap for Semiconductors (ITRS)? 2013 A D FEFK I LR
[10], TSV X4 % & BITHHEosk ey FsdE A, £ 1-1 1IR3 K 918, 2013 0 AT
#% D 2015-2018 4E 21X, T FEBEGH O TSV Db H A K13 D $2-3.5 pm, 1 & 30-50 um
NS BDETREINTVWS, N UV RAZZBTOMMED ML RITk~D EfEET
EH 20, ZIRILT NA AOEGIZH DO TRIES L, MEFE BRI S LdcE L
TWSRENHD Z ENA TS,

Table 1-1. Global Interconnect Level 3D-SIC/3D-SOC* Roadmap

Global Level 2013-2014 2015-2018
Minimum TSV diameter 4-10 um 2-3.5 um
Minimum TSV pitch 8-20 um 4-7 um
Minimum TSV depth 40-100 pum 30-50 um
Maximum TSV aspect ratio 5:1-12:1 12:1-20:1
Bonding overlay accuracy 1.0-1.5 pm 0.5-1.0 um
Minimum contact pitch (thermocompression) 10 pm 5 pum
Minimum contact pitch (solder pbump) 20 pm 10 pm
Number of die per stack 2-5 2-8

5| AT : ITRS2013 Edition, Chapter 2.3, page 12, Table INCT7

*SIC: System in package, SOC: System on chip

1.1.2 MEFE~DOER L RE

A CTIRIZ X 512 Cu-TSV 2 A 0 &< -G 2120%, ek 2AhH 2 0niE 7 vt 2%
DB A FIENEE TH D, SEMATECH (2 X tuif, Fig. 1-6 (/R X 91T TSV <
Cu-TSV ZEHAl, BEZIT O IRV B RITUIR O R WERORERH 5, T77bb,
FOBEIR LI TSV Ol SEM %26, il FRET HH1D T v F#% D TSV IR Otk
eix 10 68 1 RREEC, BRI Sum, IRE 50 um BREDO L DI/ D Z E M Z DA, FEMEET
SRR TR AT 9 121E,  JEE & O AR SEL O S 0T AR AN I 215 T TSV
BRI DIEfERTE R AT D DIIRL TERW, £, A FTOFEITR LICKmbtEIC X200
FRAMBEBRIC L DHEE DT D, $l% B L 72 Cu-TSV OFAROWPEIIE, W DFiEtk
MHEZT, SiBLOCu TS, ALK CAREN THY, BFE—AICL2BELE
T-HFEE LIZS WIES D729, FEMEET, 65 um x50 um FLE DK & S OMIKROBIEREIL T
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ELHENLBEIIRDLEZBND,

Needs in 3DIC inline measurements:
TSV etch and Cu plating SlEM ATEC(H )

Blind etch step
Etch profile needs to be monitored and
well-controlled across-wafer

» Profile control is critical to ensure defect-
free coverage by the L/B/S layers

Non-Bosch
‘ 182 A;?(;d TSV metrology challenges

Top-down optical metrology has difficulty
getting light off bottom of HAR structure
54800 5.0kv 57mm xT 50k sEM 9222012 | ' "' 30.0um and back out to detector

+ IR interferometry

pm|depth

M2

Cu TSV metrology challenges
High aspect ratio (= 10:1)
Opaque materials

5 um 50 um Copper
Vi Diameter Depth + Silicon

bottom-up, super + Visible and e-beam techniques
conformal Cu- won'’t work
plated TSV + X-ray imaging?

M1

Fig. 1-6 Needs in 3DIC inline measurements for TSV and Cu-TSV [11]

INETOREND[8,11-13], M THAET 2 FIEE LT, LT O 4 MMEAli & LT3
Foivd, Fig. 1-7 ICBLFORNEZBMRL, #HT 5,

(1) X HREAPEEIC X 2iF e 225 X OF Computer tomography (CT)IZ X 5 5k

(2) HEMEEHEEAFIAT 5k

()  WEHEFLU R AT MVIEIL K D 5k

(4)  Near Infrared (NIR) [EI#T581221C X 5 ik
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Challenges of nondestructive mspection

e X-ray CT

— Large number of projection
k——a views are required.
i 18um :

,4'
- '

I

i

— Cost of time and calculation
resources.

50pun

_ * Acoustic scan imaging
CulsYs sof _ ' .
forapl | ; ' — Current resolution ~1 um.

— Classification of voids requires
more spatial resolution.

'» Dark Field Reflectometry
. — Limited for TSVs without Cu
— Requires multi-sensing methods

» NIR diffraction-based
T - macroscopic inspection

— High-speed inspection
— Statistical measurement

Fig. 1-7 Challenges of nondestructive inspection  [11-14]

(1) X FREEMERIC L D FE iR A £2E X O Computer tomography (CT)IZ & 5 ik

WA, @ XA W CT HIRIC L 5 v AT AT & o T ZR TSV o = kotizik
ZRE L7=F RN DG ST d [11][12] . Fig. 1-8 (2 Lay Wai Kong [12] & 73,
TSV A LIz U ar O oY 7V a2 B TEO T, U a o/ % 775 pm
25 50 um FREEE THLIN T L7 b 02 AR LT, XMREMSEEEIC L X HEing %5
CTCTIZL D 3D Mif & U CapfRk Lok 2R,

ZOFIEE, &0 X HRE M T oYL X, Al A=F LU X, TRV
LR, BV=TiARY 7w E e Xk a2 VD 2 L T 50 nm RREE D ZE R fRREA
FH SN, FEOIHICEDHAICK L THEEOUWmIC TR L #BlETE 5, £D7
B Cu-TSV O7 at AHIRA LT CuFDORA ROFEMEZ BEICBIZET S Z LITlH LT

Wb, X512, Fig. 1912, Cu-TSV Ol » & 7' AEAITIER A RS T & 7n
1-8



MoT2iRA K23, 225° C HDHWE 300° C DIRETT =—/L1 5L, o TEEOEY
IS DRI SIVTHRA R334, JERTHZ ENbY, 2o X MEAREEIC LS CT 15
ZDORA FOFEEZEBMICHETEHZ LN bMd, 20X 1T, XBCT 2=k
T CU-TSV DJZIRRLAA D K 9 7 KMa% MBI, MADIZDICKERIEREHEL 2 L
MTE D,

COLLEGE OF NANOSCALE  8KeV Lab-Based X-Ray Microscope
SCIENCE & ENGINEERING

UNIVERSITY AT ALBANY Stte University of New York

3D Tomography ¥

Evaluation

- No physical cross sectioning into TSVs is required.

- Shows 2D (XY, YZ, XZ planes) and 3D Structural information.
- Allows internal and external of TSVs inspection.

- High resolution at ~50nm.

- Good contrast for Si, void and copper.

- More than 20 TSVs shown in a single Tomography scan.

i EE B

B W s e sm e

Fig. 1-8 Evaluation results of Nano X-ray computer tomography (CT) [12]
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(COLLEGE OF NANOSCALE Total Volume of Void

SCIENCE & ENGINEERING
UNIVERSITY AT ALBANY State University of fork Gmmh After Anneal'n =

Single TSVs, Stress free temperature = 150C , Volume = Average of 6 TSVs

Post Anneal | Volume of Void Before | Volume of Void After Volume of Void
Temperature Annealing(um?) Annealing(um?3) Growth (um3)
225C 0.11 0.41 0.3
300C 0.13 1.63 1.5

After 225C
Annealing

Fig. 1-9 Estimation results of total volume of voids in Cu-TSVs after annealing process [12]

LU D, ZOWETIEIANAARNT—0 X BESC, @i T2 il S g2 L8 L
T XBEN L AR EHNTEY, F72H4FO signal-to-noise ratio(SNR) % & 6 %
72T, FERIY TV EREE L TT ) MBHEREER L E ThH 570 L, RS T,
THADFHTD 300 mm 7= — "AHEEREGEIEEFO A T A4 U RENRICETOEE
WATHOIIRG 2 L TR, E6IC, XBERGEND CTICLY 3RILT — ¥ % i
FTHI121E, RptEEEESE, 728 I3 E DD THRED X $uE 85 OG0 0E L 72
Do, Tibh, XML ERIKONE - AEAEZ 2B 6L OFBMBERET D L%
BT, RWKFHAET L L L BT, AF v D= DEEE O K EEERE ORI L OVE#B
FROREENHIFI & 720, 727 ar LUV OREARGE L THRET S Z L1385 Tl
RN, E Tz, XBREHED O D ZIRIET — F OREEDO T2 OFHEO a2 N HF[E L 22T 1T
SN

(2) HEERBEMELFIHT L HE
AE W BAMEE S A7 L% AW IEE TR A R&ETe Cu-TSV O =R JikkiE OFENT O
R TOIL TN D, Fig. 1-10 IZF ORI &7~ d, @JEE SV AZHML TR VAT 22—
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B35 1.2GHz OHBE W7V A Bk OBARZ I U CHRE U, SO &35 8335 OfifhT %
THZ LK SRTIEREFGDLVAT LA TH D,

power-amplifier TIR switch pre-amplifier pre-processing
> N T P ) [l
ADC

[ ultrasonic transducer |

o |
- | _, coupling fluid |

line - signal

D]

LRl

{

(a) Working principle of the acoustic GHz-microscope

z [pm)
z [pm)

X [um] q

(b) Cross-sectional views through acoustic defocus scans [11]

Fig. 1-10 Scanning acoustic microscope (SAM)

T, Brand[13]1512 XKV, EEWH OJE WD 24 E TO 400 MHz FRE O ERR S 1.2
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Fig. 1-11 12 Z O iEm a2 A TR, T72b 5, FRIZ TSV O 78 7 7 A L ORER[X],
FE BIZIXE BB iRE L7 TSV OB A OB, £ 3ottt rn—7I12 k% TSV ok
&R E DOF v v TOEOWE, AUICITE ORI L-AEE2EAL, TSV ON
FOBET CHUEL L 72 SO A R TG 9 %, £DOAXT ML ZHIETHZ LT, TSV O
TEREZET ML LZDKIH AN MBI alb—val, 74 vT 47T HRIEICE
DIEREHEET DLV LD TH D,

Graves-Abe [14] 512 KX, FHADESR & @l CEIET 2B AT — V2 HnH Z & T,
Ty FUTEEZEOVY A= BIZERE T TSV OB B H O (TopCD) , TSV @
HE (ViaDepth) , TSV Ok~7' v~ 7 AL (ViaProfile) % En#ICEG L, ot AEE
WCHEER, JEEOBEOMRAE (Bottom CD, Bottom curvature, Side Wall Angle (SWA)) % &
iz, FHU R A =2 2B TE 5 WA LTV,
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AL DO HINTT v F o ZEEDTGIROHEE, RAEDRL BT, R FE2ETe Cu-TSV @
A FGRHEE, REZZDHOTHD

1-12



oy Side-Wall

Via Top CD Angle

Optical microscope =

Via
Depth _

Via Profile
Dark field
Spectroscopic
reflectometry

Bottom

Via Depth Curvature

Spectroscopic .
reflectometry =

Fig.1-11 TSV metrology using spectral reflectometry with combination of optical imaging processing [14]

4) Near Infrared (NIR) B4 EBIZIC K 2 51k

Fig. 1-12 IZ NIR IZ X WL A BT 5 Hikamd, Mm$is 2 At L CRlkt 2 BiR
SERNG, EARAEIE B Mi#E — 7 = — G I — M $E & DRV, [T
% CCD WATTEHLZDENIBLDTHD, SHIT Fig. 1-13 OFHEIIRIND L DI
Si V= AWERNNEFBRT DI END, FHENDONN Si & BT HOERDEITED
BNEFIAL, KEEYTT2FIC K > TRE SN A FHIIGIERREI N TN D,

ZDNIR DAY FVEGENE, DITFOaryRN—x bbbl E T 5%,

1. 7Lt MU > 7R (Concave mirror )

2. U NDERI AT —

3. IEHEFRIZE BN E CCD A A—T v (BT OELS)

INbDaAVR=F MILY, Vo= MERAT =V 2@ L TAF Yy o T5H2 LT,
Fig. 1-14 © X 5 72 %15 5,

ZOFEIFENTZ— DT T E2EETAF Y U TE L0, FMETHRENTE,
A=y MEEL, ELVZ— " OHNORE—ELRET S Z ENARETH D, Lo
L2235, B E Culdim e m S 7an =, i) - Z#I2 Cu-TSV ICHNIET H A A K
DOREETHIENTERY, ZTOTOIOHETIE, MHRETHT o AORETIEE

PRIET DD H Do
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Concave mirror Concave mirror

Wafer tilting stage
Light guide Image sensor

Fig. 1-12 Optical configuration for TSV array inspection by utilizing diffracted light. [15,16]
Wafer front side

