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Preparation of Electroless Co-P Thin-film as the Diffusion Barrier of
Pb-Sn Solder

Student: H.T. Yen Advisor: Dr. T.-E. Hsich

Department of Materials Science and Engineering

National Chiao-Tung University

Abstract

Electroless plating technique was utilized to prepare the cobalt-phosphorous
(Co-P) thin film to serve as the diffusion barrier layer of lead-tin (Pb-Sn) solder.
Co-P/solder interfacial reactions were charactetized.in order to evaluate the feasibility
of electroless Co-P layer as the-under bump metallurgy (UBM) for flip-chip bonding.
After depositing Ti/Cu layer on’Si.wafer, we-immersed the samples in the electroless
plating bath for 5 min to obtain the Co-P'layer with thickness about 600 nm. The
analyses using Auger electron spectroscopy (AES) and energy dispersive spectrometer
(EDX) indicated that the phosphorous contents in Co-P films decreases with the
increase of film thickness and the average contents are higher than 10 at.% for the
specimens prepared in this work. X-ray diffraction (XRD) analysis revealed that the
electroless Co-P layers are nanocrystalline granular structure. Cross-sectional
scanning electron microscopy (SEM) was adopted to examine the interfacial reactions
of electroless Co-P layer and Pb-Sn solder. For the samples annealed at 250°C in N,
ambient, the thickness of intermetallic compounds (IMCs) at Co-P/solder interface
increased with the time of thermal treatment. However, there was no distinct raise of

thickness of IMCs after 6-hr annealing. The EDX line scan analysis revealed that
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during the interdiffusion of Sn, Cu, and Co, the Sn remains at the interface of Co-P
layer after the Cu wetting layer was totally consumed. The fact that Sn and Cu
underlayer could not penetrate Co-P layer after 250°C, 24-hr annealing evidenced that
the Co-P layer may serve as a good diffusion barrier of UBM structure for both Cu
interconnect and solder bumping for Cu-ICs. The excellent diffusion retardation
ability of Co-P should result from the amorphous nature provided by the

high-phosphorous content in Co layer.
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(1) Blaifet = UG 1C V&% BITRES fe & Bifdlpvse o1t - 4
fiRist (T~ & (Co)~ S8 (TYW) SR -

(2) FEFIC R e SRS BIPRIZESR G SR G P S R P
(IMC)» BT 278 gt 5 phidk % e P RE RS T 5 (S50 1 e
P I e P LR g2 R SR AT S S L U puErR e
1% YR A ABYIRTE T PR R R (R E S R )
HEPVATRIE 5 OND ~ S (Cu)~ 8T (Mo )~ 51 (PO~ 8 (W) 572
PSR/ (TUPA) ~ SR/ (TUW) SR8 Tgffet o PIIHN L e =0 iy
S (Ni-P) £ &P fijff 51[22-24] -

(3) e BT« Ph PP IR erlede [ ol B TR el i 1 I
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TG » S| BRI R > & (Aw) 81 (Pd) SFLS RIS
IR AR -

/

£ ke 1 8%
SEIA  R S ER AR
_:ZZZZ‘"ZZZ::_—lff
\ (R
‘_,_...--1" L*}
S BER
gl N 7
1 IC & A
g

[ﬁ‘ 2-5. éﬁ}fﬂ‘ [Hﬁg, I/“g:;f%ugﬂ[zo

SHEATRINST o qﬂ%@Jﬂ Ejégéﬂl é&é@ (Pb-Sn) £%7 [25-27] » [HIHLFT
B E “%ﬁ%-‘&% (Lead—free Solders) iawgu Sy o 2 e )f?‘?
OS8R = JﬁE[@F,fﬂ%i(Sn-Ag)»ﬁEJéfﬁI(Sn-Cu)\%J%(Sn-Zn)‘%}éﬂ*(Sn-BU~
S (Sn-Ag-Cu) 7+ [N [FPHERYI ] BL - ZU08RE T Mo 2 v
(¢ (Drop-in) SHEASREN - SHERIEH= £IF| Ry > 2hAfsi g -
(1) HURLERER 71 (63 S/37 SE5 60 /40 1) AHRIELEH k% (183°C) -
SERIE AT 215°C 2 230°C » REAEATTHHY A E S S8 BRI E R LY
(Organic Substrate ) . il £ -
(2) ﬁ'i‘ﬁfﬁf (5 £5/95 ¢ %ﬁﬁ%%}/w,ﬂ) AR UAE.{ﬁ s T f}gﬁmﬁq
797 305°C % 320°C > S ATRAR 8 A9 360°C » i il P Ity s
B4 (Ceramic Substrate) Vit 7 -

