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https://gml.noaa.gov/ccgg/trends/
10) Y —a2—2A)1Y—2 (202444 H 12 H)
https://www.env.go.jp/press/press_03046.html
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Process Engineering Field

Hirotsugu SANADA

Hiroyuki KITAYAMA

Abstract

We will introduce demonstration test equipment to verify the processes developed at the Innovation Center. We will

carry out engineering work from basic equipment design, procurement, ordering procedures, government applications,

construction management (budget, schedule, safety), inspection, and trial operation.

In recent years, we have participated in projects aimed at new business development from the early stages of devel-

opment and have contributed to speeding up development by working with process designers on everything from

process design to conceptual design of equipment, specification determination, and jig design.

The civil engineering and construction field is an organization made up of civil engineering and construction spe-

cialists and provides technology across the company for all aspects of civil engineering and construction. Our main

business consists of two parts: CM (Construction Management) and consulting.
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Production Engineering Field

Atsushi SUGIMASA
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Advanced Factory Automation Field

Hiroshi HASHIMOTO

Abstract

We develop automated visual inspection, advanced sensing and control, human support, and production systems for

Mitsubishi Materials Group manufacturing facilities.

Working in conjunction with the fields of Monozukuri, we will promote for productive activity utilizing cutting-edge

technologies including Al, MR, AR, simulation, and digital twin. ..........
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MONOZUKURI Project Management Office

Satoshi KUBOTA

Jun KAWAKAMI

Keita UMEMOTO

Abstract
MONOZUKURI Project was launched in January 2024 as a matrix organization with the MONOZUKURI field axis.

We develop production technologies for Mitsubishi Materials Group, utilizing cutting-edge technologies including IoT,

Al technologies such as deep learning, robotics, image processing technology and cloud technology. Furthermore, we

are discussing the ideal “Smart Factory”, and working to identify technological issues that need to be developed. As a

results, we are trying to solve the problems such as productivity, quality, and labor shortages.
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Planning & Coordination Dept. DX Promotion Group

Ryo MURANAKA

Abstract

Mitsubishi Materials Corporation, with the aim of further advancing and deepening its Mitsubishi Materials Digital

Business Transformation (MMDX) digitization strategy in progress since 2020, has decided to carry out a new phase

of activities as “MMDX 2.0” from 2022.

The Innovation Center has been actively engaged in research and development DX since 2020. Our department was

established in 2021 to facilitate the Innovation Center's DX promotion. By transforming the R&D process, we will

contribute to improving our competitiveness.
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Au Biosorption by Baker’s Yeast and New Material Development

Haruka IIJIMA Shunpei SUZUKI

Hiroshi SHIIGI Yasuhiro KONISHI

Abstract

E-Scrap, which is waste circuit boards from home appliances and various electronic devices, contains high concen-

trations of valuable metals such as gold, silver, copper, and palladium. As a raw material for smelting, it is desired to

increase the amount of E-Scrap processing. However, there are many obstacles to increase throughput by extending

existing processes. The practical application of metal recovery using micro-organisms (biosorption) is being considered

to complement existing treatment methods. We focused on biosorption of gold in E-Scrap by baker’s yeast. For the

practical application of this technique, we developed a new large-scale experimental equipment that can treat more

than 10 kg of E-Scrap in a batch and compared it with a beaker scale to confirm the usefulness of the technique. Fur-

thermore, to create a unique material, gold ions adsorbed on the cell surface of yeast were successfully reduced to

produce nanoparticles by adding a reducing agent. Using the yeast with gold nanoparticles, dispersions were prepared,

highly sensitive labeling reagents for bacterial and conductive membranes with a reduced gold content were developed.

This study shows that it is possible to synthesize functional materials with unique properties from gold in waste.
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New recycle flow of E-Scrap
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Particle Growth Observation of ZnO during Sintering Process

in Low-Temperature Range Using CSP

Yosuke SANO

Sohei NONAKA

Abstract

In recent years, reducing energy consumption in manufacturing processes has become an extremely important issue

in industry from a decarbonization perspective. Especially, ceramics are widely used as functional materials, but also

require high sintering temperatures and pressures for production. Recently, for producing bulk ceramics with low

energy processes, CSP (=Cold Sintering Process) technology has been proposed. In this study, we investigated sinter-

ing mechanisms at low temperatures in the ZnO+acetic acid system by CSP. We measured expansion/shrinkage rates

during the sintering processes and observed volume change rates as a function of time. By analyzing the sintering

rates, two different shrinkage rate components were observed in the sintering processes at 623 K. It was suggested that

these were related to physical quantities caused by grain rearrangement and grain growth, respectively. In addition, we

measured the relative density and SEM image of the samples after the sintering processes. The minimum pressure

needed to achieve 95% relative density can be decreased to 25 MPa under sintering temperature of 623 K. From the

point of view of lowering the temperature, it was found that a relative density of 95% or more could be achieved by

sintering at 473 K under a pressure of 200 MPa.

F—U— N RRAUEESE, imbEs, oRGE, RkE, kI 3Iv 7

1. [FUHIC

Y73y 7 RAEECIFEME, S, HEUEOEEIC
FEWENET A ETAZ S, Yy, -8
VESKE, R, SRR &4 K o rEM R e L CRH
ENTWD, EHIZITER, A, G0 FIH
U CRgAEE, B, JREMEL, AR, REEAAE
&, BEREMELE LT b HRDIEIE Y,

— RNV ZIRD BT 3 v 7 ARE, WRE DR
DOFERIY R E BT 2 TREICL VEESIND D, o7k
BEdE B E 2155 72012, 1300 K 28 2 5 &\ Wk RS %
VBEET 5 LN\, TODNERRIEIZINET 5
72O I A MO, R OnE, wHICERRM % &
TLHIEIWLED)—FF A DMK EOFENRD 5,
BRI R T b BAEIS, AT A O ED S BRI
¥ 2R LS 2 HATORFEI KD b TW 5D,

Y73 v 7RI T AR ROV LA ORI,
1970 4B LUERE A AT b T v 57, 1980 4EHL E TS,
BHATHEBEED L BERAGDELZLIZEDY,

300 MPa LLF, 623 K LUF o HeE IR 4 1 CRERS T B
EMABIEE N LA LD, UG EEHRTIT
) WE D D120, BEVEIZEED D - 720 2016 4 5D
& BERICBEREMAKEDOBE WA T — %GR Tl
JEBER 9 %, CSP (=Cold Sintering Process) %Al 2% is
szt TRICE D, ARIBEERS BN £ EEE RSB E L
7T A~Fu T ABEETIEHTE AR S L
7oo ZNUBEHBIIEICE S T, CSPIZRIT A KIRBER £
= ALY AL HE STV A,

ShlFk 4L, £F Iy 7OHTZn0 12 H L7zs ZnO
EPEEERLHEME VR FHDL, =L hu=2
A58 T4 OFEFLSBET SN T 5, 4D ZnO (12
B4 % CSP OFZETlE, #1213 2021 4E1213°, HghT
FIT7t b F— M LB Zn0 F 7 By ROERBERE S F 12
OVWTHIEENTEY, 413K, 350 MPa DEAET 200 s
PLEBER S % 2 & C, ZnO lEZ DI EED 90% LI EF
TS 2 2 LB T A, £72, A. Ndayishimiye
LDV —TDOHETIL, BEERE ZnO F / HRDRICE
175 CSP I2T, 428K, 320 MPa ®5:AT, ZnO DA%t



Mitsubishi Materials Innovation Center Monozukuri and R&D Review No.3 (2024)

BN R LFETEEST LI L OLN TS,

L2 LA, Zhbidwdind 300 MPa Ll Lo
THIRSNTZAERTH Y, EEFIZBWTCSP ZFH L
72ZInO NV B X075 N A — )V TEES A, %
B EOHIRA S &5 7% 2REILSLETH L, 72
FRESMAETISBWT, MHAHE 95% LL EoBk o %
BREOBERE A = X 20 ME s ML, TRE#EO
RIEZ L ENEETHL, £ CTHRIFK AL, CSP
2 &% ZnO 23V 7 OEERA O SR TOFER{LE Big
L, ZnO+ BEEERIC BT 2 KRS T OB EEIZB W T
BRGSO N 2B ®m L, 2 ONGHEERE & Wi AR % &
X % CRSR 2 B8 L 72,

2. RERHE

21 YUTIVIARAE

WEEE (FF#R 99.7%, BARLEEAL) MUK THML, B
BRIKVETLZ 0.5 M IZFR®E L 720 ZnO ok CRIF1% 1 40~
100 nm, Alfa Aeser #1:) 1.5 g & FEFRAKAET b L < 134lk
03g%, OOH)HOIMELIHEHVE X Z 5 min R
L7

22 YUTIVERIE

RHEOY Tk, BRKIE LTI 774 MAT
L— % RMCESEA L 72 EE1.28 mm b L < 1 2.56
mm OBEEEEOETNIFAEEL, &~y M 7L X (=HP)
B G L) (S TMEBER Z 1T o720 TV AL
13 12.5, 25, 50, 200 MPa & |7z, BERGEEICE L TiX
FURAE 10 K/min THIR L, OHP @ 473 K § TH#E
L7212, @HPRE 573 K £ TRIERISHH, O
HP i 623 K & CHEERISEHEN, @ HP I 623 K 1]
FERIZLh R LSHE, OF 4 FMER L 72, Bk TR
BT EY Y TIVESORRZILZHET L2 L2 EN
2, HPZEED T /80 F O S HEAE % K5 10 um THlE
L7z6

2.3 YU TJ)VEHESE

BoNZr TVOBEFEZUTOFIETT VA7 A
FICE D EH L7, TR (SD-120L, Alfa Mirage f1)
VT, WEEREEDY v TV a2 cER (W)
EL, Otk @EMIM (7 t74 1)V F8, ENEOS
1) 2ERESE, BRPICBIAER W) KUK
BUrsE= W) FNENME L, MEREICBIT
b, BROBEER p,, KOBELp, £ LT, BEp*%
UFoRicEhEH L7,

Wa
=7,0 o %
Wy =Wy

p (Pw = Pa)+Pa (1)

BHESNBEDPS, BLHEETOERE 5606 g/cm’ |2
T HEAE L L THAEELRR L 72,

FHEEMROY > TNV 2B IO R L, BTS2
TP L7288, A4 IV FEBICT2hDIY
YW R TS 7, 0%, EEETHEMEYH, Y
> TV O SEM W& DRz, M U EBSD Hi{§ O
AT o 72,

3. /% R

3.1 BUIIIEBEELRERRE - E/KEFNE

112, ZNEFNOEBRTHELNIZT ¥ T O %
FERTRT o MEMIAHRS B RE, BRI BERIRE CTh 5o M
Bl —F 4G DRG] (623 K+1 h f£48) 1, 623 K IH]5%
%, SHIZ1hOREFETEEZMZ /2T > TV 55
FERL TS, it5idZzneh, (@) BEERKERT
12.5 MPa, (A) FEER/KIATC 25 MPa, () BERR/KVAE
T 50 MPa, () BEEE/KIAT 200 MPa, (@) iz 7
T 200 MPa, (O) HiZKIEHET 50 MPa 2K LT\ 2,
FIKIARE 50 MPa DERERTIE, 623 KIZHEHRDY >~ 7
IATBERE DS CHEE 97, NV 7 RO/ S SHEKET,
BEIMERIT) S ENTELh o7, 623 KIZHERKIZ
1h ORFBTREZMR 72 > TIVTIE, FOMEMNEED
67% T THRUEAL L 720 MUKEEEE TSI % 200 MPa |23 /1
SH5 &, 623 KFFERFLETE2%, 52 1hDRFEL
Bafs & 99% F CRUFILAMEST L 720 IS X % HEkS
PRAERY RSB & 7z

WA KB % 723~ 72 B W, 200 MPa
DOBEAEETRER L 72 > 7IViE, 473 K IZH)E L 22
TZ DRI B 98% TRFIL L 720 & B I E R CTRlbR

1.05
5 ®
> 0.95
‘@
5 .
= 0.85 — = o
= # Acetic acid, 12.5 MPa °
= Acetic acid, 25 MPa
E 0.75 "‘Acetfc ach‘ 50 MPa
J Acetic acid, 200 MPa
@ Water, 200 MPa
0.65 O Water, 50MPa (@]
423 473 523 573 623 623 K
Temperature(K) +1 h sintering