Wafer back side

Diffracted light
Ilumination NIR light riracied e

Fig. 1-13 Concept of diffraction inspection from wafer back side [15]
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Fig. 1-14 Diffraction image of a wafer with TSVs formed on the surface with variations of their sizes
[15, 16]

1.2 AAFFEOBH
AIEE TR FEICK LT, A T4 CHEAITICE TE 2 R0 & 5,

WAL OB X #R 2 (L ST T I 7 a v OG0 FFoT /7 4 — 1 A X #REAIK
B AT ARBTE S, BRAEXNGR LD TSV OFROBEENTE 5 X ) 127 -> T 7=, Fig.
1-15 12, NEDO OHEICBIT 5T/ 7+ —H A X MEAMEEOMZEDNE Z~d [17], Fig.
1-15 (@) DAHDBFEIIR L2 X A V' FEKRTIZ, ¢0.5 um LLFORET, RS 2 um LU
FE DR W OFT — _R—IROBEEER LIt D& XBROZ —7 v F &35, BT
HTAE DAL 2 B X #R3 A 2 R L C, mBEZIRenTe T Y — RinG 30~70 keV 2
FEDONEBIET, ¢lum BREOROEFE—LZMH T2 L TLlum LT/ 7 X fRA
WEEKRT D ENARETHDLZ L ER LD THD, Fig. 1-15 (b) IFFRAIEL = AT A
DODHNBGE LT, X MERESEDLH—F > MGy, BHEIT Be BRIC W A 7E LTz
LOEMHT LN, ZNEFAVEY FERICE S TXRARERT 5, 20 X R
ZFIF LT X BREAIEE 2 Ak LIRS 20892 2 & C, Fig. 1-16 IZA b5 K D 7eids
WHEE I HILT WD,
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(b) System view of proto-type nano-focus microscope [17]
Fig. 1-15 Features of the Nano-focus X-ray microscope system
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Q

Top and tilted views of as-etched TSVs by using nano-focus X-ray microscope [18]

Fig. 1-16 Features of the Nano-focus X-ray microscope system
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Fig. 2-1 Necessity of TSVs’ three-dimensional profile measurement
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Fig. 2-3  Schematic of simple TSVs’ three-dimensional profile measurement
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Fig. 2-4 Comparison of (a) the copper filled TSV image by the nano-focus X-ray source with a line profile
of the image and (b) the images and its line profile same way by the conventional high-resolution X-ray
source
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Fig. 2-11 Example results of template matching of a real X-ray image
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Table 2-1 Conditions for numerical experiments

X-ray attenuation constant p for Si [27" 0.993

X-ray source coordination(x, y, z) (0, 0, 0)
Centerof TSVCD1(X, VY, 2Z)um (67.2, 0, 500)
Center of Projection Plane (x, y, z)um (0, 0, 32500)
Parameter Median Range Parameter Median Range

CD1 8.0 20 H1 235 1.0
CD2 8.0 20 H2 56.5 3.0
CD3 56 15 H3 50 1.0
CD4 5.0 15 H4 0.6 05

Depth** = H1+H2+H3+H4

*All samples used for experiments were as-etched ones. So the constant only for Si was picked up.
** Targeted depth was 90um. But for the modeled sample it resulted in a depth of less than 90 um.

FE SNDHE EO XK, WK, BEEmOMERRIZOWTIE, Fig. 2-6l0RL7-EB0 Th
Do W—HNVERTSR, U —/b FEESR, REEERIIEIRZ M EIC T D720 TBEIO 2 & L,
Xz 7 —/L REEER, HRBEROR—FRE Lz, ETSVOHHSIY = — EOWHIT
B & AT TH D EAUE LTz, TSVORNZREESiv =—  EE O TH HTSVO 17— /LI
FEOFUR & OXBER & OAEEIX, Y HIF0EE, Zih e 223 f oz EES0EE L HE L, 12.7
EERELTY I 2 L—y a VEGEFHET D,

R OEETT — 4 TH H8RITOIR T A—HIZONTUE, Bk & 912, —HREL
Hogdasm HOTAER L, R2-1TERLIHE T A—X OEFRHF (Range) 12, ¥—IZ00H#
TDEINCT —FENERT D, 72 M U7=528 A ~ M i3200~40001E 5y D7 — 4% &

v hEHAE LT,

2-19



242 I a2 b— g VEBOAR

VIal—ya VEROILL R DR AT —21F, FiH LI NT A2 2B LT b 0%
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TR LT, R2-ADEEE T A — K % b LITHSHIN A AT, R (2-5) A L72gns Bl
BRI OfEZ FH T 2,

FEHEE TG & T DIRFHEG O E TR W., Wold, Bid L7zFig. 2-90 7 A 7' a7 7 A
NOBBEOHEL Y, ZDHA02/08L 722 L OITRE LR I 2 L—3a U&7 T,

5 SN2 HCDLIOE R 2 b DM OHUL R L 7R HDACED, BT —# L ClH UBLREIZ 72
55912, HHMUDHAE LIZ400% 20087 H LA XDT 7 L— MNEilgz fvy, AR A
M~y F o7k, BiBET 2 l—ay LEEROVA XORE REBRT — 2 )5,
400 x 200D A XOEE MR T — 4 Z i Uiz, ZOENC XY, fit U7z mig s omikoid
AN F UL AR S D,

OV EIHRIEL6 bt MiRRERIE T — 2 L 7R D L OIS TA T TV T—4 & LTIREL, Sk~
T28IRTTDIGRNT A—2 & L HIT, BFEFICEN L7z, Zbiiarta—2DOAE R

BEFRBELZEELT, 7Y A X TE LRI T LHDIAT2T2bDTH D,
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AP CARRR L 728k oeT — & DEHE & LT BT — % &, 200-4000007 — % & » MEGrD 3
2 b—va VIR OWEEO2RTTT — 5 &, Bk L72X 912, WRIERZ MAVOHPR— ks 4
[ZEH#EL, SVRD b L—=U VBB T — 5 & LCAT Uiz, I—xVBEE,  FE7ei
FEZ ARSI TRE YR 2o 5,  Radial basis function (RBF) 2645,  F£72, SVRINEL
BELT, TR MITA—EZEKEIEOA 7o EMEINDERS, 7V R —FkIcED
WEL, EHICSVROMEEBEIHUHAA TN TV D~ —T Ui KL & W32 o LRI L 0
[A7IA8IE A S REE AR E L, AR Z ARk LTz, T b OPHE, SVROBEKE T30
TIFAHRNE DN TV D FHETH 5,

FEEROIRE LG50, FERUNDY I 2 b— g VEilgT— 2 2R L35 A —2 O
FHDOB00(HDT — 4 &> MMy L, FERICAER LT =2ty MUTKHT 2BRD/T A —

S B L REMEOA OFAERAE (STD) &3 L, FE OPURE S Z i~z
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2.5 HBRER L RIE

FEFARERE LT, Tk TR I5E T o D SVREE 7 O IR M & 3RFEF N 2 7R3,
Fig. 2-121%, ~1E/37 A—%CD1-4, H1-MZOWTHEEHT — 4% & v h OB & HEEFHBUEE ORIR
DTy M ERT,

Zo7my bV, Ty NOBERRELRDHIZONT, I—71TCRL TN Z &A%
bND, B L7ZSVRIZE 2B AE1E, 17y P60k A M EH DT I 2 b—ta UHifgo
KOBRRERT—HEOVE DOV R— X7 XL LTI K ST—F Y M2 ATILTYH,
BMTFEITICR L, HEEFBUEEORIE L L COSTDIEASGET AN H D Z LR bnd,
[FE LY, [EEEFMEE L TOTSVOIEIRDELR/ ST A —F T HCDI-AIDWTIE, ZO5H
IZX VGO 7 S EREZ 0. um A B 2 D HEERBUWEL SO0 Z LI LT,

£72, EEHADONRT A—=ZTHHHLAIENOTS, 02 pmlh FOFHMENGSLTWE, =
DOUWAFPEDFIZ AN ZSTDENE, #HEERIRTH DI 2 b—a U TER LR NT A —
Z 2R HHEERE=Root mean square error (RMSE) & [R5 T 572, FE S AHEEAAE S D

FEFUETHES 2N TE 2,
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Fig. 2-12  Simulated standard deviation vs number of datasets for machine learning

F£2-21740007 —F v FEFE LD S o L—3 g VBRI A HEE R ERMSEE O —

AT,

Table 2-2 RMSE of estimation results of geometric parameters

ITEM | CD1 | CD2 | CD3 | CD4
RMSE | 0.009 | 0.009 | 0.010 | 0.021
ITEM H1 H2 H3 H4 | Depth
RMSE | 0.102 | 0.169 | 0.128 | 0.038 | 0.037

* All units in pm. All results estimated by t(r}largsfe{S function formed by machine learning of 4000
atasets.

RMSEfEAICD1-4 (2B TIH0.01 ymll FIZ72 5 6 Db H Y, /37 A—H OHRAEDS uml k) L
T, FRERRIC, RO T o A0 X —7 Y MEZ0 umFEE OfEIZRE L T 1, H1-4, Depth?>RMSE

FEIZI%LL T CTHY, A TFA s LT +oiEEiizszs ni b,
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Z DCD1-4 £ HI-ADSTDEDEW D JFEKIZHOWTIE,  Fig. 2-4DFEE A DN E BRI T, #
ST D AEOEVREE L TND LEZXBND, T2 HHL-43CD1-4 X VAR RKEWN
DIE, XEHED D RTAERAER R E <, B HIXZO- ARSI NREL b0 B 2
HIVD, RIEDOERNE, RS FHITHEERE L T25%I T fFShizb ot 25 0icxt L, CD1-4

IXIFIF100% TH Y, RN D OILRET Sy,
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ARFZETIE, ) 3 BRI L 7=through-silicon via (TSV) DR &/ 7 4—H A X it

B OHEET DI AETRE L, A ¥ T A VRREASOWM T DERO RN Z A A RRES S 2

ERAME L, VY alb—ra K DBIEIRE N L, ZAUCK VRERIZLITO L 9IcE

EHHND,
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e
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TSV ARG A —2 7%, Z DA T vt ZARBRO R A S LTz 8 IRTTD /3T A— & ZFiOfi
DETNEERTHIEICLY, AEEHETOV I ab—ra VBRI K AFHEICT, 7
BEDOEmWIPRHEEZITA D Z L 2R LTz,

R ULIT ) 74— A X BEMEED 04 um 74 L 3¥— 2 %51 IMA Fx— b &, iR
L7z X ##5> Point spread function (PSF) OfHTHER D, = UHRFHEIG S 7z TSV O X #i
BBGORFETR Y R 2 L— a VET ) Hikama i, FERISINT 17 7 A LDy Vi
PR ON LG ZHETED Z AR LT,

8 WITD/NT A =B TEFT /MU LTZY R 2 b— 3 Vil a8 LR, S8 50
(ZIOR L, TRRHEERAES, SAROEDRKE S ¢8 pum x 90 pm FEEDH > 7R LT, 01
um EiZE B FOMEEMN D, [E/RT A—4 CD1-4 [T DWW CIXRMSE fEC 0.1 um LA, a8
T A =X HI-A IZBWTHIEERIZ 02um BLF &, A > T A AR CHE A HEERS O EIMEDS
HRFcE 2 xR,

UL, BER~ZX 9IS, HERICOWTIIE L DR, T/ 74— AXHEEGIT5

EEREWLDOD, vay A RRHIYT v ) A ZADEL, SNEEORWFEE G % TR RHAE

TE LT RIZOWTORERGREHITE TE 5T, /A XTHT % m 82 MEHECEFEEIC L 5

U AT Z@sh, ATiEamOHEERE R b N BEMERGEZT 9 WEDR D D,
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Fig. a-1 Cross-sectional SEM view of a W-pillar used as a nano-target X-ray point source

E-beam Backscattered
and secondary
electron

Vacuum

Diamond
substrate

W pillar

Fig. a-2 Scheme of the electron scattering region near around the W-pillar
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Fig. a-3 Simplified model of the W pillar target
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Fig. a-4 Simulation results of emission of X-ray by accelerated electron with 40 KeV
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F548 Fig. 2-6 Principle of extraction of line spread function (LSF), (a) a JIMA chart image with lines and

spaces of 0.4um taken by the nano-focus X-ray source that has a W pillar with a size of 1 wm in this case,

(b) its line plot,  (c) an enlarged view of LSF,  (d) a curve fitting result of LSF as a model of Laplacian of
Gaussian function

—J5, RDFELTFANBLI 2 b— g 2T, XBORIFEOTIRN R 2 TWDA, Fig.