2.3 £ BRI
23.1 ?%%’F'L%

2SR PTRLA M R (RS AR 1% 2 T L 1) R
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STy PLOE) R FE SRR > [ORSRED A SR 2 iR M A
BRDE 1S (G o SRR |0 (SRR 2 PR R T M A
i FEL {54 (Chemical Plating) [28] » . F#£.V 5L 4~ s

R+H,O—>O0 +H" +e

M"™ +ne” > M’ ﬁ? 2H++2e_—>H2(g)

HUHIREBELRH] - M SRTATRF] 08 2 T« FOH Tkl kot & Tt o bk
PURLIGA R S SRR U Tl 7 BATLD S AP ST (R
FLe

e Elfil"%l’fFﬂ‘Fﬁé%vaﬁﬁimlIElfJS TR QRS pEET s Bk
ELRLEE & 5 (M) lﬂﬁﬁﬂug&tl'ﬁ#%*ﬁ RILIF > bl ﬁuﬁ'dﬁirﬁﬂlﬁfjﬁ
TR (M) o WP R SR S

M} > M +ne

M) +ne” > M,

AT E Rt g (Co ) BRL(NID 55 (Cu)~ 5 (Ru)~ £# (Rh) »
F1(Pd)~ 2L (Ag)~ & (Cd)~ 5 (In)~ 51 (PO~ 2 (Aw) -~ (Pb) M5
LR A S PR - L EREEAN 2 BT I - H R
[28-30] :

(1) & (Metallic Salt) : Fr#.2 BiRv= frdlft » R ATH S Elfrﬁ’,:ﬁlf@
WS o HIBLRVT 5~ SLE TR P R

(2) VRV (Reducing Agent) : S ffidpuilpL]s » 7t [ [ AFRES # [~ s
FLHFE 8 T RURUS RS o — ARETERL US| Pk
[ngﬁ}ﬁﬁfﬁ PSR ) A e ﬁ PURVE LT~ fl G e PR
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(3)

(4)

(5)

(6) =

(7

%% ( Dimethylamineborane * DMAB ) » [i ! SRR R S s jf?Lﬁ‘ 165 ey
Yo7 e

%ﬁﬁ/}?’“‘?‘] ( Complexant ) : Fﬁf%‘?ﬁ%i”ﬁfllé Uy f?’%@%ﬁﬁ?’l ’ @'ﬁjﬂ%?ﬁfl‘ﬁ
S TR 1 T OB » i [ TS AR AT - — A
O E BSPR EERIT Yk ( Citric Acid ) ~ 4895 f%£f| ( Sodium Citrate ) ~
5753' % (' Succinic Acid) ~ ﬁﬁf’&ﬁﬂ ( Sodium Acetate ) = o

5] (Accelerator ) : IS (] i L IR ATTSAE AR [ (5 - (oS

ISR > = T IR RO % o~ AERSSRIE P (Sulfide

Compounds ) 4 {“#2 (Fluoride Compounds ) -

] (Stablizer) - TR AL TR S  FLlA B B I TEOAERT
okt o F IS TS H o g & TR PR S R ) A -

PRI DR RIS~ ¥ ( Chloride Compounds ) ~ f ]t
(Thiourea) + £ GifiL (Heavy Metal Salts) F*$4ififl1 - 4! R it

AR S R R = s < S

2 EPk| (Buffer) @ Frég~ ’E%%FHlﬁﬁd%%g%ﬁ'j\%ﬁ%&[ﬁm Tﬁir’}ﬁi’ﬁ pH fii

o <k AR > PV T pH 1 JRER] SRR AT Y

S

ol (U] < Sl LSRR > (T P8 TR i SE AP e

R R -

202 S 12
SEEVE R TR [ 7+ S (—028V) /I HEHL (023 V) il e, *ﬁ’ pAAT
Hio EW%U@ (B 1 Pdﬂﬁﬂ'@clfﬁ%{ﬁ[l ARl o[ o [y
H\EJL@[%@F [,f T o Al sl 7 pH = 8 2 10 Pus@fil[* el sk fig = > 42
EEr=aE Rl T phATL[28 - 317 -
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G S 2 R N [29] ¢