1 YUIIVEBRRES KUENICH T DERADE R
E. &5 RACEE. —BEADRIE, 623 K [CE)E
BIC—BFREIERERENMR THER T D Do Hitdh : HEEH
=

Relationship between relative density of ZnO and sintering

temperature. A horizontal axis represents sintering tempera-

tures that these samples eventually reached in a stepwise

increase in temperature. Only the rightmost data included a

hold time of 1 h after reaching 623 K. A vertical axis is the

relative density of ZnO
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(a)50 MPa, 623 K, 1 h sintering
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623 K DFMAT 1 h OIRFIIEZRITHER. (b) EH
200 MPa, E/Z 623 K FZRISHA LIHER. (o) E
73200 MPa, SR 623 K DRMT 1 h DIRIFLIEZR
TcHER
Cross-sectional SEM images (left) and grain size distributions
(right) of ZnO sintered body kneaded with distilled water. (a)
Hot-pressed at 50 MPa, 623 K and cooled after retained at
same pressure and temperature for 1 h. (b) Hot-pressed at 200
MPa, 623 K and cooled immediately after reaching 623 K. (c)
Hot-pressed at 200 MPa, 623 K and cooled after retained at
same pressure and temperature for 1 h

X 3 ICHEEERACET CIESL L 729~ 7OV O Wil SEM [
%%, (a) 1£12.5MPa, (b) 1£25MPa, (c) |50
MPa, (d) i 200 MPa OEJJIZTREK 24T > 7245 R TH
bo FNZENOREEIZ 623 K \ZFERIHEHZ L2~
V@ SEM W%, X% 623 K F5EFH I 1 h O TR
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(a) 12.5 MPa, 623 K

1 h sintering
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Cross-sectional SEM images of bulk ZnO sintered body
kneaded with acetic acid and hot-pressed at 623 K. (a)~(d)
were pressed at 12.5 MPa, 25 MPa, 50 MPa and 200 MPa,
respectively. The left images were cooled immediately after
reaching 623 K, while the right images were cooled after
retained at 623 K for 1 h
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M4 BERINEEETIERO—E (a) (IEBEREZEEKMEE, (b) (UBRRELRE CBARSRE

Example of analysis results for expansion/shrinkage data in sintering processes. (a) Time dependence of position of HP’s under

punch (line; left vertical axis) and temperature (dotted line; right vertical axis). (b) Time dependence of the velocity of the HP's

bottom punch (line; left vertical axis), calculated from Figure 4(a), and temperature (dotted line; right vertical axis). In both plots,

a horizontal axis represent time
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Time dependence of the shrinkage of samples in a vertical

|
I
b

direction during a sintering process at 623 K for 1 h,
extracted from the phase (3 shown in Fig. 4(b). A vertical axis
is a sample shrinkage velocity (mm/s) in a direction parallel
to a HP press direction. Time after temperature of HP reaches
623 K is shown on a horizontal axis
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(a) Acetic acid 12.5 MPa (b) Acetic acid 12.5 MPa
0.0001 0.0001

0.00008 0.00008

0.00006 0.00006

0.00004

0.00002 0.00002

Shrinkage velocity(1/s)
Shrinkage velocity(1/s)

-0.00002 -0.00002
-500 0 500 1000 1500 2000 2500 -500 0 500 1000 1500 2000 2500

Time(s) Time(s)

X 6 EFEKBRBHEZRAVCEIEE 1.5 MPa DFEBRICBVLWTERENI(ICEOSNIFERE (5) (C, I (4) Z&REELC
fERe (a) X1 DB DBERTH D, BRIFERBER (R 3), FREN 4 ZRELUERZERLTWND, (b) (&2
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These figures show fitting results of formula (4) for experimental data that of acetic acid and HP pressure is 12.5 MPa (Fig. 5).

Left side graph (a) shows the result of fitting with one components of formula (4) for experimental data. Black dot shows experi-

mental data from formula (3), and red line shows first component of formula (4). Right side graph (b) shows the result of fitting

with two components of formula (4) for experimental data. Black dot shows experimental data from formula (3), green broken line
shows first component of formula (4), blue dotted line shows second component of formula (4), and red line shows summation of

two components

(a) Acetic acid 25 MPa (b) Acetic acid 25 MPa
50.00025 % 0.00025
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2 40001 E
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DERMDFERCTHD. BRIIERGERE (RX3), ERIREERX 4D 1 HOEDER, FERE 4 D 2 o BEOBER, R
(¥ 4 DEERMZEZNZNRULK

These figures show fitting results of formula (4) for experimental data that of acetic acid and HP pressure is 25 MPa (Fig. 5). Left

side graph (a) shows the result of fitting with one components of formula (4) for experimental data. Black dot shows experimental

data from formula (3), and red line shows first component of formula (4). Right side graph (b) shows the result of fitting with two
components of formula (4) for experimental data. Black dot shows experimental data from formula (3), green broken line shows
first component of formula (4), blue dotted line shows second component of formula (4), and red line shows summation of two

components
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(a) Acetic acid 50 MPa (b) Acetic acid 50 MPa
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8 EFE/KARBRZFAVCBHEE 50 MPa DFBRICHVVTERBRNICHESNIIERE (K5) I, X (4) ZR@LUIHE
R, (a) X1 RAFBRORBRTH D, BRIIERER (X 3), HMREX 4 ZRELUERZERLTWVD. (b) (F 25
DIENDERCTHD. BRIIREHRER (X 3), FERIREHL 4D 1 HHBEORER, RIFREX 4 D 2 HBEDRER. 7’
#RIFTC 4 DEEMZEZNZNRLIC

These figures show fitting results of formula (4) for experimental data that of acetic acid and HP pressure is 50 MPa (Fig. 5). Left

side graph (a) shows the result of fitting with one components of formula (4) for experimental data. Black dot shows experimental

data from formula (3), and red line shows first component of formula (4). Right side graph (b) shows the result of fitting with two
components of formula (4) for experimental data. Black dot shows experimental data from formula (3), green broken line shows
first component of formula (4), blue dotted line shows second component of formula (4), and red line shows summation of two

components
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9 EfERKBRARZ AU CBHEE 200 MPa DEHERICH
WTERNICHESNI@ERE (B5) I, X 4) =
RBEUICiER. BRIFRBRER (3), FRRIE 4
ZRE(E UERZRL TS

These figures show fitting results of formula (4) for experi-

mental data that of acetic acid and HP pressure is 200 MPa

(Fig. 5). This graph shows the result of fitting with one com-

ponent of formula (4) for experimental data. Black dot

shows experimental data from formula (3), and red line shows

first component of formula (4)

BEDBERE 12 X BEALDIER 1T/ S vo fRE LTHH
FEAT L 72 T T 0 I IBAT C & 7 2o 72T REIED RV
WIS, BRI RO L I LTS 5 &, FER

IRV % 72354501281 A 25 MPa, 50 MPa, 200 MPa
THEL72Y Y ZNVICBWT, HP DES & 4, IZTFEOM
DSBS 7z F220MHIE, 4, £ 0D 1HE o
720 g \E, REILELRPAREILE R & O EBE) % FL L
TBY, WEBEBOEE 25 O LY 2
AU THIEN L EZ 5N, BilAKETR %
T 125 MPa TRHERZ AT o 729 TWII BT 5 4, 12
LT, A T L72NE L BRI, RFEETE T
IR CE ooz b E 2 b5,

FK % W28 1281 B 200 MPa TEtER L 729> 7
VUL, 2,12 0.0005 (1/s) THY, FEEETO 200 MPa D
RN BESNIZ A, 0 0.0009 (1/s) &) H/NEh o7z,
F 724tk % FIVC 50 MPa CERLL 72> 7 viE, 623 K
T1hORFIEZETHHTEEILTBRELTTLY
BEALLTBET (B1(0)), Bk ORMER £ THE
LTy, BEfR L MKOZED S, BEREFEOETIAHY 50~
200 MPa O#iFHIZ BT, FERRIC X 5 BERUIEAER) KA
M2 EERL TS,

Aol BERE TARIC BT B3 v T IVIERIGH 3 & AT
T5ZLICLY, ZnO HRBEEGEIZ BT 2 KRS T
IR A BRI L 720 AFEAMMEIC OIS L,
T & OB A = XL %F#Mid 52 & T, CSP i
£ BRI T OBERE IR ERE OISO %D b L ER S
N5,
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(a) Water 200 MPa

(b) Water 200 MPa
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10 K72 BV BEEE 200 MPa DFHERICHVTRERNICESNCINEERE (K5) (T, I 4) ZREEUER. (a)
[F 1 DR DERCTH D, BEREREHER (R 3), FiRER 4 ZRBIEUCERZERULTWND. (b) & 2 DT
DIERTHD. BERIIERGER (X 3), FRREX 4D 1 HOBEDOBER, BRI 4 D 2 O BEDER, KRIEX
4 DFEM7ZEZNZNRUC

These figures show fitting results of formula (4) for experimental data that of water and HP pressure is 200 MPa (Fig. 5). Left side
graph (a) shows the result of fitting with one components of formula (4) for experimental data. Black dot shows experimental data
from formula (3), and red line shows first component of formula (4). Right side graph (b) shows the result of fitting with two
components of formula (4) for experimental data. Black dot shows experimental data from formula (3), green broken line shows
first component of formula (4), blue dotted line shows second component of formula (4), and red line shows summation of two
components

&K1 HS5DORBT—FICHLT, X () ZZELITST
ETHEHUE, 1 DORHBEE DR EHRD A, A, B S.
KURHE RE

Time constants and standard deviations estimated from the

FED

CSP |2 X % ZnO 7NV 7 OHIEFAT O FEFEFR TOEMAL
ZHIEL, ZnO+ FEMERIZ B AR T OB EEIC
BOWTHEROE N2 ZRE L, ZONUNGHEE & Wik
{5 & AR5 B & I CREBR 2 B0 L 720 ZnO #5 K +

experimental data in Fig. 5 and formula (4). These data were

estimated by using one shrinkage velocity component

Solvent  Pressure  A,(1/5)  4y(1/5) dev?;?ﬁ,‘ffﬁ /s) FERRIR &% & ZnO MoK +#iKkIZ 51T 5, 623 K LT, 200
Acetic acid  12.5 MPa  0.0007 5.14x10° MPa DT OBEBEBRIC 51T, R & Ml 845,
Acetic acid 25 MPa  0.0034 18X 10° MIAVEBE & B L C, BERRKIEIR 2 V7235 E1208, K
Acetic acid 50 MPa  0.0021 552%10° e, R TR, R REAME SN AT 2B S h
Acetic acid 200 MPa  0.0009 338%10° 720 F72, BEREEEOWE LTS, BEREEEIZB W

Water 200 MPa  0.0019 5.53%10° T 623 KIZHEBERIZE -7 2R L, DA 2000 s D

i, JRBBIEBHI RS 2 8B 2R, 2 00HEZ LI

x£2 H50EBRT—YICHLT, & W) =REkTd Hii 8L B A3 S B S 7z 2 BGr 2 2 L D IR R B

ETEHU, 2 DDOPHERE DRELR A, A, B
KU RE
Time constants and standard deviations estimated from the
experimental data in Fig. S and formula (4). These data were

estimated by using two shrinkage velocity components

Solvent Pressure  A,(1/s) Z,(1/s) devsi;?ﬁ)iag /)
Acetic acid 12.5MPa  0.077  0.0006 4.17%10°
Acetic acid 25 MPa 0.004  0.0002 5.15%10°
Acetic acid 50 MPa 0.005 0.0005 2.75%10°
Acetic acid 200 MPa 0.0009 3.38%x10°

Water 200 MPa  0.004  0.0005 3.46%x10°

FOBAEEII T BRGNS, FNENROFHES] &
WEREIC L AR ISERT 5 Z EAVRB Sz, K
ez & b, RELOB S S 13T 25 MPa Tl 623
K, 1hP Eogsft, BKiBALOFS A 5137 200 MPa ©
473K FTHIRT D Z & T, ZNEIHRERE 95% L1
FCHEEL, THLMEEET ANV REEETES
ZEDHLPII R o720 RBFZEIZL Y CSP I & % ZnO N
V7 OBLEFAMICE LT, EERCTOERICEE 2T
FEREETOIRENE b N7,

RILONENE, — AR A Kb aihe 2022 4FEE
kR4 (5 130 mEE RS) CHESEER GEEHES
2-25A) %1To T\ 5,



Mitsubishi Materials Innovation Center Monozukuri and R&D Review No.3 (2024)

X W

BIEs 5L, HEING, BEES, FTHdH, 37(2),
112-116 (1998).