a6 DX IICZEDIRZ T L, BFECHHRET a7 7 A NVDHEERAL D, Thbb,

2-33



FEABUE, b LB —RWOETHIIUE, U ADMIHES TR E A2 L, ORI,
Fig. a-6 (ZR T K D ITH ¥ A55A0 L72IIRAY, MARROBEETUI Y MoND LT 5ET L%
B2 D,
£, BB (RECT(X) &XBOLTFROMENTIZG(K) & LTH U AGAMITIT B
LEFRL, ZORECTX)TUIY MONDED %, FEHIDOIER THHPSF(X) & T HFT V&
MTCIEOTHRDLIENTELLEEZD, T ZTRECTN)IE, ZHAZERLLT VLI
(-wl2, wR2)DFPHITERT S &,

RECT(Xlw)=1  (x/w[<0.5)

RECT(Ww)=0  (x/w[>0.5)
LRBITE D, ¥t 7—Y 8L, Mo 7—Y) 2 BHiAFTRT &,

FIRECT(X)] = |w|sinc(v) (@-3)
—J7, G)ZEEHNCHMAR T 7T VTR T &,

G(x) = e—ax’

FTD7— 1 AW,

FIGX)] = \/ge_(g) (a-4)
L5,

XBED HHILDPSFR, G(X) ERECT(X)DFEDA SNV AINETRIND ETDH L,

PSF(v) = F[RECT(x) G(x) ]= FIRECT(X)] F[G(X)] (a-5)
L7=Mo T,
Pﬁ%o:FmEcn@Gun:mﬂgm@)J%é{g) (a-6)

L5, Fig a7 ICEROHEXDY I 2 —va v LERR E, [FIFFICFig. 2-6 THiH L

7-PSFO7 0y M7 4w T 4 7 SSRGS TRT,

2-34



1(x)

\/

| RECT(X)

RECT(X)G(x)

_— G(x)

-wl?2 wl?2

Fig. a-6 Simplified model of PSF

IPOZE XY, Fig.a6b TIELIEETVEDEEERALND,

au. |

|
8%
~—

Fig. a-7 Plots of Fourier transformed function described in eg. (a-4), (a-6)

4, Ty VHMBHENZBRBOY I a L —Y g VEBIZL BBREE
EBEOEKRLIZY I 2 b— g VEBOT v VIRTHLEETIL, sincB%o T — 7 —ET

VL L 7= O 5218 £ TORIEOBERIEN S, ([ FIERED 7 1 7 7 1 L A5 5 15 Laplacian

2-35



of Gaussian 7 1 /L [FE2iE R CHR23) 2 U L, BAIAAERELEE & LTz v Ui

EAERT DOV, Fig.a-8 ([ZZ DfEREZRT,

ZOVIalb—ra s THELNIERERIL, EODFig 26 L DEEUENRALNTEY, FHiH
g DT v ORI SN D HSRE, Bk L72T /74— B AXBIROFERFEIR OWDPSFD

EFETNERETDHI LT, EERITDVIRREZBHNTELLE2LND,

Convolution
of LoG filter

a.u.

350

300 A

250 A\

200 [\

[ A

150 A —ESF
100 17 —LSF
50

= &

-501¢ 5
-100 pixel no.

Simulated enhanced edge profile of the JIMA chart

Fig. a-8 Convolution result of simulated JIMA chart image
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(b) As-etched TSV views with X-ray microscope
Fig. 3-1 Through-silicon vias
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(D) A FEeD E DERIZ DV TE BRI RT3 T Tk

R T NA ZADOREV AT L~OEAEZZET L L, T, BIOBRHEEICL &F

5, MIEFEDFIRAZMSLT 22 LT, BRROWEEL LTEA L KO ICT 24 E R D
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3.3 HED>S DT & BERGHT

331 BHIEIRAT AOHER

TERHEE DR S DH ORI, AN SICHBEE 52 5 L Bbh 5 BRSO &

B R—R 2 b By AT AOEBHRE L OMREZHMEIC L TELERD D,
Fig. 3-2ICfEH L7 IE S AT L DOFEMR AT — UfgiE &, g ROz 7T, 20

VAT LDEDFHEIILL T OMEY Th 5,

(DAT =V AT LORED A DNRIEE BT D720, Fig. 3-2 @IIRT &5 72E
KREPMELS, BIFEARICK LTI ZER T T A4 M E L L THE L 7oA ek
27—V RIC, A b)—HOEETZ#MEREL, 20O LICXHFEZENT SV
Mryma2a—HA RAT =280 E BB Z1T 5, AERAT —I1L, XYART
—VELTC, BHDOV=THA K, V=777 Faxz—F% L, XY§5 W ORBE
FLEROERE 2175, £lo, REICTSVEAERK LY ) ar vz — il @bz T v v 7
LG, Fig. 3-2 @I RT XBEBBTEDLLIICALEOMINAT —VEHREBET H, F
TEXB A A Z1%, A=/ R CBREIO LS 27— BIZEE L, XBFEE D AT HERO
TEAMAFE A ETX 5 L5 ICERBM R EA (T O ML T 5,

(2T 7 4 —H AXKIRD ISR E LT, Fig. 3-2 (DIZHHN D X 57, ¢0.5 pmx2 pm
REDOKREZOEREEEL LT X v 7 AT (W) DMz m > K&, XA v FEKR
IR T D, T DOREMAE BAIBIUXBIRD % — 7> b & L THE L, 40keVOELET
ML CETE—LEFREL, 7/ 7+ — D AXERREERLT D, kv, &
T u DR ROXEBRBENR TGOS, ZOWDOR Yy ROKREE, BRIZED,
X7z v a MBOSGRENRE S, KRERTHWONIZZ—5 v FTIX
AT CHIR 7223, ZOfEIX0.25 umE BFEH 5TV 5, [8]
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B—0y h~OWRINEFE=XIZLD, 0.1 umlh FORETHIE SN D,
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2= ZHWTHIE S, AT LBEOBKNY 7 N &K 528%EE LT 5,
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(a) Detail of the applied positioning system of the nano-focus X-ray microscope with a feedback
control

Isolation from vibration

Soundproof chamber
Acc. voltage

Acc. voltage 40keV
Beam O
— Beam position is
Cont.

controlled =< 0.1um

Optical microscope
camera

X,Y precision stage
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J\I Tilt angle : ©: X-axis :
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"
X-ray camera
precision tilt stage

TSV images

(b) Schematic of the principle of imaging

Fig. 3-2 Schematic of the applied stage system of the nano-focus X-ray microscope



Table 3-1 Estimated positioning resolution and repeatability

Component X axis Y axis Z axis Tilt axis
Resolution 0.01 um 0.01 um 0.1 pm 0.0006 degree®
Repeatability <1 pm? <1 pm? <+0.5 um® +0.001 degree®

@ Repeatability was evaluated as alignment errors by edge detection by optical microscope
images.
b On the condition of magnification X 65. The values of repeatability are expressed as expanded

uncertainty.
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332 XHBEBEEAENLOV) aryEBET OBROWHRE

A R OMBLIE % Fig. 3-3127777,
(FIEL) TSV D€ 7 v1k

B BN LDSIT T — BB LTETSVOFEY TV OMNHEBLE DT DT 7 +— T A A
4> v —2 (FIB) |ZX 0 KrinT %247V Cross-sectional scanning electron microscope

(X-SEM) {EIZ XV TSVOIRIREZIET D, £ LT, TSVORMZPNRNT A =2 %, H
B DA DT B FRR O Hilile =Rt DET VL LTERT D, ZDET VO
WEIITSVAERDO 7 2D MERKB LI LD TH D, 707 7 A VERITERR D EED
M#ES ZMABEDEE DT, FLZOEROME EH LIALEICE S DT A —X % [qH
BRICERZ LT LD TH D,

(FIE2) TSVEEBE DL I 2L —a v EEgT—% 5475 ) DA

FDTSVORMFET N E LTERINTEIBRARNTA—=FOT =2 XR—=2 % FlT %
eIz, BT —42 & LTDBRNT A —F &g LI g O T—FRELE A8/ T A —
2R L THID B TS,

TSVOFEEBIE, Fig. 3-2 (b) (T8 L72XHRIE & TSVOALE BIFRIZHE > T, H52F DFig.2-6
TRESNTI7ikE & R CE#IT X0 IR A#HE A (2-5) Ik vitRansd, %2EIC
WART= N T ) T — T A XKRIROFFHE T o 5 = v P iiaH%h A % Laplacian of Gaussioan
T AN EEH L CHEAAT[9], ZO—HOFEEIZIY REDTY I 2 b—ra VHEBO
T—=ETAT T EHEET D,

(FME3) Ak -

HAR— ~_XZ Z AT (Support vector regression (SVR))7 /L3 U X A& HW, I a2 b—
aHWERROBE T — % L AR LTCEBRT — 2 AR LR — F Ry 2T
— & &AW, bl v R 217 5 [10,11].

Fig. 3-31%, MM H 02 FlEA RT, IR LTy Ialb—varT—473477

U BN BIRTAN O s AR L, PR— b7 2 L THEMT 5, 612, H
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BIDERT — 2% 1 AT v 7 TTSVO KM T — Z [T 5 BB A R — hx7 ¥
~ VU OEIFFHEORER E L TERT D, EEOTSVO ZN 5L DIR/NRT A =2 X D%
HEISKIC L 0 HEEF R AT O,

(FIEA) HETE XI5 DO TSVEG O HH

FEEOTSVO XFE MG ITT /7 7 4 — 1 A XBRBEMEECIRIG T 228, £ OZEM O fREEIX

.

FIEEICib 72 & 912025 um & RFES b TV 5, £ L TRHBDOTSVOXHIEEE 20.1 pm
DOER Y 7 BV ERE TG L, BB AFEOEINIZ X 0 TSVAFIET S L0, 400X 200
OEGEY A DT — X 28] 0 7,

(FIES) HEE A R DFER

HEEFHRICE VRO N DTSVIRIR DR 3T X — 213, JelZSVRTARRL L 7o B HEI%L

ZRWTAN E LIEEBROXREBRGE T — 2 PO EBMES L TRLNAD,

Simulated image Support - Kemnel
vectors function

1D vector data i CDI
of grey level ¥4 : elghts ]
grey y - |H
I I | | i xi (7 "I—_- CDQ f
| | : o+ s
Illllll!llllllll xﬁ . : : %
Model data Pixel number ~ H2
Estimation of
Target :.'m.-:rgel parameters
Xr .
CD3,
Ch4] {13
| Transfer ﬁmcﬁonl ; He

Fig. 3-3 Detailed scheme of the supervised machine learning and

support vector regression (SVR)
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THOZLTHELND EBER D, XD, BEM L AN ST TN L NERRZ (STD) B
KOV g (RMSE) & LTV, XB-1D)EGB2DTENENERET D,

2T niEvalb—rvardbd WIEEBRIZE BWETSVOIRR AT A —Z D2k
DETHD, Xsi & % 1T, TNENY I 2 b—T g VHEg, 20 NCEBBROBIR T

A—Z T 5D, Xei 1 IMBLIEDZE FED A F— AT LW THE L THELN

FAENC D 5.
STD = lzn:(x | — Xei)? (3-1)
n : St et ’
1 n
RMSE = Ez:uﬁ—xay, (3-2)

S BT XBREE 5 D Signal-to-noise ratio (SNR)IZZ (3-3) 72 5 NT (3-4) TEFRESH, Z

MKV ERERNORET D) A AOHBORE S ZFHET 5,

N, dev (3_3)

1
Ngey = %Z'Ii,j - Ik|2' (3'4)

ZZT, (B LULSIE, Fig 3-4IZR LTI XFREGOEADOMR TR LIEMEO T 1 7 7 A
L DFREETAR LT SEHE O, E 7oNoeuld, Fig. 3-4127R8 L 72 TSV DAL L 72V
BOWFREILD ) A 5T, HAOER TRISNZEROFEHHETH D, |y &,
TNENT VA AT —)LTOE 7 BLOME L, Fig. 3-4HIZR L2 X 9 70 XfRE# Lo

HETRRSNTZEEHEE (nXm) 7 LA AT —1LOE 7 B AREDFEHETH D,

3-10



200
| 2150
o
S
£100
50 ]
0 . s .
Simulated image 0 50 Pli?(gls 150 200
250
200 .,
] =
2 150 H—i= PR G "
g 2
S 100 it ftf— 41 ;
S
50 L ' A ' '
Aot % 50 100 150 200
ctual image Pixels

Fig. 3-4 Definition of SNR. Signal S is determined from a line-profile with step-changes along
the line shown in the image. Ngev Values of the images were calculated in accordance with Eq.