H,PO, - (HPO; )., +(H),, (2-1)
(HPO; ), +OH™ — H,PO, +¢ (2-2)
Co* +2¢” > Co (2-3)
H,PO; +2H" +e” —» P+2H,0 (2-4)
2H),, — H, (2-5)
O,+4H" +4e” > 2H,0 (2-6)

fI(2-1) 302 (2-3) FO 1 BHEAE o M PSP e s
FE R A< P AT G B i S 3 T R E R
RV LSRG et S e I VAT S R R
F"J ; @ﬂwﬁ VR - E[Hg»ffzﬂlpH @ﬁ?ﬁgj P E TSR - [y (2-4)
U B s VRIS GBS RIS (2-4) FUROIERS RIS EER
L ) pH IS { R R VR L o A LA S AR
S WA PR - TG B R ) (AR TSR - iy (2-4)
TR 5T RS 7 S BRI 3 PP R > [IE IEB gk
& ["{|iy DMAB & Hﬁ’iﬁﬂiﬁ'hw}%@'JE' (e [JF[EEHELJF[ WP

2.3.3 E"%%?Eﬁﬂ_ﬁﬂf

1 ™ I SRBIAH AORE RO B AR = g (Ti) ~ 88 (W)~ 41 (Mo)
ST | [ B R R J’lﬂiﬂ AR
PEHMRLIR P 12256 AR (Physical Vapor Deposition » PVD ) HIAH 170 & T
L (05 VPR 1C AT PVD SR [[FI7EE 1% (Step Coverage )
AU P S S S HI waﬁ.ﬁ};krﬁ ?EJ"J,MFW
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S S GBI I et 2N o R T S SR 1[32-33]

O E BPERTE S (NI~ 5 (Co)~ 5f (Cu) TR S5 AL
TR [ RIS b 118 YRR B 250 @ SRR R S YR
BHVO RIS > BT E 2 IRIEAE [34] 0 =N &?Fé—ﬂ CaERlIEE i R
(St VRER ] o e SREEASGIA PP A R RS o TR |
o PSR S WL E |7 20T pOBGRT AR Y AL (35] - S
(1 PR Al PR % i S ] 400°C 5 A (PARL T S £ FLR P DRI P £
T % (Refractory Metals) > J[Ig (W)~ &1 (Mo) ~ &k (Re) &> I'Igyp& G
W pNERR ] }Eﬁ.ﬁ%ﬁ,&[@%ﬁlw@%ﬁﬁﬁ@ [36-38] » FYBLK. Nono &7~ Vi
H LY BR{39-40] > PN FRLT BRSO > TR O S S IR
SR FURIRE 1] o T RLEB S Sl > PR R o P e )
B g L 5

e S TR EE? R S S TN I S M T
ﬁi’[‘ﬁ’:&i‘ﬁ'#[ﬁ'ﬂﬁg ik I~ P e 5 e 3 ) e (S5 L SRART

o PRI (PR TS IRy S R B RIEDEY o e R AR
= ﬁ g Sk i SRR i AR 7o J’FPIZ[JF[L | ’E?f’ftr’j B 12 at.%}[ﬁ'%’?‘/;ﬁﬁg,
LR PRI R = R S P BRI - e S
JHETI29 - 41-42] -

(R H 2 P TR R et ) T R
(1) gttt i - ST 2 #5898 (Nodular Deposits ) 17 it 5 2 1 ;
(2) Sk b il IR
(3) g;@ﬁgf[ﬁjiﬁi AT TR A
(4) S@SDHR VPR~ [P BTSRRI
(5) p'Hn5id F[:%Feﬁ‘ (Co-deposit) ~ %7 F"ﬁ (Poly-alloy ) = ﬁ”‘ffﬁ ;

(6) e i 1% W
(7) Bji=afugsr i = F o
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2.4 Wﬁﬁﬁﬁ?

