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People

Dr. Chia-Hung Hsu, Director of National Synchrotron
Radiation Research Center
Leading NSRRC to Achieve Excellence and Built to Last

Claire Lin

Special Issue: Semiconductor Process Inspection Equipment
and in-situ Technology

Special Issue Introduction of “Semiconductor Process
Inspection Equipment and in-situ Technology”

Chi-Chung Kei

Novel DUV Wavelength-scanning Scatterometry and System
for Sub-micron Scale High-aspect-ratio Microstructures

Fu-Sheng Yang, Yuan-Ci Lin, Min-Ru Wu, Yen-Hung Hung, Bo-Chen Kuo,
Liang-Chia Chen

X-ray Photoemission Spectroscopy Techniques for
Semiconductor Electronic Structure Analysis and
Applications

Cheng-Maw Cheng, Tzu-Hung Chuang, Pei-Yu Chuang

X-ray Scattering Techniques for Semiconductor Analysis
and Applications
Jhih-Min Lin, Shih-Chang Weng

In-situ Process Monitoring Technologies for Plasma and
Non-plasma Processes

Toru Shimizu

In-line NDIR Gas Monitor for Precursor and Impurity
Monitoring
Toru Shimizu

The in-situ Measuring Technologies Applied on Atomic
Layer Deposition
Chien-Wei Chen, Chan-Yuen Chang

3D Plenoptic Imaging Technology for in-situ Inspection of
Industrial Manufacturing Processes

Chih-Hao Lin, Ming-Fu Chen, Yi-Hao Lin

Column

Real-time Signal Compensation Feedback Control for Linear
Motor Stage Using Fabry-Pérot Laser Interferometer
Yi-Cheng Lin, Yi-Kai Tseng
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Leading NSRRC to Achieve Excellence and
Built to Last

B ¢ AR

SRR 69 2 R AT PSR A R BR By F ERY B AT A A ATADR LA AR R 0
gt o gk CRHR#T4e) 242 Made T SR ERARRI MM I in-situ $odir ) $8 0 AN BEB
& X Bk R R TR AT ¥ SRR AR AR B 0 5 AT Hodls o B RABBRBAMARARRERY
TR deh BHAREIRGAR - ZRTIAR 6 B o #7 ag #2597 AR E XER - IR
Bl 5 8445 2 P (B98P Q) BIBRFHEA B TA RO F F heik 35 R %6 — & 3 LR (Taiwan
Light Source, TLS) #24 /% t-F /& (Taiwan Photon Source, TPS) * & B Rz &y K st B 257 72 04
F R 0 A RB ek BRR AT HAT > W B RAMF - I AL A BEEARREAT
AEAZIRE o RIAD ZFHNEFREB TR EBEL AL AZHE  FEER -
MR HE S FRTARAEAMES AR LGER B B)E X AARBELEBBEARRRE
B eny e ERE -
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{ELIIIEE2IF M. El-Batanouny EX T EFSEEENEAKRI)

REERAEEBTE FEINNR BB Y E RS L 2% - FERNE 2 S R I 1iH
REVERUGAM LR - RERFERHREETHE LRI - BUEREE T RS
R ARIFRIS RS T T -

REEFRR - FIEBIKE - ETEMMTE - &EREH Y& E LR E#4% Dr.
Michael El-Batanouny DA L2 IF4CHIFEEERT Dr. Peter Pershan ° Y A iz - T E2 Y3 A
LR BRI R EAVE /B TRE (machine shop) % * El-Batanouny #
BRIt F2 5 T BF B B AR (chopper) @ BEEMIN TEE IR - $EIK - HIRAVIERIER
PEE - W FEARE TR - REEERER - &SR TR E SR AR - (B
—(YERBAANE EEREE - @ERERBHERA R EEE RN - (EEAEH
FEAHCOES - (EENEFEY - TR TR e EEEE I THIRRET L - 4
REFEAZKAII 7E Rt TR AV - RS A DA B F B B E T S - Bt
fE CBEEFUETEIR T - A E B RAYZC 28 (interlock) FERETEHRA - ELLAE
RIS EYH R AR R P RIFIRR - EFEEEEAER - EREEHRBENEHIAE
FIREN - B H R AEFEANE S - GIHME L TR - BRI © B2
BHRUTEE 5 M i N R E AR R B AU FRRE B T F SR AERG T AR EE R B
R AR FR R L B 2 R S B A5 AR

-

1990 4 8 A - # ALk £ Bk L3 K 243 218 L 385w A Dr. Michael El-Batanouny 4§
% 44 Surface Science group * R ERAER ~ =k bE - HERKM -

BB FIRY P. Pershan FURBIRIE — R = HrIMBHEBM R

TR TR S22 SR T8 (helium atom scattering, HAS) fiff 5% < @ R A
FERIARSEE - BRIV B (RIRF R EE N —HERGRE - A IS P REEIT LR TT - Peter
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LR ARG R BIREMAZRH X He RTHRHTRESS °

Pershan FHUZAIMFFEEIK T 2R H X HEEHYE SR - X LB ARBENEE
77 AT DAAREER YR NS AG S » FrDUETR EAERER - B AR 2 =AU R T -
ZEEBSIE R T —{EHMERE - f0E Pershan HIREEHA X-ray “IRBHE © MEAMORS
HE BB % BB (Brookhaven National Laboratory) Bl % [F]475¢]5 (National Synchrotron
Light Source, NSLS) MEfTE SR AE B PRI ER RN & - T2t - ZEAYERN,
R PR S PR R D BRI G - BRSO ERIFEET - il EECAH
24 Dl —BRRIRH R DEKR - EEERE AL -

R IR s 2 —m PRy X B - b THEFHLER E R E S LB E T RE
W9 » R-PELEER 24 /NEFET » AERENIRAIRAYRHAEBE  F 7 NRE (IR E
B e NG w oIS ECfE R — o TREAEA Pershan FZAYEE 4 — B
72 MR TR EE 24 /IR E B - B —EBHE 5—6 K - HUEE M B4 BEHAH
KA SEATGUAE MBS - FrLUENEEE 30 /NF2REE—EAMEEF -
TEAEARSE B AL Rl ] TAERE T AN I > Pershan ZU% F E A BGEPRES » &8l HiE
BEULER - —2B8IE—EFTEFERMER - TEEENETEER? , » TEERE
T2, ~ TRHAMEEEEEERT 7 o R EEAEEGFHS b  EEEE1Z Pershan #
% o WIREEFIZH Pershan BUZIRIWIGE » B NEMAERETE - G HEIEN R - B
J/A Pershan % B REIAERRER BAIRR - BIR TAEREIEEBEaEt - 2UCERERBIR ST -
frififa & —REEE - THEENIPDLFEER - T RgNERRE BEER
5 AL EENEE—REIN
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HIFEXBREXSE —BHANED  ERERL

1980 FAGE + BBl G S B R E L RF RN FES INHES - BERFGERARE
HFERIEREANZ » L2ERRA - TALRMASH - HEERAVEN - BRI R GRS
BB NG EH CHIRIS IR - B—ERIRE - B—HOC AR (beamline) RYELEHNE M L
EHIREE « THHEMEPKERIBALS - BIEE ORI LR « RERIRSEE IR - #RRE
BEREEER - RETTWEWBRES - ER A ANE T - wlkEdl - &% - AJ1ER
gt BIToCAEEAESE  BE R - Sl EFEAEE -

BRRAET " EFHNEE ) BEAERERIENAMNEL AL EEEBEREFERE
HiFH EBE) 8 - F R ANERTERSESEEE X LRGN G - H&REEE -
FEREH » RRBRRZE FERE—EEER AR » MR B R STERT

TREER 1993 F 4G IE R B2 LR i 5efE B 2k BB g O AR - & R B RE O

FEESEIR ) FIGEH - BT EEEEARA 13 (EEFREF (1.3 GeV) » FTDIRERLLRIE - HF
—EEZZERIMR (vacuum ultraviolet * VUV) SEHR « SRS EIBHIRIEZ HINERER » &5
B X EEIRAITR Kk 2 - Bl LG EERAER AN EE X LR - HERFEEE
HEFHE  #R AR BB X AR AR Es - BEIRE] S MR R L B B g R O T
—hRERED - BRSREEENENFETEERE - fEELERMM—FARGE " =EE
KRIT - B — S5 o o FEATIBRZ ~ REERERIEI T - REROH - HERE - &
HZ2E ~ L2 nirvEsl ~ fimERR - =K EAVERE{C 0 TEEMHZRAY -

BT RE ST EETEER - B0 MK ECERE BRI AT RE g e B R IR E
{E o R THEFF B ESRIRIIRE - FrERMEHFER - AT EE 21 £ 12 BFfERE
b REEEREEE BT EEST AR AR & RS TR LR - e Leg EA R
HIAERG o THEER BN /\RILRYE - RIEPE TEIENEEE - S HERIE
EELEENE - BE TR - REHEARIING - FRLIERE " IRFEER), - THES 4—
5 BESUEARARAZ NI - fR A S RE AR E R R - DI IEAERS - 2R H
ISR - SUSEEERE— REA BRI - FRHE i 2 - i RCEM R T B8 E]
HEEEHA - WENNOERE - R EERR 0 T HAENKSE - HERERN 8%
Ty

199544 H26 842 "TLS )& X AR RE X LENTHsE > BaLiXboyKk g -
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"RISEES , - SEIFEENERLEE —ERBEESERI BBt EF

REMESE > HREiRKae CHEERANFRD RS - BEEN S EEEHT 2
S - BRI AR R Y S E R — (AR AR A Bt B - (RS S ELIRAVEE -
Bl H a1 oE R AR F > BB O w] IR ZE AR A S NE A S 2
SERK © B T REGEDCIRAVEERET LR - BIEET LR 2010 R EESESE TR - TR
2016 FEIEAFARAFHEA - GEEBIEMEN > ZHER R % - WEEEEtE - BEE
fill B R AR ] 70 5 Bl R A B HEE S B - 20T BRI - REIFREFSENIEE » JREHA
GIFE A AL EIRAUEROE TER (SPring-8) [ Il e Gkt - BB ERR > 5
B EME—1E SPring-8 HLEOULAARAIBIZ © BRI 2SN - BlRg - LIRS RSN e Hfly - B8
i L g PR ER i Se R IR PR 2D BB R S (R TE - O EE I RGO LRI 22, -

#h FAE % $1 SPring-8 Taiwan Beamline & & > 2000 5 10 A 4 B 4% - i@ i@ 45 41 22 2R X E
KRk 4leyE AREBITER -

2001 ¢ 1 A - f& SPring-8 Taiwan Beamline & #% X # & &% °
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2024 3 A 0 Simih B ARBRITH 4GSR Bl &% 0 & B [ F
Fmik 3 %Ak E E 4 F NSRRC 69 LR

[B28 SR BN IR ST <+ S Ra A 2%

FEIACIRMEEALIMREIRE X Ot > BERRE - SRR  CREERD - BfR
R ~ REIRARAT Rz R TR SR 1 - R S e - E - BUREER S (in-sin) 7377 - DA
X VR B - A s e IR (B B se FE L X OB R w5 LA L - B RFHE
MMEHA REse I E By - BAERTA D EERERENER - bR T RIEFEZIh - thiam s
By S SR R B SR B S PR B SRR T  IRBhIR T S SRR T - TREME—F R
o [FEASRIRAE R E AR R RS 3 B = TE RO S, - A& RERE AT ~ RS BB DU

BB -
E Imaging

b he ekl wath CiPaseie

Scattering

wrareeling FIneCIuneL
mugh inlpdentre

: b VY VT IBTT L Wil D
R Bt 1 e

)4 R A F SR L0y JE R R BT 4 s S AU AR B8 ARk
AT B LRI A B AR BT

FHEFTRN 242 57 114.3 9



MEIRYEA RS - NEENE - W - AT RIEERER TS - TEHEE
KEERE (Fermi level) T HYEE FRETFAGFEIRE ° BT REM M i TNMEZ BNM R R FHEFIHY
s WEEM BRI BT R EUHERM - TERIP AR EE A - F AR SEE TR i s
BT EAHE X OB FRERE (X-ray photoemission spectroscopy, XPS) Fll X JEW -G (X-ray
absorption spectroscopy, XAS) o % B8~ 55 15 HE BE P& AY (i I 20 + /1 EE I 1Y [ R AR L
HEHE T E M ZEALRY (Si0,) ##E:EE T 2R E M S AR IRER @ EimeZTit
HIRTSERE - TR TR AT E (high-k) MEPRER &L E T EERE » DI
FtREN - HP T8k (HfO,) REMMELZR RIS EREZMRN SN EME - R
A VR = B AT SR R R 1 - AIFEE X ORI RS s Ak WY I B R R B FE 1
FEHE o LRI LA AR B E N AN R SRR T H TR 2 BRI LS - TR Hf AT 2 S
HHIBRARE - SH5—J71H - R ISR E S B B S A E R I - FrrlE & DU R
AR T FGETTEEHEIRRY X SRR T 0T » 18 AR R R (8 B AR R IRRE T
WRIR AT LR /& 4 5 ¥ o R 3R - 2R i o TR RE SO RS = - DURE AR S
Tt RS IE ST - TEsA8 7T X eREE RS ZE RS - BRI DUEERY 7= » REHES T
TN T A AE S © RERCEEREEG - SR AL ARV I BAS R B ST R - DL EEUT
#hE— i E e R RYRET) - A2 H iR im B aa Rk A i 7 R A Bl -

B TR AR RRAENR SR T SBFE - SRR AIRIEENS
X ¥4t (resonant inelastic X-ray scattering, RIXS) & 5 sk ©

g

Quick-scanning X-ray 'ﬁlii, 4
Absorption Spectroscopy

B 32 P s ¥ 3 B B Pk 2 b X RTROMOH 4e 85 4% (quick-scanning
extended X-ray absorption fine structure, QEXAFS) & & sk » 12| —#)
SERP T TR X RRAAERE o
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RARERATIFERANRE

EEDHERAOE M E S TR EEER - ORBEETLECZEER - BoE
LR ER BB - (REMERT - —BE KRB ERBENIABEE - ER%AN
BRAR B ST RERIAT &= [FE B AR IR - (R E RV RHR R R R ALAY I - B2 T 8T
FERIESEAVIER - SRl T B - RERIMAR - DI/ Nt EeE st T AT BT - SBE YR
ORI A o - BRI S HEE - St EFH I MUEPJEILH EEME - A DUBE
PR ESE R R T » ATLAZEASERRBI S — RN —REYRBIRIEEETE - Ty TR EE A LA
BELETH R - NEAE TR - et NE R RS A N — IR - SR a1k
BREMAE AR - ERE - 4 P DIFFEE SRR - RAREEEVRER - fRE
EHREE RS E TR R - THEA%E  SCAEMENTTRA Y - SRR
RREERADKRNZERE 2 -

2022 S 8 A v BEIEBIME AL (£) BB ERBF O S EE -

HEERFORIRKRREE

PR T BEEERARIEERN RS - R E S ERIRE R AR B R - MERPEIR
WREEElE - SR | EARBENINESTH RO FRIKER > B85S - 6
B, B 1993 FMAESE 314 THEETIE ) AZH 2016 25 RN 10 4 - 17
EEFR - EEREREEE - TR BLRERE DU B Bl A AlIH 58 R B 2 Bl iR - A 2
FIBEEEER - T B ) THEHE 2028 4287 2029 £ &= 1LEE - HAT " 5ELTR, B
BT 18 JEIEIRAR - RACGRENIFIEMES I EF] 26 [ - DAKEFTEHFHIFEK - /£ "5
iR, ZFEEEEGHRE - BEET OR{CERGE A FEER] " @R ) E R - A
Thafdrrrse a0l - BRE " 5EDETR ) CRyRE RS RS  OBRIELEV] - FTDIE
B BRIGERGEAEEM A AR - Rt - BT O &S S AR R B A PP
NERAYEERS - BR T BEDEHR - BlRg b O R B B LR L HEE - B P DS &
BEUE (data) > $ETTEERAIRCRAEHER - USSR EBIEE T O B LAY - A0
BEGR TR TR AR - R E R T LA SRR EE T O RAES
FIHIERE -
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TREMERE TIERIE R G ERERBIFE IR EISE L - RN LA EYGHE
it A AR RSRETH LRI ZREIFSEEED.C - ERITFEEMGE - —B%
FAERNINGERIR A ~ RIS - ZEWE - EF G RIS AR O E AL
LHER - FEIT B TR BT AR R ER S P R R H RE D BB - Rl Sl A RHE Y
FEBETLOERERT -

2022 % 10 A+ Bigh w245 —Adrhies B RBE - A ARFHRLFERE - TARIE
S B EAE S Ao dRARHE 24T
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S EHREVEE

i
]

"y BRI AR e in-situ
i, BREITHE

Special Issue Introduction of
“Semiconductor Process Inspection
Equipment and in-situ Technology”

FEEFH-FEE HE
B B e B {2 48 R BB T o B B B R AR AT A B

RS S R i B iR R BE BN AT B IR AR AT RIS R S T o R S R
l%lﬁhl%ﬁ“ﬁ&ﬁn¢@¢l%¢uyuﬁﬁéﬁ#%% 5% i B F B SR B R

 RNELH[ERF AT E E B LEEFT T R R R Rl RIS R o (R R
ﬁﬁ¥%$g&ﬂ Pk R AT S o R DA AR #E H (RMET A1) BHZERRGSE

MA%E%EE@%%F$%Wﬁ&&M L EE in-situ FfiT , B - HHEEAS &4

ﬁﬁﬁgﬁﬁ PEREEOITEA - SRR a2 R R -

%%i%%ﬁ#ﬁ%’%MEﬁﬁﬁ%%\&ﬁﬁﬁﬁﬁwﬁﬁaﬁﬁﬁ’umeﬁ
BIEUSRERE 7307 ~ BESTELA M G F il - CEOR MRS ERE R 2 BigE - R FEA
B TE 2R [R5 s d e R a5 it 2 B R R S E S it 22 oL (BIEE L) BOR B R HEB SRR L2 1
SERIFEE M S AR SE A R R e e IR S M R i i B BN~ B R E AT R A R R - 4%
FipEGERRE L ENREE R - REBES . Fh " \WEF , Zii%E - RELSER
B ICIRIERTIE R oe LRYIER « ESHE e i X 6 AR E S @ TE DU AR 2 B g A0
HE B E] - FEEEET - BRI R FC B T BUN BT n R SR 5 R R HH e B
B - PRy E RS A FHE BRI OEERET o AR Rk B R LSS R R E
B R AR BRI B ASCE  FEE IR T X L E T RERE R B E T T
TR § R TX OB Rl E e e R - 0 X OCRER R il Bh A B RGBT
FEREMRE T AR S ERE ST - 1 X ST B i v] DAE BT M s 1 - R VB e
SERSMRL R R~ 2 JER A 5 ik