(3-4) as the internal region of the rectangle
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334 FERNT A —FHERDARHENS DERZHT
BT NVER LIETSVO RS RNT A — 2 OHEED RN SITHET 2 BN ZHZE L T
SiTET %, Fig3-513Z DARMHENSODERNEZKTRLIE LD TH D, ERERIILLIT D5
b s B2, NMENSOFEMIZLLTO®EY ThH D,
(1) WIEFIEZ X D EK
i. SEMA DAEHEREL 2 AW T, XBREEE S AT L 2 BIET D ERO R D S
i. FIBIZ X 2 EX R0 7 OWria i LodEM:, XU,
Cross-sectional SEM (X-SEM)IZ L % #ixf4 & FHANC B U 7= Rl h &
(2) K AT — ¥ & G T BIRIIER) O R
() XMt A ZWG T D ) A XNk 5 ERHIRERNT X 5 RN S
LT,
(4) TSVIEIRDET U o 7 oM 78 O IEmICBE L7 HEET v 3 Y XA AITERT 2R
e S
Th b,
THENSITT AT DAV K=K FORHENS DA LT T, RMEOMLIEIZ X D7
7=, WEBBMEILIZ OV AT ARERORHENSITHEIND DT, TORMEN I O
DRAFS Y OIFHRIE DNITMEB O FERN 2925 2 L3 ATRE & 72 0, [ER I 72

EREOKBIZORITHZENTEDLEEZOLND,
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Uncertainty of the

— Calibration-of-system factors
whole system

grid Std sample
SEM calibration
Magnification
L— Calibration-of-sample factors
FIB machining
XSEM measurement
| Mechanical factors
Repeatability of X stage
Repeatability of Y stage
Repeatability of Z stage
Tilt angle
Thermal drift Xaxis
Thermal drift Yaxis
| Electrical factors
Quanfum & circuit noise
E-beam fluctuation
{ Algorithmic factors
Learning
Simulation

Fig. 3-5 Uncertainty budget of estimation by the proposed MBL method

COHERDOERICEY, AHIEERHED SulF (3-5) THINDH[12,13]

(Z Ccalblz ucalblz) + (Z Ccalbz2 ucalbzz) + (Z Cmiz umiz) +
U = X cei?uei®) + (X ca® ua®)
(3-5)

2 (3.5) 123> Tceaibt, Cealb2,Cmi, Cei B LN Ceat 1EENTN, F¥ VT L—r 3 U, #
W, R, 7Y AL NCEHER), ¥ v ) 7 L—va CVIERORERE TH
%o

S DITIRIEAED S UL [12] 0 B RICHEVE (3-6) TREND,
FETZDOI N R E k=2 £ LT,

U= ku, (3-6)

ZTNENDIEMERHED & T % Ucalbt, Ucalbz, Umi, Uei & Ual 1, 3 (3-2) THEFE SN 7ZRMSE
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NS DBEARZ TELETLIE L TIRAD K OIWCT D7D, NITA—FEZBIRTr 7

TANPEME LTHEDLNOIESORAM E 0D X HIZEHRELTWD,
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3.4.1 fEHERBIIEL VAT ARIERFORHEN» S

Fig. 3-612, RIERFO FIE & BIEIZHAWZTSVOBEAFEI O K 7 OSEME 2 7~ 3, Z Ok

BHE, SEMATECHRRFH D~ A J Zflio TZ—vZBM LT, ZOEy FREEIXEV

D, FRIESHITZSEMT — & 02 b XFRBAMBE > A 7 L O EILHE 2 5 LB X D, KL Tl

BIEZAT 5 XERBAMEE > AT A L L CORIEFIEIZRDAODD AT v 7 TIT 9,

Q) RETFT—=FfFED7 Y v RRZ—=IZLVSEMEZRIET 5, ZOKRIEIZ XV IR
RONHEN S 2 WfEICT D

(2) TSVREI O ET O FHIEE Z O IE SN SEMTITWBERGELE L, Z OB
RELOARFENS O RFED 2179

() ZDOEEFDTSVIREL DO XD Yy F & XML S 2 7 A CTHIE E1T 9

(4) ZOBEMWE Y AT AD/RT A —F ORIEZRATV, XA A 7 KT RS E O
AHENS, Xt &bk & OFRRE, BMEIE L COIMKEROARHENS O RFEY 21T
9

£72, VAT LAOKRER, —H, ECHWEREBO—MEZMLL, UTFTOXT v 7T

TSV 1 7 7 A VIEROKIEAE4T 9, F£72Fig. 3-7 ICTSVIERIRE D 7= DFIBINT &

X-SEMBZE D FIHZ 7=~

(1) RERMTIC K D7 A=V % MfT 572912, TSVIREF LIZh —HR v OHEREEIT 5

(2 FIBMTAZ L W TSVOWH # BFH S & 5

(3) MIEZAL/ZSEMIT L VAR /R T A — 2 DHRIEZAT O

(4) ARFFEHREZDOMBLIEIZ L HHIEM E OB % & VEEAIT O
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Calibration of SEM
with a grid standard sample
|
Measurement of TSVs’ pitch length

calibration by SEM O
|
Measurement of the TSVs’ pitch length
by the X-ray microscope system

|

Calibration of system parameters of
the X-ray microscope

Fig. 3-6 Calibration procedure of the microscope system and a surface view of the known TSV
sample

Carbon layer deposition  F|B machining ~ SEM oblique X-SEM image

after etching of via /I,L ﬂziL view

/

Fig. 3-7 Typical scheme of cross-sectioning process by combination of carbon deposition and FIB

etching to minimize over-etching during the process
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342 VAT LADHEEITEKFELICAHENS

PR AR IE IR L e AN S &%, BARBIICIE, RIFFEIREZEOMBLIEIC X 5 TSVIEIR
HEIZBNWTLLFO3HEZHET O LT 5,

(1) MBLIEIZCTSVORR ZJET DB H A T AT —VEBEIT 5 Z & TXRE O

DT U COXERA A T 2 A S THRB AT O, & OBURMAE O E AN S

(2) ZEh DEREN I & 0 PRTE S NTSVIIRIE (25T D IERE RO AN S

(3) X, Yl J7 [ D BERR RIREZE AL K O TSV E IS BB 5 Rl &

Q) \ZOWTIE, A TAT—UEBE LB, WEDOX —5 v b &R D TSVICEE
FAEEZREL, TOREAEICENTZTEHICRETE TV DINERND ZENRLEL R
%, Fig. 3-8ITRI M FEOE 23X E L7245 , TORE LTRIEN ENTET O S0
H D ERATE A RT, ORI, 40umdOE Yy FTIEA TWDHTSVO )R % L)
LRIEFRBGTHD, b LTOLDOTSVIEXBIEOIAN0E & 722 > TWiLE, £ DOTSVEIE D
HLEED AL N TR RNDTA T T 7 ANNE, FEKOMGED T a7 7 4 VG
NHMN, BELTHWRWES, FIZIETARO X S120.02ETND LIFEAFEOT v 7 7 4
eI B, DATAT =V ONREETE L, ZOAEELY LM VEERTRETH S b

E % FCRBak T X 50 fFAEIZ0.01ERE TH B,

An X-ray projection image of TSVs with a tilt angle of O degree
at the position of the center TSV

Grey level of image asymmetric

.

/

|

;Emu fzwsn
’ J’MWW awm
100 il
i 10 “
Distance (pixels) PiXeIS Dslz 18 (it PlXeIS
tilt O degree tilt 0.02 degree

Line profiles of the center TSV with near-zero tilt angles

Fig. 3-8 Estimation of uncertainty of tilt angle
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LT, BRAEZEOAH N SIIUTORTEREZT D, BREERHED Su, 25N

JLRAHE S SUITER TN (B-7) (3-8)THbIh D,

U2 = up? + uf (3-7)

U = 2u (3-8)
ZIT, wp ulFENZTNEE LT L O 2EBAEO RN S, BLUOK31TRL

TeATAT =V DRREN D/ TMBERAEDORNHENSOETHY, THEH0.01E,
0.001/% & L7z, ZOfE, B OILRAHE S UF0.02 LEHR SN D,

ATRE(2)(3) 12 2WT, Fig. 3-9ICTSVOEF RO /X T A — 4% CD1-4, RS FFAIHL-4D
A JITH 2D ZHh/e 5 NI X, Y#OR T 27777,

X-ray point source

Tilt angle
|
|
Y axis E
dx-s| 5 A5
RN >,CD (@@= X axis
A AR VI A
‘7‘“* TSV formed -
s\ | 0 Si sample Wafer =
L / 5N al
ds-c| @ H % N N cD,
i AN H.
_ S s 2
X-ray camera(6.5pum/pixel)

Projected
. . pitch length I,
Projection image of TSVs

Fig.3-9 Factors affecting on uncertainty

QYDILRFERMIBE L TiE, UTFOXEB9)TERIND,
M = (ds-c + dx-s)/dx-s (3-9)
ZITC, dyis, dse 1%, TENENAT—DWHEHH VNI A T HEINTH L TXRRIED S HEE I

BA LM ETO XHBRFAAIR &30 OfREE, 720 NCRELE D A Tl EDHRETH S,
dse 1IFXFF EHH L OO SNTEICHEE S TW5, ZfliZ 8 2 & TdeslTZEA L L,

BERMERET DL LD, AZETIE, BROFEO LTS E2ZEL, Z Il
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RETHLTSVO RO E Y FHERER40 um TH H72D, B A THFEDE » F6.5 pmIZxt L
T, XBEEEG EOEFZELE Y F250.1 pmiZe b X ) ICHET 5, T72b b ME65I1272
DX DICZMEEZ DT, desDEITFNCIENR T A YEL FERTIZH D 72012, HH#E
KL C & DALE & R ET DINBO IR AMEZ v, 2072, BEAETH 2 TSV
DROE >y FIIREMEE RN S OEEZ S OT2D, desDfEIE Z OBERZFED X #Rid it
B BRET D, TDHLAB-10IC LV EHT 5,

Oes = doc Lps/(pe = Lps) (3-10)
ZIT, Ly by FRENENBEEEOTSV OB E Y FHA X, RENTH AT
HLICRE SNIE RN /Iy T A XTHD, ZOMERE » FH A X6l
WTC, RIESNTZSEMIZ L HMENS ZDORMENS 2 RED 5 L, LFORXB-1DIT LY

Ey FH A XOEGHIEERHENSEZRT LN TE D,
Uc—p2 = Ucalib—p2 + Umeas—p2 (3-11)

Z ZC, Uep Ucalib-p, Umeas-p 1%, TALZAL TSV BEHFEI O RD Y FH A DA RAEAER
S, SEMREMZY v FREIO RS, KRIEX7- SEMIZ L 5 TSV BEAIEE O
ROE y FH A ZRERD 10 FHAERFOFEERAETH D5, 2LV, TSV BEREEO
RO v FH A X%, KE-7OFHE ERERIZ, s = 40.01+£0.084 um & PR X D
a5,

—F, BATHLEICEESNIZ TSV OROE y FHhA X ThH DAL, AT OYIHH
REFE Yy F 6.5 um, JEREEEZ65 & L, S HICT UVXVER EOHEFE Y v F % 0.1 um
ELT, TSVOROEKR EOY »F % 40um & LTHEDLEDL 79, B ETIIREEED
BEA2W D =D, HEEMICRHENSTA R [0 % A 7B O CARiEN S & g 5

— X 0.1 pm=0.058 pm (Upe: 7 A T [fi EOMEOERERFE) LB 2 ENTES

L, Upe= =

LT 5,
FThbbh A TH ETOERAME» ST, XE-12)TERTZLENTE D,

UC-plz = UC-pZ + Upc2 (3'12)

Z 2T Uept XS ETHEEM TSV B O Y FOERIEERHENS & 725,
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INXVIERENSEHE ST, Wi EToOE vy FESIE, 40.01+£0.102 um £ 722 5,
ui?ﬁ‘%, dys (2 DUV, *%@Z:%ﬁ)é Udx-s 5iUTK(3-13)@J: ) \Z, INT A—H |ps, Ipc

AT T 5 T2 D AR K Cips;Clpc FEMANLREIND,
de-52=(CIpsUc-p)Z"'(Clchc-pl)2 (3-13)
Z 2T, CipssCipc FEEL T D X 91T s DZFVZE R s, lpc IC DWW T DOIRMGT & L TERDIND,

Ody—s
al

ddy_s
Cips= —— , Cipc=

Alps pe
EOIHEREARTEN S &2, K (B7) 2250, des ICOVWTAENSEZEOELE LT,
ds=1.954 +0.007 mm & AFEH DI LN TE D,

