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Elucidation and application of metal precipitation phenomenon in alkali-
containing silicate glass by solid-state ion exchange with voltage
applications

Hirofumi KAWAMURA
Abstract

The solid-state ion exchange with applied voltage enables the metal doping to the alkali-
containing silicate glass surface. Especially when silver was used as a dopant material,
additional voltage application produced buried silver precipitates in the glass substrate. The
silver precipitates consisted of networked silver nanowires and generated the crack (its diameter
is several hundred nm). Since silver precipitates have high electrical conductivity, buried
electrical circuit inside the glass have been proposed as one of an engineering applications of
precipitates. However, there were some problems; a difficulty in the control of precipitation
area, and a supplying method of silver ions. For the fine line/pitch electrical wiring, the control
of doped silver ions and formed precipitates is necessary.

Thus, silver nano-ink in which nanometer-sized silver particles were dispersed in organic
solvent was used as an ion source for the fine/pitch silver precipitation. After the patterning on
the glass substrate by inkjet printer and baking in electric furnace, silver fine line/pitch wires
were formed in glass substrate by sequential voltage applications. As a result, the minimum line
width was 89 pm. On the other hand, two-dimensional numerical analysis of ionic diffusion of
silver and sodium in glass under electric field was conducted. By comparing the calculated and
measured doped silver depths, the validity of analysis was confirmed. Therefore, this analysis
will be applicable to the design of wire arrangement in glass substrate. According to the
calculation results, minimum line pitch was 50 pm.

We also proposed a novel hole processing method by using the cracks formed around the

precipitates as a penetration path for etchants. As a result, the precipitated area was
preferentially removed by wet etching. In this experiment (hydrofluoric acid 20 wt.%, 293 K),
the etching rate of the precipitated area was 1.9 um/min, and the etching rate of the base glass
was 0.58 um/min respectively. Therefore, the etching rate of precipitation area was 3.3 times
larger than that of base glass. In addition, we performed fine hole processing by changing
experimental conditions (the silver ion source, a glass substrate, coating conditions, etc.). As a
result, the diameter and depth of processed hole was @ 213 um and depth is 85 um. The aspect
ratio of this hole was 0.399.
In addition, we studied the shape control of the precipitates. For this purpose, we developed a
dynamic observation method of precipitation and investigated the effect of electric field on
precipitation behavior. Two-dimensional numerical analysis of the silver precipitation was
conducted by dielectric breakdown model (DBM). By comparing the observation results and
the analytical results, the analytical parameters for each voltage condition were calculated. As
a result, it was possible to predict the shape of precipitation in any electric field with this
analysis. On the other hand, we tried to control the shape of the precipitation by the control of
temperature field in the glass. As a result, the precipitation was accelerated local heating by
laser irradiation.

At last, we attempted to gold precipitation in glass instead of silver. As a result, any
precipitates formation was not observed, and some cracks were formed at the gold-doped
surface by the voltage application. The inner surfaces of cracks were covered with thin gold
films. To clarify the mechanisms of crack formation and gold inflow phenomena, some
experiments were conducted under different applied voltage conditions. From these results, we
concluded the process as follows: the depletion layer of alkali metal ion was formed just
below the surface by gold doping. Alkali ions flowed back and accumulated in the depletion
layer with voltage application. In this stage, some cracks were formed. Gold migration from the
surface into cracks occurred by the electric cur rent concentration. The reason of



difference in experimental results between silver/copper and gold doping cases was also
discussed. Also, we investigated new glass separation processing by utilizing the characteristic
gold inflow. As a result, we succeeded in processing the chemically strengthened glass.

Keywords: Solid-state ion exchange, voltage application, silver precipitates, electrical circuit,
hole processing, In-situ observation, Dielectric Breakdown Model, laser heating, gold inflow
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Salt bath with metal ions(M") Anode

Ion doped area
Metal

(solid-state)
M* M*
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(a) Cathode DC power supply

(b)
Fig. 1.1 Schematic illustration of ion exchange method. (a) Salt bath, (b) solid-state ion
exchange.

Silver ion doped area Silver precipitates

10 mm

(a) | (b) ©

Fig. 1.2 Silver precipitation in the glass."** (a) Glass sample before no ion exchange, (b)
silver ion doped glass with only forward voltage application, (c) silver precipitated glass with
both forward and reverse voltage application.

(a) (b)
Fig. 1.3 TEM image of silver precipitates.'*) (a) Silver precipitates with micro-cracks, (b)
Enlarged view of silver precipitate.
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Fig. 1.4 The flowchart of this study.
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Silver ion doping
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Forward voltage
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(b) (©

Fig. 2.1 Solid-state ion exchange between silver and sodium ions by forward voltage
application (a) Schematic illustration of ion exchange, (b) glass structure before ion exchange,
(c) glass structure after ion exchange®'?.
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Fig. 2.2 Silver precipitation in silver ion doped glass by reverse voltage application.
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Insulator (Almina)
Copper electrode
Silver

Glass
Nickel foil

Copper electrode

(a)

High vacuum chamber

Forward voltage W
Pump

Viewport

(c) (d)
Fig. 2.3 Experimental sample and vacuum chamber. (a) experimental sample, (b) high vacuum
chamber, (c) photographs of the vacuum chamber, (d) photo of inside the chamber.
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Nickel foil

Silver nano-ink

Nickel foil

(@)
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3 0.1lmm
4 0.05mm

Borosilicate glass slide

(b)

Fig. 3.1 Schematic illustration of experimental apparatus and prepared glass sample. (a)

Experimental sample with silver nano-ink, (b) pattern of silver nano-ink printed on
borosilicate glass slide.
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“ - 100pm -

(b)
Fig. 3.2 Surface appearances of glass sample before and after silver precipitation. (a) Printed/

sintered lines of silver nano-ink on glass slide, (b) Enlarged view and cross-sectional profile
of sintered silver nano-ink, (c¢) Silver precipitates formed in glass slide.
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Fig. 3.3 Cross-sectional view of silver-precipitated glass sheet. (a) Optical micrograph, (b)

Silver distribution obtained by EDS.
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Fig. 3.4 Sample preparation for the measurement of electric resistance.