PRtk iz - AEHINEGE RN 2 R T2 R - B m R s E R s = H
SR BCR R E R S LA RS R SR~ & L2 B ORI R A i =B i B2 47
WFFERER » SRS S DUV Y3 =X S 8 il B 5 5 4 1 Mt 1 15 B Tl T 7 S SR A DA e
B R LA TR R B PRE o AR BE G T SRR 2 T & 75 2059 HORIBA Taiwan / 518
YRS B IR A T — SR & TAZAEES = T BRI EREAE T in-sity BIRZEEYERL
fir o KSrif ﬁtm%%ﬁm%%ﬁﬁ 91 NDIR RRSEHIE . MR CERERE RS
SE TR A F SR R i v T - 25 e B R BB S e B I B 2 )
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B OR e R R R St T - SRR FERR - Bt - BRI SR R
CR TR EER S in-sit MORIEMEET o RBINER TR R T B SRR A
BOR ) - AERER R RN BRI MRk EIEE XPS AT - Al R INKE
REFIT YRR AR - WS ARENTIIRE ; MESZREIITEA " 3D KRG R T3
TR SR HIER o —>C 0 SRS AT S Al i Hl ET PCB L& B BT LRSS
fi o IR ESOR A SR ORGP IR L 2 pom > FRAGERFEMRATIE 5 um WOEEERIT -
TR CUA R B ™ A E RSB IS R BAE R - SEAE DRV AR 2R RS -

Fo T IEFAIEREEHE (Moore’s law) EEERWT ST AAE (ERGT ~ MR BRI S A R BRI A
E TR NGE - R B RENE{CE R REE B A BUTERE - AN(TE A A I R £
FELFRITT AT R R ERHERESTE A AT - ST e B SR M g P S+ R -
W Z A E R AN A A T - R 2 B S S~ B e B f I O Z PR
RELEEE - SEERFEE A ERRREF T - FAEA IR R ERE o
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FEFE A2 A
X IBER in-situ F4iT

ET R KR S R B L RS RS
R 2Rl B TVUREI N
RIFHEIVEETITE SRR

Novel DUV Wavelength-scanning
Scatterometry and System for Sub-micron
Scale High-aspect-ratio Microstructures

HEE  MTHE > RRMECMEH MR B E

Fu-Sheng Yang, Yuan-Ci Lin, Min-Ru Wu, Yen-Hung Hung, Bo-Chen Kuo, Liang-Chia Chen

FE 2% F A 3D HAE AT R R - M SR T RDL 1 TSV &4 &R & 48 M
SRR A BT ERE BTN TR AR AR ZAMEEZ SARERTE
A o RKHF u;em T — A4 4 DUV K% KR ST I 0%k RIT R i i 5 R B ilr 09 iR &2 A 2 4
AR 5 R T AR R PR, o 4291 FIB/SEM R4 RARIL - KRB BRATIR B0 RA X E
) Fmg A E R &R B 4 R P EF e E AR £ G 3% 0 BERR AR R S A2 R A IR L Ak
LRI -

With the development of semiconductor 3D packaging technology, high aspect ratio RDL
and TSV structures have become critical signal transmission interfaces between layers. Therefore,
there is an urgent demand for a comprehensive measurement technology to measure the critical
dimensions of high aspect ratio structures accurately. This study proposes a hybrid metrology
measurement system that combines DUV reflectometry and wavelength-scanning back focal plane
image scatterometry to address the challenges posed by high aspect ratio structures. Compared to
FIB/SEM measurement results, our hybrid metrology measurement result achieves a measurement
bias of less than 3% for all critical dimensions, demonstrating the system's capability for measuring
high aspect ratio microstructures.

—

Al

i

bE 3 St~ RS SE R R/ N I 2 BB R ST 532 2 Y RIRR S - A{A] ZEAE
JERS ERRRCR T — KEERE - R8RSR LE 3D BHEER i Ry AL B EE R E R E
W A fs FH S8 5L Fr 22 ELHEB Y CoWoS (chip on wafer on substrate) 5 iy » BE v iR ) il i
B ] DORIE S I B AN R T M e R B - vl LRI S Re IR B RER - 1R
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e » XLLEH G (redistribution layer, RDL) FIHYZEF(, (through silicon via, TSV) & i fé
FARA SR SIS R R B o FHAA LIEAS A 5 (] B R R~ L R ok R s e
FeEgRe - i EAE SRR LR RO RS R EE DU PR R R E R i T RS R & - A
(A AERRE M AT 8 _b & 7 P8 S R A S (] RST RO T S B S A S B B - (R
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—TEEL AR RN R S B R AR o 5 R tH O - R R I EE LIRSS
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FERTEEC - [BZMRARERE L TRERELZ T3 B R E U RS E 5 - 32
KRR HE AR T (RE - ER) ABURE - (SRS B s R RS
TIFEET R - FRERELSHRE IR ER NGBS R 26 &R - B G EdT s
WP EIA RS 2 EA R R T 2R SR A R R T L B A
PEERERL o B il E A BRI R MBS R T B E e RE RS o (B (S IR A R
FEBFNAYES - (BRI 25 (B ST P AR R » DL ik S A A T Bl g R~ I R A
A e Rl R R R 2

ARFFEHR T — T LA R SR IN I B 3t =X B B il B 5T 58 9N Ui B M TP 52 A B 7l
HR S B SRS - DUBR R SO e H LU B R S R n SR Pk 25 e T i (5
flir Ay = R B B R R IS SR i = AR TORRE U ST i iA i o B g R~ &=l
MEREEET B RV  [FIIF s A T SRIMEEROL B il R - #E B ER A
BIRARREIR G BRBASE A AT DB RO ERAE B R ST 0.45 BEORBIZR SR RIS IES £ 0f 77 [
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—~=lEE

2.1 RMARRSRELLIEB 2 ERIPRE

P A DR AR R LA R S TR DL RO R FEAOIR BB AL (numerical
aperture, NA) FEHE EDCA R BIFABAO E UL AL OCHIRAE - 1E | O - B MY
PERLELARES - RS TR SRRE A - FUEAIR A TR e B A
RIS » ARSI b A A R Rt

0.5 - width
depth

tan(d) < €))

Hrep o Ry RDERIAST A ~ width Foitifd ERMEAIBA R © depth Rt fEoRE - MIRAAEIE
LISHYEFR Ry N.A. = sin(0) FTLUEEZERIEHDEAYIEIE N.A. > "TLUE ROl 1R iR E (e
Bim NA. BYEIS AR WA TS S - 1B 5 AT ER B EER R LR - 66
TR AT A B S R R LR R D2 E R - (S EHDEROEE R E
FRIEHIHRT -
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BRI (RS e L AR B M8 2 A o L TERR 15 A oGk B A% 3 i B
flir 2 LB RBIOR AR i S B R Rl R e TT YRR ] - [RIL AR SR R SRS B E Ry i
HIRAEI TAER R - BHEE R DUE R R oK R B 1 e S LS R = I R -

Wavelength 4 = 250—450 nm Wavelength 4 = 400—700 nm
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PRAVPRS] » BB &5 =0 2 DU PRS2 531% (finite difference time domain, FDTD)
PN A BE G AR AR P R R BB - S B M A e T R e R B R - B B R
R S IR R B R R B TR T R TSR AR B R R T IEE R
F2A0E 3 A ©

TCD Spacing |—
Custom input: =l Run .
TCD, BCD, e DepthI Eod == electromagnetic simulation | o
spacing, depth — - solver 1 I ‘
|
Electromagnetic simulation ] |
modeling - -
Simulated signal response
|
| Library search:
Measurement =———af +'if, ———= measured & simulated
LR T i .
fiy! Y signal response match

v
Certain conditions met l

All floating CD
parameter results
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Hep o N BEHESEZ IR > v AREERENRINESE - DM -
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(A ~ R NA. - (RIRRES) - o ADEBEREEHEA s IR RT (20 depth »
TCD  BCD M1 spacing %) - &R & by & HIEHSR AL SRS &R i rh g — iR EEE R E
(THCE - FIDVES IR BR/IME - & R/ MERS - FTRS I AR (B A At S A
B2 BENES RN SRR T 2 R EE 0.y, ©

2.3 EfIRIE

FHBA AT ZE R O 3l 2 S 5 1l B0 I 47 i e T 52 (5 IS 045 5 P TR B 5 RS R A R A
th o MEESEIR G PR ARG P2 m B R AU R IR © EARRIH R & ST A 2R B HIER
S HEL TR ERR I -
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5 R 1L A A ST HDOEIR Ry 5R FERE R R A S AP IR R (T T - T DUREE IR 0 (R R
I, (2) © H Fresnel Equation FJEI{EILIRAL A - Sl EM AR =R af DIFR B2 (3) -

m()—mA)[
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Horftony () B2 ny () 3B R 22 SREBFEE R I =R JLiF ORI rT AR R 3
(4) > HILFWRIaRA R & L RS d Bl R 4 30 (5) F -
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b B2 1 o RIARFRE B B IR B R N R E DR - BRI
& B E R B TR LLBT B AR - 205K (6) B (7) s
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Y IS BRI e T R R T O R BIOR AR B TR - RO AR FR RS e B RS BT A i
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AR BRI NTE
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Pupil plane image and its central axis intensity distribution
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400 nm

Relatve intensity
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10 pupil plane intensity signals synthesized hyperspectral matrix.

Hyperspectral Matrix

Y: Diffraction II I“II Z: Intensity
L&
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angle (degree) axis intensity)

.l

-20
400 450
X: Wavelength (nm)
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Critical dimension parameter ranges in sensitivity analysis

Depth 4.0—6.0 um
TCD 1.2—1.7 um
Spacing 0.3—0.8 um
BCD 1.2—1.7 um

Global settings: Wavelength range DUV (250 — 450 nm), TE mode (The electric field direction parallel to the grating line)

Sensitivity index of CD in spectroscopic reflectometry Sensitivity index of CD in pupil plane scatterometry
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PR TP EV-ETES ST

TCD (um)
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Spacing (xm)
Depth (um)
Period (um)

TCD (um)
BCD (um)
Spacing (xm)
Depth (um)
Period (um)

TCD (um)
BCD (um)
Spacing (um)
Depth (um)
Period (um)

k3. ERRAER

TCD (um)
BCD (um)
Spacing (xm)
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Period (um)
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Spacing (u«m)
Depth (um)
Period (um)
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1.503
0.459
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2.028
1.383
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0.649
4.981
2.032
1.109
1.094
0.872
5.254
1.981
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2.032
1.109
1.094
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1.451
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2.117
1.433
1.276
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2.113
1.130
1.052
0.899
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2.029

FTEE ST

1.593
1.499
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4.592
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1.397
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4.935
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1.109
1.068
0.867
5.271
1.976
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—0.052
0.018
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—-0.042
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0.048

FIB SEM Bias

4.53
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—0.005 -0.25
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X-ray Photoemission Spectroscopy
Techniques for Semiconductor Electronic
Structure Analysis and Applications

LI O o TN
Cheng-Maw Cheng, Tzu-Hung Chuang, Pei-Yu Chuang

R R A — ' AT 09 R TR AT AR R ey S AT T TR LR
FEAEF LR E T EEIATIAMRR L RIGENEEAE X LR E Faeh i iamitr 2
R AR R D BN E TEBTA - Rk b #HANETFAA NS
7k B ARAFE - odrae Rl oy X —HANE -

Based on the famous photoelectric effect proposed by Albert Einstein a century ago, various
photoelectron spectroscopy techniques have developed and been widely applied to the analysis
and characterization of the electronic structures of semiconductors. This article will introduce the
principles of various X-ray photoelectron spectroscopy and microscopy techniques, as well as
their applications in measuring the electronic structures of two-dimensional semiconductors and
heterostructure interfaces. The spin properties of electrons and their analysis methods will also be
discussed.

[l

_\E"fj

TETRNETREEE A AREFENERET R - AERSR R FHIFL (Hertz) 1E
1887 £EFEH - BBIRTE 1905 4 > ZAHTIH (Einstein) FEH T ZHLIPCESEAR 1 E, = hv —
E,— ® - fEE AR - E 2t E kB R MR EIFAIEIRE - v 2 ASHEHIEER @ E, BET
TEEL A PR AERE - @ R R RARITIRE - E— AN ERFTRETHES THEE R
5% hERIERRAEL TRV E - THLESEN B RIER S (&= ZEE,

1. KRR R B0 SLBEIUEH RIS RN ETF - HEERE (Bell Labs) #0877 K56
Bt o EEM AR WG B A H 5 IR = UE - SETE AT R M EE A T ER

B -
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20 FRENE B BEIR B IRMTSCERTERE - 198149 FEREFE (Kai Siegbahn) KIFIH X
HHEETREFE R 23 T AR LB AT RS B G2 M 15 50 H Y S - 5 — R R B R}
ELRFEREBEE TR o W REREHEEN T ADRIIRESE © A0 o RIERR RS TE R A A ]
MR TSR RE - HEEM LRI ERAY S -

= REFEGIEERE

—IERIERT R FE R - R NP R E M R A BT Z AR AR R IR R - HE
I Eb EARRG & - A REEEURS UM ERR - U TRERL SR 16 IR Hrh —(H 14 - —{EDE
BT RERERE BRI T ARG  ERICE D OUIREDEE TR - R P MTE
ZIRERIIHTHEE (energy analyzer) » FEOCIRAYTEM | BR T E 4T - ABRIEEILIR (He-lamp) DA
Ko X JEGTEE (X-ray tube) §h - [FIPHEETE —(E R BAREADER - HERENRERER
AT LIRS - SRS EIRENTR R - WAL o S HEEESRRANE
HERBRHIREE AT - T ERHE - TaErERITEEEARITE - 48 T REAHE
Ao WREBERE T A fETEE TRERE RS S VB R R 2RI 98 L - P —(EE =
HyE D

= - BERTCEF LRI

1. B[R IE

FEFENTEE F-BEZETT (angle-resolved photoemission spectroscopy, ARPES) 2 Fit LABEEK
R SRR ER % - —MEZENREREZE DL EEFRNM BRI RER 41 (band
structure) © AN E > — (@A BIEIEE 17 (valence band) E# S WLE @A BRI EMET R
NEE M BN E PRV E B G VRS AT (translation symmetry) (7R e 14
(rotational symmetry) * IS EERIRETFAGFEEL N & 225 A[F 14 (isotropic) » JERHEH H K E
T-RERE PRI Y RE 7 A5 17 ik 75 B0 I — (I A5 B 2 B R S A Se B RO il - B 2 - AR
ot E FREFE M NMER B E FHIsEE - ERIFFADELE FESBAN - BT RERE
AR & PR Y R R AR AL B T Y B RE B H#E L BE N BT RV EE T H B & B gE & Y B1ELBA{R (band
dispersion) ° Fylth - &I RN L E T-RERG IR 7R 2 B L R R S FE R RE E 0 AT A &8 A
& LS EIMRIA S HIRERAETS < (EISTEERE - MR AMEITEE TREE B PNRE T 51
KEEMAENNTE - EERREAEZERESTIESK - EllVETEEEZERE T
17 - ERTEFEARPDERERE - FPEN R B REE R - St e s S ae 2T
FERVRFIE - BT AT E T RERE R EROLIR - EE I - AT LE FREETESRY
El - BRI R AR - D TR EREM -

2. FilarEm

EE RN R TR RED ST AR BB AR F02 M e R REE
[ Bl I g P P ) RIS » FRN B THRIR U G hE = R R/ N2 8 - At DA
PORFRRETT G FIREI SR =MERIAT RIS © DAL - A0{RIA T A AT e 7E T RERE i 2k FabE —
MEM EIRETF RS R - (B EAE B RIE A bl sed Ay At - N IMLUARITLETAE
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REEE AR FTE TR RE B —{E&E FIERAA - 2004 4 A. Geim 1 K. Novoselov &
R LABEB KB (micro-mechanic exfoliation) HY 5=\ » {¢ Kish graphite i #[E (single layer
graphene) B1%£[F (bilayer graphene) HY A=/ - BAR 7 —#EA KL (2D materials) HIHTEE
R B HNR AT R S AT SR SR R R - B B e R —(E g
(i R [ B P TP ) AR L TEEEKRERS (Fermi level) Mf3T - HesE bdE)EE 20T
184 (linear dispersion) B{% » (F15FE T (electron) EAEE ] (hole) FYHE XUE & (effective mass) 15
R o BHAM =HEMEIAE - AR HZREM (zero gap) HYFEHRE » (HELERAEIN L FitGE
it (gate) H{mEE (bias) BF > BEFA (energy gap) G #ITH - IS AEMEMEEE N » 0k
T—EEAAE ST EEM R FEHARITOLE TR ER - BEEEE TaE
JHEE HEaElEFaE - DU M IIFSERG T o sm A E R EEENTE -

BEINA SBIEHY IS [ T RS A S A - (B2 B8/ YRR RERR - EMIR
T EEMTES] - Nl - REHE AEFEREARRY I A0S e B LY R L)
(Transition metal dichalcogenide, TMD) » FF#EfTA4E TEF 2 #HYERE - TMD #MEAS BH —(H
FkmIME ; EHERENEZ (8 F/& (monolayer) I » HEETFGIE & 1 [H FEREfa Bk B 12
RERR - TEMERH T AHRBAM BHE R 2 E T ais 3 —iidg (field-effect transistors, FETs) HYJAJ
RETE - 5 P DARRE - BETKARRE - HeutinE)) - BREn] DUE—F F 3 5 - L2
{b#H (MoS,) B —fifi{t5H (MoSe,) HIZ AR Rl - BIEZZ 3B PR E 2H A TERARY n 84U
FEET R o M — T REREES MR NG F o (B R R A T EE T aERt H 5=
[HI B e R B - FEE IR RIREA M R IRSUE - i iR EEH (MoS,) {EB g
Heop oy P IRIRATERFE - e MR EBEHEFIEE - HWRMINE - RAEHEE
TEAYLLBIRRTE - FrAREE TR Z B AN SIS AR E - (H2E R EEaEREE A
Bl fs3RMmE - FTAMoS, A R EFIREES IR AN — 86 - HAGREEE TiEE
IR R - hEOEE RS HR A ERE SEFRE - E i sHEE bk
SHEMFRMHRRTCHE - #2285 n ZRERET 5 - SRt — SRR - S [EFsers R hE
WEFE T AR aE S —mi e B b (LsHRY B e R R R I E R - AR DIfEE 25
HEsTEs AR E R AE R - ERFTEEM R DA ZSEFREMEE » HIRRK
SUEAE L p BB i LS DL bR 28 DUE IR P88 R LB BB ot - 1RH T — (k5
HENBH -