F7o, ERHEEME, LLEOFREEZRE X T,

M=(dys+ ds-e)/ dvs THDNE, FRRICEHEL M=65+4023 L7225,

R0 (3) DX, Y il 5[] O B O AR 7 L K S TSV IR I 2 522884~ 5 R 2> S 12D\ T, CD
Iz LTX, YHhOEE A, i, FREERICERZEZ G- 2 72\ T2 Z fil 5 1/ O b3 CDAE
B2 — 2% (3-14) ITTRT, —F, HITH L TEX, Y, ZEi0OLH),
Ay, 4z 7o NS, ERHAEOEE) 4 WEEEH X5, dHIZxH LT, ZTRENDOEED
777 X OEETTFRRONX (3-15~3-19) TERTENTZX D,

Fig.3-9 FDO/NRT A= DERICH, LTFORD LS icEfbasnd,
ACDpz = (1/M) CD ((dx-s+ds-c+4z)/(dx-s+dz)-(dx-s+ds-c)/dx-s) (3-14)

AdHpz = (1/M) (1/tan(TA)) H ((dx-s+ds-c+4z)/(dx-s+dz)-(dx-s+ds-c)/dx-s) (3-15)

dHpx = (1/M) (1/tan(TA)) dx ((ds-c/dx-s)-(ds-c-H)/(dx-s+H)) (3-16)
dHpy = (1/M) (1/tan(TA)) dy ((ds-c/dx-s)-(ds-c-H)/(dx-s+H)) (3-17)
AHpt = AT (1/M) (1/tan(TA)) ((ds-c/dx-s)-(ds-c-H)/(dx-s+H)) (3-18)
AT = dx-s (tan(TA + dt)-tan(TA4)) (3-19)

ZIT, TA %, TSVEIZREO XARESCE L NS 2 —7 > FOTSVOMHE AT,
EEM TA=12.70 & 6<, £ 32 ICXBBEMBEORIG R L & bIZ, WEFENPHE

Wz XBREGTE 2 AT L O E R OIERAHED S 2R,
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Table 3-2 Condition of X-ray imaging experiments

Items Condition Uncertainty
Resolution 250 nma
Tilt angle 12.70 deg. +0.02 deg.
Camera pixel size 6.5
pmX6.5 pm
. . Magnification X65 +0.23
X-ray imaging :
dsc designed as 125.105
+2 um.
mm.
dys  determined  from
. +7 pm
image of TSVs 1.954 mm
Acquisition time >100 s
SEM Magnification x1500
Calibrated by the TSV
measurement +84 nm
sample
X-ray Calibration TSV sample
. +102 nm
measurement | 40 um pitch

aPhysical resolution of the X-ray microscope was determined by
imaging of a JIMA-chart device with a line-and-space of 0.4 pm.
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Fig. 3-10 @)IZFHfi I AW 2B B & LT 2 X—2 7 L— h (R=Z 7L — | LIT5)
DEHERVAT U NEZRT, Ty V~v—7 (VAT LA EOEE Eo~—2) & LTHT
ToHWAR, BEOVY 2 o B 2 B0 A1), XEAEE LT < 3270 ELE
ORBAFMTLER—2AF L — &, BRE 74V F L LTXYAT—V RICRBELT, &
iAWz, Zaubid, XEREREBI X o FLr—ra A THIL, &<IC8E
FERD &5 2 X#R A WIS DM B 20 WS CERE, XEiRG A B TETH 5,

AT —Y by Vv —7 DO—D Ll B EOTSVD—2 % XY BN 2 XY 2T —

3-21



ALEDOFEMEOFMIZ AW, ZOEBEMEILZZDOXY AT =YDy a—2nbgbillc
T—EEbLLIIBBERAHET DI L THRD,

Fig. 3-10 (D)IZFEMIZ2 AT A ¥ — 2 &, £F, HHDAT v 7T, XY[LE % $500 um
DEEFHOT Yy UV — 7 AT — T ETHR L, XSG L TIERD 2 FE TTW,
T DOEIENEZ = a— AN O IG LBRERT 2, ZOREG0T y Vv — 7 (LEDEOR
FEVERTDS, BISX, Y, ZihZ2E0 L CHBMEA R 57201, BRICHEERNR~— 7L
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Target TSV
(Xe » Vo) X-ray vieWw
X, D
(AXU ' Ayt) y
Y axis motion
T direction
- »
X axis motion
direction

X- ry view template

(a) Schematic view of sample base plate

Search the mark position (X, Ym) by using an X-ray image
image and memorize it

:

Search the Target TSV (x;, Yy by using an X-ray image with a
tilt angle of O dgree, memorize it and extract a template image

'

Move to the stored mark position (Xy, Yim)

v
Move to the stored target TSV position (X, Yy)

!

Align by template matching with the target TSV area and
the template image and calculate positon errors

(b) Evaluation scheme

repeat

Fig.3-10 (a) Top schematic view of the sample base plate on the XY stage with coupon samples
attached. The XY stage travels along the arrow with distance Dy, Dy of ~150 mm for evaluation of

repeatability of the stages. (b) An evaluation scheme of repeatability of the stages
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R 5,
QML 2T AR U 7 N
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SNR 9.7 4.3 3.0 2.0
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X_ray
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line profile |+ " :
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Fig.3-11 Simulated X-ray images with added noises
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W pillar target m ’ Beam Deflection control ‘
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| X-ray tube | cyrrent 0.49 TN /~

i | monitor 0.48 \ /
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= 047 \\ //
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. ij Position of X axis
<A - E-beam was positioned

: . and controlled to be

e s RS ST minimum current position
Absorption current image

of the W pillar target

Fig.3-12 X-ray e-beam source positioning control

X BRIROES E— L OEF THE LD XBARMEOEEIIBET 52, L LN
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lon beam lon beam
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'\/V
Machined surface

Fig. 3-13 Uncertainties of position of machined surface caused by sample setup conditions
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LT &ERplblEZLND, T7bh, ZOSTDIENRKEVOIXZ OFY 2T 57
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ZHEI0.08, 0.81, 0.5672 5 TNZ0.95 yumTH Y, ZiHDORMSEEIEL, MBLIEIZ K % EF
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Correlation plot between X-SEM and MBL
60

y £ 0.9592x +0.6475
50 R2=0.9964

40

e
30

20

10 . g

MBL (um)
Q

10 20 30 40 50 60

e CDs oHs
X-SEM (um)

Fig. 3-14 Correlation plots between results of CD1-4s and H1-4s measurement by X-SEM and
estimation by the MBL method
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Fig. 3-15 RMSE and STD values of estimated CDs and Hs by the MBL method against measured
values by X-SEM that were calculated using Eq. (3-1) and (3-2). Mean value of the STDs and
RMSEs are 0.08 and 0.81 um for the CDs and 0.56 and 0.95 um for the Hs respectively
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(c) Plots of repeated alignment error of XY precision stage
Fig. 3-16 Repeated X, Y positioning errors of target X, Y position using X-ray images. Red
circular marks are observed data and gray dotted lines are the fitted Gaussian curves. (a) For X

axis, calculated 6 = ~0.07 um (b) For Y axis, calculated 6 = ~0.05 pm

(c) all X, Y-axis alignment error data are plotted in one graph
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Fig. 3-17 Stage drift with elapsed time by the template image tracking
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Fig. 3-18 RMSEs of estimated parameters for simulated images vs. SNR

with variant noise level (continued)
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Fig. 3-19 Learning curves defined as a relationship between number of learning data and standard

deviation in estimation
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bole, BRWRBRIIANHESIL, BRIEORHENSORNPTHEREREDODOOE D
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Table 3-3 Estimated uncertainties in the case of SNR 2.2

Standard Un-

Converted standard uncertainty pm

Source .
certainty CD1-4 Hi-4
Calibration of system factors
grid Std sample tcassys: 0.05pm 0.05 0.05
SEM calibration cassysz 0.084pm 0.084 0.084
Magnification caisyss 0.23 0.04 0.16
Calibration of sample factors
FIB machining ucass: 0.50 pm 0.50 0.50
XSEM measurement ucazs2 0.10 pm 0.10 0.10
Calibration combined standard uncertainty 0.52 0.54
Mechanical factors
Repeatability of X alignment
0.07 pm NA 0.01
Um1
Repeatability of Y alignment
0.05 pm NA 0.01
Umz2
Repeatability of Z
o 0.29 pm 0.001 0.06
positioning ums
Tilt angle of X-ray source to 0.012
NA 0.08
sample plane ums deg.
System drift X axis tmsx 0. 07 pm NA 0.01
System drift Y axis umsy 0. 05 pm NA 0.01
Mechanical combined standard uncertainty 0.001 0.11
Electrical factors
Averaged values 0.12pm and
Shot and circuit noise ue; 0.12 0.81
0.81pm for CDs and Hs
E-beam position fluctuation
0.02 pm NA 0.01
Ue2
Electric combined standard uncertainty 0.12 0.81
Algorithmic factors
Modeling not clear not clear
Learning ua; 0.05 pm 0.05 0.13
Simulation uaz 0.05 pm 0.05 0.05
algorithmic combined standard uncertainty 0.07 0.14
Total combined standard uncertainty 0.54 0.99
Total expanded uncertainty 1.08 1.98
Mean value of RMSEs 0.81 0.95
Mean value of STDs 0.08 0.56

FLwL LT, ZOBEBORITHART Y —FI2ky, FRFNLOKRERLEROE K

HERE > S OYLRAEN S ~DFEEEHEE LT,

FIV AT AOWETNEREERNEHMEICT L LN TS LB R D,
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DARMEN S DY RIZED 2 EERESIT, Fr V7 b—a HEOHRE, £ L TER

72 ) A ADBENEETHDHZ LRz,

Uncertainty of the

Calibration-of-system factors
grid Std sample 5

SEM calibration ==
Magnification [E—x
Calibration-of-sample factors
FIB machining
XSEM measurement [m— |
1 Mechanical factors
Repeatability of X stage
Repeatability of Y stage B CDs O Hs
Repeatability of Z stage
Tilt angle
Thermal drift Xaxis
Thermal drift Yaxis
1 Electrical factors
Quantum & circuit noise
E-beam fluctuation
| Algorithmic factors
Learning [=—

|

0

whole system

I

Simulation

0.2 04 0.6 0.8 1
Uncertainties in pm

Fig. 3-19 Results of analysis of uncertainties of Table 3-3
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DIEIZ DWW TER 21TV, X BROBEHEEFFRFO SNR 23 2.2 OFAOKME T T, #HiEik
750 RMSE i & FLllea Al L 72, T OFEE, 910 pm x 90 pum DK E D TSV DEFAITH
W, AEIEMERMEN S, JRIEARHEN S, RMSE fHIE, E#&H L7 TSV ORD/NT X —
% CD & HDIZHWT, 21 Eh, 0.54,0.98,1.08,1.96,0.81 3L 0.95 um T - 7=,
ZTOREIFRAFLANALTHDLEEZDND, £ OMMEIE, £5 pm RS 50 pm 2
FEOCTZ2BETDHEA L T A CBRAEDOERMARORE S 2RO 10% DiR7E, &

N 1% DOHEFHMEIZSOWTUIETRERBTIETH DL LOD, S%OEEL AT LD

Q¥ AT LABKROBAEER Z o L, BEROT L —27 X7 ZITW, REENI DAY =
v MEERR LTz, Bk, &5, 73U XL, FHEFE, ¥v )T L—3a COERK
DRFEATV, W OPDOBERIZOWTIIMOER TRAT L2600, £ZITHDT
REt & AT 572,

QR DAYz MIHEDE, D SR ORRZEIC A 5 2 5 BRI OFFHEIZ OV TE
BT ATV, HEEXIRO TSV OFROHEERAE L L CGHR LiHiZ B 22572, 2D
MR, ¥y V7 b—varBRUOOER ) A AERPEELRE 250D 2 LE0RS
i, Fiz XBOEEE, 37205 SNR 2 2.2 DEMF T TE L2 B S5-Ik
HEE D RMSE [EO ML, Z DR S OFE BRI LR —HK L Tnd 2 &R
Golc, SHOBEL AT L LTOYEEITE, BRIEREIN T HiEE SO RES

EOWR, 74 FUHAEHLLTONR 21 ESH L7720 XBIRONRY —&2 KEL T
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BA4E GFAEY) 2 VEBET OHEPERRE

H1 ETHLIERER, Y arFy TEREEECS FICaEEl, FE02H&
B ZRGTHE R RO KIZE blew, HEOF v THEe Sl E Lty
UarE@e7 (Cu-TSV) OHFERFETHN, EMAbSNTEZ[1], ZORETRIZ
BWTE, o ZWRMUR EDOEIND, T30 AT OEIEICEEL 52 5
RGNS 72782 (RA R) BPRET DL LB H D2, ZORA FFEAEL, KRIRLUKET
R EN D EHEOEEMEEZ RE <R D L&D, Rifaz RHIIHERT 572D IFEE
THRETE~OERITE S, WETROUFH L FHT L1 T4 U BENREENS[3].