FEI3H RAFVRMICEET 3 2 RTEERRN
331 fRIAE
AR DI S N8R A A4 v id, BALAEIC X - TH I RAEI FH~ILELT 5
D AR, R FAT ARG ENC S IEENT 2 720, RINFEE O I 13 REHE IR O Lt
RTCREL 725, BITHYITIRA A v IRsR o WEICEK S b 729, FritEk
DB 0 A 5 FCRRR DR 2 B 1k 3 2 729 1c1%, 84 A v IINGEE R 145 7 SRR %
MRT 2 0ERH L. 22T, By FomrE{tzHINE LT, 77 ZX~DREM
70k 2D T RICBUEMRNT Z T o7, HIAFTDOALAVvOEL - FU 7 Mk 23
Wi, LAT @ Nernst-Planck &, CF X 115 35-3-10),
q
JMi:_DM_TE'CM_ v 3.1

2T, JulZAFY M D i FEDWE, DyldA+ v M OILEERE, ¢ 3BEXAEE,
kTR~ VER, TIZEE, EXH 7 ANEES D i FIaD, euliA A+ M D
BEThH D, Fi2, 7 AN TCOBLRNFHE 2 M 2720, UUTORBREY 37
2,

20



Cag T Coni =Co (3.2)
ZZTeld, AFVRBUBEFION 7 AFICEETNTW2F P TV LDORETH 5.
¥ 7z, HBEHMEZE=0)CB T 557 7 ANESLIE, AT O Laplace 2% i
TRD 7=,

2 2
%&%@:O(M)

ZIZT, QRIFERT VYL THD, o007 ANHES E #01E&H & LT
A A VLB DFHRICE L 7.

Fig. 3.5 IKEIRICHW A€ T v 2R3, £E7 LVONFRES &, Fig. 3.5 F o mif
DN D B % FHREMEIK & L7z, Table3.1 IS FEMEESR %, Table 3.2 ICfENT S %R
. b, HI7AFDF U v LRI, Table 2.1 205 NaxO IBE2 4 wt% TH % &
RELTCHEB L7z, £72, Fig.3.200)Im L728RF / 4 v 2 BERkt4 D 77 7 2 HAM o Wi ik
Ta 77 AADL, REOEIIF 1.0um &L, H7AFICHEMENZHWA 4 v ok
M, A LT A v 2FORAF v O Z B2 -E 2K T L. %
7o, PEERBUC DO WTIE, SEHEROEZ ZZ ICPUE L 7z 37 39,

3.3.2 HIERTHEHR

Table 3.2 DM THRIMEIT > LGB DT 7 AhDIRA 4 VIBE S OFHEAS R %
Fig. 3.6 IS 3. () DM EUEMATRE IR, () 3 EEMITHE IR & B L O HIRXITH 5.
Mrhic, xfifilk, BXOylili b CORA F VIEEEIFE CTRT. Fig 3.6 ICB W THEG
DFEIRIZIRA A v DBELBFMENT R WIEEE, T2bbIToN 7 AR THH, IFf
DHEEIZF PV Y A4 F VBRI A A VICEBR I DA R L, B omEEIX
RAAVEF PV T LA FVIPBIET 20 E R LT3, B> SRA A IS
WU F 7 A v 7 DR IEE=25 pm)IClE R TR ELKIER 2T 2 e300 5. X,y
fh ECORED DO, RA L VIRE BRI L Cws e ngnrsd. £
D729, FMFEOMEIEH 41 pm, I IIH 21um TH Y, x @lTHEIOHELS Y 134T 16
um TH 5. Fig. 3.6(b)ic, Ebis X VI CHEONLMREZILXTRT. RS,
LRV ERIMEE OVTNICEWTD, MEOERI 2 um BETH Y, hrET
LVOKTRIREA 1 um TH B T L 2EET 5 &, KRNI ERERZ R &
TWw3bDeEZLNS,

%2 2T, 50 um GDERF 7 4 v 7 R FR L 7285E1C, 2 DORARAFEE L 2 vi/h
DYy FEIBICK > TRD 7. Fig. 3.7 v F2550 pm B & U 40 pym DA DR
A I VIEESAT DRI R EZRT. TNLDOMALNH 5 X9, ¥y FH50um T
122 DDA & VIHIMEBICEZ Y 538D LN DIt LT, 40um Tlx—H#fICE
BYOBREOONE, TOZLrb, ZOLADR/NY FIIEBLZ50um TH B &
ZEibihb,

21



75um

50pum
(Interval 100pum)

\ 4

Silver nano-ink
Interval

50um

1.1lmm

Borosilicate glass

Copper electrodes

Reflecting boundary

Fig. 3.5 Calculation model of ionic diffusion / drift behavior using the two-dimensional finite
difference method.

Table 3.1 Settings for silver doping analysis model

Grid spacing Ax [pm] 1
Grid spacing Ay [um] 1
Elemental number (x) 75
Elemental number (y) 1100
Silver nano-ink width [pm] 25

Table 3.2 Analysis parameter for silver doping

D.g [um?/s] 1.0x1073
Dng [um?/s] 1.0x1072
Ton density ¢, [/um’] 1.95%x10°
Number of silver 1.46x10"?
Electric charge q [C] 1.602x107"°
Boltzmann constant k [J/K] 1.381x10%
Time step [s] 1
Temperature [K] 623
Forward voltage [V] 200
Time (Forward voltage) [s] 3600
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Fig. 3.6 Numerically calculated silver distribution. (a) Results obtained when the
temperature, applied voltage and ion exchange time were 623 K, 200 V, and 3600 s,
respectively, (b) Comparison between experimental and calculated results.
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Fig. 3.7 Overlap between adjacent silver-doped areas as the line interval decreased. (a)
Interval: 50 pm, (b) Interval: 40 um.
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Fig. 3.8 Schematic illustration of embedded silver precipitation.
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Fig. 3.9 Fabrication of embedded silver wiring in the glass substrate. (a) Arrangement of two
cathodes for application of the reverse voltage, (b) schematic illustration through cross section
of experimental sample, (c) and (d) glass surfaces at dotted areas in (a) and (b) after reverse
voltage application 600 s and 1800 s, (e) enlarged view of (d) and cross-sectional profile.
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Fig. 4.1 Schematic illustration of experimental sample.

422 ERER - -EE

BT 7 A% HF = v F v 7 L72#3R % Fig. 42 1083, (@iExy F v ZHIOHR
B2 EE, b)~(d)iFZNZ @R THENLERcoT vy F v 7 20, 60, 80
min D 77 AKRMOBEGHE, (e)lIxyF v /%ol EfoEE, iy Fv
7" 20 min %D SEM BIEEEHTH 5. &k, (Hid(a)~(e) TH 7=k & 13H ik %
T8I %27 7.