Binding energy (eV)

-1.0 -05 0.0 0.5 1.0 15 2.0 25
Ky (A7)

B 1. REASRACE KR ER & EHETE > AREMOETHEn B FERTSE -
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Ky (A™) Ky (A7) Ky (A7) Ky (A7)
2. — A4 (MoSe,) FEIF B 8840 » B A H R @ IRAG R 00 R & 8 T R Fo E T4 4

YRR AT A 0 T VA AR AR A SR AR ey R AR B (D)

7 8k X KN BB BE K A R R

1. BRI HE

{ECHE AR EGSEA HY ZR E R M2 T (ORISR PR R A B B SRR - o T AR SE
ISR ER - BRI E TSR E AR LB o R X AR B R e E
LM AR - MAAFERAEAMEENEE FR R E R EEH - RIHDOEE TR
SRIRRER X BB FRELFTIRE BT i ~ REED KB EEFENBRARIZEE ST
THZ— - FEEHES MBI E G2 EE - PRSI T g aHEE = AR
& By 22 R R i SRS R B R 1 e A (T B 52 2B — (B EERI SR E e - RIBLAS & X
SRERE fiiy B EE ek il Iz [F] If L {85 BB 1 B e A Z RE ST — Rl /TR ST -

BEE TR TPS27A2 B R VLRI LB — IR X SENE T BB S K GE R R
(Photoelectron Related Image and Nano-spectroscopy, PRINS) » Fl|FH &Y FIRIE 2 S sa

— BT
(BIEREATES)

—iEESRAIS
(RIEBHEIRE)

B 3. 4% 5Tk TPS 27A2 #k X 5688 F 1% ¥ 2 K A 28 Fa pl g
TERSEFLE R o
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X IR - HOLEE FRERCRH AT #E IR R X LR N RTE AN FIREE ZOLE T W
—wBAE T EF N PRAE FREE TR - HHECRER BN E 2 kB &2 Mk E
Abj]Zthagﬁigﬁﬁﬁf% HAETERRE N 2 MECETRERE AT - Bl s 97 —R51Z
7R PR G T HUS R X e iERE (X-ray absorption spectroscopy, XAS) £ X S5
%ana (X-ray photoelectron spectroscopy, XPS) * & A— AV E) & 22 2 B FH% 2K Y
S AMNTLETRERS (ARPES) « B 22 Bl &) & 22 i 2 2 R i — (& {Fl_fﬂﬁiﬁ%:F
HEE SR PP E TR E o ITEZ AL HGE - HRHE TR ITEEEEE LE
E\EET&BZ1%:EJ~{E€E%1§(EU 7 L o MAERRGEME ISR Z AT A — Au/r (100) %aaﬁ—ff@
GRS 90 1A - I Au/Ir R HA B 5RET H IEPLERE S (spin-orbit coupling) HAK
ﬁ?EiEEEZFF%TﬁTé?¥§Eﬂﬁ&fTTbZZ*TEtllﬁﬁFEéEE§ﬁ$ﬁﬁtﬁZZE@ g o LIt E G NE
Zefi B EZe R G 2 IR~ X SR EE T RERE A E A LliiaéﬁzEﬂﬁ&@ﬁtﬁﬁgﬁ%ZZFﬁiﬁﬁﬁ
HE—LERBA -

2. ABFRGEAGRIE

R TRERE H B (R A —FERP B T Re B MBI HEE OB T 36E - IR
HETRESITETHAE —REE T EHA TR LEE OB T REERESITEIA
R I 2 (AT JBOR (5 2R Z SHREANTE 4(a) A > THMOLHIE AR RIEE 15 & AR
EEAROLETHIFEHR G EERERESTRVLE - 280OLETEMCRTRHL
%~@$Tﬁ¥kfﬂ JBAERR A LA — i B T E BRI — B IR Z R - A RAIIER
90 BT OB THNEERFABTER - MKRTERHETREES TR AT -
i 8 ¥Lfﬁmﬁﬁ7uﬂﬁkﬁ&7ﬁ{ SRZINRE » A00E 4(b) Frns ©

a) [BIEEFREENER b) 2EINNEFRILER
i (EREBFER)
1IEER (10 kV)

(c)

- @

HETETER

4 AETHEMAKRFTETERIAMBERIE -
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G FOLE TR ATEC R 2 R B T a2 L A n RSB E R GuEE
() Z2 MG BB ELZ DIRE - A 4(c)-(d) AR - [ 4(c) SRR EZ2 MR EK
BisEa o kAl EE— LB A F AR OB TR ER G P E R - AFEGE
BT ARTERBHEHIAFMLE - B 4c) BEEMTBIIPTRH— BN SR -
/NS T 2B Ry 1 ek - MBS EZEHEGIRGER - Btk EE— L E
AR CETREERE P ERAFAE - 208 4(d) Fs - MERRAT - B
NEMLEFTEEE H E — S A OEE TR 2R — (5 - AESRZEEEET -
A BRI A NFEHS AR ZER - EmAmE R T ZBRBEH - R EERZEHY
1% - [H 4(d) ByEZEMZEHI0FH—& (1) HZEFRERRTE R 2 EKE - K HRmE
TEHFH—RRIEA 90 BEOLETHERE - HOUE T HECR B R M B E Tk
it fERfF N B AT 25 — A B & (Brillouin zone) ©

3. X EAEFRERE T (XPS)

M X EEELTAEE T RER ST E R AR BT ERE R EEIANEE T
AEFE (core level spectroscopy) < TLFAMEATE N « [@ 5(a) FRAHAYRIROLE FRERL 2 HE - I
T A EECTIER (h) BRI ANEE T rERE B 2 HE22 el - Sl HE
TEIRE (Ep ®RAEHDI T RER TN FESEIR M E N E E 71 ERE (£, Eill - RNEMEZD)
PRER () R 28 -

E,=hv—E,—® (1)

5(b) Ry — SRR AN FEHE LB TRERY - FEHIITEL 2p NIEE T ZREE
B B SO P FSS AL RE C RE R AL B TLES - BRI S 8h MR A= AN =]/ 1 R A B
BB T HIS R EEN -

HFEEE (hv) TFEHE () (b) Cobalt
P.E. =950 €0 2pss
A = eV -
? Co/SiO,
ETohER :

& (p)

B 2
S
_ — : |
&= 4 \ _|||I 'g Co/MoS, S Auger IH
L z -

— Co (0)
AE | 25 ——uiffp—tp—— Co (Ily
E3 | Co (Il

SRIGEE (Ep)

X

Fit curve

o T L E T T o B B P

815 810 805 800 795 790 785 780 775 770

Binding energy (eV)

5.(a) X X AT TFAERIE - AR (b) 46 B B SiO, i@ MoS, /i d 0988 Fag g -
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WEFEM R IR MR E S 5 B (inelastic mean free path, IMFP) B H. 35 F
HIREH — & ZBAfR o XPS AJ DA 2 LB FRERAILE 100—1000 eV & [H » FRHIZEERITE
1—2 nm £h » FHEMMEESHT (depth profile analysis) * 5 Z2 11 AR 3EE 14: FHE TR B e B2 -
FIAAE A OB B R A fR R AR - B XOORIR XPS BN 2 —EEE RIS T A - 1
I X SEEEETRERY (hard X-ray photoemission spectroscopy, HAXPES) ] DAF2FHBEHIZEE ] 10
nm 7£45 + BEE GO R M RREE T -

FHAAHE X Sea] DU EE R T N RYEL B T (core level electron) » DARHY R EEHIT
% Si Bl - FEH Si2p (E; =99 eV) Hil Si 1s (E; = 1839 eV) #UISATHFERER A » 5E A2 i
HEFRYFEHR MR 1S5 B R R E AR E R » (ERl—RAURE X SELEFRERF I &4 -
T T D[] P R R Ao 2 T B A S U PR TS R RO -

FLANFE HERHIE E RUER T - (715 HAXPES ZRHETT g M B R 28 h oy [ A E R
7% B2 E R R E R R T - BIREAWE) - R CHERE AR
LRI RIRRE - BIA0 SRR R S LA R T RCHY LaAlO4/SrTiO; (LAO/STO) 5
B RS S EE M SR R (two dimension electron gas, 2DEG) it » {HiEZE{H
PRESEEIR X BB FREGEIRANEE R RBH S - ARSI A E T RA M iRt
FEYNE T TS o T7E 2009 £EFH M. Sing EIRX© - FIH HAXPES &AM » fAREE F5
—RMER T AR T FrigftiZaIMEEE T 2L WE T EiniTh - B A S#EHMEER
A LAYA S A - AT AT AN [EIE DL TR e - 5 RIELE AR EIER E A
BT FRSEEROEE TR LAO/STO ¥ /i & IR - T DABLHIZIE: T A SR amiran
9% PEMMENTHIEER LAO/STO —#tE T RAMHE T EHiHIrEIR < fb4h - HAXPES
FEECHY XPS EHMEES: : — Bt TR M Z I MR 2 B BB e RERY
(Auger spectra) * NEHFIEUEERERE B/ BAVRTE - I HAXPES E s = rySiAf BUs M (bulk
sensitive) * B T HILEI R ETAM RIS 3440 - DURB R REREMT T HE R BB 1T R o
HNZ G EE RGBT DUEEHEEEER -

4. ZREE T BieRITEGIEER

BT HEZ i Edin 28 R P AL - 2R — B DR ISR B SR M6 4% Ik
KNiRERVERAER - HELITFRH MG =X B et E T BET i 24 52K
EEEANE IR D o B SRR (detection efficiency) P FHEERE £, (figure of merit, FOM)

I NN " - =
& fo= (ijx §% a FySCEFER » S 72 Sherman RS DAL (T 25 49 76 1 H e A BUER S
0

Iy v
(spin sensitivity) * [fll Sherman K% AT FH H et (L E 2 E2WMERHIIEERHEE (4= [+ _I_)
B LR B T B BE(E (P) Z I MBS > S= 4P - r+i
DA 1960 ERENBALEZE AT Mott EHIZ R 51 R A A (E S E i s [T £ E
(B4 Est) MIEE M 2 EmEE (Coulomb scattering) » 5 7] —&& F H 2 AN [E) H ek
{LHYE TBUCH 2R E T RAYR ] - BETRER—MRKEAE 20— 100 keV » KB EEA SR
TR B UK, + 2 — (R E Y B e AT i - (R f, MR{EAY 107 - 1980 E(RAEE] J.
Kirschner %L W (001) HLELREHEREEE 15 (SP-LEED) B A H Rt 2 Bl 558
HEENR  EERE f ARSI - IREE 10 EBHER - HREEEE TS
B AL SR IR T SR iy - BEA TR AR BN ANE - SRR B/ N — R - 1990 R
B 466 F] PR MR IR g 1Y 2R [ A2 HA BN S (exchange scattering) & JFR 3 7 28 B e LHY & 10
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8 H EH FERRAT Rl o HEA FELEAE W (001) FRERLRLKT 20 HF T EEEF#EEE Fe
(001) G p (1x1) FESR T LA INE S dr - BRUE £, BIRFHIRESREREN 107 BiE
HUEAR AR B HOEE A — X -

DA 5 e A AT 5 il B b B — BB B — SRR AT - 2010 A BIGE T 2ot Eny 5%
f - T 255l E BT BT o FIUF— B BEmS LB T A SR HERR T IR e RS R e
LB EA —MEEBILETZG - B 6 T KFEN - HETEHETREMEZE TSR
f&iE— BT ERE(CR B PTE TR > B PTE T RAEE— Awir (100) FRHSHE
4R o M (0,0) BEH 2 FITETFTHREKBS —HEFEHEELE M E - KIEEGSE
R M E R R EIE A ST E TR AN AR 2 N A L - 1 e 5 AR R R
ERERE FEIEE MR M A Au/lr (100) RAIETHUEME (spin-orbit coupling) FH G285 5 A [
NIEIEE T B fE 5 RS AN [E] ARG BARE T3 B R R B R T » PRI SR IR R R
H et (b o3 (5 2B B 1% ZHE R 5 BRI 3 o ML FR fily B R A 2R B9 B — S A
TR % BB RHT - Rt A S BRUE F,p) (Effective FOM) Bl Fifil B — @ SRE f, -
DSEEENE (V) » Fyp =foXN o DU Refil » “HEREEE (V) 5 3800 » B —EEEHE
By 2.1x107°  RILESERBIE F,, = 8.0 ° Itk Mott (HiHIZ5H) 8 X 10* % - It » [H@EH
T AT B flir m] A& A B e fe b 202 A IS - SRR B e E oot 2 B RIEH B RE
Ejjo

BFIFHR

S)ird2
“HEIRE

Au/Ir(180

by

— MBI
(RSB e )

6. & A se AL BAT F AR X AT R B

ES

1 BEASUTEZ S X JOLE TREFEEN - #H N X JtRERE RN ATERIE
Al > BT ERE VDR AR TR AT DASR (IERT 2 S ARVERAR - SRR S B eI VE )
e T IEMERIREAS - T T H s EUAVERET - AR A B RBH R -
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I Y R T [l

B X OB T RERE T DI XU LA BRSRETTRENT  REEUR - R

(XPS) [EEE FHERE B

f X N EE T-RERE T SNTHE X SN BEVIMBURELER  SUMEUR - REERNGE

(HAXPES) JEETFHERE fEATZ BEST HER

FE RN R T-RERE T fRNTEE TR otE FASREHESEMR REFUK - BEEEE

(ARPES) FRERE - DMENTHMEL  ITRENEBIUSRST AR - RS
SEREHRERTAE TS BT K=

BXOWLETFREGEEMGT MAETFESRWEE BEEZEMMITRENZ HREmETEHR -

(PRINS) ZefEE EZER 2ot LB TREET B RRREEEE R
Cen-Z MREEZKREZER SEEHEERE
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X-ray Scattering Techniques for
Semiconductor Analysis and Applications

WEE - AEE

Jhih-Min Lin, Shih-Chang Weng

X A#St Hfir (X-ray scattering techniques) i# % % #8 JE #3 1£ (non-destructive) % # 7
H o MRZIER A BRI AR LI/ CRE T 9 R o F AT X b
4t (X-ray diffraction, XRD) » ‘N A& A X K#4t (small-/wide-angle X-ray scattering, SAXS/
WAXS) » X BERH % (X-ray reflectivity, XRR) » X K45 2 34+ (X-ray Raman scattering,
XRS) » B-ZLHAH#HAT (Compton scattering) * A B Ak JE IR IEFE M X K3t (resonant/Non-
resonant inelastic X-ray Scattering, RIXS/NRIXS) % ° RAZHATEAZ T ey s TR AS4F ML - g2k
AT KBS &M (elastic scattering) v JF T M H# 4t (inelastic scattering) © A Ul & 25
T X R T SRR R P ey R 0 ST E R A M A AT 0 B
FER AR ) AR RL SRR BB HSETA -

X-ray scattering techniques encompass a variety of non-destructive analytical methods that
are widely applied in the structural analysis of materials as well as the study of their physical and
chemical properties. Commonly used techniques include X-ray diffraction (XRD), small- and wide-
angle X-ray scattering (SAXS/WAXS), X-ray reflectivity (XRR), X-ray Raman scattering (XRS),
Compton scattering, and resonant/non-resonant inelastic X-ray scattering (RIXS/NRIXS). Based
on the energy transfer characteristics during the scattering process, these techniques can be broadly
classified into elastic scattering and inelastic scattering. This article focuses on the application of
elastic X-ray scattering techniques in semiconductor testing, primarily targeting the microstructural
analysis of materials. These techniques provide crucial information for characterizing nanoscale
structures, which is vital for semiconductor manufacturing processes.