S. Grasso, M. Biesuz, L. Zoli, G. Taveri, A. 1. Duff, A. D.
Ke, A. Jiang and M. J. Reece, Adv. Appl. Ceram., 119,
115-143 (2020).

N. Yamasaki, M. Nishioka, K. Yanagisawa and S.
Kanahara, J. Ceram. Assoc. Japan., 92, 150—152
(1984).

H. Guo, A. Baker, J. Guo and C. A. Randall, J. Am.
Ceram. Soc., 99, 3489-3507 (2016).

A. Ndayishimiye, M. Y. Sengul, S. H. Bang, K. Tsuji, K.
Takashima, T. H. de Beauvoir, D. Denux, J. Thibaud, A.
C. T. van Duin, C. Elissalde, G. Goglio and C. A.
Randall, J. Eur. Ceram. Soc., 40, 1312-1324 (2020).
A. Ndayishimiye, Z. Fan, S. Funahashi and C. A. Randall,
Inorg. Chem., 60, 13453-13460 (2020).

THIEGL, FTHdH, 58,677-683 (2019).

8)

INARTT, R IEF, WARE— AWM, AR
—, EH % Ax—hM7ot 25485 5, 236-
244 (2013).

‘ Ue%  BH Yosuke SANO
B0 R AN SRR W ()

¥prh B Sohei NONAKA
Bl - FRE S EEZER



# X

IN=2)40O7 ILFIVRIVIRVEERT
IN=2)bA0O7ILF)VEE (PFCs $8) D3

I BRI

&I RS

Analysis of Perfluoro Alkyl Sulfonicacid and Perfluoro Alkyl Acid (PFCs)

Miho ASAKAWA

Makiko KANAI

Abstract

Perfluorinated compounds (PFCs) are used in fields of water and oil repellent, surfactant, semiconductor surface

treatment agent and plating solution. Among the PFCs, PFOS and PFOA are registered as regulated substance by the

PoPs regulation and the Chemical Substances Control Law because of persistence, bioaccumulation property, and long-

distance mobility. In this study, we investigated liquid chromatography- quadrupole time-of-flight mass spectrometer
(LC-QTOFMS) measurement conditions and the procedure of solid phase extraction for PFOS and PFOA. By optimiz-

ing these conditions, we established an analysis method that allows evaluation of PFCs below the regulatory limit of

25 ppb in fluorine-containing compounds.

F—17— R GH#7 v FEILEY, PFOS, PFOA, POPs, LC-QTOFMS, [&E#HHH

1. [FUSHIC

EHE 7 v #LEY (PFCs) 1%, KB MFH] < FLm st
HI, EEAOFREUHK (LY A L), Do XEEDIRA
W TR ST\ b, PECs IZIZRESA R B [ 1
EOERAAET 525, BERTHHBEcd, BTh
C8D)VT7)NFATF 7y v ANEKVEE (PFOS) KR
V7 )Aat sy Yk (PFOA) DOFRREMESEREFENE,
R ORHEBEME RS SN T D (B1), REEER
HYWE (POPs) OHIIEZ HIE L, Aty 7RV AS
#IClE, 2009 412 PFOS 3B IxF R IZBIN S 41, 2019 4
(21X PFOA b HBIR R L 22 1), I o 0B 6T A
EHPHIR S TwB"Y, £72, EU Tid REACH %141
|2 T PFOS & UF PFOA 2%l % S LT\ 7245, 2020 4E(12
POPs =4 COBLHNIZREAT L (Bl : PFOS 10 ppm,
PFOA 25 ppb), HARIZBWTH LW E o gt K OV
LEOHHNEET 2 HTH 2L HF L OE Tl ELFEY
Bl LTiRESN, —HHBL R TRESHDA, i
M7 EDHIR E T 5 (PFOS 1 2010 45, PFOA 1

2021 4F)Y, F 72, 2024 452 H121% PFHXS bILFEEDOE
— I E LB S, R Lo B X
M E > THBY, B O PECs 00 & A & OILED
VETH 5B PFCs DHHEIZDOWTIE, KESHEE L
THEPBEEE(L (IS0 25101) S TBY, &5I21SO
25101 # & & L7z HARTEHME (JIS K 0450-70-10) T
&, EBEksax N5 78 T NEREGHTED (LC/
MS/MS) % 5 TERK - THHEKF O~V 7 )V F 10
T E Y ANK BRIV T IVA Ky y L RERET
EHHBIL SN TWEY, AETIE, Wifkro~ 75
7 M FEARAAT R B E = 50475 (LC-QTOFMS) % Hv»
QREHD 7 v FZEHFLEWIZOWT PFOS & PFOA D4y
MEMET L2OTHET 5,

2. AIESRM
ARIEECld, LC-QTOFMS (Waters f1#L : Hclass/Xevo
G2-XS) i L, =L 27 baATL—AF bk

(BSD) # Flvy, WUEMBOMEHEIIMEH L2 WIEE 2 B L
72 7% 7E D Sensitivity £ — FIZTHlE L72o LC D&M ER

F F F F
F F F

HO—C F
I F F F F
(0] F

1 PFOS (f£) MU PFOA () DiEE
Chemical structures of PFOS and PFOA
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112, QTOFMS D&M %FR 2 1R T . MdsrIkic& 1 +
YE=NTHRI L7z F72, R oRMER Y, BREIC
IBIESOERMIET A7, WIEEYE (IS) LT
MS8PFOS % 1" M8PFOA % —E& A/ L T, PFOS & PFOA
DHHHEZFHIE L7z PFCs 04T Tld, ZENTMDH O
THYZ & B HTENDEDEL 2 728, 7 v FAE
DOREBE R OEBBSEOWE, HFRPWHTH L. K5t
T, 9 7 AOFIEBRICHILE Y 7 A %/A$TH &
T, B PFCs & FEH D PFCs & 47HE$ 5 2 & 2%
T&hV T vary¥yy SEEHW, %8B, PFCs4y
M TIX PTFE a2 6 OHE RSB E SN L7280, MEN
A TIVKOEF vy FILPPEE 7z,

3. DITREDEE NRIE

LC-QTOFMS %3 PFCs SATIZ KIS T & 0¥
Wrxzd 572012, FEOMETRME (IDL) XKUOER
FRAE (IQL) %M L7, IDL ISR OME ) K L
HE (n=3) ICLD2HHEDIELDENSLEM L7, K
RET T, MEMREE O RARIREE O 5T & R =
(0) ZEML, 3075 IDL, 100 75 IQL & H L 72,

LN -R&D LE a2 —

535 (2024)

%5, IQLIZOWTIE, 100 (251 BiEESEROWE
PMORMKIBE LV /NS WEAIX, REROREKEEZ
IQL & L7z, MmailllE DGR AR 3 IZ/R T, PFOS K&
UYPFOA @ IDL i 1 pg/mL & 72 V), PFOS @ IQL i 10
pg/mL, PFOA @ IQL | 50 pg/mL & 72 5 72, Wi,
PFOS |22 Tld 10~500 pg/mL, PFOA |22\ Tld 50~
500 pg/mL O#iPH T B2 AHE D H 1, IRE O
DMHEETH D T & R L 72

4. [EFEHHEORE

WA &0, BB & A O IR A T % A
HHEHNCEE L, HIRSOAEWAE &, MY L5
HEL, VAT HME S 2B B, swvid, KD &
Wt &4, HEWRG A2 SE5HETH L, B
FETIE, ST TR, B OB b TTRET
Hbo RBFFEIZBNTYH, KREHF ORI & PFCs D%
B B A EAR 2 4T > 720 BEARIRIE O HEE K 2
V2R T BEAHSHAIIZ 1, Waters #182 Sep-Pak tC18 71 5
DR, ZREH 1 mg/mL O A 1 mL 3 HLL, £1S
10 ng 2N L 721%, BHKZ A T 10 mL IZER L72,.

*£1 LC DR

LC conditions

AN ACQUITY C18 1.7 um 2.1 X 100 mm
HILEL 7 5 4 ACQUITY CI8 1.7 um 2.1 X 50 mm
B SQ]OMWM@TV%:?A (B) 7 b=]h1L .
wWEES B%) 15 % (0 min)— 95 % (10 min)— 5 % (15 min)
bk 0.3 mL/min
AR 10 uL
HTAEE 40T
{7 R 20 43
K2 QTOFMS D
QTOFMS conditions
Collision Energy (V) 7
Capillary (kV) 0.3
Desolvation (TC) 500
Source (C) 100
Cone Gas (L/h) 50
Desolvation Gas (L/h) 1200
Sampling Cone (V) 40
Source Offset (V) 60
3 IDL KU IQL
Instrument Detection Limit and Instrument Quantification Limit
PFCs IDL (pg/mL) IQL (pg/mL) FHMi=ii#EipH (pg/mL)  r
PFOS 1 10 10-500 1.000
PFOA 1 50 50-500 1.000
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RS 2 EAR I F i L 2, BRI, AR
WV, 50 % AT —VIKIBRE D &) IZEFER LT 10

MS8PFOA) & OEMZEE#FK 3 1277, ML, #k
1 Je s 2 |2 AR AN I R S U9, PFCs % 32

mL IZEZ L 720 R4 & PFCs % 4> (M8PFOS,

AR L, AR (1 % B 90 % 7 & bV KETR)
THEBTRETH D T e 2R L7z F72, #KICL B

Sep-Pak tC18 AR L, BT 10mL (SmLx2 ), A
(3 cc, 500 mg) 2TIE25mL (SmLx5H) #@E$TLZ&I2ED, v h
FEHOTEHEAL Uy s DRI L BERIIZ L ENTHE 2572
:ﬁ?H (% b v 7 AORIFEEE | pg/mL LLT).
T $ 72, PFCs {iMED 1 ng LN IZ 2 5 & [HIXEEAS PFOS
|43kt T 66 %, PFOAT45 %FEFTITTH I EaMERRLTE
RO P D, UEOLDBEREOBE 2175 720 Blank (H,0) 3
WELZ;:O BN PFCs % 1 ng 7RI1 L 72 VA0 2 FEAHFI A0 18 L
TR L7212, 1 %FEE 90 % 7 X b voKkisiE, Lid1 %
VA TYEZT 90 % T b EEISTHEB L, BEER O
%gg’ggm& HEPEDTS0 % A 8/ — VK E 2 % & 912 10 mL 258
| 7y L7z PFCs OIEROFERIZOWVTE 4 1TRT . WaET
ER OFER, WINEDEOSAIL 1 % FEE 90 %7 & b~
ﬁﬁ KT A G 2 2 DITR L, 1 %7 > &=
T /90 %7 & b VKERTIZEINE 85 % & AT 2 ks F
2 ERBHIHOERE PESNT,
Solid phase extraction procedure
i ¥ei (H,0) Wi TEh 5 PEi (H,0) W Tk
PP ca. oy 100 ——=2 i
80 80
g 60 g 60
# #
%W gm
20 20
0 0 : H | K
0 1 p 8 4 5 6 Vi 8 9 0 1 2 3 4 5 6 7 8 9
ek BURR2 = M8PFOS mMSPFOA
3 RO PFCs DBHERE)

Elution behavior of sample and PFCs

100
80
= 60
§
T 40
20
0
1 %FXHEE/90 %7 Eh KA 1 %7 E=T/90 %7 Eh KK
K
mPFOS ®PFOA
M4 EHRORE

Effect of eluent
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5. SREBNDER