4.2 FERREEA VT A VIREIZET HRE

oD > E FRHETRASOIFIETD A T A UREITHT HER E L TEEOHZ FIE L
72 Cu-TSV DR & SEAE 5 um E S 50pum ~DOxtfis & LT, #iled > & TS THA LI-WTE
T 522z RKGIC Kk U CHERE CRBER A L, B O MEEBIHE & L TZEZ KaDIE A M
B, RESZMELTLNWE W ERMFIET D, HZRMEBHDLNE LV TUT LHE
D Cu-TSV (TT A ZTER 22 72D L) DIF TR, RETOTUREZES & HFRED
BT RGP GFELIEEEZOTHFICTEDLS TWNDET AL RIGFET IO EEbis, L
2L, EERELRE LCE, e — ULbEdfit & LTO RC RERDRE SITLDEFEN
WIEAET HER & 72 D T D BERIGIGEV RN ER SN D, 22T, XHRICE W IEETE
T O, EZRRABE LI TREEBEZTO ZLBBIhbhs Lol oT
ETWD, 2L, KX TheOWUEm L CEL LI XM CT EHEBTa A MERAL
— 7y P ERME T W IRZER SRR EZ I 7 0 LV D REETIRA D DHTH DD
T, i/ MEDS D3 Cu-TSV FDZEZ K ~DER G &< 72> T D, & 2 TEWIEREN
"ondF /) 74— A X BEERNTENAL—T"y O/ LB OFERE D,
Cu-TSV OHFDRA FTRRDELARA REFDOHEE TTIEIZ OV T OFEMR G w501

Tlbh T RinoTe, T/ 74 —0 2 X REMEZ AV CTHEEDMT 20U, J8AETR IR R
Hr& BRI T OB A~NDT 4 — KNy 7020 E LT, HEEFTOL T4 UK
HEA~OHEHO RN EL 2D EEZBNL[4-12],
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LU o, X MZRE N O RER Th D LEX bNDRMOSFHEIREHET H7-
DI, WL ONOREL RIS HMERH D, (1) Cu-TSV FITAER S NToARA FEGIT
FAOHDOZERTH Y, @E U 3 BRI AT P T X R, ERER
IRFFAT DIZ DI UNT AR A RE oy 23tk L2 5ENBEE, 2) RERDRA RO
T, WESOWEDT DL DT IMMET REDDAY], (3) E O/ SERIR O FRHLEOHE B
DA THD Z L ORENRH 5,

AT EFLOFMBEICK L TA) Cu-TSV O X #E it b DR A RERsy o 1Dk
it 2) AA FERHEE DT D DET /MbD FikimOmR, X O3) #HEEREICRET 55
i £ TEATYY, 7 rt A ORI OWTERm 21T 9,
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4.3. ™A FRIaDOEE L FRHEE 1k

43.1 RMEOERRA =X b LFAROSIEE X UOSHe

Moffat[13] &< Jin[14] 52 LAUE, BA ROFAZ M| L — 728 > & %2 TSV (ST
L7202, Do JIWHITIHEIAL A, LR TR EMEN DRI EERS L, EfE
Bt DR ORI SV AP FE DRSS 2 Z L1c kv, TSV DJEHENHH
UKD 72 Zd 5 K 9 28T H T 5 Bottom-up-filling &\ 9 7'a® A0NT2 5 X 517
STETWD, AERRET /ML TSV NOIEFOIBUZ LR EZZ BN TVND,

LU s, D5 F CIEFEE Sz Cu TICSEERERRORA RBBAET L2 N
WEINTVD, RIFSRIE, BINAISCEN SISO b EHTRED D > Xt O Rt
MARA RFEAENEETHZ LIZOWTHEM L T D, AR OERNRA & 72 556
RL5BH[15][16],

INETHESNTEANETIE, RUTINLDORMETERAET DAL FOBRDZ1X
IFFEEE AT NS D TH o 72,

—J5, B L728ieD o ZAFFITHR A RABAET DHKRLIMN S, Do DOHILETH
HNVT =@/ TAF I8,/ — R@, 3725 Si02 X SiNx 7¢ & O#hfk)E & B L TiN
R TaN 72 E OB A WMEIR AL B %22, Cu OEROIEREDRIFIZ LD, RNA ROFEAE
THEDMESINTVD[I5], ZDJHEREIZIEE LT, Physical Vapor deposition(PVD){% 72
ElZ& D Cu O — FERIERF D TSV WEEEI A~ DB RPN+ 3725560, HoHWIET—
RIETE R DRI R L, TRAENE L LIZGAICARA RRRET L Z LN
EZbhD,

F 4-1 1%, KFaSCTHE D RA FIZOW TR E PRSI D REB K OEER KR & LT
DORIFEEZEE FEELDTbDTH D, HPITANOH ETO I E L TW5,

AL, =y F U THD TSV OIRIMERRERC Y — REOHEN AR+ EOBMIC LY
TSV ESIZARA RBBET L7 —ATh b, £72B D G, Do ZWBF OB O
RAE, FUNEEG O HECEARRR E R O, WA OB A OB CWRE D2 e DR
KOMABE DI LV RET D LB DLNDDN, ZERREDGFET D, HIL, ERIIARE
BT, &0 &9 Cu-TSVIZBWTHZDOHITH LR A RIZFEUETIERLS, EnbliXixHE
BIERFROAREE CTHHZ L a2 rnTHbOE LTHET 5,
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432 XHEEB L FIBIZ X HWERMIIC K2R A MEE

Cu-TSV Bt OFHETTIERL, X Mg O I7ikd KU FIB (T & 2 Wil TaE 0
X, BIBDERGIEDTHIZ TENDD, AHIETIT 5 RA FROZE L R A FIAROHE
EZIE, T 7 — B AXBEEEE DT 72 57 FIB QWi N LIZ X 28RN NELEE X D,
X #Eimte Clk, LS Wrim R i OFR D D& LD IEWRIZT TlEe <, ZOKE FO
HHbELND,

AL T, AA ROFERRBIRIC OV T, Cu-TSV O LiZiE5 K9 IZFIBIZL D
Wit N T.% Cu-TSV OIMAIDN S LT DRI ZiefE¥ LB A 2T » 7 2 LTV, Z Ok
HICBN TR KDOKRE SORA FaEERA A BIEESIM) B2 HHEE LEHHIZ AW 5

433 RHGODELEBRMEEIC L B T a2 AREDO HEM:

T T —HA XGPS Cu-TSV DHRA ROXKMEMH &R EHEZIT, I HIZED
A RICRDBEHERFRAE T H D H-E121E, D Cu-TSV KIEH S & A A N OFRHEE %
179 2 & TEMMR RIS ZAT O ORI 6T, REEOFAIRK LD > EHJKMEDI A~ v
F L OBEEMEZ ERICHIT L, ot 20U EPLHIEICSRITLZENEZXBND,
Cu-TSV DR A RRIEOGF L TRIRHEE, B L RZEOSESHEERREZ b LIz mE R
Z#ET L2 0DTFNEE Fig. 4-1 () (2T, ZOKICBIT 2 EEL AT v 7%, (1) —HKoD
X BRBEEE DD DR A RRMEOFER, (2) AA FXREaSHR X O ORIRFHED bR AR A
BEIZRBET, 3) RA ROBEESEFR T HAUTE DR FNT A —Z OHETE, (4) B
YD 7 mt AR & EEROFE®R, RONTT 4 — RNy 7 PR TERE~DOF
IS RO TH S, 7o, BET L7 at R L3, FROEF DD > X FDORA R
0, XD H D LR BRMEDIRR E 72572 Cu DY — REOER T vt A& &, 207
1 AT TSV WO B SPBEHN ) — T E S LR > T2 BB TRO D > & TR THRA
RBFAETDHEEZBILD,
Fig. 4-1 (b) (24 RRKaDFILEE R BARR 22 R E O & B3 IC X200,
TRER OAF O T mGT — % & R AEIRIA, 7ot 2 OUEETFE 2 BT 2 FIE
oy, £, (1) Stepl ARA FORFREIZOWN TN, FHREE D &I NN TR, FExF
PRz 538, (2) Step2 R A RSXIRIE CHIVLE ORFENS, & 4-1 ONFITHEEITI, b
L, I THIUL, (1) THRIEFFEDNT A —=FDORT, REEAERKROF Ly o7 —
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I ORETRUGEDT 7 v a ZilEde, BARENCIEIRMOIRRA &1 F A T —E, A
V7 —JE, >— NEERTROUETH D, (3) Step3 MME THEINTZARA RRMEITK
L, ETNVEREITWERNZTEHRTE, BREHEEZITO. (@) Stepd ZNETO, EMER
SYERER, EEMHEHEERREND, TRETORRME RS LW TROWED
TrvarEiTd. HOWEIRMORMTHIIL, Ly T —2IT8ERL, HiICRK
L S BITIFUEO HIEOBMRT T OFEZIT O, RNA FOMESRE R EDOEENR/NT
A—=2 5 H 2 T, Tut AR LB S HERIZRBEHRE LS LTRO TR Z
ETHIEMEEZEO D Z ENMFBTE D, ZOLOICT e AEFEM, T LT
Cu-TSV HFEDHRE Y, KGO =0 DRFEICELETEL LD EEZD,

Table 4-1 Conventionally defined list of classified defects in Cu-TSVs

Sym-

Image | Type Explanation Expected causes metric

. Lack of
A A \Void around bottom wettability/inconsistent Yes

part of the Cu-TSV
coverage of seed layer

Rounded void near the

B top or middle of the | Voids are supposed to be Yes

Cu-TSV generated by combination

of the factors 1.-3.and

A large void /a large | imbalances of them in the
seam void Cu plating bath.

Yes

A cone with circular | 1-Problems in the

D truncate cone void | condition of agitation Yes

2.Mismatches in the

A small cone void applied current density and | Yes
its control

A small void at the 3.Imbalance in the amount
bottom of additives such as
suppressor, accelerator and

Number of Voids >1 leveling agents or so

G Including seam voids Yes

Yes

\oids that propagated .
propag ) Defects in
H from the wall of the via . No
P Liner/Seed layer
Variation in its shape

S et e == = [ =T [
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(@ Scheme of process control based on inline inspection of Cu-TSV voids.
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(b) Detailed scheme of classification of voids and linkage of causes and action for improvement of processes

Fig. 4-1 Scheme of process control based on inline inspection and detailed scheme of classification



4.3.4 RKaOFEE L FEBEORM & SEFIE

LW X BRFER G OGS L ERTIEOH TR AR 523, Cu-TSV HORA sy O

OB OFFEL 270D, RNA RB/PNIWIGEITIE, TROMWOE S &ERA R
DSy & DXBUNEE LA S 5, Fig. 4-2 & Fig. 4312, TNFREBICIRG SN X
BRIEHG 2 I TR A RE OFIHFIEOHB &, A1 FOREEOERZ RT,

Fig. 42 1ZBWT, UTOFIETLEZIT D,

FME) ARFFETH D X BEREGIED A T &A ) A REKRDA L8V R ) A R,
Flary TR RNBMEWED, AT 4T U7 oV E B L%, 22 F T A MEGRALEE
Z1T 9,

FIEQ2) RA RESOFR O 7 L—EE Cu OEERER A HfEC L, 2 Eb#Icsie LT
HHITED LI THIDIL, HIVARTTIZ T T7 404 (LoG) ZEAT 517, Z
D LoG 7 A4 M H T —HNCIEA (4-1) TR LN TE D,

2

x% +y?

x2+y%—20
— 4-1
xp( 22 ) (4-1)

LoG(x,y,0) = p—

ZIZTx, ylXEgE 7 B NANLEOEE, o IMEEFEAETHY, BigED /A D8
YEITANMIEDETHEST LT A—=2ThH5H, EEOEBLIITIBNTIE, RITH=R
ZARD IR LD HRXE LTz,

FIEQB) 2 EALFED & & DT XY o FHLBET Cu-TSV AREE 3B LR A RERy D8R
AREL, TNENOEZIZHOWTHEMEIEZ T 5 Z LT, Fig 43 (IR LTIL/NT A =X
AT 5, T A =X ONFZTEBLH TII—KIELN 2D THL, T72bb,
Cu-TSV ARy & R A RE Yy OIS A R L 7 L, ZOMERMAE, BEOMEELRE, &
Lo oA E, BEME, #ERomE, s nieARS FokETHL, ZOPT,
SRR RE S L O, AR X, Y EIZ OV T, Cu-TSV ARIEE DS HIx L CIERL L7 f#
ZHAWD,

FhH U725 N T A — 2 Ly BTE B 2 BT 288735 12 k-Nearest Neighbor(k-NN)
TNAAY R hERHWD[18], KMGFEAIRK & DFRIZ OV CTUITEME R 7' 1 & R FER DG
BoltbDb®H Y HMREWN TERVWEE L H DD, Aiw3L THIEHIZHVC Table 4-1 13,
IHVE T SNIRRSCR, R OFERIC L 2B O HRE b &I E FER LT
LDOTH D, Fi 2 BEEHM AL 2 AVBIMEIET S Z &L ARETH D,
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B I A W 2B T, TRETOFr R RAERTRBR LV 7L, BIU R
ab—va VEGY TV NIRRT LB T — 2 T 52 L T — 4N —2X
EAERR L, R L M LT NE 2 BE ST 28R 217 5. AaSCTIE, ZhE Bl
RSz A R KaZ M#ECH#ER, BHRELHAGDOETET /ML, ¥ Iab—T 3

B a2 AR L, TN AT H I L TRBFE LM LEIETWD

IIMEI

Original Median Laplauan of Labellng Extraction of
image filter Gausswn fllter process features

= Supervised learning K-NN
- Classification.