— @

HYIBEHE (internet of things, ToT)" BT (Metaverse)® L& IEE AR - 15 0
FTEAE G HEAE (network)  [HRGER (high performance computing, HPC) FI A LZFE (artlﬁmal
intelligence, Al) $efE5E 1126 7T H B HUARTS - HIEE M0 B B KRBV AETE - SRHHE—Y)
BRERA TR OE )2 — » R ERELSRENREED - H 1958 £1E/NEES

/NH] (Texas Instruments, TI) & XAEE = H L HEFTHERIIE—R S - E2EEE
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HATERS RS YA » TI AR 1961 FHEH R — AR B AL - B REE A
SRR EA S - IR E RS A BORIIEE © 1971 F55 7 (Intel) #EHE— KRS FHAL
IR EE Intel 4004 - A5 FEE—FCEARIZHURHE SR - PEEE XA R KIS
BT (Moore’s Law)® MITHHIFRS IS © SR BE ok R TR WnEs s B - &K
~FERS LSS PR BT RIS - ANBAF AT AL SRS - 5 [ A SR SR DR PR
BURTEL - BB E R E A o Hul - FERAEECEABFORIE/NRE - 855 T
ERE g MR T ARG AT AT AR A RUBKER - AV SR T - ERE R e AR R ey A th i
BRgE o AR E R Y X LB R E AR e R B FER -

X H (X-ray) » XiEMmEHES (Roentgen radiation) @ &2 R/ THAERINE (ultraviolet)
E{fl FE 5145 (Gamma ray) Z[EHJFERLY (electromagnetic wave) © H 1895 - {EE Y HEE S
fiiZ (W. C. Roentgen) LUK » X E—{E % HACHI# R - CHEZERNEEY S
TR~ et - F BT E DU BTt S 2 E I - HRERME - X LR
HYVERHEMEENEE TR » @il X LY ERHEEEHEARRI - 8~ B ER
[& - WH9E N B RS EIRG ECRE RS HIE IR & EEN(E BET AT - MBI NER
T e

HimZ#8 X LRI - AHREEr R B At G F i T ERER - 1 X BB #din
HIREIR FEWIZE 1912 FIEREYHE R S50 (Max von Laue) #E 3 fifeH X KRN S - [
> ARG ACF (William Henry Bragg and William Lawrence Bragg) i —3-#87~ 1 #5 5f o Bl
e i AT RAR » BRI T F SRS [ TP AT S R AS TR e » ZRHASE LB BRI IE - X O
BT R - PR 7RSSR RIS R -

TEFE RS R, - XOEBEN Rl E 2 ERR ¢

o X JEREST (X-ray diffraction, XRD)* > ® : AT L BE A5 1 BARE /7 -

o X H:SCE#E (X-ray reflectivity, XRR)"" : FHRARHNEIRAER « 28 R R E B -

o« A AST X LB R (GISAXS/GIWAXS)® 10 1 BE )2 JiE A A H -E B (organic
semiconductor) J¢ /8 [EAE R 1T ©

bE 2 ~FE G SRR AN ETHE NS RS H 2 A - G520 X OB El TR R e e S A
FREPRER o JTRISCRE - AR E BB EFETEARET -

=~ X SeiEsd

Tl (epitaxy) /2 fmEIFTEBAZAIRL L EOlT 2 — - B2 FER R ELE & B 888 T
o WEEERTSEE - BgEEEREE gAY ERMEYEE (PVD) ~ (LR
% (CVD) ~ [RFEUIEE (ALD) B+ & fh (MBE) SR EERE AR - FEM
Bl B RS GRS ) MR IR B AR R R R B R AT o AR E (G
T > MIEFEDES G RRE - 2 MOS HHEREE 1Y W58 g5 - GaN #
IS o (EAE AL RAETE T - Boi B R R s S B 2 8 - e ) - R e
e S HURERE (GH) B LB Y E R MR TAOE o [RIC I 90 52 f il R B T B SR 2 T O B e 1
EER R E SR -

QG 1 R - 7 i v o B B L AR Y B A O [R] (8 i AR PR 1 T ) B A 7 <2 5
R BRI IE ST - 3R A A - IR X SRR Bh R e Rt R i LR RS E - 40
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1 AEATR o FEEIZ2RE - IR 5 BE & PRURy 7 Ta Y S A o BB R B - e T Al
FE (H, K) - #BREERALIAE - TEH M (L) BIRFE TR R (cubic-to-tetragonal
distortion) * L J7[I&[A] L = 0 T8} o [KISLAFFEH e A BECE Al AL A& 22 RV L - nTDUEISIE
SIS » IS 5 T8 R B 22 58 (reciprocal space mapping, RSM)!'" © % Laue
Condition :

6hkl‘=G=2—ﬂ-

hki

é =6th,

Qe DR e ST B AL - S HIAE S I S e AU P

Free-standing film and substrate Fully strained film
- ; .<1’2>. <J'1> i § & 3 & # &
i f
N + W : : I i 4
& [ ] l- L § <2,1> » " & I- L]
L - * L] L] L L L . » L L ]
o L o ¥ " § [ B ] ] B & ]
R s e i AR T LRI Bty FPPTRC YRR | SRl RE ST o rur ST ¥ RPLH
(00) (00) (10) (20) (30)
Free-standing layer _ - = - Tetragonal
(Total relaxed) Cubic: a, > as Compress a'=aga'>ag
Substrate i
Substrate Lattice constant ag

1. & SRR A AR T o A EBOIUR R A 5or A S B O

BA o AN HRBEIURAR M R R A A0t A L AT IS HER R R0 AR - A

PRI A ROR ) LI 8 S A A 8 o B A @ e S R

A5 EA AR 0 E (I 5 6 s —50) » o A R ) K o e
G A R (B FEEK) -

2 Friky— B LR RSM BIEESATH X SGARi [ - B3R ESLFEEE (SrTiOs, STO)
(001) BN I » A2 RETBRHE (SrRuO,, SRO) [ » SRO HYEEHTE 12 nm » STO FE:AfRHY
HEAETTIEDR L 7160 [001] > BEARZEFIHY in-plane J7IHIE; [100] 82 [010] - A5[E i STO
[001] FABYSEE X YEAESS (specular x-ray diffraction) » 45 _F A fa[E 2 #iE L-scan » S E R
L =3 HIBCKIE - STO (003) 721 SRO (330) HIBEAHIEE (dgnossor=1 3157A) » AREIIGE LR
BARE NS EEEER T - #8205 Laue Oscillation » ZZEHI% STO (024) B SRO (444)
Z RSM [ » STO (024) Fy—IFEEITHSC X OLmesfth - HusEE & (L) HERES & (K) -
TR RSM R ATLASEHIE SRO (444) FHTEIFTIE dspo(aas~0.8793A » FLE dspoaan) 11
FE > FILAEHEL SRO (444) 1E K B IAARE R (dspowos~1.9384) B STO (020) &4 fiIEE
(dSTO(020)N1'95A) *EE@B °
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Intensity

10°
STO (003) i
402 1,000E+05 10'4 i
sT0(024) 3.511E+04 o i
1.233E+04 5 107y ]
© 1
4.00 4329 < |
—_ 1520 £ !
S i 533.7 g 10"y i
T 398 1874 S SRO o 1 2 3 i
- @ 1 L(r.lc)
65.79 N
< 107
3.96 SRO (4 4 4) 23.10 £ 1
8.111 2 10?9
2.848 .
3.944 . 1.000 1079
107
1.985 1.990 1.995 2000 2.005 2.010 27 28 29 30 31 32 33 34 35
K(r.l.c.) L(rlc)

2. SRO % b i B & &7 STO # AR £ RSM ¥ STO (00L) 45y X St 4e 48 -

= HARE X ks

RN R R EE  BE = (tri-layer) ~ # g (bilayer)  EE H[E
(monolayer) FERERYIET, T » FHIABCRHEB RN (B8 SRR - A DU e REE R 14
FERBIZ i SR M TR - RIS X SRS FLIT (out-of-plane XRD) MEFIE 1S £ 4EH
BRIREREHAR o AR - 2R AL IR E S E S AR B RAEE PR EIAEREY - SLAR 2
TR TR - TR XOLRETEGE -

R TS S E IR R R A AR - BARE X eHES (grazing-incidence
x-ray diffraction, GIXRD) fEFLIE I T ECRAS FTEGERAIHAT - 200 3 A » X EPMER 28T
4 (critical angle) HYFEE ASFHIREIRIA » WARRFBEST F A HIE T F - GIXRD BES9REHT
BERARSTER FBES S S R TR v AR B i i e L el B B4 o

G Detector

o -. af

.
e
-

20

Sample

3imAka X REEHTER -

DAZHERPEE MoS, Ffil » [8 4 /2R AlLO; (001) AR ELELE (monolayer) 2H-MoS, % i
JERE Fr o ALE RN &2 B g MoS, Feaml& i » ALEFTBEEE RS (azimuthal angle
¢) =0 I E - FHIRFEZESRE X SR RIRE - SR mZ -t hEE A B 5 &
GIXRD WEBIREURER - X Ak A (EEERZERE) VN ASHRS - 2R E
FY 20 FE RIS - SR I R Ak ) S WA R i e e B (R 1+ R AR A MR ETOE  [B 4 (FF) By
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W ALO, [100] A2 0-20 frffiss A - HHE R - MoS, [100] JFFIEIN#E ALO, [110] /7
MBI 1 MoS, [110] AR ALO, [100] FE » ifi H. MoS, &2 & Sk E
FEE L - JR G S (twisted domain) FYTEAE o B I 25 2 A E AR (20) B
DUE 4 HEEE] - EHIZSEZH MoS, (110) B (100) BY 20 fAFEE » 5L SRR
(surface normal) fig## (azimuthal scan) » FHA 2H-MoS, 575 FH &% - B85 —(FE E R GRS
HY7NEE B A AR o (Rl e et S TR Eh Ry - ) 60° fERI =g ES— (%
T SE{E 2SS (family of planes) » PA {h k 1} F% » FEAET - AR MoS, {110} ¥
PBEGTIE - 1AL B4Ry MoS, {100} EfE#HES A - MA2HIFET (rocking curve) Z7 = HIAS
ek 0 60 EHVE RSN S EE M - B ES (single domain) ©

_ 2 ——MoS,(hh0)@¢ = 30°
_8 _—rr = . — . -y g == —y
. £ =MoS,(h00)@ ¢ =60 l | e M0S, (110)
S = _ | e MoS, (100)
0.1 2 é ! +0.1
(’7- . t
5 2 1
s < I s
> 001 2z
= 2
C f
g g
= =
0.001
1 0.01
|
------ B R R B e e e L e T A R T " a 5 = ¥ ¥ . ¥ = = = 5
2 25 3 35 4 45 5 55 80 -120 -60 0 60 120 180
Q (A-1) ¢ ()

4. % [8 : monolayer MoS,/AL,O4 (001) #csz BB/ o ¥ B @ GIXRD # % Al,0, [100] $Z ALO,
[110] 4T 0-20 4745 - & B 4% 0 11 20 Bl € MoS, (110) # (100) 42 & - 42 ¥ k @ikst 7 &
ALO, [001] AT 742 A 6937 (Azimuthal scan) ©

™ -
L (S3REE [ F
- - -

B To= )
i B e ol

b L 4
R A
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I~ X SERE=

WERIRY IR EIIRE 2RI - RoEtR i IR e R IR AR E - 6 A ke It
BE R EHET - XOUEHED - BB - T BN  BERmS EAE HES
DR RA » X OER SR E R T 0 B RS R 2 R e ke R A B Bl - mI A
fife B B R B 2 B ARG - 3l FERIORGRNG I =hE I DAR I R M A (B S o e (5
FAEHIR DI ~ SeXI G RIE S R AT

XOERH R TAERERER X S AR RIREE L AR E - & X OEAHEME
Kl > B XOEEEEE AR - # XOUHSA AR - 2 6 Fis -

k
ny,=1 0 1
n,=1-6+1ip

6. XA MR FANE Z M A& & A RSB H T EE -

B LEEEEE AMBINERY X Ot - RURANES T E TS R B A i i B G AR BN
EAERE » [RIRFRATIRy N — R A SIS B A ST o 38 SEgl i ST AV B2 el B S5 /b —(El v - 4l
RABHM L EH B IR ARG - BT AR A ST BT 5 B2 8 i B B i o FETHY S 2
RFZ TGN IAEHE - 7 A= 3 5 B S5 o v T FU2 W i S 8 RIS Y e e~ T A3 B Y B2 8
BN — W /A AT S B S o AR A AR S A R - s R 8 IHI S5 (specular
reflection) © FEZ A ST A N - S| HAHH FERIRISE AN 8 - B85 S RO A
B REs —1L (normalized) RIAIJERRRETER (R) - EFRFEAGT A EE Lagdhis - Bl
9 X OB R AR -

HIEIE E 2 (Fresnel equation) » 2B 3R AT H MY BEMR =R

Ro— |n1 cos(6;) —ny cos(6;) |2
i |n1 cos(6;)+ m cos(@t)|

nyny : E TR BRI -
0,0, AL -

HRZEHENE - LG b fRRr

2
R(q) =

R
ere
J
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Hrpr:

1, TR EL RO R
z @ SUEIIALE -
q=4n/isin(0) : BAHTIE » FLER 0 fs NS A -

IR X SER BT 2R A B AR DA YRS S (critical angle, 6,) 7T DA Ry (BRI, - & A S
PR S (critical angle, 0,) I » AT X @ EARKET - MRS ABEMEEFEE
(electron density, p,) FE7E

6, = 25| P
T

r, s AT
At Xtk

AR A HEEER A - ASEEN S S B AR S AR ED - SO ERBRAE TR -
AR X EE RRAES T M AL R - TP RAL © 38 T GRS i H
E o WEEE  BEMEHEEEEE - R AL E BRI R Kiessig B
(kiessig fringe) ° 38 LLEE ¥ 1Y FA R EL g A AR R Y 2 A~ 25 R ARG AR R - = S HA
(Aq) ELHIEIERE (d) RRATT

21
Ag =22
=7

Fr AR X OESCESRAY & - FMTR] DL SR A S 2R EFEE - P RaiEi & e

DISEEIRER - 2B B AR S 2 e S B T DI R 2R (R e -

7 B FIH GenX"? XRR HiB A IS SR F5E - XRR iR R/ H A0 RAs i
(GenX &iffl) » B MgO F:M_EREE [Fe 14.4A/Pt 13.9A] 3£ 20 [BHUFEMAE - FLEOEFE GenX
I XRR EEHE GG -

5 AR X RSl

A AS X YEEUSSF T (grazing incidence X-ray scattering, GIXS) 72— #f =2 {5 FH1E
W FORAS B R E TR E BT - T R A AG/ NAEE X GBS (grazing incident
small angle X-ray scattering, GISAXS) PAKF A AR EA X JEEUET (grazing incident wide
angle X-ray scattering, GIWAXS) £l  EEfH X SLEE € FIFF T X OBREs - HET 2
ATER/NATE X OB o BREBIE SRR DU AR - EHZEE %M (transmission
geometry) HY X SEHUR Ul E i B AR fL AU 2R FEE 2GR 2 E S 1Y - BUKREGE KA
MR - FIRFFEAEA nl R Ay AR - (B AR TR B Ir i E B E - R 7R
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= XRR data

14 —— GenX simulation

’; 01 T
s
>
= 0.01 4
C
2
= 0.0014
£
n

1E-47

1E-51|

L] T T
0 2 4 6 8

20 (deg)
7. XRR #AF Mgt S8 R - BE A &R E 5 SRR
GenX Z $5f54% > #t & W42 Al % GenX curve fitting Z & R -

AFDEEHERMATEER  WIRERDE/ NS R OISR S A R - X JEIREEME (illumination
volume) i/ NZEERIUF NG -t a] ARl R a0 f A B8 DI AR R IR ARG 5 RIS
NSt R E I - B T EHRSREEET I - hr] DI HSHIR NI ot
AIUE o f50A AST XOUE R E Bk d - a0 T EFR -

8. I ANST X AWM TEH -
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kuO P

+ kuO

ku, 0

kuy Ey
. ku, q =k (u;—up)

o Detector plane

9. NG EH M P Fk T PO 89888t » PO X MISE#E L ro AL £ g1 °

H NERTR - AR AR kuy o BUHER ku, - 2R RIES PO FEEER » - HARRLZE (Ag)
FH R P AR BB AT 2K > Ag = ko =~k (uy — uy) = —r-q » Htf g = 4n/l sin(6/2) = HHEST
SRR ARG & R - 38 e B LR R MR N B E I RS IR B > qr = 27
[EFPHRECE - Rt 2P N BRI R BRI r=27/q

BT — KGR R TE T MR p(r) - B IRIE R H L EER (Fourier
transform, FT) » AJ &5 Ky

A@)= 4 [ p(r)e
T P

1@)=A@)- @) =1 [ p(P)p()e " drdr
ORI AT+ AT + O R T AT

qj = 27”[005(51/) cos(ay)— cos(a,—)]
& = [sin(y)cox(a)]

. =22 fsin(a) ~sin(a )

AERH EPAS Ewald BIEME R - BIATHH BN s IR ZEAY M A (in-plane) Ed
M (out-of-plane) HYFETE o AILUES IR/ SFECEEE ARG - 735 Al i £ S A A 9
Ik e BR TR X OEDAEEI BRI S A AL - SNREAERIEE SERE - thrl DA
PP A F %S X BB R AR [RI R P A R

BB AR MR ER S AR - HERRIREAT R 5— 10 70K o ASAfE— R Bl 5t ey i B
RN —FE - BZEEEE D KR TIB RN

A 2
A=2
AT\ J(@? —a2) +4p% —(a? —al)

Y
A=—sing;
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Incident angle (deg)
B 10. ASHERRERAG A FHRZ W -

At AR AST X ORI RUBET P - AT DAHH e A R R R BUE TR 2R A - A
11 FrR e SPAT B 2 B EEAOHER RIS R r] DA HokPele | B T RBCR IS HRF ER
B - R B RIS - rI DS SISO/ - BOGRTEEEg M - 2R T E R B P TR
—HERI BB S AR T AN S RIS RN -

qz | qz qz \ l i
Qxy Qxy
Parallel Random Perpendicular

1L 3R AANG X BB AZE R &F4T > A F > EEEHE -

- BEERST —/VBE X i

B VAR A AR R BB B R AR MER T 92 AT (National Institute of Standards and
Technology, NIST) Ei[EfEpH2¢ % %5 /2 F] (International Business Machines Corporation, IBM) &
H o 2 X B T T IR M A A B A TR A RS R T (Y o SRR P g
TR - R =HESORAEHE - DL X ORBUR R ETIREE el - IR F 2w gk
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HiEw ot A EEE#HE - £ LR EE S H - Ff1o RS X SCR G RERH DU/ NERE
X BT (critical dimension small angle X-ray scattering, CD-SAXS) £ff7 - SLEHRETMNE » ER
g R ST B S RIS RER iR T AR AR R s > 10 -

/INFE BB AT DR R BIROR R R IAR - R E B e IR+ AT A
SEIHAABREREE » r=2n/q - DS E RSB E BRI - 5 &S HEae
it - GERI DA E - A R E IR AR H 28 - S5 - BB ERERE R EEE SN
ARG E 22 R AAE RS - BUBRE AR 1(q) = | /()] = n,S(9)F(q) * T S(q) BR F(q) 477!
oS R EA AR Rl 1 o ELB o B 22 F] B % 03 FE AR AR (A SR BR 4R - AT DA
SLAT TR B B AR R G AR S BT R A ROAE S o BR T/ N FEEBCR AN » SO =R &I R I OE P R R
FERCTHOMER - BRI R EEN =28 B BELUHRER « B =R h#R AT 2L
BEHEZEF - EEKIESEEIR - 78 X BEEH - B 2K B O B E - ry5E %
B L2 ER ] USSR AR E T EE A0 - I DUsaE e ) (ERT
EELLRMEE - BN S - ER=ErDEESRIEERTAREANE - BUNERKER D E
BEHEIRA REE B i FERUEE

t - BEA X SR Al i

1F X LR Eln s - FSLIREE SR - R DI T — 28T RFH X SEEU R
Gl7 - FTDUE B e E B ROEEFE S B E R E A PRS- HRTEZEMN A
B =RIEITEES L - 2058 TR (Taiwan Photon Source, TPS) B¢ H A SPring-8 (Super
Photon ring-8 GeV) * ECE UL BRI EE R 268 DU [FE A R SHOEIR - 203 IR MAX IV(MAX
IV Laboratory) '” 8¢ #:[#fJ ESRF-EBS (European Synchrotron Radiation Facility-Extremely
Brilliant Source) 'Y » IS E [ F1E X HEIE (coherent X-ray source) * [T B FH X SKIEIFHEL
B 528 F 1l (coherent diffraction imaging, CDI) °