FRE (7 FEERE L RORE2) 1towT, B
Ml PFOS 10 ppm, PFOA 25 ppb % i 7= 9 PFCs /3 %
ST 5 7o O M L O f# b 21T o 720 BARIIZIE,
EAHNIE IS CEM T 2 R NS e 52 LT, ©&
TR (LOQ) # FiFs I LMk 0% R L7z, &
#lEa 1, 2, 5 10mg &&= L, PFCs {(RAE Y 1 ng
AL CHRNEZ GG L 720 AEERSIIRT k1
Tl& PFOS 2 O° PFOA #:12 5 mg F Tl& B 72 AR A
SNz, 10 mg 127 5 & PFOA O RIEOEK T AR 5
Nz —7, E 2 2o TIIRB ARSI 5 &
BArd 2~ M) v 7 A0, BRESEINT %%
BRRON-Z NS, 2mg % FIRE L7z, LLEO#EE
L0, BE 1 RUREE 2120w, HBANEE | mg
F2 mg & L7-B8? PFOS & PFOA DEREFEREZR 4 1R
o BHDRRD LNIZOILFHE 1 O PFOA DA TH -7z
A3, AEHEME OB, Mt b FERICHn L 72
HEPEON, EREAOBEHPEETH S 2 & R
L7z

200

L DoY) -R&D LY 22— 35 (2024)

FELOMETIE, FEAHH R OBEER Z 10 mL (2%
BELTHEERITo 728, RHELETEHL L DBMIIONT
\X, PECs 3IEEHTH D720, X0 EBE RS TOH
ENVEE LD, TO20, EREOEIRIC LD ERE
fba o7z METOKR, REAHMBZOELEZ E%R
=2 T 1 mL F TiEfi L CTdH PFOS J UF PFOA @ Jr]
PERIZRBN N L el L 72, WERMEL Img &
L, BEAHHEZOERE 1 mL & L7234 O PFOS &
S PFOA DER FIREZR 5 1I2R o 4, b HHME
AL PFOA 25 ppb D 1/5 Td % 5 ppb & HIZDER T
FRAEE LCBY, ShMET L7z 2 EEOREHI DO W T
5ppb ZEMT A Z LIINEETH o720 LA L, PFOS IZ
OV, MEAHI THEEE TIRIEZZR L TBY,
PFOA |22\ T & #ifilfiE 25 ppb TOEHliAsH feTdH - 725
Dbtk v, 28 0 7 v ZEHILEWIZOWT, #
HIME o = T BRAE % i 723 PFOS & PFOA O3 T %
Wesr L7z,

4. ¥ & O
PFCs [ZLHMA S <, RIEVWGE CHHA SN TR S

150

100

E = (%)

50

WEHATT R (mg)
mPFOS = PFOA

X5 HHEEE0XE
Effect of Sample Loading volume

#F 4 PFOS MU PFOA DEEFER
Quantitative values of PFOS and PFOA

e oS E (ng)

ER A 2
SEEME (mg) | PFOS | PFOA | PFOS | PFOA
1 <0.1 0.9 <0.1 | <05
2 <0.1 1.6 <0.1 | <05

&5 LC-QTOFMS [CK D PFOS & PFOA DFEE TBRIE
Limit of quantification for PFOS and PFOA by LC-QTOFMS

PFCs PFOS PFOA
HiZoER T IRME (ppb) 5
#£1& IQL (pg/mL) 10 50
) A AR (mg) 5
e —
AAEHREE (ppb) 2 10
) A AR (mg) 2
e —
AAEHREE (ppb) 5 25
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%5, PFOS K 0N PFOA (35 MR AR EFENE, RIFHER
iSRS, POPs AR F TS THEI S LTw
%o A2 TId, LC-QTOFMS % Hv> THIFIME 25 ppb 12
XIS L 720 ST 0 72 0 W 5E % 4T - 726

AHE T, VFryarEyy TEERHWZZET
e 3k D PFCs & 3Bk D PFCs 373l S 4L, FeiE N
MO DHERIZ L B HENDFEZ T L LN TE
el X DKEEOFMATREE 2D, Ho%ewE oM
HLARS & o72. LC-QTOFMS O EE T IRIE 2 fEZR L
72& 2 A, PFOS T 10 pg/mL, PFOA T 50 pg/mL & 72
), MrERE 10 pg/mL-500 pg/mL i PH T ELIF 70 154
UrEoSni, 72, KEEDPFCs oD 720121%, <~
1)y 7 ADBREREFGIC L B EIEEPLETH D,
AT 2 MRS L 724G, iR ch b 7 v REFIL
A GURH T R OHE2) 1E, v B A2
ZEAEBRIFFENT, SO IKIEE THEERRT O~ T
Vw7 AYREEE | ug/mL LT F CIGET 5 2 & AT RET
HY, PFCs & O HERERK L7z 7B, LC-QTOFMS T
E~ MY v 7 A& BB S BRI O R A
AR SN DGR E 2o 720, R OWEOBET
EHBEOREBEROEREIC L) BRELZKE 2 & TH
HME 25 ppb LA T O T 2 ML L 720 S OGS TlZ,
LC-QTOFMS % FI\W T & FEhE L7225, & ) IEED S
{, PFCs SHTICULH E M5B LC/MS/MS ZfEH L, 4l
sz L 7-EARiE 2 M2 2 LT, X D IREEE AR
DD TE B, FIZIX, Mok a0
R, ARSI NBEOFIR D RETH L L EZ BN
ARIFZEA LSBT O—BNC b DEER B,

X

IR E R — L _— (POPs5H), hitps://www.
meti.go.jp/policy/chemical _management/int/pops.html.
STOCKHOLM CONVENTION 7 — A X—2 http://
www.pops.int/ TheConvention/ ThePOPs/TheNewPOPs/
tabid/2511/Default.aspx.

RFRHEER R — L= (TR ELEYE),
https://www.meti.go.jp/policy/chemical management/
kasinhou/about/substance_list.html.

HARBE S, TERK - TR~ 7 )L
0478 Y ANVK VBRIV T VAt sy ok
BRI, JIS K 0450-70-10 (2011)

@) BEML  Miho ASAKAWA
ST R A I

% kAT Makiko KANAI
SNTREGEIR  FAEWTZE R
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1. #

il

FE, BAREBHEOWE RO FATRE T 3OV FE—0E AT pE
VY, BEEEEICIIKER LSO ERBME A RO SN, SO
FRTh IS\ VIETER & BYRER AR & T BRI
BPEE > TW5., EREEMRITIEVERTREHE I 5K, #
FE & i Bk (2R RO PRl DK T & 2 B RIS I HIRR 258
B5H. Tz, WEEHEHNT T L AR A - AR TIC S
D H D, MEEE IR K2, AW % i
FRICAETZ L 9K, KRERLENCHLZ D BREL THER
EAEWEAICH 5. FEk, BRE, MHEWE, ¥ ABNTED
WENPREER INLEEICE, BERIEHCRS5L0
D, FRIE, MEME T/ AW THICENSE87 % H
INTE/. SHOBXKEAHEDOS L AERCHAENEL
FIVFE—DEAJLKR D7 OIS, EHEFEHF O\ EER L B
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IZEFL.
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COEBROETEAIL, HEOMECOOLLEEINLE
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FICHANT, REFREER - PBGRE DR NS Vv A% R
LTWAETHSH. Fi, Mg 7100~200 atppm (40~ 80
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DO 250~300 MPa 2B & ¥ E 5 T\ 575, MOFC-
HR 3#9 400 MPa & CTOMEICKIGL TRV, BEFOMER
Fi 5 100 MPa BE O EsRE LA EHL T 4.
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T BOBE AR Y. COFRPEHIALEIR 2 O, WIS
kAR EE13275°CTh 5 A, MOFC-HR Ti3E 5 1/2H T
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EELS Study of Electron Irradiation Effects on Epoxy Resins
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Abstract

The damage mechanism and exposure tolerance of epoxy resins to fast electrons remain unclear. We quantitatively

investigated the effects of electron irradiation on a common epoxy resin by dose-dependent electron energy loss spec-

troscopy (EELS). The results show that sp’ states of nitrogen, oxygen, and their adjacent carbon atoms were converted

to sp” states, forming imine (C=N) and carbonyl (C=0) as the total electron dose increased. The sp’ to sp” conversion

mechanism was proposed. The epoxy resin was very sensitive to fast electrons and the original electronic states were

maintained up to a total dose of ~10° ¢ nm™ at a low temperature of 103 K.

F—U— 8 DRFUBE EAEFEBEE, BT AVFBRO0E, LR, B -

1. [FUSHIC

IRFVEIIRIE, FOENEN - BERAYEE, TR
anlk, BOEIM LM SR &, HAEH], SRR
HiEM R E ok e L THEDOEERCTILEHINT
Who TRFIUBIIRIZ—HIC, TRFIALEW &L
EDALFERIBIZ & » THILT 5. ZOILFRICRES
Ay NI — 2L, TRFUBIROWIEICEEER S 2
L1260, TOHRIEECTH L), TEIIIHEHINT
Wi\, BRI R BLS S, TRFUBEO~Y 0k
WIEICIN 2 C, 512 B 2 BAE T COIb2Eds Ak
Y, I7uYErEBTLIIEOEETH L,

WAE, EFBEMEEE, SR R T o —
OTH Y, WEREAMCHEERERROMEAIZ LY, EFMH
IR 2 MR D AT AT BRI 72 o T & 720 4TI, &
F-BEMEE A BT oAV F— 5 (BELS) (12
LoT, BEIIBIFAATUREICEIT S TR T R
DALFEAECIRFER -0 5 F /) A — MV A — )V THllGE
THIED, TEXIBIEOH 72 MRS~ OE % B
CEMIFLTWD, LA L, TEFUBIROE T M
THWSILS 30~300 keV O EERE TR AitHERe,
IRFVBIRD EOEGBED L) IZHET HDHhD A
HZALIZDOWTIE, BATHIEIEH 5 DO D, A%
BECONHIRTH %,

AEGETIE, ETTEMEIIC 300 keV DOFEF-HE% HWV,
EHETE (DQE) /1 A F & H\W/2EELS I2X D),

IARF VBRI T 2 BRI OB 2 EEIZHN
720 EELSIZBIT 5 kK, &R, BFED K-edge & 1-35eV
I ORERN S, BHEOREWZEEZHS2IZL, =
REVEIRICBT 2B THIC X 2BEBRELREL 7
IRF VBIROMMAY, T2bbEFRELHFTES
RARETFHEDLHS I L7,

7 BAHAENZ 1L “The Journal of Chemical Physics” (2
BRENDDE kL 72bDTH B,

2. RERFE

FHIBIEE L CNNNN-T T 7)) P-4 4-2F
Loy 7=y (LLF, TGMDA), f{b#l& LT 2-2.F
W-4-AF VA I F— )b (LLF, 2E4AMZ) % F v,
25:45DFNVHTRALZ (B1a), ZOREMEFR
LER L7270 I = A C8AT L, KREHT 180T, 1B
Mz L TR F S E 215720 TGMDA & 2E4MZ DT
REZ LU 2 B 1b 1277 T

I7Ub=LFHNWT, TVIZUALRIZa—T14 >
7 ENTRAL T AR F MR EELS F # W SR % 1
L720 4r6e% (Quantum 970, Gatan Inc.) & 75 DQE FH#l
R ERALEEER (CMOS) N—ADHEEHit 7
AF (K218, Gatan Inc.) %z 72F /70 x— % EHE
TP $E (Themis Z, Thermo Fisher Scientific, Inc.) % fifi
ML, B HEMENE EELS 2175720 AMEIZT T
300 keV OEFMEE HWTHOLNZZDDTH S, lFHE
%R )V ¥ — (Elsa, Gatan Inc.) BEREE N O SEHRE 1,
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(b) Possible curing reaction sequence

WK ZZ ANTGAEIT 103K, AN WIEAIE 303 K
ThHh o720 BRI EELS |21, B 216 nm, &S
Hj (x10'e nm’s") 0.84 BXU3.19, THILF—4rEk
0.025 eV/ch (3.1 i) B X070.1eV/ch (3.3 5i), Ik
f~0 mrad B X F~6 mrad OFTET ¥ — L4 % H/z,