(@)% A5 L, MEOIIRPIEE I NS X5 BT, ITHEVMBIEREINTnwE L
Bohsb., RO~ ZHd L, TvF v ETTIconT, SETHHEEOm
DOHTAPREINT B bbb, £/, (ALY, BRI NZROEX I 165
um THo7z. T HiC(e)e A5 &, M TXToREIN, 7T ABFEEL T
LTl bhB. T, OO, TvFVIELTI EREEETCIIREVWRESEIE
ENTWBZLERbHB.

INODOMIFEDL L, Ty F VIS IBMILANZRLDERZ{ToTz. A=
R L DX % Fig. 43 13, 3, @D X5, E WEEZHMNT 5 Z & T,
7T ANEBITIERA A v, BT EfT 5. 2hick Y, (b)D X5 KL d 3k
D DIRWTHEIBTER I LS. FEnC, HTH L7247 2% HF 7 & O3 FHIC X - TERX
Iy FVITETITLET, ()DL ) ICEREBFOMMBRICZ Yy F ¥ v FRET
5. 2070, (D L5 IR0, b 7 7 2 ORI HETT 2. 2ok, T
v F VST B L, (0D X J I HEI O Nl X TH T 2 DREEIMEIT L, B
i, OO X5 RIETVRPEKEI NS, &k, Ty FvroiEfre &bic, fMfe
57T AHROWED WP T 2. 20720, Ty F v icHfEzET3I13E, RO
TARZ MHEEA T EEZONS,

K, Mgk e e O =y F v L — RS STy F v RO W T

30



B2, 7k, MHEBORERR o, 77 AOREMORREER 2b, VIO 7
2B ER L. Ty F Vv RSS2 a b b DHEERER% Fig. 44 IR T. (a)
IR IC BT B RER o, O)IZIENINTIOREE DL TH B, @ADL, TV
F v 7S 60min IC72 5 £ T, REBDORELOZRKREWI L3 h 5. T,
Fig. 4.2(b), (c)IT/RT & 51T, HrHi L 725N TR Wi & BR ISR 3 2 T Y 31 E
$570TH5. —77T, 80min UFEDFRERIIH 190pum & —E i o7z, T,
80 min LA TIIHTHITHI DO A 7 AT R CRIHEL 2720 TH 5. ZoklTclIz vy 7
¥ ZRNCIEMIE CIR A 4 v ISR ERT M) O R X 2 ME T E b0 727280, Ff
B VEH L. oG, I MEERMMRICEA I NZRENR 013 652C T
HY, HWI7AHABFDOF )Y LORE cvg @ 4 Wt% e L7z, T U U LA 4 VR
AFVICERICERI N LIREST 2 L, BITHEHOES d FUToX@EDHX Y,
#1238 um EHEE SN D,

— Q(Z MNa"'MO) (41)
2SpcngF

BB, My & Mold, ZhZhF U v LalBgRoFETE, SIHRE mE (1.0x10*
m?), p 1377 ZRAEOEE (22X 103kg/m?), F1x7 7 7 7 —E42(9.6485 X 10* C/mol)
THb. 22T (b) IckdE, =vF v /FE 80min T b=46 pm DREJRD 234 L
T3, SRITHBEBROEZ 190 pm & AMIE DA 46 pum D EEHE 236 um TH D,
B L 728 HESOFE X 238 ym L IRIE LT3 05, 72, v T
V7L —MiCoWnT, EiTHEEO T vy F v 7L — b i 0~80 min T 1.9um/min, &
FAFMRDOT Yy F v 7L — ML 0.58 pum/min TH o7z, L7zh-oT, eI 2
LT, WIARFEROT Yy F v 7HER 33 FICMEIRDZIENTERENZ S,
ZD®, TOTYyFvIL—DEEZFMAT L LT, WL 725 % EE IR
X EReNTERRD, w2 27ZHWE T R, BRT vy F v 2k - TiEN
TN TLAfT> 2 e TE %, 22T, KREILAFKETIX, KFEEZ T 7 27N LA~IG
FAL7.

31



Un-doped |Silver precipitated

20 min Sy I 60 min

Etched

groove '
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Depth 165 um

Fig. 4.2 Transition of surface morphology by HF wet etching (20 wt%, 293 K). (a) Surface
appearance of silver-precipitated glass sample before etching, (b) magnified view at un-
doped/precipitated boundary after (b) 20, (c) 60, and (d) 80 min of etching. (e) peeled glass
surface after 80 min of etching. (f) SEM image of 20 min etched sample, which is different
from that shown in (b).
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Fig. 4.3 Schematic illustration of HF etching for silver-precipitated glass. (a) Silver
precipitation during reverse voltage application, (b) silver precipitates formed along un-doped
/ doped interface, (c) HF penetration via internal nanowire network, (d) and (e) dissolution and
peeling of silver-precipitated area with uniform thickness reduction of the glass substrate, and
(f) processed blind hole.
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Fig. 4.4 Etching rate of silver precipitated glass (HF 20 wt%, 293 K). (a) Silver precipitated
area, (b) un-doped area.
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(b)
Silver ion doping
[Ag — AgJr +e ]
Short circuiting
Forward itati
voltage ver Erec1_p1 ation
Ag +te - Ag ]

(c)
Fig. 4.5 Schematic illustration of experimental sample preparation. (a) for forward voltage
application, (b) for reverse voltage application, (c) schematic illustration of short circuiting by
penetrated silver precipitates.

432 ERER - -ER

FERFE R % Fig. 4.6 1O 3. (IZBEBEHMZOBPIHHOEE, b)izyF v/
64 min, ()lIT Yy F v 7% 90 min DEETHS. 3, xihdE, ELEN LI mm
DIHTHPIBTER E N T B 2 e a0 5. £72, b)EAdE, Ty FVvici-T
M OIEEM TS S 7T ARBREINTHE B0 5. IHiT, kAhbL, H
B9 1,16 mm OEEADBIBRLINTWB Z &3 005. hl, TvF v I BoWEx
HELZEZA, 150 pum 225 95 ym AP L CTwiz, 72, oy 527
L — b % 1.06 pm/min, FEREEDO T Y F v 2L — M2 031 pm/min TH 3. TNHD
flii% Fig. 44 TRLZMEL VNS W, CoZRBT Yy F v /7ROBRBEEICX > TE
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L7boThsd, LEofiErs, KFECI-sTHLNAZEE#NOT 227 i
0082 TH 5. Kfficix, BT 7 20BNy F v 7ickd, EBENRDKICHK
hU7z. —FH, RIMLFECI>THOLNEZRDOT 27 FiE, L —3nLeRmM
ML EDFELIIKT 2 E/hE ., 22 CRETIR, RF/7 4271k, "Ex:
Wb 2 2 & T, ¥HBRBT A7 Mol EERART.