CDI £ 73 FERREEHY X U i A HHEIR YR - HEE AR 12(2) AR -
HEF X LR AR LR - BB ERE 28 T W AR {ER s (2D detector) FLERHIRE ST
ffi » FHCIREA R RHEL 22 [FIFE M - HIDER R EFE 5 5UE (coherent interference)
G R R R [E] R 5 (coherent scattering pattern) » #&FHAE{Z[E] {8 {EE 7% (phase retrieval
algorithm) » RJDAEE 2 HABR LAY « B0 - [ 12(b) 8 1 iR =0 X OSBRI 2 &
Fiiir (scanning CDI, ptychography) FTfESHIFRMER A% » MilE 12(c) HIZ(E RS L - FHF
FranfR R =UE A

R X LM EE B S A2 HFEE  BEITRE X &S (X-ray optics) 7
TTEBECRE - AR - R X OLES AR EMOR N EE - Eg G SR Z RN X A
e - EELUE—F 1T - FHETE » DA ptychography E6l » X SE[EI oSS &2 61 iy B A 45
5% X AT (lensless X-ray microscopy) HYFFEG » HEZAGMAMNT FE B TA R F B = 72 Ay
P HIERN - 32 X R TTHRIE R o G0 - & 12(b) FrsBIss & T B T 2EH
X SCEREI AN ZRE I 7 70K » K - BEE BAA & R 095 T QR 20 43 5 S5 2 i
J » ptychography 32 5 Ry & 1l e BLRITIEMER) XOtseBiiins — -
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propagating

T y Phase
retrieval
diffraction pattern

incident coherent X-ray

(c)

N

,ﬂﬂ

l/l/ﬂut

[ 12. (a) & CDI & 5t 2 st BB 2245 » (b) &ik@zt 1413 ﬁ%%%ﬁ@mmwﬁ@% 5% o

N iEEE

EFI AR R R AR U TR L8 EA S B e R R I (Aspect
Ratio) EMHBREL T - DU =rEAERE(GE 70 - AT RES A RS PR iR FORM B PR (1 5 22 1Y
&afl o anfEErs o ERIER - SEREER MREHEMAIPE - AR R E T 0 X
SCEAHER EEENE - DU T DUZERRRREIRERE - 58 fEiE S - A A AU - (HDLH Al
ANDLAE SR T AR S E R EOCREE - ET 2 RS - Rt s SRR T2 - 12
Eﬁl?’éf‘g‘fiéﬁi@ﬁ%ﬁﬁﬁ ’ ﬂﬁ\%ﬁl%ﬁﬂ’éé’ﬂﬁﬁﬁﬂbﬁ —EME AP - HA R A TGRS E

BRPR SR - M B R o I A B AR R SO AR AT, - T RICR © E
U\ﬁﬁpﬂ%@%ﬁ%ﬁ@% - BRSBTS - BB - M R RE R W -
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ESCEEOy i
S imER in-situ FEAlT

LIRMIEERHEZER in-situ H
E R

In-situ Process Monitoring Technologies for
Plasma and Non-plasma Processes

R KA

Toru Shimizu

G 3 Eae ey N AL A AR 09 2L AR AL o in-situ BAR B R AR RAARER - £
B0 k%] BAZ el 4 BE b B A R R s AR K A B BB e B AR AT 2 — o SRR R E
(OES) E & E s Y BRI T A MR &AL o« AX A% T OES HM AL & EHEAZ T
JEREp] o AT MR E SRS MR AR ER TR 8 AR B ey R E
A2 B4k i -

As semiconductor devices become more miniaturized with complicated process flow, in-situ
process monitor technology is becoming more and more important. Especially, endpoint control
technology in etching processes is one of key technologies at the most advanced process nodes.
Optical emission spectroscopy (OES) is widely known as a monitoring tool for plasma dry etching.
This article describes the OES technology and examples of its applications to actual processes.
The latest process monitoring technology that does not rely on plasma emission but uses byproduct
measurement in the exhaust line of the chamber is also introduced.

|

_\E"ﬁ

TEERE R T - FrRERY & S Z @A YO ~ B2 L F BT Ry - 78
{LEESRARYIFE (chemical vapor deposition, CVD) I F[@ (& (atomic layer deposition, ALD)
FYIERAES - RS HE IR R B I L E RS - TERR 2SR - BRI e
B d SR B R A AR e EY - BT EERE SLEME - (Fh B IR S
BE PR 8T H a1 AT Gk o 18 Bl 0 SRR A B ok 1) 18 P e o) S T Sl o B Bk 1 B A B %]
R BT o TE T Bk 500 508 i 1) 2 5 8 s 2 1) S g 1) 432 1 A R {8 o (B Yy A 25 2] P A
o PR SRR AR E AR « Ry T E I SRR SEH] - LB KRS (optical emission
spectroscopy, OES) L& /2 FH A B 457 Al 1 BUFE > o

50 FUELRAN 242 85 114.3



Intensity (a.u.)

2

o S 2
® - N A o

SHERI R TT AR - B RFRLEL (high aspect ratio) FIZE #1%} (heterogeneous
material) FYERZ] » Ry Bh LSRR 2K T RF 2808k o B TIEZ MITE (anisotropic) HYS FERE T B 4]
(reactive ion etching, RIE) 27 » N K BEAERYZE AT (isotropic) {LE2RZ A (chemical dry
etching) FE Tt #E5 A DA SRR R BRI I - B PR A e B L & S
12 (IEEFAIIEREAIZER L)) PR FERT - HORIBA 242K —H EUI A B 28 8 i U2 1Y
in-situ (B[1IRF) BEHERNT - i EM BRI R R M TER - A3UME T in-siu BIFEEG 7
HIRCHT AN ER] » TS H ek % AL -

— - ARNEHREIEAC RGN

FEEEE A (OES) 2 FGEEE (spectrometer) 73 HT B A ZE G AUR T U#EfE - &
HOBIEIEERE (excited state) YIE (JR1 ~ 3 FHAIEET) #HAPDEHDERHEHE - EEELR
BH AL R AR R A Y R AERARY SRR BT E S LY B R S AL -

A4+ OES CLRC R E- 8IS A I B AR BIE Y E FH BT - OES i RAVEM 2 —
FE R SR TR BE R (endpoint detection, EPD) © [E] 1 f#fE A& B kg HIHyFE A H I o ]
[HERIEIEY) (byproduct) B IR H S —8 (DI#ktsER) » AIREEZLEEELES A F AR
SRR EEEETRNEEYE (CMLERTR) - BIEMMZITER ERZEET —E)
(%GRS F5 A% B (endpoint) ©

flan - aERE—E 2 Si0, > B [E2 Si v W HMFAH CF, (ERMZI%EEE - Sio, 1 CF, Y
[ZIEZEAE SiF, I CO, - BhZIEEL — R EENF - JEXREIEY) SiF, Al CO, FHLREH5HE
AL - 52 EH SiF, A CO, FHHEREHITRES T R Ak X AR (n R E S — g/
AR o3& e g I B AR A% BE B R f % Bl -

Before EPD During EPD After EPD

o

1. 2 uy R .
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~ 18 —
3 3
< 16 <
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= - LL HORIBA HY OES 25X A5

OES fi il J5 Z A ST R YA SRR BK Sl K H [ (spectral range) FIR R MEATRE
(spectral resolution) © & 2 £/~ | HORIBA HJ OES #%ffi EV 2.0 « 3% 1 £ EV 2.0 R¥IHILFE
R 5 STEANE] R R E E R AT B 1 3 MAUSR - EEAER AR IS SR AN BT AL
SMERI I R E » STD BU5REREH AR Hl—f OES FEFIHY 200 — 1050 nm F Y R EIE - Al
RETR gz )3 5 e 3 B AH AL I R IR (AN Rl SR RS B2 51 oy BRI & - AR S AT ok
A o HR AUSRERIVERIRIMBASE - BRARNTEERE] 1 nm - BLAL - BRE S B AV RS B
- AT DU P PEE E i B Y LR BU5E -

2.EV 2.0 &#EEO -

% 1.EV2.0 27|69 8%# -

[ | Evaorr EV 2.0-STD EV 2.0-HR

RREE 300—900 nm 200— 1050 nm 300—800 nm
RRETE 6.5nm U 25nm R {&Z= 1 nm

EV 2.0 SA#t B i 25 1 A O S 2SI EIR AT - ARIZEESK - EV 2.0 SEEGE A DARC %
ERYARER BRI IIEE - &5 T DLE TR M E RS EIR R B I RE -

e - E e BE B G E INERHER N, - FEHE S B AR R bt i BB 5 B R Rl )
R T EIE BRI A 8555 (E - EV 2.0 FCfi T —Ff4 5 " Rupture algorithm ; HYEHEEF
i% © Rupture algorithm 5% A 5¢ H ZERAYFZE AN 3¢5 © /£ Rupture algorithm FYpRE A -
Rupture intensity ;ERIEFHNFRRIRIVELEIER - 20 3 Fons Bl EilERIRERILE R -
Rupture intensity BURE/NYE - W HAERFERELAYELEE » Rupture intensity #X o [& 4 B~
T Rupture algorithm %A ELAYRHE G -

5 BURT EV 2.0 {fERZIFEFHFRIE SR - ERENEEZ S (oxide * BPSG)
Bl - ANE 5(a) A o SBR[ (open ratio) /NIA 2% » il HAE B —Eh %125 B HAR 77
TEFRTESE R B2 (contact) 5 PAD F Floating gate ° [& 5(b) 2~ I ERYIRENGE (L)
Fe &R (fk) - —FERS RE EROK » BUERE R a8 (LEL B hNBHER - EfEH
TE BRI - R RAVEHGE (k) BRE R E A0 2] F]5E PAD A Floating gate
AL,
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Rupture point

Section 1 |Section 2

Rupture . )

Intensity

Linear
approximation
line at each
sampling

3. Rupture algorithm &3 -

Signal

Signal (a.u.)

Derivative signal
S/N>8

S/N > 200 better

Rupture intensity
S/N > 1600

r

Noise

Process time (sec)

4. % 1% Rupture algorithm A3EH K °

(a) (b) .
Floating
Photo PAD gate
Resist
c
ARC AR3 | [s)
=
BPSG after CMP c
w
F. y B —
Nitrid f'f— e Y
1triae T

Wafer structure before etching

Signal (a.u.)
First derivative (a.u.)

Floating
gate

Wafer structure after etching

5.OES JE A E#]® : (a) 5 E %4 5 (b) OES Ik -
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MM SEERERVFBIRTE | BRREYLETRIZES

TESE B A AR A - RURBA I A8/ N EE RIS - H OES AUAR G I A (RN EE -
BT RS R - TERAMER T S ENGE - RIEEIREE - ik o JEESHE (non-
plasma) {LEERZ R ERZIF BRI EATANZ] (remote plasma etching) BHIAIEFTfA G E SRR » 21ERE
TR (gate-all-around, GAA) Z2f#% 11 SiGe Recess 1 Release & %7 - fEJEBEHEEFRH » [
JEZE VR BTSSR - SEEF A OES sEfTEFRIEH] - B MERNIEEREFE - thil
FITEREEARERZ] - WL - AR OES HEIFEBR 8% T -

B TR EEE N N E R EAEES > HORIBA BE#E 7 EHY IRLAM™ Hiflg i E o @ B s
I LG-100®) o S0 FI AL /ML (infrared absorption) 2K B B4 HI &7 @A) 73+  LEARZ]
B2, LG-100 %8 H R E RS PERVE RSP RVEIEY) - P 5 Sy SRR RS R Ay SRR
REEEN - & 6 Ky LG-100 HUSMNE R AG R RERE © LG-100 FE A LA CECE NW40 %R
A5 5 SR BIRE R 6 -

* JRLAM & 1F H AR HAME] % Y HORIBA it ais ol pé i

(b)

Laser Module ] Sel

——tPressure |-
nsor .
H Mirrors Herriott Cell
Detector |

Laser

Gas Out
B 6. F4 AL BAE LG-100 : () SN A S (b) NN EHBTFEE -

LG-100 B —EFEH B (QCL : EFHHEFLH) - nlRALIMER N 2R &R =
(Herriott cell) 1 o 2 HHYSCH EHAL/MFE T S ia fIE] - B8 5THR R 7R L B AR TR
FHESFE -

TEWOEFEER (absorption spectroscopy) H » FLEE-EH{HE R (Beer-Lambert law) fifift T 1E
SRR R E IR MRIRRR -

A=—logi=8Cl 1)
Iy

b Iy s ASFTERIBEE » [ Ry B SHER M E - 4 2R RRBCEAIERE - BRROEE
(absorbance) W 4 BLGEHG G REL ¢ ~ RERRE C NDERERE [ B ELBIRA R -

= (1) BURBOEE EDE PSR R E LD - HRJEEER - ANRAESIEIIDER R - AlgESiEs
SRAS R R T BBURR S (sensitivity) © Herriott cell NESEG 28 G HERE - 1520 R S IE
R ER - B ELEMIRBOEREE T S U E AR © LG-100 & Ki% 51 F0 Herriott cell
HIZER - AT DA (IR PRI B+ -
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5~ LG-100 BIEMAIERAEG

R TR LG-100 fEE PRI BAZHITEE T - LG-100 ZEETERER S ESE (inductively
coupled plasma * ICP) BEZIFfRHR » 20[E 7 Fis © LG-100 (7 A s /88 (turbomolecular
pump) FIEZZE T (dry pump) Z[H - Bl OES “1N[A] » LG-100 S0 EH#t i AR i HI T 2SS
B R - AEEREREE LG-100 HYE ST RACHIE SiF, -

Mass flow controller

Sy [ B
0, —L s Reactor

Susceptor Wafer

\

| 1
Auto pressure controller | | sccccsssssssssssssssssssssss,

Turbomolecular ,‘i Multiple-reflection i
pump i I i
: gas ce QcL :
N : module .
: i i Laser :
N ! I E— ------ - beam | Control || |
L, i ! board i
; ;
' '
Dry pump § .
1".\1 r

Exhaust

[ 7.LG-100 fefk%] % Led BEREE= 58O -

BAEHDE Si0, WL 4 WA GLEETARGHS - A& 8 Ar - HE(H T 7H 3 b
2[E P (mask pattern) FUFRN < Bl (a) B2 EHALIE (100% &) - 126 EFHEERE
1 o i (b) F (¢) BBREE 5% BYFF 3B E & 2RI B L &m I -

(a) (b) (c)

D Open area
. Photoresist

Open area (OA) : 100% OA : 5% OA : 5%
B 8. Si0, th &y L EEB® -
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fEF 30 W £ 180 W B N[EIREETIFH (bias power) ¥ BFEZE (a)

HIB A ETTERZ] 1 73

$# o LG-100 HIfSHY SiF, 57 BE (partial pressure) HFRA1E 9(a) Firs o FHIE 9(a) 7] 2 EEEHGR

FEZ mEELI=RME AN - SiF, 57 EEEHE CREE 9(a)) 1 Si0, BRZIH

R (etch rate) Z [EIFYRATR

WIHERE 9(b) Fir o B AR ZARIBEIFL R S ER LA (ellipsometer) JHIEHY SiO, EEET

SiF, 73 BER[IFF (5T AR %R -

TR 8 HHEYER AL (b) Al (c)
(Si0, KU T E) HIEh LI

56

B o [ 9b) BRERIMEIE R - R ESE 0.999 o HAHRE R S FAH AT LIRSS LG-100 &

(@) Plasma emission (b)
tart d

14 — 2 o 24
T 124 180 W A
S :"'__""'__150W = 20k 150 W @180 W
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o : a4 gow £ 16 NOWeay120wW
> | -
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BRI FEAL BT - B 10 HHEYERSE (a) F1 (b) BURREIRVELRIER - fEE(ESGET - SiE
HyrL L ATEREE R ZEER  fr DU (o) FUBkn (b) RN BE B I 22 R A AN Rl R a
ZIHERIIBAL © A5A - ASBEHHITATRISR (b) #REERGE () B/ < 5ERM - i LG-100 #Y
SiF, FBEEES - AIDL TR RDEEEY (e BAHERBENR) 5 EAEZHERIEG L -

— -+ =A
J\  iiAaM

HORIBA B8 T # I EHEFIIEE A BUAENY in-situ BIRERGYEAT R - 3= 2 MG T
OES F1 IRLAM (KLYNFIR L) FZ i Fres o

OES FAIPUZEE—E eSS TS LY E - 2 T EREEIRRERIEEH 1 HEH
FITE - 55— HH &% BEELELER - IRLAM £l =1 297 ] 8 5 5 fh 2 SR 172 B
A E RS - CHE2EARIFEREE AR 2 —EIEE R T E -

A EZSE T 5 EFE T aI e L& BRI FER] - AR - OES #1 IRLAM HYFEFH IR EZ
EIK o B R R MBS IEE AR S EEN - WK RIS AL AR
71 BFEHEER  EMAERE -

4% 2. OES #2 IRLAM (4z 94 R ik) #afir#Hik & -

] OES IRLAM (FLANEIRIE)

J5E SRS RLIMERB K
fEFHEAE AR AR EE
(IEREESES EL NS [ FERIEY)
HHYE BT T BT T GLINEE)

E4E et -vayiin AJRE TR R R R R
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In-line NDIR Gas Monitor for Precursor and
Impurity Monitoring