3. KERER
31 303K &E 103K [CBIFDRER K-edge DIREKTE
EELS

2%, 303K & 103 K (2B 5 jiFE K-edge DFE T3
BIKEEZ R LT D B2 1R T X912, 303K & 103
K D j# K-edge 70 7 7 A WIZIZH S 7@ W05 5
M, % K-edge 70 7 7 A WVIINEEE (30 kV, 80 kV,
300 kV) REFH; (031, 0.84, 3.19) 2L ->TEILL
T\, REIZIRFVEIRO TS TH S 720, HEGHE
HEEHEGHOMEIZ303K & 13K TRECEL L,
F— X D,=0.16 D¥E, KFED K-edge 1+ 2853 eV |2
WY —27 AZFEH, 303K & 103K Ol T 1s — 7*
BhREIC & o THBO TSN b, E—27 ADRLEIL, Wik
JEE b D,=0.16 D 2853 eV 5 D,=953 D 248.8 eV E

L DoY) -R&D LY 22— 35 (2024)

T05eVI7 45, B22am303KTld, D>21 Dk
&286.7eVICHZIZE—Z BREHHI SN, E—27 Al
D, DL & BB T AV F—BEMIIED > TV b,
B2b ? 103 KTld, D,>1.50D& & 287.4-287.6eV (E¥—
7 C), D,>21 DL & 286.6-286.7eV (KE—2% B) |2, 2
OOBINE— 7N, ¥—2Z BIX303KDLD LN B
o &YW EEIENSE, ¥—27BEChH, H2bDD,D
WA ey, 1.5=D,=953 O #iH TlL~0.1 eV, 21=
D,=<953 D#FATIE~02 eV, TNFNET F )L F—FHk
s 7 M LTW5h, 288-293 eV O T4 )b ¥ — FEJ5HIE,
TlE, 103K TD,=0.16 DEFEIZOARAT v TIRO 70
T ANVDEEENS (B2b), 103K T 0.83<D,<953
® EELS 7’07 7 4 )VDZAkiL, 303 K T0.16<D,<953
D EELS 717 7 A VOZALLFHBP L T3, 103K T
ET AV F =R L 72 2 2O S EREDAEAET 5
Zems, TRFUBEPORREFIZE BT T
2 DOEERALFHREE 2 PRS2 DI L, 303 KTl
R AL S R T 5 2 LRI SN S, T
ke, A & Ak, B %2 0 ) TG, K
MCTEEWTH Y, 7 TiRE) & C-H R C-C %= EDFEED
Y25 &R 4, B2 DREFEK-EDGE DZEALDENL,
303K & 103K TO R 70t ADENFNF R
LI T 5. D,=0.16 Djr# K-edge 13, BZ 5 ILDE
T & S L 2o A o TB Y, BETRE—
WHEBBERIEIB L Z 1O wzd, LT TIE 103K
TOMRGRRIE T T LT,

3.2 (KIREICBIT DiKE K-edge

31X, E2bEELU D,=0.16 D EELS A7 ML %,
Moo IZGMPo7 =) v F IV IT—-T VDS
AT PV EZOHIAEETRLIZDDTH 5, AL
L7z TR F UBHIRD 53 K-edge 1Z, B 1b IR L9 12,
Ny ¥ A FEsro EELS & fHI§HER 50 EELS ORI
ErRML TS, B2b®DD,=0.16 DAY NIVATE
DIRFEZR LI L TW5 2 & E2RT L2012, NvE)
A REBs & ISHER > D 1% K-edge & F 2N T =) v &
VIFNI—FIVERIMIEEL, 103K TD,=0.16
THEONIIRXFIUBIEDREKedge b 7T=1) v UL
FINVIT—T VD jrH K-edge DIAEE Z ILKT 5, 7=
JYDAXRZ MV, B3IZ/RT L1, 2852V,
286.7 eV, 289.0eV, B L12905eV T4 DD —2
R To & N iE, 15(Cp-H) = wley), 15(Cy-N,;)—
7" (ey), 1s(Cy-H)—=7*(by,), BLU 1s(C,N,;5) =" (by,)
NOEZRH R OFERTH Y, 51229456V & 302
eV T22ODKV 6™ Y= 2 %R T . IRAFED bz & sp”
BFENZENRARU Y A FROBETLETIREZRT, =
REERHONY L A FEG O K-edge 1, Cy,-
CH, DFIEIZ L 2T EEH L0, 7= 0%
NERBECTHLEEZEZONL, VIFINI—T )LD AN
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eV 225 310 eV OFPH T fE & IEHAL L, IEBYLL 72
R MVEIIORETHET A LIZEoTHRLN
726 D,=0.16 DFEERARZ Mvix, ¥—27 ANz, 287
eV (¥—72 a), 289-291eV (E—27 B), 2935eV (K —
7 y), 301eV (E—=2 ) "dHb, D,=016 DT T 7
ANV, E=27 AL aDBEPKEARZ MV LD LH
IR OO, WG 7T 7 7 4 WIZHEHELL Tw»
Ho ¥ — 27 AlX, NV ¥ A4 FE45 o 1s(C,-H) —
7" (e,,) BHREIZEID B THN S, 1s(C,,-CH,) =1 (e,,) D
it L E—1, 7 =) oE L EEEC, 1s(C,-H)—
7 (ey) LRBTHDEFHEINLE—2 ald, RV ¥
J AR5 D 1s(CyNyy) = 7% (ey,) & M $8 35 53
Is = Rydberg 3s DpEIZEKNT 5 L Ez Hib, E—7
BIEEICNRYE A FEHO 1s(Cy,-H)— 7" (by,) & 1s
(Cy,Nyy) = ¥ (by,), HIGHHRD 1s — Rydberg 3p DL A
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Si0, Coating Technology in Liquid Phase and Its Application

as a Protective Film for Micro-Components

Takehiro YONEZAWA

Abstract

Thermistors are electronic components used in temperature sensors. Our chip thermistors have high reliability due

to a protective glass coating that covers thermistor body. However, it is difficult to apply a protective glass coating to

small elements. In this research, we have developed a SiO, film deposition technology in the liquid phase that utilizes

the hydrolysis and polycondensation reaction of silicon alkoxide, and propose the deposition mechanism in this reac-

tion based on the relationship between deposition conditions and film thickness. We report on the excellent coverage

and adhesion of the obtained SiO, film, and on a 0402 size chip thermistor with a SiO, protective film deposited using

this deposition method.
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Sol-gel Derived Thin-film Transistor and Its Application for Biosensors

Toshihiro DOI

Abstract

n this work, we dmonstrated New-TFT based DNA sensor shows superior propertiese to conventional In,0O based

TFT sensor. This sensor can detect just 20 cells of Escherichia coli. This sensor is promissing to be used in point-of-

care applications.

F—TJ—=F VW), HE NS U AY, R, DNA, RNA
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ABSTRACT

Interfacial reactions related to the TiN layer growth process between
nanocrystalline epitaxial layers of AIN deposited on ¢c-plane sapphire and a Ti-
containing metal brazing or sintering layer using Ag-Cu-TiH,, Ag-TiH, and
Cu-TiH, pastes have been investigated. The brazed/sintered samples were
heated in vacuum at 850 C for 30 min. The TiN layer produced at the metal/
AIN interfaces consists of TiN particles N\ 50 nm in size and grain boundary
phases including Al-containing Ag and Al-containing Cu. The Al concentration
within the TiN layer decreases as the distance increases from the AIN epitaxial
layer. These experimental observations all suggest that when AIN is used as a
starting material in the active metal bonding method, interfacial reaction pro-
cesses take place with the generation of a local Al-based eutectic liquid phase
and elemental transport through this eutectic liquid phase.
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renewable generation systems such as solar energy
and off shore wind energy to the grid. An increased
use of HVDC is therefore expected in the coming

Introduction

Renewable energy sources such as solar energy and
wind energy do not emit carbon dioxide as a green-
house gas. Therefore, they are important sources of
electricity for achieving a low-carbon society. High-
voltage direct current (HVDC) transmission, which
has a higher transmission efficiency than alternating
current (AC) transmission, can easily help to connect
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years to increase the efficient use of these renewable
energy sources [1-3].

Since AIN has a low electrical conductivity and a
high thermal conductivity [4-6], copper (Cu)-bonded
aluminum nitride (AIN) substrates are suitable for
the AC/DC conversion modules required to interface
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HVDC technology to the AC electricity network used
by consumers. These modules are composed of
high voltage and large-capacity power semiconduc-
tor chips used in HVDC transmission systems.

Cu-bonded AIN substrates are produced industri-
ally using active metal bonding (AMB) with Ag-Cu-
Ti eutectic alloys as the bonding material and Ti as
the active metal [7-10]. The AMB method is a liquid-
state bonding process in which an Ag-Cu eutectic-
based brazing alloy containing a highly reactive ele-
ment such as Ti, Zr and Hf, which are called the
active metal, can wet a chemically inert ceramic
surface. The interfacial structure between Cu and
AIN consists of an Ag—Cu eutectic alloy layer adja-
cent to the Cu and a titanium nitride (TiN) layer
adjacent to the AIN. Most importantly, a good Cu/
AIN interface always has a continuous TiN layer [11].
The formation of the TiN layer at the Cu/AIN
interface is a consequence of the following chemical
reaction:

Tidiss b AIN ¥ TiN p Aldiss: 01p

In this reaction, AIN and TiN are in the solid state
whereas Tigiss and Algiss are dissolved in the Ag-Cu
eutectic liquid phase [12]. The Gibbs free energy for
this reaction is negative above the Ag—Cu eutectic
point (780 C) [13, 14].

Generally, in the AMB method, an active inter-
metallic compound layer containing a ceramic com-
ponent is formed by an interfacial reaction between
the active metal and the ceramic, i.e.,, a Ti-X phase
(X =N, O, C) is formed at the interface when using a
brazing material containing Ti [7-10, 15-18]. Inter-
estingly, Ag and Cu inclusions were detected in the
TiN layer at the Cu/AIN part of the substrate/braze
interface in the work on the wettability of AIN-based
ceramics using Ag-Cu-Ti AMB alloys reported by
Taranets et al.[19] and in the heat transfer character-
istics of these reported by Sivaprahasam et al. [20],
respectively. A model of the interfacial evolution for
the Cu-metalized polycrystalline AIN substrate using
Ag-Ti paste was proposed by Zhang et al. [21]. This
is the same bonding method as in our recent work on
AIN [11].

The key points of the model of Zhang et al. are that
(i) The innermost reaction of TiN layer which occurs
along the AIN grain boundaries is a consequence of a
low diffusion activation energy for this process and
(ii) The volume shrinkage arising from the formation

@ Springer

of TiN facilitates the inward transport of the Ag-Cu—
Ti liquid phase at the AIN grain boundaries. These
mechanisms suggest that the formation of the TiN
layer in active metal bonding is not just a simple
substitution reaction, but instead a more dynamic
interfacial reaction involving the metallic elements
present in the bonding process. In the work reported
here, we have investigated in detail the interfacial
structures which occur at Ag-Cu-Ti/AIN, Ag-Ti/
AIN and Cu-Ti/AIN interfaces in order to clarify
what happens to each metal component within the
metal/substrate systems during the bonding process
using a single crystal epitaxial AIN film as the AIN
substrate.

Experimental method

In this work, Ag (D1p =12 Im, D5y =1.6 Im and
Dgy = 2.8 Im), Cu (D9 = 0.6 Im, D5y = 0.8 Im and
Dgg = 1.1 Im) and TiH, (D;p = 2.1 Im, D55 = 5.2 Im
and Dgy = 10.7 Im) powders were added to an
organic medium containing aterpineol (96%),
2,2,4 trimethyl.1, 3_pentanediol (98.5%) and poly-
methyl methacrylate and mixed using a mechanical
mixer (ARE-250, THINKY) to produce the propri-
etary metal paste. D1, Dsg and Dgg correspond to the
10th percentile, 50th percentile and 90th percentile of
a volume-based particle size, respectively. These
metal powders have a purity of [[99.0 wt.%. Their
balances are almost C and O. The concentrations of
impurities related to the present work in these metal
powders by glow discharge mass spectrometry (GD-
MS) are shown in Table 1. The concentrations of Cu
and Al in Ag powder were both 0.3 wtppm and that
of Ag and Al in Cu powder were 9.8 wtppm and
below the determination limit (\.0.01 wtppm),
respectively. The impurity concentration of TiH,
powder was higher than that of Ag and Cu powders.
The concentration of Ag, Cu and Al were 61, 39 and

Table 1 The concentration of impurities related to the present
work in Ag, Cu and TiH, powders by GD-MS

Powdetr Concentration (wtppm)
Ag Cu Ti Al
Ag - 0.3 N\ 0.01 0.3
Cu 9.8 - N\ 0.01 N\ 0.01
TiH, 6.1 39 - 60
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60 wtppm, respectively. TiH,, which was available
with powder smaller in particle size than Ti, was
useful to improve the uniformity of the metal pastes.