Omin Silver precipitates

e

b ©

Fig. 4.6 Though Glass Via (TGV) processing on TEMPAX by wet etching with silver
precipitates (HF 20 wt%, 291 K). (a) Before etching, (b) etched after 64 min, (c) etched after
90 min.

F4E WF/Av 7 zRERRIRE L-HM7NI
44.1 WS

3EICIIRFEERMFERAL, 77 XM/ ON T 217> 72, % OfER, Eff 1.16 mm,
FIEX 95 um OEBE/IERICHII L7, Lo L, REE2HAWAETETIE, chlltbo
REOWHMLIZNEEcH 2 L E2LND. 22T, 32 HikFAKIC, B ITHMAR <
2 — VG ARER IR/ A v 7 4D R AR E L CRIFT 5 2 & T, RO
ML ZBET L7 s, RKEiCIX, S 727/ v VBl 2 —X—4 v 27 = v b (Super
inkjet: SIN 7'V Y XN X5 TERF /A VI BN T RAICE A L. ST 7Y v &2 L3,
MAfED 7Y v 2 X0 bRl i 2 B ¢ & 2729, ERKICEEST 2H[ICA v 7 5
WoIRT S, 2 D70, 4 v REEINICEAT 52T, mnd v RERZER T
25, ZomueA vI7BEEOIZKIC X Y REEGESEMT 52729, 3.2 fiiTcoiRI/
AV 7 XOECIRINEBZIEKT 5 2R TELLeEZ2LND.

72, REICE, MM7TIERICEL 7277 A2 RET L0, TLHAVAXVER
BORBDIEFVTAWEH T ATH S, D263(25x25%x0.1mm)& TEMPAX(15 X 15 X
0.15mm)Z R L, NIBROZEEICOWTERZ L. TAAVEEA+ Vv ERRIC
DWW, Table2.1 XY, TEMPAX % Na O/ K20: 4 wt%, D263 1E NaxO: 7.2 wt% & K»O:
6.4 Wt%TdH 5.

37



4.4.2 D263 Z{EF L /-8R - ERER

D263 ZfEMAL 72 EERICOWTIERE, A V7 DEBHANX -V BEXUA v 7 OfEE
HIERE R % Fig. 4.7 1R T, @B 2 — v, 0)3RF /4 v 7 OBIRERTH 3.
B AZ = F(IR Y, ERICHLCORE Yy F2Bm LA 72, BHELL
AV 7GR L oic, BEE3R2um, KE62um TH o7z, BHEHINSEMAE, HE
JE#% 150 V T 10800 s, #ifE[E% 50V T 10800s & L, #AFPHEEIZ 623K & L7 &
B, REBETI, 4 v 7 iEmRoEMEzm EIE2720, 4 v 7B HAKROERICH
SORERZRIEL CHSEBILEEHML 7.

EEHER % Fig. 4.8 \ORT. IIBEMMZEOEITEY, b))z v F v 755 240
sHEDONTH 5. p 5, WITHYOERIIN 152um THLZ B3 0h» 5. 72, T
DIR_F 7 A V7 DERES 2 um THEZ L5, 120 um EEPEEML T2 & vz
5. RIC(O)D S, EE160um, JNEE 24um DRBPPK I NTWDE e B3 on» b, %
72, TORDT AT X 0.150 TH 5.

D263 <« 25mm >

Silver nano-ink

25mm
v . ‘Measurement line of
. . Thickness  profile curve 40um
Nickel foil —
Silvernw TR —
(SL) nk thickness ‘
62pum \“\ |
(a) (b)

Fig. 4.7 Printed pattern of silver nano-ink and measurement of film thickness. (a) printed pattern
of silver nano-ink on D263, (b) ink thickness after baking.
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: Platmum vapor dep051ted film .
SR Silver precipitates Elelnelic

Measurement line of
profile curve

| (b) N ole depth 24um

Fig. 4.8 Hole processing results on D263(HF 20wt% 293 K). (a) silver precipitates, (b) blind
hole etched after 240 s.

443 TEMPAX %Z{Ef L 7-EBR&H - EBRER

TEMPAX Z{HH L 72EERICOWTHRRE, B ANZ -V BHE LIRS 4 v 7
DIRIEHERE R % Fig. 4.9 1ORT. @EFBHLERF 74 v ooxx2—v, (b)IFERS
JAVIOBIEBEETH S, QIRT LI, 47377 R L 4 SEAL
oo $72, XY, BINA V7 OEREIE2um, 1 V27 OEEIZ 66 um TH -
72. 7B Fig. 49 TlE, B INZWF /A VI BNV X I LT L0, 4V
7 O JEBFICEERAI 2 A S T w 5, EEANSEAI, THEE % 400V T 10800s, #
TEIE% 200V T3600s & L, AFHEEIZ 623K & L7z, 72, =vF v 274&fFix, HF
20wt% T 291K & L7, o3, Jed L[ARR, 4 v 7 L EoEMMEZm LX & 5729
AV 7 BAEROEMRICHB DGR Z KL T o EEZHIML 7.

FEAG R % Fig. 4.10 IR T, (X BEAINZOBITHY, b)xT v F v 755 960
sEDNRTH L. Qhde, WAV IPBHINTOIMLEICENT, YR H
T ANFICIE I N T VB 2 ER0H 5. H 7 ARMITITAS DEREREIIE S T
W5 720, BERNTEYOERIIMERETCE R, LarLl, fiEYoEsicky, 77
ZAREB DT IR T 2720, Biic X 2 REBREDOEL HHW§ 2 &, EHELR
178ym BBETHh 2 E2 N5, 72, v F Vv I7BIE» S 960s tkDFERTH % (b)
HDBE, HT7AREICEE 190 pm DIEF VD ABEKINTCWE B3 on» 5. %
72, BRI NIZROMAREI X 62um TH DB L 0h 5. ZD70H, SEIEMR I N7Z)
DT A7 FHIZ 0326 TH 3.

Y
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Silver nano-ink (S1J)
\ < 15mm > _ Silver nano-ink

Bhg Reneng

15mm | Smm|  ©_ ‘EEEed o

: -, ¥ ‘j_,.‘_Repil'lent |

v Measurement line of p*

Thickness 0.15 mm profile curve 40um |

Nickel foil : . —

Silver nano-ink (S1J) Ink thickness4 | Repellent
Platinum film I I 66pm i \'J s P

TEMPAX - -

(a) ®)

Fig. 4.9 Printed pattern of silver nano-ink film thickness. (a) printed pattern of silver nano-ink
on TEMPAX, (b) Ink thickness after baking.