R KA

Toru Shimizu

A R R AR E AT BE ) K R84 7 %A% & bubbling method * /£ CVD/ALD #H A28 2 LA
B BB HAT PR o & AR RO - R793%3H T — 2k % £ NDIR (nondispersive infrared) £
%M%vﬂ%ﬁ%%mmmﬁ%%&ﬁ%Awwg BT ST AR B AR 0 R T AT SR
HILEH 04T S GAEH R TBE - st RERET - L4 £ NDIR A48 B AR R aT
Eethy o T AF et Bl SRR 64 £ bk R R AZ BAE AT 0 AT R MK B e S AT H 09 BE ] BhAR

Precursor delivery by using carrier gases, called bubbling method, faces technical challenges
on the production stability of CVD/ALD. An in-line NDIR (nondispersive infrared) gas monitor
was designed to monitor a commercially available precursor and one of its impurities. The
behaviors of the precursor and the impurity including the effect of idle time were observed for two
different canisters. This article shows that monitoring precursors with in-line NDIR gas monitors
may help to improve production yields by ensuring differences between canisters, the precursor
status and the stabilization time before starting the process.

|

_‘ﬁﬁ

RS e RE IR T - BUR B Z FSE Y HTEEY) (precursor) # A R LE RAHDITE
(chemical vapor deposition, CVD) I & )(F& (atomic layer deposition, ALD) %2 » DAYE
A EHENR - S5 LERTEEY) R 2 R IS BUE RS AR o (F FHEL R ES (carrier gas) § /Mfﬂﬁﬂfiﬁriifﬁ;;
(vapor) fi 5y bubbling method » 4§72 F A (85438 La & AR T B 25 SR e A\ BUFEeps ) -
if > EREAFEE MM S © bubbling method WA —E 2 AAEL ST - ﬁ%ﬁlé—%%%
RS EXARBEE - ARTEEYIHYEE « BT ~ SR aE iR - S A RERAIRTREY & - 1t
SN SR ECHTEEY) H AT S BIFEE (impurity) BLRTEEYIE9 53 % ZEY) (decomposition product) AJFE

o B R L R A A R R
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B (ultrasonic) JEFER PR P E g SR i A 2 RTBE R R 2 —O Y - BB ST
AL E R R R & TLl - R - BHREEF S E o BEYSEEE - AInEER
ZrHIEERED: o 07 ZEEIALTYMERE (Fourier-transform infrared spectroscopy, FTIR) EiFE (i #
AN W (nondispersive Infrared, NDIR) 52512 i A HI & 2 RS LA IR E P R ie R
FERIFE TS » Horr » FTIR AR EALIMEREACH B S R - (B8 R T #oRk DU
FEIRIHEL « DR FTIR B - R 450 X 420 X 250 mm » fffERE R G 5 75
©7 o fH#EZ T > NDIR EEH E RBEF A ZEOEF (optical filter) EFTHIE - EFE#ETHE
fafi o Rl - oI E IR B (A A I ) 2 FE AR S B 2 BRI & W28 200 Hz (5 ms) Bk
ZEBIS o AN > NDIR SEFRER RGBSR - BOTHE R ST o B Ralgr s > FE]
REFAE R B E R T » NDIR A DGR ERdE & i LRI EN Tk — < ik -
375 08 3 IR FrEk at o BRI T DA R R B I AT B R B B RS o ASTR Y AE
HORIBA #7_E- NDIR 5 % B ] {2 [F] i 1 2 R SE P B B RO R -

= - FFEEHIIMRRUCE (NDIR) [RIE
NDIR 2—HEI A AR R R R I RT3 - 08 1 B - e TAH
SRR ) TR By S TR -

NO SO,

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

1. 48 2 8% oY R 3t o

BeAh - ERLAU TR LA — BRI E (Beer-Lambert law) AT RARIT S8R IR FEE AN L 2 [
HIRALR -

A=—logL=€Cl (1)
Iy

He 1, B NSRRI - T R@ SOEMIRE » 4 BRI RECRIIRRE - RWOLE
(absorbance) ° WOV A BLSEES[E A R RE ¢ » RERIRE C MDEEREE 1 scbBlRafR -
AR B I B AE AT A i Ik 1 & SR RS R P Y 7 5 Fe kL AN K RE 22 (infrared absorption

spectroscopy) °
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NDIR {5 A Fr o BT B 2 SR B AR - & 2 2R 7 HLAU NDIR HUREHE o fERLIMEE
& (infrared light source) % HHEIRLYMEZEERE (gas cell) FZEHIER (pyroelectric detector) °
REF GG FHl L AN OEEET [T (optical window) © Y Z8EE(EHISSRIE » R IER &
FRAEEZEEHIZS - HORIBA #Y NDIR H Rf#EJEY: 1 ¢ Sample 1 Reference © Sample JE%
Fr st et A A R H SR RS IR Y B R » 1 Reference (i YEFT#% BT A AR T B I SR HE R
WHIHBE R - 38 { FiReference JEY:Fr » FILAE IR ERREHIE - N 20EOEEE I E)
BOCERE G - 54N FEm L S R A S R 28R B » AT DA & 2
TE SRR A

7£ NDIR gZatH » SEIEFE A E RN 2 EERNE - BRFENE @ OFKHE T
HHALYME LED © LED DIREEAE - Al EBLEE RS - (B2 St s B R R E
JEHIREIRE o (A - HAT NDIR BEE— PR AR ES & & (NiCr) 2L Kanthal (FeCrAl) &
(filament) YEJR © B T & 2 FRAYZVEEEEGHIES (pyroelectric sensor) ZFZEMAEHIZS Y » MCT
(HgCdTe) ~ InSb  InAsAb &1 AE I Z5 th iR RALIMREEIES - BT EAE R E i
BHUEMPOEEIER M - (EEFERA « AN HEHS(E S HiEE 8 um KRR
J&k o BAEEHE (thermopile) FIZENVEEFE ERIHIZS B /A BLAI R BUVEU (I 2R - BHGR b - ZVBREEIRCIIER X
REEHIZS A Sy - R BT - (H'E H G LB e B U T S R -

Gas cell Optical filter (Sample)
Infrared light Ilh
source Sensor element
o ] —[:)—- Sample signal

Y

l Pre-amplifier

| L

1"1. —E:)—-- Reference signal
Pyroelectric detector

Optical _ _

window 'E l_} Optical filter (Reference)

Optical path length
[ 2. NDIR MR 4T & E -

== EA
==
‘E&E

fEEEERT - FMZERE T HFEEHE RIS RIEEY) - IGEIE T 2RV FI5EY) B
HEEENEL - B 3 BT TR ANERRT o SHEPERANEY 2 EREE
HEELE AR L ETEEY 2 — - AHESR (A FRERARE (ERMEBIGLIME) - H
T E R E AR SR AT AT E B BRI (MFC) H2H « IS BB A BN R IR
Hh o R FEEHIFE A o 1% NDIR JNZAZE 60 °C » DABGIESRE NI HIR B -

[E 4 B AR (# AR NDIR RAEEEHIE - A NDIR AR EdEinHER 100 ms » @&
FAENRFENE - 72 NEATREERE S > DL 200 ms AUTEEASHEIEE - HRSFR 160 X 440 X 176
mm - JLEEET IR A AR AR E i - PR T M HARRTERYI B IR 4 o [ NDIR 2R
i T ST TS ARV E 2 — IR A o (R n] DURIRR I E RTRE ) S B 3 L - B TE%ETE
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Pressure
C'? gauge
—y <« —

Carrier Exhaust
gas

Canister

B3 ERAHKTER -

SRt > BB TR HIRTREY) B S 2 IO ERE © RO RRE R & LK FTIR &
LS - FfY NDIR ZJFH - FRENEEAYE - HRARET SRR - BRER D R#
AHEE A Z R FE N B AR - ATAT RS SO ERE © SN > A[EFR FTIR » NDIR #i%
HEITEM T - PIARESRRRECY - At - EWilRET S ERNYE - BGEEST P S
B VR E R R E B R EEYIIY  ERRSTITRE A FTIR 1T 04T -

B 4. NDIR #.5% B R4R ©

m - FEREETER

& 5 BER T EET RS AR 300 SCCM FFERZZF 1) NDIR FHA7 - #ftfliZ2 " NDIR i
HIRHGRoEE - SERPTEIRRS (FTEEY) AR HAEE) /Y57 (partial pressure) (57 BE AT S A
FIRESIEEE) - EMHEEIGRET » 6 REEEAHERTEYI RN F8H ) (Canister #1
Canister #2) SETTEIEEREE - [E 6(a) BU/R T HISEYIAY 10 73 ##EAYRFRIHEES - [E 6(b) 8 T HEE
PR R B -

AE 6(a) A » FA (RS A HT BB SR BN 2 PAERI R, - 7ERT 3 /S8 B2 IS
R T R ES - MATEA  AHESERETAERL - REAHEFEERE - It - "LBEtE
R T AR Pl e R - 3l H 2 2SR RE - BB 6(a) FRTERWIRY 3 S8R IS -

& 6(b) FHAYEEE SHIRLE Canister #1 1 Canister #2 HEER HRNEIRITT B o 78 10 53]
FRHARE » Canister #1 HYFEE FHIRMERAEAR S8 =YK YE » 1M Canister #2 HYFEE FHGR I FEE 1R
A < SERETT R PT DUEREAN T « Bfa HET R BB R LA - Canister #2 B9 E 522/ & HMH
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(@)

Signal (% F.S.)

Precursor Impurity

30 6
& Fa
25 D et = 5
% 20 - 4
@ |
N 15 3
© 10 J 2
g) |I r N, "l-‘.'.'. Few i e i, R s P e B,
o 5 ] 1
0 e 0
-5 -1
0 60 120 180 240 300 360 420 480 540 600
Time (s)
[ 5. £ & 4 300 SCCM LAY A2 F 49 NDIR 3K ©
= Canister #1 = Canister #2 (b) = Canister #1 = Canister #2
24.5 2.0
24.0 s 15 . . * e
w
23.5 - . ] "B T m— £ 10 :
o il E
23.0 2 05
7]
22.5 0.0
0 2 4 6 8 10 0 2 4 6
Time (min) Time (min)

B 6. MR b &R 1 (a) ATERAD A FUASIE 5 (b) 4R7H o933K -

HREREHE - AR RAE S E L MRS o MR A =R
BRI E ARSI REAEEEY 25 5% - 55— 5 » Canister #1 FYHTEEYIREE 7T6E
&AL Canister #2 FEZRYFEE - AL - BIELE 10 8RR B2 - Canister #1 HUHEE N

SRR KE -

7 BURT Canister #2 M55 —flAEEHIE - R EEERNMER 2 EH) R

Y - FELCHEHAM - SR AR (10 22 %) TR WA ETRERE -

2.0
Rl o B
[T & w
\O . - -
< 10 i B B
©
C
()]
»n 0.5

0.0

0 5 10 15 20 25 30

Time (min)

7. P E 218 A AR B HEH IR o
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I

HEE AR B IR RS R B I [ 2R EHY 1.5% F.S. 7KUE < 738 30 Sr$#AYHIG -2 N
£ 1.0% E.S. - BE 6(b) FUFERMLL - [ EMEATRRRIRF A & - HER=ERE o(b) FTEUR
MIBRAEE ZKYE - DLASRERAT - RIGEAE Rl FE RO MR ICHME - (] RER BRI BEYI R

B RHEHESE -

ES E

ARS8 T HORIBA ## I (in-line) NDIR 52 f& 55 11 Gk 2 Y BT B 26t 1 7R B8 K
HEBBN - FEE-FERERER I - DU R BRI G R I RERIEK - ~f
RS TTIFE AT I BAETH S (process window) B4 (G H g wy © Fy | FEH S L8 (L - Frdh RIS
HIBEY) RET#E5 A - 2R - S5 Lo piBRYIn R B V0 K sl 2 R i S RE - IR E 2 R 8t ~
BV IME ~ SRR REEIEA(L - E LN R T B B M AP RS T ERE -

NDIR S B I 7T AT E SR B A DR B G2 R R DA RSB Y A RIRE - &
8 H AR E 47 IR CR I - MIMES T RERRE G LA - EZ nf IR EE IR 2
SR DA BALAEIAE - HORIBA £ I NDIR 58 55 I F 2 e R pTEEY A8 E EaX W -8R
HEERRMATEZ — -
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fEE>BT
AAMELEADARB LERERSTTERTRAL  RAGHESRMHRATERTEM -
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ESCEEOy i
S imER in-situ FEAlT

R FARFEFRESIZRS in-situ
taRIER L1l

The Iin-situ Measuring Technologies Applied
on Atomic Layer Deposition

R KRR

Chien-Wei Chen, Chan-Yuen Chang

RIHTA X 488 8 E T 48354k (X-ray photoelectron spectrometer, XPS) % &% T & it &
# % (atomic layer deposition, ALD) » /& T & £k%| & 4 (atomic layer etching, ALE) #ubtik &
3R K & & (rapid thermal processing, RTP) % /bt W AZ KL 40 » L F5Fe & £ B 4504 b [B) 1230 £
o AR T AN B AL EAT AR o PR T Bk B B ALag RS RERB AR RR
KAZ % Fodh | A2 3% 2 o A7 e BE 09 1% a8 A2 b 1 R R A5 - AR & B E a9 HErR Sh R 3R
Habh k@ TRELNHE LERALCTEFRE  EmMIUF RS RIBKEG R
B o RIVETF 6 EOHE TSR ALD BB EA20g BE - 28 FMA 69 ALD %
72 STAR L EA H K RS U 09 AL AT B B X RA0GHRER o IR Sh 0 B2 HIRMARAL - R
b~ 3R K 75 2B R FRAZLIE G AR S AT BT ey BT 0 133 & T S eI A
LR AR SAATER MBS R RAR R IEEE G b R R £ S ARIEA 25
M T R AR R AL IR L B TR -

This technology integrates an X-ray photoelectron spectrometer (XPS) with advanced process
modules namely an atomic layer deposition (ALD) system, an atomic layer etching (ALE) system,
and a rapid thermal processing (RTP) system and incorporates a self-developed wafer transfer
system that enables vacuum transfer of chips between each module. In addition to the advantages of
equipment automation, the primary objective is to minimize the chip’s exposure to the atmosphere
while it is being transferred to the analysis chamber. By maintaining high-vacuum conditions,
potential physical, chemical, or other forms of contamination from the external environment are
eliminated, thereby obtaining data that closely represents the sample’s original state. Using this
platform, we have successfully validated the development of low-oxygen ALD thin-film processes
—an achievement that addresses the longstanding challenges faced by standalone ALD tools in
depositing highly water- and oxygen-sensitive films. Moreover, processes such as film sulfidation,
fluorination, annealing, and even plasma reduction can be precisely monitored in near-real time,
yielding highly reliable chemical spectroscopic and compositional analysis results. Comparisons
with conventional ex-situ methods consistently demonstrate that this approach can indeed overcome
certain environmental influences and interferences, providing more accurate and representative
data.
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[l

_‘ﬁ-ﬁ

TEL ST+ PO R T RO R A0THE AT R
IR HERFRRAIT (I © TR HT - BB RSS2
AR © BRI - GRS - FHSERRIUH L B B B 105
BFRAHE TR0 ¢ A0 - BRARSA BB RSN R SR AR, - BRI B4 P A0
e+ FHLTURMI SRS TS0 - AL SRR B ST 52 R
SET © B0+ $HERHACRY) « EEEE RS 5 nm HOSIERIRAER © (ETRUNOS)
TR DTS » M ATREA IR e B I AU K -

G52 R SRR e L (B ) % 4SBT S B R B B T2 i -
B MEHZRRE BRI  DRRASITEAS  EE R E ST B R
TP - eLIOTT I EE RS ¢ R T AR (I ALD - ALE » RTP -
AT LR A SR (41 XPS « RGA) FHEI S &R —EFA L -
BESG BRI AL BT OB IR BRAE A SRS + [ 2000 448 BIBKEA B FRTEIF
W) 76 N R R TR RIS RS ) TS TG AR
PRGN -

BTG T #AEST (cluster) s 57 + IO DI BRI R I L TS (A A B2
SUSMFFHEL (module) o HFEH S 112 SRS KLZLREE » T B A REAEA UL 1 O R
- TR AR, « BT RO R SO T A0 T S R -
HURTiH D B © AT - T 6 I MRS T AR B SBIE R 5 TR
POE R RN DT B I, SR - 3% W i SO e e
FRSETIRE - 7Y MBS S AR I S R PR

~  RIFANE

il 6 N RN D - MGE T AR L E BB - PURE R [EI AT ALD B¢
ALE 32 - — G HRETFHERAE RTP &4l - DIR—F in-situ XPS GRS X SHOLE
RERE) 73 HT24 « HLSEERES [E]RF R 2 DA T SR K
« ALD #f2 : HEENMET S (HK) £/ F b S ioEmER & -
« A ALE 878 : $PESORAGEIEECR E A RET TR HEAR ] -
 RTP #f2 @ 2SR K » SuRKEF EMLFII6E -
o in-situ XPS 7347 © AIAEZ2EREE NHETT AT (angle-resolved) BEMREEG MR 17 - KR

B MTER AR T4 -

e AEERTEEE— Bl R5e A - B AT 7 B E 2 2 A B 178 — P S 5y
i » BAI BT KRV EIRGAE - (RETEER - SPBRRENR - BRI E iR gy
BEAISEE - DTS P28 T EMABGETE G -

1. §E R EEHEEHRE
(1) 2B - ZIEREERR

I T FB 2o et LB E G ERE (transfer chamber) | FEEEFR LA MEHHME - THIR
TEER T FE N RN MR RG Rl SR ek - 1Eaai e EE © BT R E R S A e e R B N (L &
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P RS H AR (R BGERTRE ST © H RTIL S i ae a] Rl 20U ALD sU 3SR /73
WrRMESAE - WAESNEC R load/unload ERS DAE 6 InF &k BIEkE FrRE -

(2) ERFEPBEE

FHAA B2 T8 (vacuum robot) ERHSEAA 1 - FoilfItm - 2ETH % M=% - H
AR LE o AL RVEZE AT E H H A Rorze FEhh - (HER 7 LRSS 1 - HeErZil
HRISERHBIN E TN - RIFIRTHEBLE & & W RACE— B2 Bl 226
PR B E L

(3) BETHIEE B

[FIRFHAE A T BRI - ATDMERE A/ i R B S R T E R - B2
ARRRED R P SRR 22 B - 0 R] H Bk B BT S B RIS A i - AR A A ul
WA EINRRE » B AR Rz -