LTRSS (1 £ SRR RLY 1 Brenner ¥ Ridell F]7 [T (kD R )
AN TR SR i S JT [ H S A PR - 2
FHEESH £ & IR ATHE o IEE T RIERUR N T E e VG S T30 - 43] -
S PHPEFHTERL ST 1949 & = 4 MWFEIFJ PRYELY T SR T R
Fﬁf YRRl e o G REE IR | SO B T £ i

e 1C SR Rl LG - T iﬂfﬂ”?% ol TP R TR R LE T
RGP o SRS SIS D QB R e IC BIHREIR
FUPEREE 1V~ < E.J.O'Sullivan 37~ 75 1998 & H7 o B ) & 1 4f
LY P R et~ e RS R A9 50 nm J[TE S EEREVIS - 2
U7 PR 5 400°C 7 {50 o G ey e PR 5l T
EVER[35] » AT ¥ )7 2P e v T BRSSP 1R o Ry -

Y. Shacham 3" " A L FEREGESE T N IS F £ WIS (W) gl
(Mo) > i /B " [ 7 30 nm V88 eI A PIREED IR E T LR 1 288> sal iph e
3 350°C [ T U BY2E[36] -

Takeyuki Itabashi %™ * I') DMAB ( Dimethyl Amine Borane ) £5&!FUf| » {77
CoWB Fﬁé ELSRAESR LT IRt > RS 200 nm o 52 FIEVE = 500°C[44] -

A. Kohn™ * SH1 ARG £ ~ X RSEEEREES £ 1) PVD 470 i
[I95& ySsphe gt & TRl IS )02 5 P S B PVDTH oA gh 2 g v
LA [T SRR 8 £ 8 N SR
SRR [ S R P 2 CoosWogPoos (] £ I IR Coq 0Py

EOf  BURAY 30 nm VST 450°C FHe T Tt E S SR 142.45] -

s i SRR PR R el o |V SRS, S T B PSR

2 SinRE Gl (S N '/}%kr?]‘ Al %“%‘ﬁ%%“ TRV e 2 s (UBM)
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it EAORRRGER I g i - ALY R =V PCRLI S B UBM
EPRIF > (EETOA7 SR L) REETZE 41 Riet Labie 7 Al .V i E‘ft"'%krﬁ
FEEAES 2 Byl UBM Tet=e s fhst oAb asi i b i o> Tl B0 G152
é’rwﬁ;ﬁ%q%b ;/Jﬂ%ﬁr’_: 3 150°C B 1500 | JAE BRUPRET 1~ [46.47] ¢

S I e U VBRI IR ERRL > S IR I 2R AR
A PR SRR P SRR R R o R R R TR B A H 1 UBM et
VB ATR] o UBM Mgl (5420 2RL1) 8 28 - 858 ~ TR0 ) PRl it
PR (TS TR IR TR E RS » AR R SRS 4
Bl i SRR P (S5 % S GPE pAY 2 RO A e R e
HERERr: 2 VP s S S OSBRI 1T R SR Y i
B IR R e )
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WERHET ST 5 g
mﬁ%m SUE uF Fﬁg ﬂﬁfz&%%@ﬁﬁ%ﬁ’%ﬁ“E'JI‘J@%’?E}’

%%, |£§L ||%41J‘{‘\}\ﬁ_l’FL§r'fL"‘\ S SEWE TR, BT ; I e g
iy i | ; s R ”ﬁ%ﬁ’f"fr'?/ﬁﬁﬁﬁa%m
flure Vp pl B #I [Ff[g ;E_?%QFL sy E{\Fﬂ[iﬁrﬁiﬁﬂf’ B~ (UBM) %ﬁ?‘ﬂ”

R g ﬁ‘*ﬁf/ﬁ'ﬁ%‘“ B

s
s (800 nm )

;-3 (600 nm)
/&R (100 nm/500 nm )
P
i 3-1. YRR YR -

S L A TR
3.1.1 gEsEhg]
SR E B O NI 2O /SRS R A

HIJ)}L‘JLI.EI sﬂ?’l —}Sfilzll"‘»f‘:v‘H_‘ I%&’7J[H-t |‘J‘—T [FIEJTF IJE%’%Q":"F[ 1}1%@%,{% }

[F1# % 7 (Surface Profil
rofiler » KLA-TENCOR P-10) J[EVES > J[fi B 2] f

3.1.2 ﬁi?ﬁ%éﬁ%%ﬁ‘ﬁ%} s
. S
q&gfﬁé%ﬁﬁ@%wp@wm@t R > B S %ﬁ%“f £ A7



2it%4# (Field Emission Scanning Electron Microscope * FE-SEM JSM-6500F ) Fir
i fio &l ﬁrf’ﬁjﬂ’%% ( Energy Dispersive Spectrometer » EDX Oxford Inca Energy