Pt vapor deposited film

; . Blind hole
Silver precipitates

‘Measurement line of 40pum
oftte curve ——

Hdepth 62um
(b)

Fig. 4.10 Hole processing results on TEMPAX with silver nano-ink (HF 20wt%, 291 K).
(a) silver precipitates, (b) blind hole etched after 960 s.

444 E8

AEiCl, R4 v o 2R LR 2 & C, $IEEHL 258 X
D b REOWMILICHREN L 72, —77, /EZICo>nw T, REZHEH L 2G5 E60 52
KEL o7z, T, EEEAMOEFHCTIRS /4 v 7 2T XCTHEHE L, ROH
MEBER CE R o720 THDLEEZLND. ZDD, FHOURMERZ KT
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572DICIZEHICHF /A v OIRE RIS & 2 08X D 5. 72, Yo ER
ICOWTHEHT S L, TOMRF /4 v 7 DIERED 2um TH L Z LicL, Yo
[EREIE D263 ICBWTH 152 um, $9178um TH o7z, Z D720, [EEH 120 um B E
ERLTw3, 2, JelbERE, $RA A4 v 28B4 & BT X - T ST mNc IhEL
L7720 TH B ¥10410 L4 ROT AT bk EEE 5720120, (A4 VK
WK D ERE ST W OILELZ PN 3~ 2 B D 5,

¥ 72, D263 & TEMPAX TIEK X 72X % L35 &, D263 #ffH L 72354, X
ZIZ30um P L, FNEX S 38um @S Lz 2 EB gD, 2L, T AhoHL]
KLV DTAN ) EEA A VEFENHEMT 2 &, BOWIRA 4 v RINFEEIE I
WBIRIRA A Vv OEPEINT 2720 TH5. ZOMEIL, HBOREZEKT 57201
X, TAhVEEA I VEEENVRGH T X TEMPAX #F|HS 2 2 & 5%EMN T
hriEzZOLNDL, LaL, WiRICEFEENS P RWT 7 2 %A L 254, HINER
WICEB T 2 BATARRE Y 72 0 DR A 4 VIREEDMET L, W3 & Lz WialRgl: 23
b5, WITHEYLIRA A VIREOMRETDICHEIN TR WD, SEFEMICH
ST IMERBLLEEZOLND.

ESE Ay FZREIGIFEE LM NI

45.1 EBRAE

4 ficRMRIHE LT, I /74 vozfHT e, RELZFEHLZGA X
DHIRED/NEWINTZEH L7, LaLl, 4ficlHLAE ST 7Y vy &xick 3
J AV IEMEIE, KREVWEELZFEHTZ 5720, MMFEO 7Y v Z2ICX > CTEMA L7261
FIA VI BHERLESEX D QENIML2IT2 528, =z 2 235, $EOH
NI L CTwirn, 22T, REITIHE, #HZICBA A v iiaRE LTI A v F %2 ff
L <, RIEERRICHEE 27 0m T a2 et Lz, EEER % Fig. 4.9 1IR3, ()3 FER
AR oA, (b)id SUS IR EICER LA vy ¥ Th 5. A Y Fizh 7 2HERKIC
EREBET 2 e R EECH o722 &0, SUS IR EICHEEZTTo72. (D X 5 IC,
RA Y FEWEL 72 SUS IREKRFEL, 7 RALIRA Yy F2EMI T2 X 51 TE
BBl 2 ERI L 7z, F72, )DL DT, BA v FIFERL 50um, BEH 43 um TH
JEL 72, 777 23RN IE TEMPAX(15 X 15 X 0.10 mm)Z i L 7z, BEANSEH
X, NEEE% 50V T 252005, WEEE% 50V T3600s, sAkFHREZ 623K & L7z £
72, T F v M, HF 20 wt%, 293K & L 7=,

452 ERER- - EER

FEEAER % Fig. 4.10 109, (i v F v ZREIOIRITHY), (b)ixx v F v 7% 600
s, (¥ vy F v 1200s, (d)iF= v F v 71 1800s, (e)lt 1800s IC 351 5 SEM
REHE, (OXE)DPILAKBEEETH L. QD X5 ICERLWEMEZyF v 793
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&, 600 s RICIEETHREIN, O)D LI RIETVARDBIBK LA, ColkE h IRIFE
213 um, NEEE 85um, T ARZ M 0399 TH o7z, 2Dk, T v T v IR
T3LWENRFAL, DL ICROEHLEBE L2, T/, DLy F VI %IT

T LT, (DX AEBEADBERL . Z OEBE/UTER 240 um, R E 73 um,
TAXZ 0308 THotz. T2, ()i dE, HEOEBENRLEH T R I
TWBZEnnsd. £z, OO0, BRINLEEAITZT ——BREELTWV?
TR DD.

AREiClE, MAy F 2R E LT, B ZITo 7223, Ay FicknT
STt IDTERAIRETH 2 Z L BRI Nz, 72, RF /74 v 7 itBTEK
ENIEF VIRTH S Fig. 4.10b) A v FIC X > T I N2k V) RTH % Fig.
A120) 2 R B &, REE, RIET L DIC, RA Y FITX o TIBE NZRDITH5 20
um fRERE LS o TwE 2 eninn s, MIEBIRORIEILRT /1 v 7 DFTH#) 23
um KEWZ &b, BRIP4V IDHFBECADBIERI NS EEZOLNEH, ER
fERII R o Tz, ZORRKIEMIET S Z L3 TE RV, RIEFEHRO N2 — Vi
L2 EHIRDZEDIRA A VIR OTIRICER L2 b 26 Lz EZ2 LN 5. T
JAVIZDOFRFYy PEYFIRHSmm THE2DIIHL, RAYFDOFN Y FE Y FI13 1
mm CH5b, TOFY Py FRFNY POBDEICK->T, #7ANICAEL 2ELIC
ZALAE T, IRINFE O TRICE DA U2 REED B 5.

¥ 72, T D ERICO W T, Fifii E CoRE L AR, SREHEHOER & L,
161 um DILRDFRD Sz, BIEDOBNIC X - T, JEI MM E B> BT
&30, IRARMICRDT 227 FbZE EE 225 7=01C0%, FINFEO L% HIE L,
TEEDILKR % C DD 5.