Difference in orientation

Coordinates of centroid of voids

Coordinates of centroid of TSV

Perimeter, circularity, area
and number of voids

\

Fig. 4-3 Definition of features of Cu-TSV
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4.3.5 [EEAFRE X CEERIERIFRR A FRHEOHIB

# 4-1 OXFHEOHNZ D D X 5 IZRA FRBEIESSPRD 2 WITFERIFRTH 2 9 DHp 21T
D R,

JelZaR 7= Fig. 4-3 ORFEE/T A —HZ 05, Cu-TSV OxFrifl & R A KO FRffD £
PR, RA PEIROEOIED Cu-TSV OFRflA S O, EE & mkk L OBR2
EORHS R A ERLL, D O E 21TV, [EHEREFR & FERIEFR OB AT O,
& <UT, X #R RO X &R OB EE (iR Fig. 4-6 TIER) DE&MNR 2 L
EHDGA, FHCE DD & Table 4-2 125 5 XFRHRIG I O S OFEPH O AR BT O H
AR D 2 L THEERHBINTZ D,
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43.6 A FOETNVEZL VIl —Tav

Do & TRIZTRAET HHRA RIZOWT, [EEEHFMETH D5 AE121E, Fig. 4-4 17T
EHANC— AL LI FE TN E T VEREIT 9, T7hbD5, BESEHTH D Cu-TSV
DOPLEIOWRS TR -T2z 8, il SiREDOMEIZHLFEAOEDLIZ, r, x, yil,
MR 0 Z DR AICER L, S DIEEEAHRZ G fCERT D L, N (4-2) ITRT
£ 912, ZDCu-TSV & 3 RITLTHRA FNEDRZ W OEFERTRT Z LN TE 5,

ZZIZPIES, r, OEITIRIESNDARA FHNERO R OEIEDES, PAMERDR, DvidR
A FOFAET DR Z /R L, £ VI X BREAGE/ERT OBICLE L 2558 T bbb
JEREAE A% O R DNE 2R,

S BT, BERKIFRORNA ROERS M OTIRZ, § O L L CEEREII T LT, r#hiJ7m
DENENDRA ROYEFMDORE S &RT P62 EFRT D,

fiP >V, {f(P)|P, € Dv}, Py(S,1,0) - Vilx; yi, 2) (4-2)
72 BIERE R DEHITLL T DR (4-3) TRUIR T 5,
x=rcosf, y=rsinf, z=345 (4-3)

X BB DOV I 2 L—a U EITHICE, SHIC X RIRNEZ BB LG R e
D FEFEISLPENN BT 8 % 75[10], Bk 2 X 5 IZhlFR OR LB A @M% 2 &7
TE 2,

—Ji, Cu-TSV FDORRA REFE orqilE, BIESHFRAD Bl e f o Nofne LT, AT D
R@E-HTRT ZENTE D, Pu(O)IFABRDORA FOHLHRORE S &2EHR LT, 6,
8, IZZ N ENEEA DR E 2 F S DB OR 0 X OB E, #& TALEOPEREZR L
T3,

Veotal = i J e Pr2 (8)ds (4-4)

i=0 * Ois

EBIZEECIE, RA RRAROFIC AT Fig. 4-5 IR TEBIDFE 4-1 D A-G I[ZH]IG
LIcETNEEFRT D, T70DH, B, G THLNDIIRDARA NIREEEMAEHIAL LT, £
LIS D KRB DN TR, HEEPH R DOTR MG DT, [ 2 O [alfi e TR
ELTH Y, TNHLOERE TIEESFAA ROETMALLEFZRBEDOY I 2L —v a3

2179,
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n 8i

Viotal = ZL

i=0 " s

" Pr? (8)dS

Fig. 4-4 Model of profile of voids in Cu-TSV

A B C D E F G
1 [ | [ ] [ ] [ ] [ ] [ N ]
D1
v Zv 2v 2v Zvl
H1
D2
/. v || —zv2
—Zv
H2
7Truncated Spheroid Cone+ Cone+ Cone Cone+ Spheroid+
cone Truncated Truncated Truncated Cone+
cone cone cone Truncated
cone

Fig. 4-5 Modeling samples of the void type A-G
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Cu-TSV AIKE 7336 L ORA FE I OIMEDORZE, FEEIT D 50072 i#k T 508, i
LTIEETMET DEITTRIM DAL R ZRT A =2 & LTE L TRV G W HERSALE
WZHEE LTz,

PR 72 PIEITR 72 WA FIE (5) DAMIFE 2 B TRELSBRTZAREFRILTHY, 20
W% % Fig. 4-6 |7~ d, T72bb,

FE() NTA—=F OB L ERIBZHET D, Z OFOMEIX FIB OBl Lo )
b2 BNIIBIRTERO L OB EZ TR T 5, EEREIL, BB EZOHLMED 10~20%
BRELLTWD,

FIEQ) T NVERFELIZNHD/ T A—ZIZOWT, NIRO—KESARELER A F A4 L8
AT — 2 BT D, ZORT7 A—2EIEBOTT MK L CHRET 5, —kROAAEL
BarHlr—2 L UTRIMT 28 MmIE, BYVHO NEOAT A —ZFFHTE T A—Z )
BTN AR e U CRA D FE T — 2 2R TE D L HICT 5720 Th H[11],

FIEGB) Eig LD 720 DFNEQR) TER LT — 4% OB E1T .,

FhE@G) BEAL LToET AT — 0 3 IRITTOEREIFME TH H R A REETe Cu-TSV A
YN T =2 ARt D, R AT =2 O 1 BALOKE &% 0.1 pmX 0.1 pm X 0.1 pm & L
72

FIESG) R BT =200 X EBBREDOY I 2 —a VEiBgEER TS, 20L& X
WBEBELEE R 7 L 1 HOKRE SICEGDELER 0.1 pm & LT, T 58WEIC
WTZENZEI Cu: 0.0435 % LN Si: 0.0016 % & L, FiohA RFEZEKBHD TN D &R
ELTAIn0%E LCEHET D,

ZOFECE VAR LERE, EMERRRA RRIEES, ERRIRIEE O
FRPTMICHER T 5, £/, KX THWEY I ab—v a3, 7/ 7+—h % X
MBI G CRIAIC R AT D BB T OO VR ER SN DR E KV IAL TS
[11][19][20].
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Set center value and
variance of parameters

N-ordered random vector
generation and sampling

Convert to integer

\oxel data generation

v

Transmitting image
simulation with setting
attenuation coefficient

2 ) X-ray source
S~ !
CD1 o
Tilted :
0 angle: ./
H1 X L
Void
l
/! \! \“,
<«— CD2 1 W
< / i1 :
/ | i Sl
/ /l_*/’—;—*— e
H2 &\._.1
9 /1 Voxel model
Qe CD3

Projection image

X-ray attenuation coefficient values are assumed as
Cu:0.0435% , Si:0.0016 % , and Air:0% for 0.1um thickness.

Fig. 4-6 Simulation scheme of X-ray transmitting image using Cu-TSV model
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4.3.7 EEEHFFRA FREOIRE L OEEHEE

i > ZHID TSV DFGIRHEE 2 £ H SN RE LT HE, T70bb, TSVIEROET VL
EIRY T 2 b—v 3 B KO TR X D IIRHEE 21T © Model based library (LA T
MBL TR EWD HiEmaIcH L, BESEFRORA FA3& 5 Cu-TSV OIIRHEE 21T 9,
Z oKX % Fig. 4-7 R T [11], T72bb, ZivE Tl Cu-TSV B LR A FOIR
DETIVEREZITV, NIRICOEEATIN E U TREISHILRANT A —F ZHiT —2 L L
T, AIECIR AR FIATAR L7z Cu-TSV OV R = b— 3 VR E T — 42 & LT
EEEAT O, FE T VT Y X AITIE Support vector regression(SVR)IEA IV 5 25[21][22], ¥
Lalb—va TR LR 2 RCOBEIRT — % % SVR THY | 9 121%, HEED 2 Rtk
ThDHMEGET — X % 1 IRTEORHINZZEHE LT Support vector &35, BT — %73 mXn D
FHITh D EET D L, BHIEHITRE-5)TRT I ENTE L, 22Tl LdIZnEh
I E T — 2 O 1 Rothddl), 2 wotklsl a7,

LaG+kxm)=lLaG,k) n>j>Lm>k>I (4-5)
EHIZ, SVRIZE VRS T A — & & EEHEE T 5 A HBERE AR L C, FEEBIZOW
TR T A — & ORIl %2 = OZEMBIRIC L W HEEE %155,

Fio, TOEBRBEE I VST T A =2 %502, R REET Cu-TSV 2B LR A K

DEFEOHEE %1

1
O

o

) ) Support Kernel Model
Simulated image verc)tr())rs function parameters
1D array data Weights
'_ of greyylevel x0 ‘ 9 CD1 ;.
\ Xi
- lmL i
N\' |\|)|'N’h ’ Vectors
il \‘ | LY representing
parameters
Model data .
Fy H2

Target image

Fig. 4-7 Generation of transfer function for estimation of TSV profile parameters with a symmetric

Void

“Data number

Transfer function . 3

void
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4.4 FHEERR

441 @FEEV ) a2 BEETREOER

K A2 B OERG M 2”7, ST U m— BRI VU A N &R LT-t%, SEMATECH 23
T2 TSV Al O ¢5 pm v A 7 R — U H@HME TR L, FERy a7 v R L
LT 4 — Ty F U ZABE[10]% TSV O S A 50 um 12725 K 5 IZAERMSEM 205 LTz,
Gl &N T, MREERK, 71 OBk E, PVDIZX D Cu v — NEBRDO%, Si
U= T EARIZAEIL, FEAIZOWTHD > S IBSEHEEZTE L THRA RBBAET D
FHETHSEWNHEERBZ Iro T,

F72, Cu v — NEOWEEMEL 725 L HIZ PVD O 7 v & A5M% % L 7= [l Fr
DRA REETe Cu-TSV 3B S BIlE1ERL L7z,
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Table 4-2 Condition of experiments: sample preparation, X-ray Imaging and FIB processing

Item

Content

Sample preparation

A Si wafer with a diameter of 300 mm was deep etched with a mask.
Coupon samples were prepared and subsequently processed as below after
the etching

Formation of TSVs

Mask: SEMATECH test pattern of ¢35 um for TSVs was applied*!

Deep etch: Non-Bosch process by Etcher: Tactras™ FAVIAS of Tokyo
Electron Ltd

Barrier/Liner/Cu seed layers: Formed by applying CVD and PVD process
Copper filling: Copper electrodeposition under control of applied current
density, additives and agitation condition as a bottom-up-filling process

Cu-TSV’s target size

Sumx50um (aspect ratio 1:10)

X-ray projection
imaging condition

Acceleration voltage 40 keV

Resolution of X-ray source 0.25 pm*?

Tilted angle 0, 12.7 ~30 degrees*3

Camera pixel size 6.5 um/pixel

Distance between X-ray source and sample 1.95 mm
Distance between sample and camera 125.1 mm

FIB processing
condition

A Cu-TSV near the target Cu-TSV was marked by FIB (SII Nano
Technology Inc. SMI3050R) processing in advance. And after X-ray
imaging the target Cu-TSV was cross-sectioned with a current density of
10 A/cm? during FIB etching and viewed by SIM imaging mode.

For the purpose of estimation of volume of voids the target Cu-TSV was
cross-sectioned with and viewed by SIM and repeated stepwise every
etching of ~0.55 pum thickness.