300) SFFORTHE O FEEGH e (R S LR LRI -

313 XAFH T

R E) SRR E# (IS RIERE: Aea e ol it e
ﬁ.}rﬁ@ . g’rf“‘uiﬁl’ SRR 0 ST IS mj [ﬂ Eﬁf {|BES %ﬂ%éﬁ[ﬁém%ﬁ ) F"V#
A SV T XM S5 R 5 55 #1 (X-ray Diffractometer » XRD » M18 XHF) » X
TRELCu-K, > P E 0.154 nm > FRE(HES HIFE 200 mA™ 50KV > fiffifid £

E) i ER 4 o

3.2 XSRS W B S
R SR A NI 32 i S P i B R R -

3.2.1 FAYEEEE

FAERCAIE ALY 4 B 1349 03 R T (We
Oxidation) J1eHi= 6t 357 (SI02) [+ 1 T oA 2 ST pomhot
5t o SRRRIGTR et o BT TSR S R DR D o SR R &
T -

SREBLAS (U ] > HSBERY e[y Y ps ;ﬁﬁﬁﬁ%%¥ygﬂgﬁ§$§ﬁﬁﬁﬁ‘ §£¢L7 =
TR AT > HH R

(1) ¥ 38 (DL Water) f[1 IJ&F WESER 5 5780 PRI
ISRl ial

(2) SRR T (Acetone) (1 1) LR 3 5360 » 1= EREL
A E A

(3) KR J gl ’J‘J%ﬁf@%ﬁ%ﬁ 3538 PF IR R

)

l
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BRIRFFOT i
(4) SHEAAYIVT IS AER & > F 5 5 a5 5 iE T g -

L S

v
EE RS ES (O E N A

I

oS Spvbii o

B

o {2ap l'“‘/iﬁ [~

!

S

A 4

s SNt

v
[T
W32 S o

3.2.2 FMRECE

SR 5 ORISR 555 2 cm2 om it VA 2 S
EEEEEA VI > 2RI TBRE (- R SR Pl A
VL STk 3-1 A > EURCRIR FIAUMESS o

F “‘E{fj*ﬁﬂ 53 fLFRE] 5 wt.%ﬁfﬁ%}ﬁpgg (H,S04) j?\f\]r&%%@mm[& , }Lg]»%:;ggﬁ fﬁ‘[ %
BTN NEAE 10 S3 8 - VIR I 2 s e A T S iz o I
B (e FIAURLED o ST IR SRA RS o ) FI A SRR O I 1 - O
PR S P RS TR YRS & RS A
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T AT[29-30] « [l 4 PERAHRS |V S BIFIE AT 5 AR R
LT R & VL R R S YRR
SO o SRR [T B L (R IR 10 38 FIIR L e
(SnCL2H,0) T [ 1R S gt (Su™") [y Sk - 21 ML Al
FUIEET (PA™) #jabEeUp (P”) « FLRACT S0 VB 07 (i A 40
= 50 Fp o fIORE G [P I E S (P BRI RES S (Sn®T)
R A %Fﬁﬁ@ﬁﬁﬁ%@%w~@:@fﬁwmﬁﬁiﬁ
(Pd") > | ORGP e SRFLIT RO o 75 585 1 & PO S A

O T
Sn** + Pd* — Sn° + Pd°

FaE R (AT ™ A RS o S S (i T I e P

e (7, B A& = A

F 31 - SRR (T o R R

HER A Y N=taih S T
™ H,S0, 5 wt.% 10 5344
. : 10 g/L
HCI 40 ml/L
. PdCl 0.1 g/L
i : g 45 7}
HCI 8 ml/L

3.2.3 T\"F%f%%ﬁ%[ eV I

R PSR e SRS IS PP R 1 BRI 5 R oA
S SRR IR 32 FE 0 TR HD SMLY NaOHGIFSipHI - 27 11 13
VR > 2T IRET (HEERE (B SR RE R SR B s AT T T pH
7.8+03 » b 75£2°C > V/A (SEEBA/EO > mliem®) T (54 20 > PEEGRL [

TR L R AT 30 FRA [T ERIE A 100 nm e B TV | B
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AWER ) B % (Ny) iz