P 25mm -
A .
000000
000000
»5m| ©O00 06 _ LIS _
000606060 N ﬂ“'ﬂ;uﬁ:f“df Silver plate
000000 Measurement ' m‘-;;(.)“(‘%
0o00000 fine g 20w |
v St B % 'ﬂ*ﬁ
SUS plate Thickness
Silver plate ™8 B8 BN B8 BB 43um
TEMPAX o
(15x15x0.10 mm)  (a) (b)

Fig. 4.11 Schematic illustration of experimental sample and silver plate (a) experimental
sample, (b) Silver plate.
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,”‘ 211um'100pm L;ﬁ 213pm 100pm 1232} . 240pm 100um

74 ﬂllﬂi

() )

Fig. 4.12 Processed hole on TEMPAX with silver plate (HF 20wt%, 293 K). (a) Silver

precipitates, (b) Etched after 600 s, (c) Etched after 1200 s, (d) Etched after 1800 s, (¢) SEM
view of through hole, (f) Enlarged view of (e).

Fofl MINEYEMNALAZINIICEATZIEER

AREICHT 270N L OFEESEM B X LR Z Table 4.1 1SR d. Z OfEHRD2
b, F A v IRBAYXRFBAL, TAHVAFVEGERIDROH T X % HER
TH5ILT, TARZ MEORZWREZIEKT 2 enTELLEZ2ZLNE. —T7,
TN L& 1T 2 72 3~5 i D W F D EERIC I\ T h, ININFEIK O E 77 m DL L 4104
ORAy 7m0, ZNUULEDOT AR o ERAREEE o7, 2D, 51k
EHIIMILROT A7 DR EETT S F2012id, B4 4 v RINEE O R HIE T
EoRFEPKRD LN, CoflHlFEoMf e LT, EHICKHEITERBZTONS
2, BT coEBRICE T, BT X 3HIEIZEINL Twinwe, 2k, A4 4~
ISIBEI AT K & 28R, 77 ANGBOBELEBREL G %2 L 20T 5 2 & AR T
HhoHrLEZOND, 2D, BHIC X 2RMERO G % 1T 5 729 1CiE, IINTEE
B I OELORMZZEE L, E7m it ns X 5 zELEIk T, EE
FHIMT 20BN D LELZLND.
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Table 4.1 Summary of experimental results of hole processing

Silver type Glass [um] Silver source [pum] Hole [um]
Thickness [0) Thickness [0) Depth Aspect ratio
Silver foil TEMPAX 150 1000 10 1160 95 0.082
Silver nano-ink D263 100 32 62 160 24 0.150
Silver nano-ink | TEMPAX 150 32 66 190 62 0.326
Silver plate TEMPAX 150 50 43 213 85 0.399
B7EH &S

AREclt, ITHERREERNTy F v 7 2llatbe s 2 LT, HizkhH 7 AT
TFREDREZIT- 7. 7, KAFEZH B LT, 7 A~DHEHHTIEK % i &
2. WX Z KT 21cdh -0, HHT 245 7 2R REBIRE 2L L CExx
To7z. RECTHOLNERZUTICRT.

(1) SRV EER L7277 A% HF FoREFckoTtlBRzyF v r2froc
<, rHYIFEBE oMM R BZIC T v F ¥ v F 2NEE L, AT H RIS AME ST 1< R
TR L EMERALE. SHoEHTcRITHER oy F v 2 L —Fid 1.9
um/min, ¥R E BB AT ADT v F v L — M 0.58 um/min TH Y, Hr HIAEIK
DI BRI IIMERAL AT RA%EBRETH2Z LARETH 5.

() AMLFEZFAL, k4 RRERE /TN LT E21To 72, % OSSR, Wil 7z ¥ £
— VBB RERIRF /A v IR A Yy FEH L LT, MMlAREEZSES
ZEMTEDL, RFRCI > TBEONZRD T AR PR EWIUL, BRA v
¥ & TEMPAX #ffH L ZBRofERCch v, /213 um, JOEL 85um, T A
7 b 0399 TH 5.

(3) FEWRIEE S X OCTIBRICE, TArA VA4 v EEERDR WA T AL <
WwWieEZOLNDE, L2L, fTEPEL 28A F VIBEICOWTIEEL 2Tk -
TRV, MIgIc 7 A7V AF Vv EFERDPET T A TIEITHSEL &
WHHEMEDS B 5.

(5) KEA St TROBHML ZBRET L7228, WIFho&Fics n»wT b R4 4 v iFhnE
OGRS Ay 770, ZhU D7 2227 b ol FIZRE s 7x
o7z, Gk, ROT A7 MEoOR EZITH -0y, BE5HIEZR &0 FHEIC X
b, ISHINFEIK D WE ST M OYLECE I3~ 2 BB D 5
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b, 7N LFE~DICHB LI TIRO T A7 oW EZ2HEE L 72, Fic,
RULARIRZERF 2 A v 7 3950 R A v F SDEFIHT 5 2 & T, Wl Z=iR A A v
AT L, AR DFRIEC RO ZET L7z, Lo L, $RA 4 ViiiisEE o
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WAL VHMT vz TidnLl, T 7o 2oflflicEH L. SrHERIE,
777 AT L 72884 A v OBICIGIC L > THEL 5 Z &, BHRITHY) © el ic
EEHEE nm BREOWM B8R ETER L =0 b, /742y b7 —7E&E %P
T 5L ho T3 303D —F5 0 RN IC 3517 2 SR HHZE8) O B 72 8153
fTbTE LT, WHEHOERNZFHEIZ o IcfThbh Ty, f{EkE TOIE
SOEIERINC X 2T HIE LTI, 5N 58 A 4 v IisNiEs o % X 23 80H
um TH 5 Z &h b, BITHEEOEBNEBE 21T 7201C1E, =SfERECBELZIT I &
BRH 5., LrL, BZEF ¥ VAN THUNEBEOBIR 21T 5 BEXRDH Y, LREHRIC
HfR2H 5 Z &h 6, BIRBEIIMEI S Twind o7,

Z T, KimXTlE, fEkEcotriiFiErzdE T 25 2 LT, BIBIRI T 58]
RERDWELITo7. 72, BHICX 2B ROMEA 21T 5 720, KREIERZH]
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G OREICOWTERZIT) 120, R/OENMLEE, HoPKERICAHIND,
YL B EE5E £ 7 L (Diffusion-limited aggregation: DLA)E 7 )L 310517 b jtig i £ 5
L (Dielectric breakdown model: DBM)*'®7% T, #RATHIRR Ol figir 7' v 77 7 L
2ERCL 72, £7-, EGUA ol FiE e U<, mESIC X 2R GlEF% o
WTHRET L7z, ITHERRITIBA 4 v OHLEIC > TITD NS 720, BT AR EimTH
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», FrIVTLAFVIRMETS 2.