*1 |t has variety of pattern layouts of TSVs. A top view of 6 X6
matrix case of 5 um holes is shown below. Another type of layout
is also included in the TSV samples.

® 018%[] o O

® o, 06 0 0 o
IZOum
e -0 o_0 o
oSum
e 6 ¢ 0 o o
-

*2 Resolution of the X-ray microscope was determined by
imaging of a JIMA-chart with a line-and-space of 0.4

um([11].

*3 The tilt angle was defined as shown in Fig. 4-6.
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442 T 7F—HRAXBRITE B ETHBREOHRE

RA REETe Cu-TSV O FakE 2T/ 7 4 — 0 A X BRSO 27— VIC] 0 £, X
HRIR & BUBHA & OMERMEE 2 3%0E L TH 42 1R L2 X MEBGRIRGE AT, Bz i
L7, MBLIAIC K DIPRHEEITIE, ZOBRAEZ 1277 ITREL TR 2T 72, &K
FERD X BREEMEEOTIE N A FOSEET 025 mBETH L2 L 2H 5L 0.4 pm D
JIMA F v — F X Z — N THERZ AT o 72,

4.4.3 FIB T X 23RO WriE N T & Wrik s o B

X #BiEg A5 Cu-TSV & [Fl Ui & FIB THl-> TR T 5720, T2 ofi ket
2, &2 FIB CHlofe~v—2 %21 TBE, X BB ORBEIT- %%
Secondary ion microscope (SIM& /DR L7Z L, £ 42 TR L2, BEOWEMN T2
177857z, GIEHNT SIMBRIC K DITEBEG DTG 217 5, #UBH& BT MICHKY 0.55 pm
TODELRZHIVIZL, ZOAT v 7 OBRMELHRD R LTV ERE L7z SIM #ifg 21572,

444 KRKaORFB L OEB L ORA FERHEE

FTTICRLIZADPD GITEE LS LIEARA REF AT Cu-TSV DETVERE S LI,
FLIRDY I 2 b—v g VHIETHER LICARA REET0EREZNE 30 AR L, Z O
B b NG L CA NS GIZHBE LR EHMT —2 & LT, AllLizyIal—
va VEBNHRA RRER AT L, #hliH 0 EMEE 2 KNN 70T Y R AEHNT
119, Z OBMEFEEIC X0 AR LI HBIEE 2 AV CEBEOREIO X SEIRE#S SR A R
DD 1T 5

EHIC A MNPD G ORA ROETIIVERICISE, FIB I THEZIT ) (RO HED
Cu-TSV OWiE AR L, TD SIM BN HETVDOHFLMEDNT A —2 i+ 5, 20
T A= FAF A LT, § TR~z MBLIEIC L DR 2170, B & £ kT 5,
EOIZEBEOE BN BIGRT A —2 2 HE LT, ZOHEMNHRA ROREOHEE %

N

<l

7o
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4.5 FHEEBHER
451 REIOBELIULERER

AREFRTIER L 72slBHE, FRELTRK4-158OB, D, E, FEIXOHIZHELEZN
KObDODHTH o7, ko D, E & HIZHHE THE I — A5\ T Fig. 4-8 |2 FIB
(2 X D W Eig 7 b N X #Btg O R e £ L O TRLT,

Fig. 4-8 (a) (Z[AIE6FRCZDRDOKE A Cu-TSV ODRZD DO 5L E LR T
5 IR & 7278 A ROBMFIET 2 DIZHFES N HREHI DWW T ORER %, Fig. 4-8 (b)IZ[Al#5
RIFRD/NSTRRA RIFIET 5 B IS N ARELOFER %, Fig. 4-8 (c)(d)IZ1X, [HIHEIERT
WORA 135 HITHHINLEREEORAKEZEZOH T, TNEIURLI,

Fig. 4-8 (a)(b) @ FIB QWM LEDOHEEN D, Z DX A TOHRA RiFZhEh s X
OM R A MAG DR TR & B2 MR O DO TH Y, EOAEIX Cu-TSV MRS O
EEROEINE L TNDEBZX BN, 72, 2NHOXMERGE B & 5 Cu-TSV
HIE U & Db EICREEANLE L TWD 2 EREFGITHELZE TE S, Fig. 4-8 (a) OFUE
ZENOBIE LT X B H b ESITHIB T & 72,

— 77 Fig. 4-8 (¢) CT/rL7= Cu-TSV HDORA RIL, Wi il Tk OG5, B Y & 9 Cu-TSV
THIOREE TH D Z & 2MA 2 5, & BT Fig. 4-8(d)D X FLE g 7 HEEY A 9 38D Cu-TSV
DRDORA FZE ST HOTRIRTH Y, Wi bHEE Sh 5 HliZe s Tide <, Fig.
4-8(c)DIEXX D L 5 12 O R EALIZ & DAL Cu-TSV DOIME &iEWRERIEFRT, /3
Jo—a U EBERERRLDTHL Z ENbNd,

ZOREHT, Cu ¥— FEEAIF IO RICKMD & 5 KBS TOI kR, Hink
DHFRDOENZIND Cu-TSV IZEA DR DR A RIEAE L, BEHEDE > T2EAL, TR L
THbDERZTWNDLHEDEEZ LD,
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‘. E
Oblique view

TSV
o 0

Top projection view

)
03
00 DO0(dag)

Cross—sectional view of
Cu-TSV with a void of type D

(a) Symmetric voids type D

—— e = = = =]

Cross-sectional view of Cu-TSV
with a void of type E

(b) Symmetric voids type E
Fig. 4-8 Cross-sectional SIM view and transmitted X-ray images of classified voids in Cu-TSVs (a) D, (b) E
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propagated from the wall
(d) X-ray image of asymmetric voids type H

Fig. 4-8 Cross-sectional SIM view and transmitted X-ray images of classified voids in Cu-TSVs
(c)(d) H as defined in Table 4-1. (Continued)
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452 KKaORB L PEBLORA FEBRMEERR

434 R LT FIE TR LI2HRIZRC L0 FZERO X #Fiiig i b a7 > o R R
4-3 1R LTc, ZOFHOY o TN TRARERRIEZHEIE23] LT L 25, 94 %D IEfER
DR R A7,

[FIRFIZ, B MBL JEIZ LY Cu-TSV FHORA RONME, FEBLO TSV IZxT 5%
FE %aHEE L7ofERb b TR 43 ITRLT,

Table 4-3 Classified defects and estimated geometrical parameters of voids

Original . y| sym- Zv?d | Vol? | VuVisv
image Recognized | Typet | o .. wm | @) | )
I - B | Yes 86 | 87 | 07
- @ | | Yo 254 | 06 | 006 | BEL2umEE2um
g il —— el W5[:> - - -
4 b B} | D2 | Yes 134 | 187.8 | 17.3 | X-SEMEDLEE
-
5 ’- _’__g F Yes 40.1 52 0.6
DDetermined by k-NN classifier A _\Void volume
2Estimated by the MBL method [ [

D DORERN ARG L DORBEO ST LY, EROBBI OIS ETHL L DD,
Bl FRE R 5D C, MWW THOFR T, FHESFRO R A FRE X OEFE% )
0.02~12.4 % L BRINWHEIPH THEEME 215 b 5 Z &R ST,

F£72, Tabled-3 O No.4 DHEEHEFNZHOWT, /87 A—F D% Fig. 4-9 (27,

Fig. 4-9 ® Cu-TSV Wriiifg (XIRHEE 21T > 7= Cu-TSV OTHZH 5 H DT, 2 OWrimEE
Bins, BRI 21— 3 VETIEDICHER T A—=Z DT —Z O &7 - 724k
FEHRITR LT, ZOFETHOWIZMSL L2 ST A =2 0813 10 THLHN, £D5H
A NI DL 5 L ¥nit 50, ZOWHEBEBRNS ZD/NRT XA —2 D& Ty
ISR DOERBNRTETNDLEEZHND, ZORBOHEEEDKEE Z BT 572012, K
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THIZTE BT FIB & W= FIET Type.D DY > 7 DWW THREEZ T2 > T2,

unit um
7} 2 CD1 4.90
~CD1
CD2 | 5.45
——ZV
H1 CD3 4.90
I Hlv H1 | 18.10
\ 4
T CD2 H2 | 33.29
j CDPlv v | 12.48
[ — H2v Hilv | 9.79
H2 L cpav CDlv | 2.73
H2v | 12.58
CD3v | 2.27
Htsv | 51.40
N J
Cb3 Htsv=H1+H2

Fig. 4-9 Model definition of a Cu-TSV with a symmetric void by assigning parameters listed in the

table
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453 HA FEBRHEERRORIE

Table 4-3 ® No.4 D> 7 /WTOWT, FIB I X DWrMN T & SIM 4812212 & 2 Wi sk
D7 (X-SEM: Cross-sectional SEM)& 1T > THRA RAROFE ATV, AL CHRET 5
EE & DOl Z1T > 72, Fig. 4-10 (a) 1%, 0.55 um A7~ 7 C FIB ML L7-Wrig 2 #8152 L7
fiRZRT, TNDDOEBEOFNERA FEEENARKERD b OZREY, £ OMEICKE
T DR FRR D D AR A REFEZ R LT,

Fig. 4-10 (b) 72 BIIWrmBlEHG bR A REMOFEZRET S & &b, MBLIAIZ X
HHEEMZ XS ST/ T 7 &2, RERIESEN U7, SO AGm e CHEE L EE R
L, 78y b EOFIZ TSV OWFNNOELE (CDs) HLHWEmS (Hs) Zad, EEL
HSEFELZ7 T 7127 vy b LZERIE, MeHEO KR/ X 63 I8 & HEE E A b3
HZEERTIETHY, HEEMITEAME DSOS b00, BIAISLTND Z &
DOND,

[FIBNIIAA REMOLFER bR LTS, FMAIITERR E Z KIS LTZET
NERLTEY, FESEHEE L TABOGREZITo 7, FMA FITZZND OxfS#E
AL, FEWmE AL LR R (X-SEM) Ot REEIZ W Ttk b0, ##ET5
MBL i3 X-SEM OF —Z bR SE L FREDENF LN L35, L
L, TSV AEEEICRT 285G & L TIREI WRE THE TE 2 L7, fko7nt
Z IS A ~DORTREMES H IR TE 5 LB A BN D,
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15
Void’s CDs and Hs o
e | — """ 1 -
310
= o ®
A
m 5 L0000
= 7 y = 0.95x - 0.203 :
R2=0.99 ¢t
0 :
0 5 10 15
X-SEM in pm f
H1
. . D
Method Estimated volume Void/TSV % s v
MBL 188.0um? 17 M H2
X-SEM 266.8um?3 24 —y
A 3D view of the modeled void
(b)

Fig. 4-10 Correspondence of estimation and experimental results. (a) Cross-sectional observation
(XSEC) of TSV. (b) Coincidence of dimensions and voids volume
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4.6 &S

T Tk —HA X BERBITESE, U 3 UHERITERR LT Cu-TSV H1OARA KK
D ERA FEREHET 2 iEmEIRE LT, MRIIUTOXLIICELOBND,

(1) BB OBEGLIRE TIT 5 Z & THhA FRIMORFRE M AT 52 2R LT,

(2) RA REREHSE RIS X OERSIESPRI AL, FRSTRR & DI OWTET VERET
STyIab—rvaVElgaElRL, 2b LR AT A =22 L D80 FHE 2w
52 LT, AA ROGEERRHEE, 7o b NCAEBOMENMTADHZ LER LI, i
L7ZiBh T, HEEARREER %13 0.02~124 %OHPHTH - 72,

(3) FIBIZ X D Wi BlZ2 21T » THEEH L OMRGEZ L7c & 25, TORMISHTHRE L

TOHEERRZET Cu-TSV DEFFEITK LT3 %RETH -7z,

UEXY, RGEZHHD > & TR L ICHEET 5 TRORA N2 5 7 1 & A
HA~OBEHPYFTE D LBAOND, A1k, #UBHEE IS U CTHEERE O BB O R
AR DRSPS IOV T S HIZHHE R X OEm A2 TR D BN H D,

72, Z—T v MDA BREREBICOWTHEIZ TS &, D TSV Odid - & 7
7oA X1 ey F 2530 SRBRETEEIND, 22T, A4 UBEE LTXHE
WCEDBMEAITORM A MI 12y MDY= — AR EEY 9 5/30 535 DOFFH]
TIT2 %, V= 1 ORPEONRE LT, X BEiREGEIHRE 150 #x9=225 4y, A7 —
DALEROERIL 2 BRLLT, T 23R, B L OCHERIRANER & HE T 1
MTHDH72D1 U — " OWBERFH]IE 30 77 ChiuXRER < LBREETH 5,
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