H 30 XSG Y -

Sy W (gL)
CoS04-7H,0 35
NaH,PO,-H,0O 40
Na Citrate 35
(NH4)2SO4 70

33 & F_f SREEG VR B
3.3.1 244 I

SR A %ﬁ%?n%w&ﬁ” PIRET N AR A e TR A 300
nmfi95H (LR - T T 1 ASD ( Amp/dm?) o #Ié%ﬁzé,;:ﬁ 30 534
%%ﬂﬁ‘[’ JE" 250°C ~ E‘ﬁFJ%n%n}% ( Forming.Gas > 95% N,-5% H, ) HILI—JEJJ“

HFHIES 00 0.5 0 65 18 » 24 2 [HiV =R @

3.3.2 FHEEA 51 AT
Jﬁiﬁgﬁ,ﬁﬂ itk (FE-SEM JSM-6500F F5 FE-SEM Hitachi S-4700 )
2L SEH ﬁ‘-‘lé&l} I J'T:b EMFIRAE T F’J‘Zﬁi 77 ﬁrﬁ%%‘i ( Energy Dispersive
Spectrometer ©* EDX Oxford Inca Energy 300 ) 1% 7 S (£ 5571 » FJF 7 2 1&&*{[?

T‘F'-*[ ( Element Line-scanning ) @1 (=283 nbagh [~ K 7 3 ?‘?ﬁv‘ﬁf 7 o
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E)“E‘p y ﬁrl

41 SRS S AR R
4.1.1 BpyrAlighsF
[ 4-1 FL PRSPV SESR sl MR FL pH [ = 7.840.3 2 351 =
75+2°C AT FIATNSRTAR R 46t il B TG S 30 APV IR R A 100
nm > g PSRRIV SRS 135 nm/min 5 2 FREESAIETRE S 2 F‘#%fﬁ
ARG o TR (259 T o5 pHL (TR TR e FIRE RS
= T o PR I » R 4oL ERSETR A IE L T pH ST
P 30 FRATH Ve IR g e Ry R L R pH e e
f PR R N AT o ERGF o Al [ IR S gl >
[ L & 6T A

‘E%

1400

1200

200 /

0 I lCI)O I 2CI)0 I 3CI)0 I 4(I)O I SCI)O I 660
FR (7))
B 4-1. 2 e -
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%o 4-1. T [FpHBATH VR -

pH fif e 30 Fp 1 e ISR (nm)
7.5 100
8.0 160
8.5 250

4.1.2 PEEHFERN Y B
PSR IR Ry T A AR TTT REA A R TR AR R
] > STHRET 2 T AT N VB ORI
(1) FUASRORRE - 4 W RS 278 T VALY - S fplhsti™h ~ Shig ety
( Copper Clad Laminate » CCL ) ~ £ | &4/5fif. 1/ 5 [ %ﬁgifﬁ?ﬂﬂ%’? I
W SE SR/ TR B o RS SIA S PORIRE - T0p CCL
TR PR AR R I IR R SRR [ UL - B
RN ﬁﬁ% E| A S R T P S s SR
I?”I/ » E R e R EREE AR DR ARV - R 4-2
SSRGS Y e A B KGR e
-»g?aﬁﬁaﬁ[ﬁiﬁﬁﬁd’IEBrﬁﬁg.ﬁ%ﬁ%@ﬁ‘lﬁlﬁiﬁl%%’ TS T S
PSR A R N[ R AP R N
ﬁrﬂ TARPE T GREL A TR FUAY o ][R 4-3 PIEL T PN SRPS A 1 AT
PIAL R T ISR A TR T3 (S A AR ]
Sﬁfeﬁfﬂ%@ WAL > GHETEE T CCL 98 BT Ry 4 i
B0 AT P SRR A IV IRCE ) R (RSP S e PR  E
e “F‘E%FL FL S AS  mS RAaER il > ffl @Lﬁ@ﬁ#ﬁﬂ% it [ B
SRS g A =5 B GRS T T & P s
PR [P LA
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(¢)

A 4-2. TSR USSP Bl A (a) TS IR 5 (b)
£ ERISFLY G 5 (o) AT 600 FYEH AT -
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100nm |

(c)
[f 4-3. TJPL SRy S AT el A Y gL (a) FrEEERIY A (b) A8
600 FPEEA Aqrr 5 (o) FTHE 600 FHFEH A -