¥ 72, REBRCI, BERT 7 2E2HHAT2ICH-0, ARoFERGESEAHEL 7.
KRR OERLIST % Fig. 5.2 IR, ZNZND(a), (b), (o)X, A A v, F
MUY LA F I, SRTHREOEEGEIRITH b, Fig.5.1(a), (b), (¢)D LIERICHIGL
T3, (a), (OICBHL Tix, MERDHEIAY 7 2 TOEERGEL & [FBEDIERL S 1% v
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Fig. 5.1 Developed silver precipitation method. (a) Step 1: silver ion doping process, (b) step
2: sodium ion doping process, (c) Step 3: silver precipitation process.
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Fig. 5.2 Schematic illustration of experimental sample. (a)Silver ion doping process, (b)
sodium ion doping process, (c) silver precipitation process.
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SRFTH TR IC BT 2 EERFE R % Fig. 5.3 1R 9. (a)lXFBIEAVINAT, (b)IZFHEEAIIN2
5 600s, (c)lX 1800s, (d)iX3000s TORRTH 2., ZDfiREAZZ L, TEAHNIC
FET 220 b, BEAEMNICHFEET 2GR > T, A ICHTEYREE L Tw
5L 0b. SHOERER, S, ERE CONEWELIC X S FIEEPSGEL,
FrifiRE O BIEHM T M2 A E T % 2 & T, THEHOBNEEITA D Lo ICho 7
EWwz b, ZD®, KT, EROBREL VN 7 ANICEL 2EHOBREE
b, MEBEICH 2 2082 RET 2 EREZTo 72,

Fig. 5.3 Experimental results of silver precipitation observation. (a) Before voltage
application, (b) 600 s, (c) 1800 s, (d) 3000 s after voltage application.
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Fig. 5.4 Schematic illustration of experimental sample when electric field was changed.
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SUS

plate
—

Fig. 5.5 Precipitation results in electric field change precipitation experiment. (a)~(c) show
2000 V condition results, (d)~(f) show 2500 V condition results, (g)~(i) show 3000 V
condition results. (a) 0 min, (b) 20 min, (¢) 31 min, (d) 0 min, (¢) 20 min, (f) 22 min, (g) 0
min, (h) 8 min, (i) 9 min.

Omin

—

10min mm |

mmm  Silver ion doped gléa

1 fmt [P
smm [ — S precipltates
(@) (b)

Fig. 5.6 Precipitation results in electric field change precipitation experiment (current value:
1.5 mA). (a) 0 min, (b) 10 min, (c) 20 min.
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DLA &7 /VIC X 2 fENTHE R % Fig. 5.8 IOR T, IKEDFERD p=10%, fEEDFERH
P=l%DFRTH 5. Indk, ZNENDOR AN (X N=120294, 94011 TH o7z, ZD
BREAD L, p BAKEWEAIZ, BHROLHE TR T2 M2 2 &2 0, Hril
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Fig. 5.7 Analysis method of Diffusion-limited aggregation (DLA) model.
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Fig. 5.8 Analysis results of silver precipitation by DLA model.
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Fig. 5.9 Analysis method of Dielectric breakdown model (DBM).
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Fig. 5.10 Analysis model of dielectric breakdown model (DBM). (a) Analysis model A, (b)
analysis model B.
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Fig. 5.11 Precipitation analysis results of model A. (a) p=500, (b) p=600, (c) p=700, (d)
p=3800, (e) p=1000, (f) p=2000.
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Fig. 5.12 Analysis results of model A. (a) Precipitation result, (b) electr1c1ty level distribution
before precipitation, (c) electricity level distribution in number of precipitated grid points:
3000, (d) electricity level distribution after precipitation (number of precipitated grid points:
9000).

Quartz glass
Number of precipitated
grid points: 9000

Number of precipitated

SUS plate grid points: 3000

1V 0
@ [ ]

Dummy glass Cathode

Precipitation direction o
\ Number of precipitated

grid points: 9000

Anode

Silver precipitates -

Number of precipitated (a)

grid points: 3000
(c)

(b)

Fig. 5.13 Analysis results of model B. (a) Precipitation result, (b) electricity level distribution before
precipitation, (c) electricity level distribution in number of precipitated grid points: 3000,(d) electricity
level distribution after precipitation (number of precipitated grid points: 9000).

(d)
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Fig. 5.14 Schematic illustration of experimental chamber and laser heating system.
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Fig. 5.15 Silver precipitation results with laser irradiation. (a) Voltage applied after 420 s, (b)
480 s, (c) 540 s, (d) 600 s.
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Fig. 6.1 Appearance and optical characteristics of gold ion doped glass. (a) Over view of gold

ion doped glass, (b) enlarged view of (a), (c) transmittance of gold ion doped glass, (d)
absorption spectra of gold ion doped glass.
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Fig. 6.3 Analysis result at fractured surface of soda lime glass (Fig. 6.2) by EPMA.
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Table 6.1 Experimental condition of changing forward voltage

. Forward Application Reverse Application
Fig. 6.6 voltage V time s voltage V time s Temperature K
(a) 500 3600 0 0
(b) 0 0
c 500
(© 623
(d) 200 60 500 60
e
(7) 100
() 10800
600 200
. Forward R < Reverse » 1 180
500 | : - 1 4 160
=400 r 1 140
’ Voltage 1 1205
300 | 1 100 g
- ]
= || - Current 180 &
S 200 | 160 3
100 | 1 40
_ L ]2
0 = e e o : — 0
0 50 100 150

Voltage application time [s]
Fig. 6.5 Voltage and current value (Forward voltage 500V 60 s, Reverse voltage 500 V 60 s).
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F: Forward voltage, R: Reverse voltage

SOOV 3600s Gold foil contacted area R: 500V 60s

N (C) i o= - (d) v

Fig. 6.6 Observation results of glass surface in changing reverse voltage condition of
gold inflow. (a) FS00 V 3600 s, (b) R500 V 60 s, (c)F500 V 60 s R500V 60 s, (d) F200
V60s R500V 60s,(e) F100 V60 s R500V 60 s, (f) F100 V 10800 s R500 V 60 s
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F: Forward voltage, R: Reverse voltage
(F: 500V_3600s), R: 500V60s
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Fig. 6.7 Glass appearance after the experiment of peeling off the gold foil. (a) After reverse
voltage application with gold foil, (b) cross-sectional view of the sample after forward voltage
application, (c) elemental Analysis result of (b) by EDS.
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F: Forward voltage, R: Reverse voltage
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Fig. 6.8 Glass appearance after the experiment of peeling off the aluminum foil. (a)After forward
voltage application with aluminum foil, (b) after reverse voltage application with gold foil, (c)
cross sectional view of the sample after forward voltage application, (d) elemental Analysis
result of (¢) by EDS.
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Table 6.2 Experimental conditions of reverse voltage