2. HK/Oxide ALD ERHERK

I TEE BELY (High-k/Oxide) & N —HAFERITIFHIB#EM L — - 5% ALD
SAEE G HK/Oxide plR » 38 6 N SLEEESUINENE <450 °C - WARIERE KA 3 L DAA)
TEESHYSEEEITR - LG R EREEIE - S EE AR IR SRR -
PRBMBURR IR FER ~ JeiE B & 3D #EREIEE A H] - R SR R IER - B0 N,
carrier * N, purge * H,0 * TMA (trimethyaluminium) * Hf MO (metal organic) * Zr MO 5§ - i%&
WE L EERSIIEE > 150 °C » Al RHTERYIEE IS 2 B8 © ERe e eeEd F3(RET
£ > 120 °C » REE— P RRE R RIRIE « HERIESE - 5500 - R EEIRE G BiR
THERE - DUFAES ALD purge B pulse FFHYSRESE VR - FEBEOMHE IG5 -

3. Nitride ALD B HSIER K

fEpps ek S LYIFEL (A0 AIN » GaN -~ TiN %) KHEHBTE - BHELESR
TISERE » FESGERER 5 P R D R e i (i SR R S EE - ARTT » SULAAY ALD BUFR5E 5
R RS RRKER EERET - DA GRADRI AT B T S - Rl - BT L BB AL H
FI ALD %#% + FIRERTHF 6 I SaEIFEMINEAZE < 450 °C HRE 3 AFFLUTHY/ Nt -
FINE  SEEE R E (turbo pump) FHEFEZ - 7F N, REEEIRINEKEMLE DIk
RGA (JEERGEEOMTEE) MEITRIRFER IS TR - 5 T (R SR B ok 8 S B
MEESERAEWER -

4. PEALD + ALE 2%k

PEALD (plasma enhanced ALD) /& #§ H1 & AR 2K IE i HT SR O S eV 1 - REAEAH BT {ERY
I TEHRERAR  ALE Q2 FE T R EERZIRT - Al fEf N sl e e R 2 25
PR P o BE R E Rl & fF 2[R —eE - JEBE PEALD + ALE 1)
RERRERM  RIRIRIER SR 6 I SA[E] - FTHNEAZE <550 °C @ WA S ER R AE TR
FEREROE: -
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7R B N, carrier » N, purge * H,O * TMA ~ CF,  Ar* H, & O, FEAJ{ZER &8
EIREIIMERI(E > 120 °C - {EERZISIFEH - A$H¥ ALO, » SiO, » ZnO R AIN M BLEST
ek R ] - B TR R AR Z BB B A SR o I P A AT EE S22 (plasma doping) EilFE,
{EFERE - T B 2T B LA AR 5 S 2 T HE B RS T - BHESRT R BIREEE S 7 -

5. RTP HZR#

TEEABGR ) (furnace) BUH B2 7B JGRIET AL BB R 2 I R TR
B > BEBE AR AR TR AR - BT ABE A R T R B GBI S4L - RTP AT K
B R B R - RS MR R B R A R R IS B R A - SRR SRR A R g
Bl OB RTP AR GBS (E BB - A 6 N S EIERINEE < 1000
°C - IRETE R E 2 B BN - BTN UBENESGRNE - KEZRBEERE
& N, Ar O, * NH; » Ar/H, Bifli H, 5 > alRIEF RFRLRFML - FRAREBRK
JE o [PefsEeE KA B S - DI RHIR T IEE - S MIREMERLINEE - A%
WO, K HESBEYIEEREE FETHLEL - BE4E WS, 5% MoS, i Lyksf -

6. in-situ XPS 2R %

XPS i A BRI R AL s A Bl - Al e E oo R O AR A To R (ERE Je g - B
I FERTAA R BH R B8 BG9EIE - AT » — B IE U RE I R 225k, - RGeS
G EALEIRITHESE - B il R B PR RS R IR AR A AR AR - (AL RS E S H 22
HEEST TIERS ) XPS IR - BB G mE T AR B R RERIRESE RN -

BT RY in-situ AR XPS R# » B XAEBNGER " B2 egg il (hatat, -
AIEBIRE RS SRR L RR AR L B 2 XPS Jfiads - e dNUTHY - WA AT (angle-
resolved, AR) ZIRE « HR#HY B Mg A EEY L - RS FIEA L E LRI - H
T EEEEFSEAHRNA] o FE H O ECiEE R ZE R (Faraday cup) % EHAIE AT EEAL T ASS
s RE DASRUE B (AR sk - PO (< 1 nm) WG R 0 AT BE 2 AN ml ek -

1L BRF<asraflrtREXRE 54 F6 -
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= HERE

FELEE 3 - B BIER BHASE & B R S B B A (E TS IR R - B EE ALD/
Oxide/Nitride B2 A= i EREEIE « —HEM IR Sie i - B AL b 2 E AR
o1 0 DA EEA in-situ XPS ~ RTP » PEALD + ALE Fir5e Rk 09 5 B AT 22 -

1. BIRA(LRE | FREEERHE (In,0,) ERE

FACIRTER B n BUEHFERR MM EH - HRARERER - B2
ELEAE e AHE RS - BEP LR EIGHZ B R EH i B B S TEE E X - ik
In,O; FHEMEFITE 5 nm PUT - G ATREUEFFEE % - HHIAE < 5 nm B RER - (EAIE]
Bap) E8E « F ki K AR 2 B B SR U - RO 2 ZORE BB AL - fTEASEERY HKY
Oxide ALD SAHtH G & 3% E B A ~ BiSeY) i & Bk E R i ek - B iE (h AN R EL
e ERENE - BENAARYEH CF, B/ FALIIEE - FFRITREIIE A In,0; #
A+ FAS in-situ XPS S3HTEAEEMEE M - B In 3d $EAGRE LFEAT 0.5 eV » REIMHRELE
BRI A e - T ERCE B REERE (Vih) ZAEHEFZES - HLIFFEEAE Advanced
Materials'” Hi &35 » [FIIFth#E IEEE Electron Device Letters” -+ ACS Applied Materials &
Interfaces® & SRC Techcon"® <55 S| ¥ B B P & 3 8 22 R 51 AR

107
e - == In 3d O 1s  Oxygen vacancies
f ‘ [ #k
.4 nm In,0, n++ 1o°l ® i Fi gl
E - Ca 10 ; ; X ; CF,,-removed‘_-': :
] 10_ © :.: \g PR ! - e
| : 3 ferpromores. 11 = :
-'.-\. -_.., < } —_ e N
S e CF,-removed g e § E
" £ E ] £ -
AT | o ¥ :
L x . As-made .
S —— r As-made
10—14 |
-20 -10 O 10 20 456 453 450 537 534 531 528
Vgs (V) Binding energy (eV) Binding energy (eV)

2. ALEHA InO, B THWLEA In3d > Ols BEeu’ -

2. SEEZ#H4Kl nanosheet T BIFERAEE

THEMEL (WEEE - MoS, ~ WS, F) REEEHFHREEEEREN - iRk
SERE R E R T LR R AR o AR 7E 2D AR B R RS R & ] pinhole /T
THIRFE AN A R SRR » #EEASES Y ALD A5t > FAMAEELE 2D PRI m a4
FLIA (pinhole-free) /T (41 Al,O, ~ HfO,) » i INEHEEREALEERE (EOT) {£ 1 nm /Y
TRERMRLITHE o [AIRE 0 GE ALD {E=AERS RV E R EEE - BBIRE GAA (gate-all-
around) Z2## N EFL T nanosheet JZRERY 2D FEaLHE + RIEHEATTAFESIRES BlfiE/ IMETE ST -
NS B G LS T © FIASE AR A1 - MRIR R EFEETE Nanotechnology® H1F1
B JTEDM (International Electron Devices Meeting)(ﬁ) EELgHE LTS -
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3. B & MoS, $148 i & F & s Ak WAR 4~ T % 2 TEM B4 -

3. NESHETASKIEE contact RIS

ZOKIRE (carbon nanotube, CNT) &5 H i =l B R E MR - #oii s T —
RARTHFE » WTEEATTIFRIEBEA R o SR » CNT Bl < Jo8 45l I 17 0 B o Y Al s A [ B
(Schottky barrier) » Z R FEI ERAN T o R RILERE - Bl OESHEE - BIHZGHE
KEEVE > FIFAFEATEEFR B AIE ALD 8F2 - £ CNT EHEVIE—E/r B (1
AIN) - 07 [ & 22 7 AUH R M I B RS B E R (4 20 nm REFT > I N
A CNT HEFEE R (& 4) - Bhoh - thrT s R s R R Ay - 322 8] n/p BRI
EALERET o ILRFFER 2023 FEEERY IEDMY 335 - REZSRIRMRE A _EAYE ZUER -

4. % k# % E Pd contact ~ AIN $2[1[& (BL) 49 TEM %447 -
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Intensity (arb. units)

4. ALD Z SR RIZRIEE

ALD Z bWk MEhs R (IR R R /K B 5 » G AE 1R B B S R o i o P B 2 e
HRE - BEREERRBBERAR > SV SREERMSRERELY, R8> &
FOT R R EETE - ANESFIA in-sin BT - $HE 20 nm AIN FREHORE, © ERE
PURESERR B TZBIHETT XPS 2047 » #E SRR A A SRR 5% ; R > RS RERZ
R HEFBEAESETON  SaRBIZEIE 30.5%  aBIREZWI - EELEE
A — R AER R EUS A FREOHTEE - RATRENIFE TSR G T AIN WRAYAE

T o AL 0 in-situ SHTERECE(LYEEE - DEREESTREMmEEEED) -
%ﬁ ) o, 0, [} [¢)
BAR AION Al (%) | N(%) | C(%) | O(%)
AIN AIN in-situ 36.7 46.1 12.2 51
ex-situ 221 17.8 29.7 30.5

5.20 nm ALD AIN B BE4E jn-situ ¥ ex-situ 3709 £ &

5. BRI 2

FiE 2 BELYEIEL WO, » MoO; 55 » FRERE m B B A LY b S e &8
ALY (WS, » MoS,) @ AlfhRZE P S e L EEA - A Wi kY EiEs 5 il
RHAKREES T E - EEERFIME - BIEP OGN EA R S - el E 2
RIE NHEEK WO, BiEETERI - FHHER in-sin XPS PIEEHHMLEMHBEL - IRIEBE W
4f B S 2p SEEETRERY - AIEIZEE] W-O S 1T W-S #AE 25 Raman B2 AFM 437 theE
BT i WS, flake 4250 (18 6) - HRIECEE E-MRS (BN EIETE)® K AVS ALD/
ALE International Conference” #% -

WS, 4f7,

bsop,
waf WS, 46yl 3
o rr’
At S2i | § 1 in-situ XPS
WS, 595 UI 3 [ :
i
950°Cc | || 7
5 ] 950 °C
b ! A
] 5 Joxe = 473 M ) 19
|lll | B i Bz '
i i L] | i
900 °C u 2 / 3 . f
| £ [ 900°C § 5
W L
[ l'\.__ = | . S il |
WO; 4fspy @ WOs4f72 £ | 950 °C sulfurization i1 1
! ] = 900 °C sulfurization ! |
] 800 °C sulfurization I |
ry ol WOy 4
WO, I, 1
e AT
43 41 39 37 35 33 31 29 170 168 166 164 162 160 158 200 250 300 350 1400 450
Binding Energy (eV) Binding Energy (eV) Raman shift (cm™)

6. WO, #BEHAL% % 4T in-situ XPS ~ Raman # AFM 547 ® o

6. MFE NI

Fote—2 PR RHHACEICE EIR AL E » BB E AR ELERE - 2R fEETOR K E
BURRHRE - eI RELERE IR BT 22 @ B iR EE AR AL o ARSI SE5 N RTP 8¢ RTA
(rapid thermal annealing) AR A KA NHEC S forming gas (21 Ny/H,) 3B /K » #4ZF] In,0, 2
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O/In JET-ELBIEE 2.1 FEZE 1.8 - ERFBIAYE » in-situ XPS 43 AT EES In3d {EREZE A W EAS L,
i St P P B 22 R % - B LAE KIRIEIE » v R in-situ XPS TEMLEGRKRZEH - BERE
BB T EERA(LERE ) WRHEEN 0 SRl ERBEINUIREE SRR LGSR
B2 R E T -

In3d O1s

Intensity (cps)

Intensity (cps)

458 456 454 452 450 448 446 444 442 440 438 544 542 540 538 536 534 532 530 528 526 524
Binding energy (eV) Binding energy (eV)

7. In,O5 B KAT (B & h4g) 1R K% (Ao &%) 2 In3d 92 Ols B4

7. BRERRIE

BB ALY REENZE R TR - BIPREY) AR LV ERRFEERE -
BAGE R BFLEEE SCRIFAM R © B8 in-situ SHTFEEHEL TIN REFERENE R
P SR A AR FATRCR ([ 8) - ASRBURHIE &5 B B K -

TiIN REETSERERAE

1.6
1.4

1.2

O/Ti (%) 0.8
0.6
0.4

0.2

.

100 W, 2 min 100 W, 1 min 50 W, 2 min 50 W, 1 min

. Before After
8. TIN A B AT RERBZZARLER -
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I - #5Em

"6 It EE S [ R AR R R S R 3 AT ) RVIRTL - RS E BINTE A E
FeE R RO R G R E G R - 3@ RS R 2675 ALD (Oxide/Nitride/
PEALD + ALE) * RTP ~ BHEH K in-situ XPS BEFESI—E » R A S ESEZ T
IEAE BT RSB R A CR I T e B S AR LAY RS - LA T 8RR — B —fE
b, BEE - CROREP SRR E R RS - BRI 2 nm FREJCHERTES - 50
=F 2D ME - BEEY B T E R EREF (More Moore & More than Moore)
12 BRI A

FEIS » BIEE 0 T 2 ([ B2 4 B 2 2 B AL R Se B T 5 T B R YO -
5
1. BIEEEHE In,0, &AL BMIER » #5100 CF, EHER(LRTE Vih -
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3D Plenoptic Imaging Technology for in-situ
Inspection of Industrial Manufacturing
Processes

WEE -~ FRsatE  MERX

Chih-Hao Lin, Ming-Fu Chen, Yi-Hao Lin

HGae G FEiL BRSO AR THALKERRFRD ZEH R - KX
NBTAFRLAGER LR AR T RERMEEE AR = BRI NFiE L
o Z 4 AR B ATAR L R RB A AF BRI R 0 R ARIK LR A P 2
AR T HRTRE AL - ABR T < ATE TG RIE TR A 4%H PCIE F PIN iy
WA RERBE T BOALRY ORHRE AR EEEARABRZE KRR FTSEEEA
Blender 37 R AZALEE M Ao U 69 BB IR BT ARE T Bl RIRIRIZIREMARZ 2R - AR
AR A R A A O RS IE L€ K3 B R L ARR e BERE . o 235k RSN RS R GE b
TR LA &R\ L o BT AL R H IR AR T4 o R4 — AN EREH LR Av £
HFTR S B ph PR BA 69 22 4% 0 I3 Bl PR BA AL Ltk 34 4 P BB 0 LORTR &R E S5 SA AT A AR A AF
Al E o BT T # G R BOLR SR TR AR 0 RS S MM E AT -
B HIRT R %4%5/@'1%2%@%@%%#% » AKE e T 3 AR Rt a9 AR SR o e s AT B AR AR BY
AR T R AERFEMR] - A7 E ST BARAF R e dF R B T H B LR A - EILA S
A8 = 4 S R0 3 Sk [ 04 20 AR

Light field contains planar positions and directions of light, which can record and reconstruct
3D shape of targets. Architecture of plenoptic imaging systems, design principals of optical
systems, and methods of depth estimation and 3D image reconstruction are introduced. Compared
with popular 3D optical inspection technologies, plenoptic imaging technologies are relatively
simple, economical, and fast. However, estimated depths are inaccurate in certain lighting
environments. Experimental results of PCIE PINs show that estimated depths are noisy with
nonuniform lighting. A simulation environment is built from a plenoptic imaging system add-on
of Blender to simulate depth estimation with various lighting environments. Reflected images of
general light sources from surfaces of targets significantly decrease accuracy of estimated depths
of targets. When light sources are imaged on surfaces of targets, interference of light sources is
reduced. A lighting system including a ring light module and a coaxial light is proposed. The
coaxial light uses a uniform planar light source rather than a point light source, and is imaged on
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surfaces of targets by the first group of the main lens, which avoids interference on depth detection
and mechanical interference with the main lens. The ring light illuminates inclined structures on
surfaces of targets, and objects with side wall structures can be measured clearly. Nevertheless, to
measure characteristic scale or detect defects accurately, a customized light source according to
feature of targets is necessary, especially for detecting defects in 3D semiconductor packaging.
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Real-time Signal Compensation Feedback
Control for Linear Motor Stage Using
Fabry-Pérot Laser Interferometer

AT HE

Yi-Cheng Lin, Yi-Kai Tseng

M5 F SR LA RTayRE R - HaWE » REBES 40 F KeBmEFRA - AX
M 42 B attocube 23] BT A & 69 IDS3010 HF4 T H R E/THRA HEHS E-F 6 K B ey4as5 By
B SRR AR = 44 %) o IDS3010 ;& H 7 Fabry-Pérot T# R /Ry S EAaHR R E - ;L
FIR ARG R E N RRIIR A — R RS A B AR5 RT3 69 5 — R RS R sk — 18 F i pe
g R BRI T SRR EHATALNAGZRGTELGHE - £RPFHE S
& IDS3010 B A & 8 845 Bp BF di 2 2 A% » 4245 HSSL » AquadB - Sin-Cosine * Linear
Analog % Biss-C AAES & X T A TEFE > THFTENMEARSERES S EITRE » R
A& iE 25 MHz 9 BdRm 4A % > AR #E > 3 AR S5 RS E R ais
R ERIE o MEAE XSG TFE LA LER - BRERERAT » 544 IDS3010
T4 T AR AE & PP BEARAE = AR SASR RR Y 0 TRA S RIS By & e EAL R AT T A R
HAFERABEFORECLEMESR -