Ag-26.4 wt.%Cu—4.4 wt.%TiH,, Ag-6.0 wt.%TiH,
and Cu-14.3 wt.%TiH, pastes were applied onto a
commercially available Al,O; sapphire (0001) sub-
strate (U 50.8 mm 9 430 Im) upon which there was a
1 Im thick single crystal epitaxial AIN film as the
AIN substrate (DOWA Electronics Materials Co., Ltd)
using a screen-printing machine. The orientation
relationship between the AIN film and the AlL,Oj;
substrate was (0001) AIN // (0001) AL,Os, [1120] AIN
// [1100] Al,Os3, as observed in other studies [22, 23].

A cross-sectional bright field (BF) transmission
electron microscopy (TEM) image of the AIN/ Al,O3
interface observed along the [1120] AIN zone axis is
shown in Fig. 1, together with electron diffraction
patterns from the AIN and the AlO;. Strain contrast
due to a large lattice mismatch between AIN and
Al,O3 (11.6%) is observed around the AIN/Al,O3
interface. In addition, contrast due to the grain
boundaries of the AIN film is observed along the
direction perpendicular to the AIN/AILOj interface.
This means that columnar crystals of AIN with a
grain size of up to 400 nm grow in the AIN film.
These AIN columnar crystals are much smaller than
the grain size of the polycrystalline AIN substrates

A
0000
AIN [1120]

Y4
0000 :
AlL,O [1100]

Figure 1 a A cross-sectional BF TEM image of the AIN/ Al,05
interface observed along the [1120] AIN zone axis, as shown in b
in the selected area electron diffraction pattern. ¢ election
diffraction pattern with the incident electron beam parallel to
[1120] AIN// [1100] AL,O3.).

examined by Zhang et al. in [21]. It is reasonable to
assume that the interfacial reaction between each
paste and AIN is the same as when using Ti. This is
because the dehydrogenation reaction of TiH, is
completed at a heating temperature far lower than
the Ag—Cu eutectic temperature (780 C) [24]. The
amounts of Ag, Cu and TiH, were & 6.3, 2.4 and
0.4 mg/cm?, respectively. From our previous work
[11], it was anticipated that a continuous TiN layer
would be formed at the metal/AIN interface for this
amount of Ag and TiH,. Furthermore, the ratio of Ag
to Cu is almost that at the eutectic composition [13].
After drying the samples at 150 C for 10 min in air,
each sample was placed inside a vacuum furnace and
brazed (sintered) at 850 C for 30 min, with heating
and cooling rates of 10 C/ min.

Cross sections of these samples were observed
using scanning electron microscopy (SEM) before
more detailed observations were undertaken by
scanning transmission electron microscopy (STEM).
Samples were mounted in an acrylic polymer at room
temperature and polished using standard metallo-
graphic techniques and an argon-based ion beam
polisher (ArBlade 5000, Hitachi High-Tech). The
microstructures of all samples were analyzed using
SEM (GeminiSEM 500, Carl Zeiss AG), which were
operated at 1.8 kV.

Thin sections of the metal/AIN interface for STEM
analysis were prepared using a focused ion beam
(FIB) instrument (Scios, Thermo Fisher Scientific).
These sections were reduced to a thickness between
30 and 100 nm by the FIB. Elemental analysis of the
thin sections was performed in a Titan G2 ChemiS-
TEM equipped with an energy dispersive xray
spectroscopy (EDS) system (NSS7, Thermo Fisher
Scientific) and a Talos F200X (Thermo Fisher Scien-
tific) equipped with an EDS system (Super-X, Bru-
ker), which were operated at 200 kV, respectively.

Results and Discussion

A secondary electron (SE) image of the Ag—Cu-TiH,/
AIN interface after brazing at 850 C for 30 min is
shown in Fig. 2. This brazing temperature is higher
than the liquidus temperature of the Ag—Cu-TiH,
system used in this work (& 837 C). This suggests
that this metal layer has completely melted at the
brazing temperature. The broken line in this fig-
ure corresponds to the position of the interface
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between AIN and Al;Os. It can be seen that Cu-Ti
intermetallic compounds (IMCs) such as Cu,Ti (te-
tragonal, Crmcm, a = 7.988 A, b = 4.458 A, ¢ = 4.397 A)
and CuyTi (tetragonal, Pnma, a = 4.526 A, b =4.345 A,
¢ =1292 A) [25] are widely dispersed in the metal
layer. This layer is composed of Ag-rich and Cu-rich
phases arising from the melting of the Ag—Cu-TiH,
paste. The TiN (cubic, Fm 3 m, a = 4.239 A) [26]
reaction layer grows in from the surface of the AIN
toward the Al,O; substrate and contains a large
number of bright areas \. 100 nm size.

High angle annular dark field (HAADF) image of
the Ag-Cu-TiH,/AIN interface together with ele-
mental distributions is shown in Fig. 3. Bright areas
between 40 and 200 nm in length which contain small
particles are evident inside the TiN layer. These
correspond to Ag- and Cu-containing phases. Their
presence suggests that the TiN layer growth process
using AIN as a starting material via the AMB method
cannot simply be expressed by the substitution
reaction represented by Eq. 1. This implies that the
Ag- and/or Cu-containing liquid phase contributes
significantly to the TiN layer growth process.
HAADEF images, dark field (DF) images and electron
diffraction patterns from each position on the Ti-
containing metal layer side, center and the AIN side
for the reaction layer at the Ag-Cu-TiH,/AIN inter-
face are shown in Fig. 4. These DF images were taken
under the beam condition with diffraction vectors
(9) shown in Fig. 4(d1-6). The HAADF images are
grouped into three pairs: al and a2, a3 and a4, and a5

Figure 2 SE image of chemical reaction products at an Ag—Cu—
TiH,/AIN interface after brazing for 30 min at 850 C.

@ Springer

and a6. Slight changes in the specimen orientation
within each pair of HAADF images change the elec-
tron diffraction patterns, as shown in the three pairs
dl and d2, d3 and d4, d5 and d6. Examples of Ag-
and Cu-containing areas in the corresponding
HAADF images are circled.

It can be seen from these images that the TiN layer
is composed of TiN, Ag (cubic, Fm 3m, a=4086A)
and Cu (cubic, Fm 3 m, a = 3.615 Ao) at each position.
These observations would suggest that the Ag—Cu
liquid phase is intimately involved in the TiN growth
process. Figure 5a, b is obtained under the condition
where the bright line evident in Fig. 5a is most sharp.
Al from the AIN film appears to segregate together
with Ag and Cu into the grain boundaries of the TiN
layer, as shown by the line scan element analysis of
Fig. 5¢ along the direction arrowed in Fig. 5b. The
concentrations of Ag, Cu and Al are 1.5, 22.5 and 5.3
at.% at the peak position, respectively. It is suggested
that these Ag or Cu-based spherical metal phases
contain Al derived from AIN in the same way as the
TiN grain boundary phases. In other words, the
spherical metal phases in the TiN layer define the
grain boundaries of the TiN layer.

A detailed HAADF image of the TiN layer at the
Ag—Cu-TiH,/AIN interface is shown in Fig. 6. The
TiN layer here is composed of TiN particles with \

50 nm size. Their grain boundaries contain Ag, Cu
and Al as shown by the line scan element analysis in
Fig. 5c. Therefore, each TiN grain is surrounded by a
metal-rich grain boundary phase which contains Ag,
Cu and Al This means that these metal grain
boundary phases form a network structure over the
entire TiN layer. In addition, the direction of obser-
vation of the TiN layer causes a difference in
appearance of the bright areas shown in Fig. 5a, b.
Hence, a metal-rich grain boundary phase of the TiN
layer is observed as a spherical metal phase in the
TiN layer under the condition when it is observed
from the direction almost parallel to its grain
boundary.

SE images of (a) The Ag-TiH,/AIN interface and
(b) The Cu-TiH,/AIN interface after sintering at
850 C for 30 min are shown in Fig. 7a, b, respec-
tively. As in Fig. 2, the broken lines in these two
figures correspond to the positions of the interface
between AIN and Al,O;. In contrast to the fully dense
Ag-Cu eutectic structure which is assisted by the Ag—
Cu liquid phase generation in Fig. 2, it is evident that
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Figure 3 a HAADF image of
an Ag—Cu-TiH,/AIN interface
after brazing for 30 min at
850 C, together with
elemental distributions of b Ti,
cN,d Al, e Ag and f Cu
obtained by energy-dispersive
x-ray spectroscopy (EDS).

there is porosity in both the Ag-rich and Cu-rich
sinters. In addition, there is a layer of TiC (cubic, Fm
3m,a = 4328 A) [27] and Cu-Ti IMCs clearly visible
in Fig. 7a, b, respectively. It is significant that the
heating temperature (850 C) used for these sintering
experiments is lower than the melting point of Ag
(961.8 C), Cu (1084.6 C), Ti (1668 C) and also the
eutectic temperature of the Ag-Ti system (960 C)
[28] and the Cu-Ti system (875 C) [25]. Therefore, it
is suggested that the porosity in these sinters seen in
Fig. 7a, b is formed by insufficient void shrinkage
between metal powders through solid phase
sintering.

Since the surfaces of the Ag powder used in this
work are covered with an organic medium, it is
suggested that TiC is formed by the reaction with
TiH, powder in contact with the Ag powder particles
during the solid phase sintering. In contrast to what
happens during solid-state sintering, the Ag-rich

LN -R&D LE a2 —
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phase densely precipitated as TiC particles formed
locally at the Ag-Cu-TiH,/AIN interface where there
is liquid present in the sintering process. It is sug-
gested that the uneven distribution of TiC particles at
the Ag-Cu-TiH,/AIN interface is caused by the
uneven distribution of the organic medium modify-
ing the Ag particles and/or the convection of the Ag-
Cu-Ti liquid phase. The details of the Ag powder and
the TiC particles are shown in the supplemental
material. As with the Ag-Cu-TiH,, the reaction lay-
ers between M-TiH, (M = Ag or Cu) and AIN grow
in from the AIN surface toward the Al,O; substrate.
These layers contain a large number of bright
areas \. 100 nm size, similar to the size of Ag and Cu
phases observed in the TiN layer as shown in Fig. 2.

A HAADF image of the Ag-TiH,/AIN interface
together with elemental distributions is shown in
Fig. 8. It can be seen that the reaction layer is com-
posed of the reactant containing Ti and N, and Ag
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bFigure 4 (al-6) HAADF images of an Ag—Cu-TiH, /AIN
interface after brazing for 30 min at 850 C, (bl, 3, 5) DF
images for Ag, (b2, 4, 6) for Cu and (c1-6) for TiN using g vectors
as shown in the (d1-6) electron diffraction patterns. The HAADF
images are grouped into three pairs: al and a2, a3 and a4, a5 and
a6. Slight changes in the specimen orientation within each pair of
HAADF images change the electron diffraction patterns, as shown
in the three pairs d1 and d2, d3 and d4, d5 and d6. Examples of
Ag- and Cu-containing areas in the corresponding HAADF
images are circled in yellow.

Concentration/ at%

0 2 8 10 12 14 16
Distance/ nm

Figure 5 a, b HAADF images of an Ag—Cu-TiH,/AIN interface
after brazing for 30 min at 850 C and ¢ EDS analysis along the
direction arrowed in b.