Fig. Forward Application Reverse Application Temperature
6.9 voltage V time s voltage V time s K
(a) 1
— 500
(b) 3
— 500 60 623
(c) 200
@ 100 60

F: Forward voltage, R: Reverse voltage
F: 500V_60s, R: 500V 1s F: 500V_60s, R: 500V3s

| R m 200um

Fig. 6.9 Effect of change in reverse voltage conditions on gold inflow. Glass surface
observation results. (a)F: 500 V_60s, R: 500 V_1s, (b) F: 500 V_60s, R: 500 V_3 s, (c) F:

500 V_60s, R500 V_60s, (d) F: 500 V_3600 s, R: 200 V_60 s, (e) F: 500 V_60 s, R: 100 V
_60s.
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F: Forward voltage, R : Reverse voltage  F: 500V60s, R : 500V60s

Gold foil contacted area

1000V/min | Enlarged area (i)

Enlarged area (i1)

Enlarged area (i)
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Enlarged area (ii)

(b)
Fig. 6.10 Glass surface observation results in changing reverse voltage application rate.
(a) 1000 V/min (b) 500 V/min

140
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£ 100 ——Fig. 6.6(c) Step voltage application
3 80 Fig. 6.10(a) 1000V/min
S 60 ——Fig. 6.10(b) 500V/min
=
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D e
0 f f—— 4 T = ’kl‘

0 20 40 60 80 100 120 140

Reverse voltage application time [s]
Fig. 6.11 Current value when application rate of voltage was changed.
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T, BEPIY 2 LA X o TR T 2B A0 EZITY. SIEICHW DY
PEfEi% Table 6.3 1S9, B FOSHOMBEIIKEL Y, 2x10°em® TH H, VHEHE
12 1.961x10° mol & 72 %. £23623 K2 H@liiid 1337 K £ T EAT % DIc BB
BlI, ®OYHEBLIEREDND,

1.961 x 1070 x (1337-623) x 25.418 =3.559 x 10°J (6.1)

b, Inic, BHEOSOREIFEEIZ
1.961 x 1010 x 12.55 x 10°=2.461 x 10°T (6.2)
ThHb. LoT, OMPAICKLEREE Oner 13(6.1), (6.2)2 5,
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Osoue=RPt (6.4)

ERIND (Qrowe: ¥ 2 —VE], R:EXYUE Q, 1: BEIiME A, ¢: Ffds). o T,
R@ELY, BHEICRET LY 2 =B Qroue 13,

OJoui=1.107 x 107 x 0.100% x 5=5.535x 10°J  (6.5)

s, ko1, R63)EXG65HEHETE L, Quute>0nn 7252 &0, MEL
1T 2 — VEMC X o CRlfig 3 2 A[RETEDS B 5 2 & 230000 5.

W<, TLrztu~wAf 2 L—ya Yy TEPBRICBHITILAICOVWTEZS.
100 mA OERVPBRICTENIGEICE T 2 EIREE I,

0.100 = (1.0 x 10 x 100 x 10*)=1.0 x 10° A/em® (6.6)
ThHb., 2T, ®MAZITIBOREREIX 623K TH Y, eiozL 7 ru~<A
JL—va VRESFLIRT 5 L, BRIRRE, BREELD L AR L
TWB T ERahs,

DEZoD@ar» b BRICHEENT 2B AEZ L7200, EbL0HRICENT
b, BB D o fEmsEEHEI N LaLl, SHOEET VI, B
JEA~DEREC 2 OfthD /7 7 AF~DEFRDEL, W FFRICHE S 28 0B KT
DERERZEETCE TR VYD, SHRIEHEAEZITILELRD 5.

IS OWGEHER 2 b, RLWICE,WEE %L 2BicE L 2 &R g L,
AHRIIERZLEZLND.

kB, ®7ZFTHRL, HIAWNFICHEMI NI WT A=y LHEL T 7FFi%
fHALCY — XHIKA T ACHAE & 2EBREITo 7285, &0 X5 HBRIEAEL 2 H
ofz. FRHC, TAI=Zv L& L) bEILAR D, BRLAEFEEY 261, &
H~DWADBELZ EE2ZLNE. LaL, BIROEREHETTIEITAI =7 08
HICADIAL X5 HRRER I N TR, H 7 ZANICTHAT 2 8BDOSEEITO W
THLRICT 3720103, &F,/ 7 7 ZABOBLEE O FESLEIRIREICE T 288
DELRGEECER I T 2BELR L2 HETILERHELEZOLNS.

Table 6.3 Physical properties of gold

Atomic weight 197
Density g/cm’ 19.32 (293 K)
Melting point K 1337
Heat of fusion kJ/mol 12.55
Heat capacity J/(mol*K) 25.418 (298 K)
Electric resistivity nQ2*m 22.14 (293 K)
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Fig. 6.12 Schematic illustration of mechanism of gold inflow. (a)1* step: formation of alkaline
ion depletion layer by forward voltage application, (b)2™ step: crack generation by reverse
voltage application, (c) 3™ step: gold inflow into the crack.

1

Initial crack

1 um 20 pm

\

Fig. 6.13 Schematic illustration of calculation model.

Glass
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Fig. 6.14 Gold inflow in D263 and chemically strengthened glass. (a) general view of D263,
(b) glass surface of D263, (c) general view of chemically strengthened glass, (d) cross sectional
view of chemically strengthened glass.
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Fig. 7.1 Conclusion and future work in section 3. (a) Forming the conductive path in glass
with silver foil as silver ion source, (b) forming the fine conductive path in glass with silver
nano-ink as silver ion source and numerical analysis of silver ion diffusion, (c) multi layer
conductive path in glass.
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Fig. 7.2 Conclusion and future work in section 4. (a) Wet etching of glass and silver precipitates
in glass, (b) multi fine hole processing in glass by wet etching process with silver precipitation,
(c) fine hole processing by electric field assisted ion diffusion control method.
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Fig. 7.3 Conclusion and future work in section 5. (a) Previous observation method of silver
precipitation, (b) developed observation method and precipitation control by electric and
temperature field assist, (¢) three-dimensional precipitation by electric and temperature filed
assist.
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Fig. 7.4 Conclusion and future work in section 6. (a) Precipitation using silver and copper as
ion source, (b) gold inflow process, (c) chemical tempered glass processing by gold inflow.
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