As the size of semiconductor wafers continues to increase, the demand for high-precision,
large-range motion control has also significantly risen. This paper utilizes the IDS3010 laser
interferometer produced by the German company attocube for real-time signal compensation
feedback control of a linear motor stage. The IDS3010 is a high-precision displacement
measurement device based on the Fabry-Pérot interferometer principle. It uses the first reflection
occurring within the sensor head and the second reflection from the target retroreflector to form
an interference cavity. The phase difference generated by multiple reflections of the laser light
due to the movement of the target is used to calculate the displacement. In terms of real-time

compensation, the IDS3010 has the function of real-time output of measurement data, offering five
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output formats: HSSL, AquadB, Sin-Cosine, Linear Analog, and Biss-C, which can be selected as
needed. It can be matched with commercial servo motor drivers and has a data output frequency of
up to 25 MHz, providing sub-nanometer resolution and stable measurement data over a very high
dynamic range. Compared to incremental encoder installed on stages, experimental results show
that using the IDS3010 laser interferometer as a real-time compensation feedback signal source can
significantly improve the repeatability and accuracy of the stage’s positioning, which is crucial for

precise positioning in semiconductor processes.

il

_‘ﬁ-ﬁ

FEE IR S 5 o E i S R ) o S B  SEESCR R R B S e - $2TF
EARFREUE B AT KBS H a8 Y] - 5<% EUV Fll E-beam IR ZER T » B &
B ~ S REBITHREERMR S T LGE R GORAAE L R RS HREL - Rl 2 femnd HoK
#HE B EIER T - BB SORMRE AN ZOK S A B P H R ER R RE
JE BT E 22 (ultr-high vacuum, UHV) ~ B BRI M EE S ar 2 e -

PEE LB R TR R - HEEE - KEEREEEGI TR R EE R - hfgpugk
PRE - ] Attocube A FIFTHFZEAY IDS3010 Fabry-Pérot 5 5 T [F 2 $1 %158 Ui E iz (5
HIfiE /5 = FLFY Fabry-Pérot T [FEE - IDS3010 A& B R AR ERITEE - AELAZS KR HERERE
EITRIR A G ELENRE AR M (E e B E ) ] - B A= 25 MHz fYSRE R
REEH TH B BE BN P il o A i =0 (5 IR AR AT FE AEUL AL - e RSB TERIRYRR K -

Thurner, K. (2013)" {5 Fi 7R~ [GIBC B Y Fabry-Pérot PR T {F & Bl 2 A EF s 7T T
9% o A A S EE R ERILE Y EEDEY  WEHE A DUERIIZED 100 mm - B
TRIAR AR A S AR A R ZRE L BB R/ NERBERY =1 BRI AIERERYA) £0.2 B -
R THE— R R E IR 400 mm » 0] DU SRS AL AR R BIER R - B1E
AR AT E LLE R EIR) 0.4 » EHNEMEERMEAGRTIARE S - M Airy A8
Zemax FEERCEGT AT IEMET LS o B S R S R — 2 38 R T H TR
TITE R B B ER G R o Thurner, K. (2015)® /148 7 —FEELA Fabry-Pérot JEER ) #EEE 5
TR RIS E% et - SZEIESAE 20 mm AU T/EFEEE T35 0.44 nm AYEENE ~ 1 pm AIfE
FrEF 1 nm HYRSE - 5572 IDS3010 FEs N Fabry-Pérot RV TR IEBE  Hirschmann , T
2 2021 ERFH attocube 1 IDS3010 T-¥58 » SEFTHH A B RHES R A EIR R (E H
Bp o MMEET T —ERIRFRHETERIN XY SEE24 - S REEEREDIRE - DR
BEEE E NS ER R IR E N -

ARERF - RS NN EOCE R GRS - BECREIEH
w0 GZRE% IDS3010 HEETREIEG /NI &N - [FIFF IDS3010 +¥HEFTEHRIRI A%
B % B BEE LT 2 E A TR I B (E - DIMECR RS T B2 E (L RFAURS ERE -

% 0 MRER 1S0230-2:2014 FEHEEEI 5% » /3 HIESEAENEEE R EL IDS3010 T
TTENAE R A B b - DUBs s H I REE S -
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FiapagE o (ER A B ER BN EH TR AGET RIS B S - EHE IR T R8P o MRS

ey

wEAROEE RSN - [FIRFE FEE] attocube 28 FFTAEZER IDS3010 EH T EAETFEMIEE

TR IR {3 55 [ Al (i L 22 2 il e

« IDS3010 Fabry-Pérot T 5 TS EME

SRR © Lom

HIEEEE B4 © DFB Laser (class1) JEHIFTHEE RS T 2 nm
HIFEEE ST © Max. 400 uW EERE R AHE 2 m/s
HIFEER A& © 1530 nm EHFEE : 10 MHz
EHIEERE : 0—5M {E9RFEENE £ 0.11 nm

B [ g5 (5 9R A% =0 @ Biss-C » HSSL * AquadB - Sins-Cosine * Linear Analog

1. IDS3010 Fabry-Pérot & 4t F i & sM i, -

* IDS3010 Fabry-Pérot FE & T 5 & RURIRSEAR IR
R~F @14 mm ~» £ 49.3 mm HEREE ¢ ST

HHER 7.6 mm BERE o
BUERS A« FC/PC BREHEESE © 2 5000 mm
MRAIAIFRZE - £2mm FRERITEM © +15°

. '_- ﬂ.‘-&':‘_ —

B 2. P47 6 R AR A o
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« IDS3010 Fabry-Pérot 5 TS EIRIEFHE 2K

BRI Ve

I +0.1°C (0—50°C)
i) +1 hPa (300 — 1100 mbar)
RBE +2% (10—90%)

N
RS +1.0 ppm (5 2R A)

+0.0 ppm (4.2 AR A)

IDS ECU

3.1DS3010 T4k & M IR ILAMIE E - 88 RI12 4pik it -

c REBREBEBT A AIE
BABBEIE : 2 ms

FERE « BEHEfH £ 6 um HEAEEE S C 777N
/MR © 5nm BE#EAETT - 45kg

[ EERE © £0.4 um MR - S
FKEEEE ¢ £3 um MTBEF : 20,000 /)\i§
e H EARE 0 +3 um B RFEMTIE © 0.1 um

B 4. 40 BEBHFS -

= - IDS3010 Fabry-Pérot FS&EFRIER 218

IDS3010 HYNERGEME R+ V0 R B anfE 5 Fron - HhZersaEn BH R R A8k 0 5 28 & = FE AN
[FISCEBF R (R) HIEGHIFRSERCE (a) (b) (c) © AIFASHIEIEE (distributed feedback, DFB) 5 B S B
A (single-mode fiber, SMF) {H#fi ZE 55— 2 X 2 YEiBifE & 2% (FC1) - #E[EIRHEHE L HhAT
% » BT 1 X n GRS A FCL » H n-1 (AFRALEHAEE - S—WmHimEE S E
SEZ8 - ARNERREE B i EE R DB S 2 (FC2) - B IEREE R
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DFB Wavelength | () I=x Movable
stabilization : target

LD G |
i Sensor Lj...2] R=4%
I head — «
Laser and fiber circuit 0 Xy X
2 Control | | ! LPF % 00 i
1 | quadrature i - “:_—.I]
t { | _,| scheme i I |
| —+ DEMOD 1 i R variable
PID Vcos (Qt) Q | i
i i Q20 Cavity length /
L | . J DEMOD 2 quadrature i
0 DEMOD 3 | ! 20 —* scheme !
Q i :
L] 1 { I I
from { L -
Wavelength D2 |
stabilization | : Quadrature detection

5.1DS3010 Fabry-Pérot -F # & M 3% R 22 2245 18 @ -

SHEH AH AR ERE -

B (SMF) BT S EEERIIES D1 fl D2 » —(HIEZ2% WR -« H{ECHEE
&85 FC1 F FC2 » LR —{E AT 53 ffi[E1f% (DFB) E & - RorihiEE APC HB g - [F47
fo I BT AT SR PR 50 FHAECR I R 2% (LPF) FIf#ER2s (DEMODI) WYt - B[R] RRF(6 FH Ra {lE gt 5
7% (DEMODI1 1 DEMOD2) Wit - W Ris e Ers Il & —#E#EEES (PID) » R ZEE
% (A control) ~ #R%#s (V cos Q) » LUK iR #s (DEMOD3) °

R PEEE R A I R S IO CIRTE (MR FC/PC SEEEER) - AT AR BT
H1hs 4% » WIRETEEAIZE LR - [EH - 250 RENRER/RE (vr=0) » HETEETS
ZEESHIE o HERDERAIDI—ERISEAOEHORIRST I » BLEE @ x Rt ST 8.2
IRTHERE - L IR A S R 1R - -t EDE B2 R E & - 5—H
S RIS A8 B ] S B9 P R e RS » JE A (AR BB R A Bl o't i TP B S B 2 2 T T2 e
T—{EEE R | B9 FFabry-Pérot [ « A% RETH LS E £ — (TR - ik D1 (=8 - &
Fabry-Pérot #[8 B ATHEFHIS G R » RGN R DR E R e A S IRy TR
HIRTE SRR ETWEREILE  BE » ST EE TP EIRATHR % & 9 (E R kAR
RO E - PURME SR E9RRE AL B AR N 0 - 8 VP R A A 1 o ] Al 35 S 68 FH A0
W o FEZE IS aR PEBERIE N - PP ah e & RDEAREE SO RSB PR T - (R 2
KNS #E HAEE S E SR LSRR E L - SERE I HAER S R B R - 5
EFEORAREBEI & - SCHRAHEEER - WIE Sa) A » B ARS TR R EA G TR
HIRT 4% ° 35 F] DAZ B F A B A e ROl R 1% 1 S [ B 28 B AT EE B S AT 2R sk BB - Tk
ST st (5 B —E AT T B ST R R PR B AR AT

SEHBHE HIREOREE A2 R £0.04 &+ (EAFFRIFFEIE YRS 2 E0EB) 717 - M
2T ARG R A R (BRI R EE) - B E YRR B S R
RV EER  FEIUE TS EHILE - MR EEREE  BESLE - 0E 50) Frs - B
AT B R A A o PSSt - I - AP R RS e B & SO SR A R A b
FERIEE -
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o~ BB 8 & L AL AR

IDS3010 FEff (el oy BV E 7 E i (E E 5k Y - MR R E BE A MEM AquadB
FHAS B R] g o el 2 A T UL - HARAR X/ DT E A BB L& 8 8 A B0 B AR REE
b EHURAEA L 1A - BREE H#E R X4-Encoding © AquadB 77 1H 1] DA #n H 2 EIHY
(R RIT5mA - [ 6 3R T AR A/B (E5RETHERIRF(IE : £ A ¢8%: B WYIBI T » (LB
EIREIN 5 MAE B B A RUBI T - (TEFEERD -

) Clock
Displacement (s)
[Resolution] 1 Pl

Resolution I
(m)

active T
Pos A . ||||| ||||||
inactive
active T
Pos B |||| I|||||
inactive Time

[Clock]

6. AquadB 1% 364912 SR K -

7 IDS3010 T EEARY AquadB EHE5R T HIERHE R ST HER AT E A Clock B  f##
MRS E R T BB (LR AT B E2 n] F%ERY » #EE 1 pm £ 64.93 nm (FIHRIER 2°n 5K -
Hrf n I o Clock EF T IEAEHIGE ] DU H YR/ INER » & IRAY Clock 5% E Ry 40
ns (25 MHz) » FR1EH FERESRINER A AT MG - &IBHUERE s 10 240 ns (98 kHz) - ULFEIHE
i8R Clock HUE PIERFHEE - BA7 5 40 ns HUEEELRS -

5~ SRR fEERE

(1) RSB P15 B fE A Fe 2 e B et 1T B - DUSREN a2 Fehi P o iR B e R PR e ER A -

(2) 4 IDS3010 FEH TS EF AR G EERZAERE Vo L - I TPoEER e
W ERE I A -

7. 1DS3010 Fabry-Pérot &4t T # 4& % A 1530 nm 48 87 R4F %5 o
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(3) SEF IDS3010 TV G WA R RN - i FLE SRR B B B MO ER (7 -
R AR R R R Bk EUATE T T MDA B i -

B 8. MIF R R IRIAR R MM E > a B LB LI
e L RS  ARTFE b BRAFAZE K -

(4) {6/ 26 pin HDR S 553 R ER K 1DS3010 5 5% A R 7 (5 1= i HH L (2 9 22 R
R ERREhES -

IDS realtime output (female)
13 @ "1

26 FroapoeL IR 14

[ 9. IDS3010 T i 4% E & Bp B4 15 = 45 #y th 3LA% ©

(5) 1 IDS3010 13 fl (Bl HH RSRE% B 5 AquadB (LVDS) f8 = » 17 I B g Fo M358 18 AT
JERTE © 10 nm K& Clock : 25 MHz °

B 10. BB SRR MR RN TS F %/ VC-E B FIREN o
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(6) EAIRFER L 228 ¢
« JBREE 1 21.267 °C
o FHEHERE © 53.5%
« & 77 : 1003.37 hPa
« EHFTHE ¢ 1.000264

FEUE
BEES

¢1E§$%§E 10 mm FBENE

GliFdspe ik
FEE+0.1mm
FERABLE ¢%E§B3Fﬁ 10 mm 788 BaE

MBHERETE IRRUSEE e
FEUEE BEFE I EREEENSE
o 'qu‘:.*éu;é 10 mm BEIE F
IDS3010 B3

BATSREER
5I3% 10 mm BHIE

2 W w3

BEIFEZERE BEIFORER
AEESUE AEESUE

RERERIE] 9.9 mm BEIE

11. B2 2R 3% 2R A2 -

)

S E EE S 1S0230-2:2014 FEUES 7357 1l & MR AH BB HE T 0] - 3 e EF
ERTFER 150 mm - A DUS 10 mm A E AR5 S %) -
< B 1 EHABRERES AL REEESHE ST - ILRFFZEE% 1IDS3010 #Bh & RIS (7
% 1S0230-2:2014 #ii -
« B 2 AR EIES N R PEEEHEE SR - (] IDS3010 HETEAMZEH - [
fFEH TDS3010 HYBNRF (B EHEHRAGE TR B S R BRI -

12. % %)-F & R 4A4THE ©
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+ 2R

51
[ R B N B2 R BRI B R (B 2R 5% » Z23% 1DS3010 SHEN R4 A% - ATl

FIDUN 20 L 2 HER (AL © um) KB R

« Axis deviation : Bidirectional T |

* Reversal value B : 1.0329

* Mean reversal value : —0.7806

* Range mean bidirectional positional deviation M : 11.7130
* Systematic positional deviation E : 11.7631

* Repeatability of positioning R : 2.0086

e Accuracy A : 12.4628

Deviation (um)

L i i i i i i i i i i 1
10,000.0000 um  30,000.0000 um  50,000.0000 um  70,000.0000 um  90,000.0000 zm 110,000.0000 um 130,000.0000 um
Location

13. &2 RAHIR A3 B A 2 1SO0230-2:2014 12 BB F5 B -

BEE 2
BARARS B P B2 N BRI B (3R % » (P IDS3010 SEFTSEARIRE &M » [HEF

IDS3010 HYR[E#HE S HER SR AGET R B BRI B E - Al S 22 s (B -
um) KA E R E

« Axis deviation : Bidirectional 1 |

* Reversal value B : 0.0426

* Mean reversal value : 0.0176

* Range mean bidirectional positional deviation M : 0.0234

« Systematic positional deviation E : 0.0532

* Repeatability of positioning R : 0.0951

* Accuracy A : 0.1177
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0.050

0.025

Deviation (um)
o

—-0.025

-0.050

10,000.0000 xum  30,000.0000 um 50,000.0000 um 70,000.0000 um  90,000.0000 zm 110,000.0000 um 130,000.0000 m
Location

14. IDS3010 Bp B 4415 358 8 8] = 1S0230-2:2014 45 B8 -

R 1LEWR1IBER2 ZARFEREK > $42 um -

=2 L MRt ST B A2y g“‘ﬁ 1 gﬁ%ﬁ% 2
Al FHEARBEAR FANELER IDS3010 B[RRI
Axis deviation Bidirectional T |
Reversal value B 1.0329 0.0426
Mean reversal value —0.7806 0.0176
Range mean b1d'1rc?ct10nal positional 11,7130 0.0234
deviation M
Systematic positional deviation E 11.7631 0.0532
Repeatability of positioning R 2.0086 0.0951
Accuracy A 12.4628 0.1177
21.68
W
21.63
o 21.58
o — Eﬁﬁ 1 — gﬁﬁ 2
o 21.53
% 2148
21.38
SRR

15. BB 1 LB B 2 SR B3R358 F °C @ 1b1h o
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S
%‘ 54.5 — 1 e BER 2
R
N M"ﬂfwﬁhﬂwaﬁWHwFﬂju
535
SRS

16. B8 | YLF 5 2 SRR IR 35 AR % S44bfE -

1003.55
e BT 1 e B 2
g
2 1003.45
R
ﬁn@
X 1003.35
K
1003.25
SRIF-E

17. B8 1 L85 2 2R AFZ KR AR hPa #1LAL -

AR =t

R E A B BT LS SR - BB attocube A F]AEZERY IDS3010 FHH T4
B IE Ry R BT IRF H (E AR SR AR F5 0 BT G 2% T2 I (i B BR S B R B 3 & (R A Y
RS EERBIEG] TR ACET RIS RS - BERIERABE AR EE EMEE (repeatability of
positioning) FIFEHERE (accuracy) °

B TEBISE A NERFPDEE R - IDS3010 ARFE#E E A5 B HE R AR 2.0086 um FEH2E
0.0951 pm » TIFEHEFEAITE 12.4628 um F2F+2E 0.1177 um » B T EMRZE @ fISFE%
R IS HEHE B BN E -

ERRERERTT - HINBE RIS B ER - TEEFEEBRSIBEENEME
%L - IDS3010 NMERERRIRE AT - BRI EAENEEN—BE  Em A%

S PO R E M e -

N RREZRIEHER

AR E A 1DS3010 5 T4 F A b B B HIFRAE T £ 1] - IDS3010 T8 EL [
B =8RG ERSRAYAE ) - E5fL Fabry-Pérot TR B » B & A IRIBE B3R HFER - HH
TSR B ECHREN L E - AR EFRI#E R (Michelson) T EA4 > IDS3010 A%
BRI T ZRER L BRG] - BRI T ER EAB IS AR EAE R - R P B R
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