26



(2) #%ifi pH (PRI RYAT - pH FYH) (SO RSB &I et
el o 2 B pH I >SS pUERES T TR R 4-4
BT I pH f{GEFF ™ » T PR SRS 3 A 60 FRRTHH R AL
€TV HT pH(SET I Sy SRR B A - i pH e 8.5
VAL [EIFSAG IR B - IR 7 pHL g = 9.0 (R > SRV R R e Ky kg
(It HTRpoRdeg -

(¢) )
[Fﬂ[ 4-4. T\[ﬁJpH[’@[ [ & SR I/E,LPHI 4550 1 (a) pHIE =7.55(b) pH
M =8.0: (c) pHifi =8.5; (d) pHifi =9.0 -

413 & e ERE
[ 4-5 KBRS YRS A5 [ 4-5 (a) BRAE [V E A S
Vlg'pﬁ#lﬁ“‘\’]‘;‘g& 100 nm =7 o pho gt Tt o 1 B I EREE T 0O S R
SHEER G AR AP [ 4-5 (b) AR R VRIS A
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TR 10 5388 > g [~ Endfd =S SRR A SR o [ 4-5 () BRI [~ ot
AL BRI f“?ﬁrllﬁlJEﬁF A PRYREIFOREE T R
o PSR T R TR Z o R R RBEES o SR IR
FEA o 3 100 nm > & p’ﬁ:ip%u LRV mR IR | R O
TH 1 Ay SRR o [N R (R E T 45 = 507 AR £ $Iy

AR ERCS 1597 20 2 30 nm > £ S EIS SR [ RELOR -

()
[l 4-5. RIS R AP (o) F 0 () B (o) A
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I LA @R EIP VR SRR > S IR T RS - B T
R R YA 4-6 T ELST IR IR T IV AL i
E@ﬁﬁﬂfﬂ@ﬂé 10 FRE o S A SRS PR = > By fﬁ [153 B fETRL
SRS o > 2 PITER 2 R AP e T R = 90 F %lﬁtﬁ%‘;ﬁﬂ%‘j
USRS o (SRR (R RS W T
SRR o [NIE45 = 50 %ﬁﬁgn EIN G

b

(b)
[ft 4-6. P IANE LY B A Ery4d - (a) 10755 (b) 5075 (¢) 907
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PEPIAR30] - ArEE TR V5 R ) BERES 20 = 100 nm
LIRRNERY i AR AR EN A 5| B TG SR ER e A S e ()
[T TR HIH 4 70 e I A oyt )
FTERL Y pH R 0 T pH A 7.5 [ 0 T IRV 1S 60 nm fgf{
pH [filgrp= [J84Ef T 5 JFE# ] IS 300 nm = F' FJ"" pH /i 7.8 = 8.4y

AR | F O O R - [ 4-7 £ ] IR R SR e
FIEEE > A g Sk pH i85 7.8+0.3 > 11 4-7 (a) F75% 30 FRAUZEH, AR IP4EE
[ONES ES R T e N1 e S B T %@ﬁﬁ@ﬂ\fzp%ﬁg,ﬁﬁﬁ
B> VR [ ] ETRE LA 75 S RS FrOpTRe - 2 A e [ TR L
ST I e [ R & RN [ BV R
o TSP VR PSR | RS & ST T O LS R R o
TPV - [ SEM A SIS - [EERASERE T ) B AR
FERERTL) o P00 2 R R e Bl (S B 4 - TR SR Y

AVPUA & A TS POl il ey SRR T SRS - )
A O il PR O e B b LRSS 1 (414 A5 5725l b o Aol
SHEf= SN -

L TS o [ AT RS IR A R R R S

P ATEEAEPE L TR RE (RET ST KR IR S AR AR LT - TR
FFREIREA [0 5! 0 RIRBERLASAOAT B € SRAWHEA 5 JA A 15
W TR I PR 0 R A [ YRR e
UL Bt & 0 ALY e @ T IS S - AR S
FI*FJW EVEY, %%qg\ﬁ FVEIRURND ~ [31] 0 & Ty "Ag‘%ﬁﬁww’?/%l s
H RLpH il Y SR AN T 8 SR Y SR [P YT o AR
TR 48] » S e R NS S ?“J%'TE” FL bA3EVEL ( Easy-to-reduce )
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