Figure 6 Detailed HAADF image of TiN layer of an Ag—Cu-—
TiH,/AIN interface after brazing for 30 min at 850 C.
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Ag 2
il Cu-Ti IMCs

Reaction layer
- (TIN)

Reaction layer

AN (TiN)

AIN

Al,O3 500 nm AlL,O3 500 nm

Figure 7 SE images of chemical reaction products at a an Ag—
TiH,/AIN interface after sintering for 30 min at 850 C and b a
Cu-TiH,/AIN interface after sintering for 30 min at 850 C.

phases which correspond to the bright area observed
in Fig. 7a. The size of the Ag phases in the reaction
layer is about 10% that of the Ag powder used in the
Ag-TiH,; paste. This implies that the generation of the
Ag phase is completely different from the grain
growth in the solid sintering process. That is, it
means that the Ag-containing liquid phase is gener-
ated during the growth of the TiN layer. HAADF
images, DF images and selected area electron
diffraction (SAED) patterns at each position on the Ti-
containing metal layer side, center and the AIN side
for the reaction layer at the Ag-TiH,/AIN interface
are shown in Fig. 9. It can be seen that the reaction
layer is composed of TiN and Ag (cubic) at each
position from the SAED patterns as shown in Fig. 9
(d1-3). In addition, the coincidence of the zone axes of
TiN and Ag suggests that there is an epitaxial ori-
entation relationship between them as in the Ag-Cu-—
TiH,/AIN interface.

A HAADF image of the Cu-TiH,/AIN interface
together with elemental distributions is shown in
Fig. 10. The Cu phases which correspond to the
bright area observed in Fig. 7b are distributed in the
reaction layer mainly composed of the reactant con-
taining Ti and N, as in the Ag-TiH,/AIN interface.
The size of Cu phase in the reaction layer is about
10% of that of the Cu powder used in the Cu-TiH,
paste. This also implies that the Cu phase in the Cu—
TiH,/AIN interfacial reaction layer is formed
through the same reaction process as the Ag phase in
the Ag-TiH,/AIN interfacial reaction layer. HAADF

@ Springer
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T s

Figure 8 a HAADF image of
an Ag-TiH,/AIN interface
after sintering for 30 min at
850 C, together with
elemental distributions of b Ti,
¢ N, d Al and e Ag obtained
by EDS.

Reaction layer
(TiN)

AIN

200 nm |-

N 200 nm ‘

images, DF images and SAED patterns at each posi-
tion on the Ti-containing metal layer side, center and
the AIN side for the reaction layer at the Cu-TiH,/
AIN interface are shown in Fig. 11. Here, the reaction
layer is composed of TiN and Cu (cubic) at each
position, as is evident from the SAED patterns shown
in Fig. 11 (d1-3). In addition, the coincidence of the
zone axes of TiN and Cu suggests that there is an
epitaxial orientation relationship between them as in
the Ag—Cu-TiH,/AIN interface.

These results show that the structural features of
these TiN layers as shown in Figs. 4, 9 and 11 do not
depend on whether the Ti-containing metal layer is a
liquid phase or a solid phase at the heat treatment
temperature. This means that the formation reaction
of the TiN layer using AIN as a starting material via
the AMB method is composed of a TiN formation
reaction by a substitution reaction and a local liquid
phase formation reaction inside AIN.

@ Springer

The compositional analysis of the Ag and the Cu
phases in the TiN layer for three samples are shown
in Tables 2 and 3, which are obtained from each
phase shown in Figs. 4, 9 and 11. In the Ag—Cu-TiH,
system, the Al concentration with respect to the sum
of the Ag, Cu and Al concentrations is also shown in
parentheses in Tables 2 and 3. It can be seen that the
Al concentration gradually decreases as the distance
from the AIN increases. The implication is that the
TiN grain boundaries function as diffusion paths and
assist the transfer of elements between the Ti-con-
taining metal layer and the AIN. It is notable that Al
dissolves more in Cu than Ag in the Ag—Cu-TiH,
system. In addition, the Al concentration dependence
of the lattice constant of the Ag and the Cu phases in
the TiN layer are shown in Figs. 12 and 13 for the
three samples. These are estimated from the SAED
patterns shown in Figs. 4, 9 and 11. It is known that
the lattice constants of these phases change linearly
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Figure 9 (al-3) HAADF images of an Ag-TiH,/AIN interface after sintering for 30 min at 850 C, (b1-3) DF images for Ag and (c1-3)

for TiN using g vectors as shown in (d1-3) SAED patterns.

with respect to the Al concentration in the Al solid
solution region [29-31]. The changes in these lattice
constants estimated in this work lend further support
to the proposition that there is a concentration gra-
dient of M and Al in the TiN layer thickness
direction.

Combining the results of the three sets of the
interfacial reaction between Ti included metal layer
and AIN, a formation mechanism of the TiN layer via
the AMB method is proposed, as illustrated in
Fig. 14. An interfacial reaction occurs between Ti in
the Ti-containing metal layer and AIN according to
the following chemical reaction:

Tip AIN ¥ TiN p Aly,: 82p

This substitution reaction causes the co-generation of
TiN particles and the free Alliquid phase (Aly;q) on the
AIN surface at temperatures above the Al melting point
(660 O). In addition, there is an element M (M = Ag
and/or Cu) that becomes eutectic with Al [32, 33] in the
Ti-containing metal layer. Therefore, Al immediately

forms Al-Mj;q as M dissolves in Aly;q, as shownin Eq. 3,
and shown schematically in Fig. 14b. Itis suggested that
the Al-Mj;, contributes to a lowering of the energy of the
entire interfacial reaction system.

Alliq bM T Al Mliq: 03p

It is further suggested that this Al-Mj;q functions as
a diffusion path for supplying Ti from the Ti-con-
taining metal layer to the inside of AIN. This means
that Ti newly reaching the AIN surface via these
diffusion paths propagates the co-generation of TiN
particles and the Al into the inside of AIN by the
chemical reaction (4), where Alyq is immediately
integrated with Al-Mj;y. Furthermore, this means
that the solidification reaction of Al-Mj;q (5) proceeds
simultaneously with the substitution reaction (4) due
to the increase in the concentration of M in the Al-
Miiq on the Ti-containing metal layer side since M
also diffuses through these diffusion paths into the
Al-My;q as shown in Fig. 14c.
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Figure 10 a HAADF image
of a Cu-TiH,/AIN interface
after sintering for 30 min at
850 C, together with
elemental distributions of b Ti,
¢ N, d Al and e Cu obtained
by EDS.

*

]
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| v‘," i 's"

Tip AIN p Al My, ¥ TiN p Al My, 84p
Al Mliqu M AISOII 05p

Therefore, the substitution reaction (2) promotes
the continuum of interfacial reactions between Ti-
containing metal layer and AIN, and the TiN layer
forming reaction proceeds inside the AIN by repeat-
ing the local reaction of Egs.4 and 5, as shown
schematically in Fig. 14d. Consequently, the TiN
layer is composed of TiN particles and grain
boundaries with a concentration gradient of M and
Al in the thickness direction of the TiN layer. This
corresponds to a high M concentration on the Ti-
containing metal layer side and a high Al concen-
tration on the AIN side, respectively, as shown in
Fig. 14e. In the TiN formation reaction using AIN as a
starting material via the AMB method, the local Al-

@ Springer
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Miiq plays an important role in the progress of the
interfacial reaction between Ti-containing metal layer
and AIN, and Al-Mj;q and M-Alg, derive from this
local liquid phase promote the transfer between Ti-
containing metal layer and AIN as diffusion paths at
all stages of the interfacial reaction.

Conclusions

Active metal bonding (AMB) has been applied indus-
trially for bonding Cu onto AIN substrates since the
1990s. In this work, a growth mechanism of the TiN
layer via the AMB method has been proposed from
observations based on three sets of Ti-containing metal
layer/AIN interfacial reactions. These are the Ag—Cu-
TiH,/AIN, Ag-TiH,/AIN and Cu-TiH,/AIN.
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Figure 11 (al-3) HAADF images of a Cu-TiH,/AIN interface after sintering for 30 min at 850 C, (b1-3) DF image for Cu and (c1-3) for
TiN using g vectors as shown in (d1-3) SAED patterns.

Table 2 Compositional analysis of Ag phase in the TiN layer after brazing/ sintering for 30 min at 850 C as shown in Figs. 4 and 9

. . . o
Sample Position in the TiN layer Concentration(at%) RS AAgl( - cu)(at% )
Ag Cu Ti Al N

Ag—Cu-TiH,/AIN Metal layer side 46.7 10.2 159 0.9 26.3 1.9(1.6)

Center 41.6 11.9 17.1 1.4 28.0 3.2(2.5)

AIN side 17.8 4.7 35.4 0.7 414 3.8(3.1)
Ag-TiH,/AIN Metal layer side 30.3 - 37.3 2.0 304 6.2

Center 23.7 - 42.3 2.8 31.2 10.5

AIN side 14.3 - 47.4 2.5 35.8 14.7

Table 3 Compositional analysis of Cu phase in the TiN layer after brazing/ sintering for 30 min at 850 C as shown in Figs. 4 and 11

Sample Position in the TiN layer Concentration(at%)

m@%)
Ag Cu Ti Al N
Ag—Cu-TiH,/AIN Metal layer side 0.7 23.6 38.7 4.2 32.7 15.1(14.7)
Center 0.3 17.1 40.7 33 38.7 16.1(15.8)
AIN side 9.4 345 19.7 9.5 26.9 21.6(17.8)
Cu-TiH,/AIN Metal layer side - 25.6 39.3 32 31.9 11.1
Center - 40.0 28.0 6.3 25.7 134
AIN side - 65.5 10.8 113 12.3 14.9
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Figure 12 Al concentration dependence on the Ag lattice
parameter.
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Figure 13 Al concentration dependence on the Cu lattice
parameter.
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In Ag—Cu-TiH,/AIN, the TiN layer grown inside
AIN at the Ag-Cu-TiH,/AIN interface is composed
of Ag and Cu grain boundary phases and TiN par-
ticles with \.50 nm size. In addition, Al from AIN
segregates together with Ag and Cu into the TiN
grain boundaries which surround the TiN particles.
In the systems without a molten metal layer, such as
Ag-TiH,/AIN and Cu-TiH,/AIN, the same structure
of the TiN layer as with the Ag—-Cu-TiH,/AIN
interface was observed.

As the initiation reaction to form this characteristic
TiN layer structure, the substitution reaction between
Ti and AIN in contact with AIN (Eq. 2) causes the co-
generation of TiN particles and a Al liquid phase
(Alyig). Immediately, M (M = Ag and/or Cu) diffuses
into Aljiq to form the Al-My;q (Eq. 3), which provides
diffusion paths for Ti toward the AIN surface. Fur-
thermore, the Ti which has newly reached the AIN
surface undergoes a substitution reaction with AIN
(Eq. 49). Al-Mjyq solidifies from the Ti-containing
metal layer side to the AIN side because of the dif-
fusion of M into Al-Mjq(Eq. 5). This causes a con-
centration gradient of M and Al in the TiN layer
thickness direction. The TiN layer grows into the AIN
by a series of these local reactions.

(@ (e

Figure 14 a—e Schematic mechanism for the formation reaction
of TiN layer at the interface between Ti-containing metal layer and
AIN. a Diffusion of Ti and M into the AIN surface. b Co-
generation of TiN particles and AI-M liquid phase by Eqs. 2 and

@ Springer

3. ¢, d Growth of TiN layer toward the AIN inside and
solidification of Al-M liquid phase by Eqs. 4 and 5 and finally
e TiN layer containing M—-Al solid phase with Al concentration
distribution following complete solidification of grain boundaries.
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Consideration of Fatigue Fracture for Die Attach Solder by Power Cycling Test

Touyou OHASHI

Abstract

In power cycling test, current is passed through IGBT chip to generate heat, and reliability is evaluated by simulat-

ing the control of actual power module. We carried out power cycling test using test pieces with two different types of

insulating substrates. Differences in power cycling life and die attach solder fatigue failure were observed between the

two test pieces. The cause of the differences was considered from the viewpoint of changes in the solder microstructure

using electron microscopy.

F—T = F T =% A 7 UEER, MFEIERK, Sn-Cu-NiRITAZZ, &EEILEY, RS

1. [FU®IC

A, AT ANTF—RKD720, BIHIOEMFEM %
HigLC, HEpH, RS KBt - JmEE0 5
TR —FTV 2= VOEREPEATHDL, /87T —F
¥ 2 —)VIZ IGBT (Insulated Gate Bipolar Transistor) F
7, MR, N—2 7 L=, SHRE,OHEIN
TBY, IGBTF v T7DAAL vF v FTEEIC L ) BENE
WA T IR TH S0 IGBT F v 75 DFFEIC L 1 B
GRDHEL 5 b, SRR T % 252 SR S
L7280, ZHMmOBEERM CTHEISIAFEAE L, FEERIE
FWIRIZED 7 EEFEOR T PE &IN5,

I8 = A 7 OVERERE X T 0 X ) RASHEE ORI
WHERERTH B IGBT F v FD3#ED ON/OFF BifF
RN IRL2AS, ZEEOBEFRHOBISIIIHT 5
M AMEZ G AR CH 225, FIZBJIE T v 7
TOFALZEGMTHIPEL Z EPHLNLT VD, —
F, FATHE L TEBEIZIE P RIFAZEH S
TW727%, 4% RoHS Bl iE L AT b T %
KB REEEDLH L7290, BIEE Sn RIFAZHEL
WHENDL L)ool 2D Sn RIZAZICBITS
I = A 7 VFEICE L CHERNE  OWfgEs e Sh
Twa'™Y,

Sn (X4 )8 O T b LR TR IR K,
Z D727 = A ZOVERERFIHIRE LD L9 <,
FANB LR TSRO AR E NPT v, 22 TSn il
RINTCE %2 @B A4 5 2 & Rl Z sk LA %
M EEs 2 EDBHENT WD, A TIEA RIS
5 B HGIEROMEEIC L > THERLE 2 2 L FHIN

bo ZIUTY 70— IR S SR ITTRESEL L
GAZPICRAT 720 TH D, RICIZAZHDFE—T
HoTh, L ALRLIHMBIEHRINLZ LRI )
5o

KRWFZETIE, I FAMEF— L& L ISR OMEE =
BRI EDINT —H A 7 IVHFHHEDOEIIOWT, FiZiX
ATEDRMBEACICER L TEZR L,

2. HERAE

INT = A ZVEABRE ERT 512 H72o T, ETIET
ANE=AEREHR L7z 7AME—ZADOFEAKEE 112
R o MR ERN—AT L — F2AI B, MGHER
FIZSiDIGBT F v 72IZALEZMITLT, R=AT L —
MekGe—rT oo ET)ATES L, /2, TA
MY =212 LT B % HE L TIGBT F v 7L in Tt
BOM % Al 7 A X CTRERRE L 72,

AT 70—, EFRFMAT T300C
T CHIE LR 24 5 min. & L7z 12 A1 Sn-Cu-
Ni RIZAZEZMEH L, MGEEHIXEEE O REKH A Cu

FRITAY mFE~

IGBTF v 7

A7 (Sn-Cu-Ni%)

HERREAR (CuZliR/Nish - = £iR)
R=2F L=}

wE#T—R

Kis74>»

1 FARE—ZXDERAE

Schematic diagram of test piece



Mitsubishi Materials Innovation Center Monozukuri and R&D Review No.3 (2024)

ECudD LICEMBNI D> LB (EXH 5 um) %4772
LoD 2HEEYHE Lz, T, #hEhz CuFEWKL
O"Ni o ZHAEBEFRT 50

IS —H A 7 O)VEHERR I BN AR 5 12H 725 T,
F v TIREO_FIRIEE & TRIEE DD 80T T—E Xk
HENICEG - BEERE L, Fv TICEER, B
LTFy TREDS ERIREISEL /2L SIC@BEXTD,
HHEN T TIHRIEEIGEL - SICHNERET LI L %
MR L)1 — NEE & EE) X 4T On/Off % il
L7ze F v 7TIREZAEOBERIZ B 2 127R T,

3. fEREER

WAL OGN AR 5 2 DT A b E— A0 L
TNT =1 7 VB EFER L, WAL 2 & &
b2, Y TNOBIEE - G RATST = A 7 VTR
DEDODEREZELZ 72,

3.1 EMETURIERSR

INT = A 7 OVERERIZ X o THETELEROMEE DT
T2 L FZTH O OBEMEDEAL LB LA T 5, K
RERTIRETTA 2 VIS EBIEI 2 e T 5 2 & T
HOMATE % FHI L 72 BURBUIEIX T v 7~ EEN
BEIRICBU 2 IEAMOEEED SIRE LAMEZ R D
% AVEEIZHE L TIT o 720

AVEFZHE U CHlE L 72 BRPURERE R 2 B 3 1R §
A 7 OVIRIIE R 3 A SR L AR oy b L
720 Cubfiid Ni o ZFEROBE S LI A 7 )V hsiE
LIZON TS LA LT 528, Cuftko A3 LA

#
o Tjmax -
AN
m
N
IS
Y
,:\' Timin
2 FyIOEREEEOELR
Schematic diagram of chip temperature change

20
. —Nith > TER
= —CultiR
B
m‘t 10
_L_{
5 s
e
g

0
0 150000 200000 250000 300000

YA 71
®3 YA 0)ILEOREN LREER

Thermal resistance increase rate per cycle

DEEDFRRL N TINT = A4 7 VHFHFLEWT & ATRE
SMb,

RIZZ DEDNIATZDOBIEIRIDE N L D S D LR
SEL, ZEFE—Y A 7 VRS %O K CRHiBigE %
To72 (B4), &t X REOEED S, CuREIZIER
TNi® o FERTIE TR FHOFAHEICIZ A TZ D2/
W% MRS NTze TG ELIERT 2L, Nido
EHMRDB;H1% 140000 1 7 VARICKE 22 R 6
72hy, Cu FEROBEA 1L 150000 31 7 VEICBWT L H
VolRBIER SN Do 72,

32 BFARDIHEZERICHT HER

4 DFERD 5 BIRPT_ A ZRDEDNL A7 DOBEFIRDL
DFENZ LD H O LIRS N2, RIS ORIEDIE KT
IZOWTEE L, ZO8E, Mk e OFHfIz
T L CHEATT 2556 LT AN & ORIEDHEST
THGEEOMEPEESNL, 202 DO E
L, [FAZZHRROZALRHIERI & #l22 - 0H7 L7,

13 A 72O W #1%21X SEM  (Scanning Electron Micro-
scope) & FVTATV, 13 A 72N OMT ) <o fifg 2EAR AR
AR S 15 &8 ML &Y Ok 1 EPMA  (Electron
Probe Micro Analyzer) % W THHT L7z, EHIZITAZ
DFE SRR s & 7 fr1x EBSD  (Electron Probe Micro Ana-
lyzer) % FH\WCHHT L 72,

321 @EBREREOFHICERSNDEEELEY

) 70— AR IR R T O SR & 13 A TEDOB A
o L g AL EMABAER S LA A, AEld R 2 O
TAME=ZATH L, BRINLEEMLEWEREL
7z ECTHAMEDE NI OWTHERE L2,

EPMA |2 X % iR ZAACA AT B 1) B TeR TR
B 5178 T, Cufltl, Niw-o &EARE O IZE S H um
FEFED Sn, Cu, Ni # HALEBILEWRE IR SN
720 S HICHEEFISR L EAITIC X 5 Emfifr 21T -
728 A, CuEMOBAIEEIC (CuNi)Sng, Niho &
MDY E 1L N,Sn, DT S5 Z LR S N7z,

WEOWFEIZB VT, (CuNi)Sns ix CugSny D Cu H A

EiBXR R

1500004 1 7 L&

CuZtiR

Nigh- &
HiR

M4 YA U)IZBEROEE X FERUHESTE
Transmission X-ray images and cross-sectional images after

cycles



ZEXTITN A/ RN—=varkry—

FO—EANIZEHET LI EICLY, EEMETH LN

EE M T AL L BVEILIZH L TR E 127 5
ZENEE SN TS, — 7 Ni,Sn, [JARIEMECTE Ec
A 7 VB OREF I BT Ty 7 SEORE
ROEDZEARBENRTVEY, /ST =4 7 VB
PZ &I/ A %R ISIIZAZHNICZ Ty 7 05ER L
WIEICELZ S HEESIN, INOEELEWDE

i
il
5 [FATEEIBBREROFREMEDITTRDTER

Elemental analysis results near the interface between the sol-
der and the substrate

CuEiR

LN -R&D LE a2 —

535 (2024)

W AEDEROER & 7 > TV A etk T012% 2
YA
322 [FAEAREBDMEEZL
XATEHED A F1 = X 1 % IS 2 IR & B
BERICE S 2 EHPEEEEZ, W SREY A 2
WD > TN EEIEE - 54T L7z EBSDIZX BIFAZ
Wi @ IPF (Inverse Pole Figure) ~ v 7% B 6 I27R 3
Cu W OB, W B CHA & O TR CHlk:
ELTWB25, 40000 5 A 7 VIR IR RS A A
THED, D% 270000 A 7 )V E TREEAAEIZIZEAL
ZALL T v, F2IRIROFHTLEL TnDH I s
AT &L, —, NiEWOWE, BV TR
DR S NT25, Cu RO E & FERIZ 40000 H A
I VARIIZBEIC R STEAT WS, L2 LGN HZ0
% 140000 9 1 7 VTR CREREEIRE TWnh,
COERDFEREZWHONIT L7720, B Tk,
13 A PRI DSHEST LTV 22 s 40000 H A 27 V1R DFHREIC
#EHL720 B71240000 4 A 27 V1D SEM O i i 52
#EH (BEI) MUY EBSD |2 X AR FHE 554 % 77§ Cu
EWOYE, (ZATZWICHIT DS < b7z RiFE

EE2%:
gy, el

6 YA IVEBRDIEAZHED IPF Y w7

IPF maps of solder cross section after cycles

CuliR |

ik
— 400004 4 7 Vg HAERST
BT | ~ERa NN AN .
Nih-&F = } hoe. T
£1R "

200 um

X7 40000 Y1 )LD SEM ORIEEZER U EBSD ([CLDHFIEED T

Cross-sectional SEM images and grain boundary misorientation distribution obtained from

EBSD after 40000 cycles



Mitsubishi Materials Innovation Center Monozukuri and R&D Review No.3 (2024)

AT 15° P E o RME AR %L <, ki fio 3 &
HAREICE S RNz, —75, NiEROSE, ATt
AT, RIESR R OII IR E O RIERBI % & b A5
SN DR FUE A DS 2~15° O/MEARIFR D % < SNz,
INSLORRERTE Z, ST =1 7 VIFAEDEN
ZOWTHRD L) ITHEE L2 T3 CuERogE,
70— Cu 25EH LIZAZZIZE < OFF P ASE A
&, A 7 VBRI TS AT 2 0 SEER o A
R END . DB A 7 Ik ST AT &
LY VIEOREMMEA L, AR L /NHBICEE - C
BY, BRISIIR L TR ERE 2 MR S B
—JiINi o EIHMOBEIT) 70— RITEA SN LT
Whded, BERNBEETFRLRL T, NSRS
KRB R 2 D S B W REEDSE 2 S b,

4. ¥ & H

N —F Y 2 — )V OFERE) EIE L2 AGRERE L
TNT = A 7 Vil FEli L 720 7 A M E— A ZMERK
T HIZHT2> T, MiFHENE LTI Cu e NidH - &
FAR D 2 FlEFE A HE L, IGBT F v 7 & HiigFAR i3 Sn-Cu-
Ni RIFAZZEANTHEE L7,

F o TANOBIGEBIZL DA 7 VA 2T, B
POEARZEFMLI-E A, Nido XML Cu TR
WZIEARTEIESTA R R LIS A 72 057088 b i 2
ENTze TOEEOERE LTI, FEMTICERS
LEEMLEWOREN R 2 L &, IZAZNONIH
W OFEREYPT| & FTRKEDOMITEDENDE Z S
N5

KRR CTR SO N2 HR 2 212,

S IEEEORVEE

HEBHELTHEZED TV ELZVWEEZE I TV,

X

mif B, IIHwE, EERE
145-148 (2001)

HgEE, WH ¥ Av— Tk 2A¥EEE 4
(4), 184-189 (2015).

W FE, VIMIFE, WA B, BIHER, B
Z, 2HIER], SERM, F20mL s fo=s A
BB~ A 7 0Es - FEEFM Y VR DY As
. 97-100 (2014).

SHEFF ke RKEt, W %, B0 ML b
0= AZBT D~ 7 OiBs - FZEHEMY v RY
Y LU, 51-54 (2020)

BabfZ:, L s o=y AFEEHM, 10(1),
20-26 (2010).

PRERE L, BABR, BAA=,
4k 10(1), 39-44 (2021)

B, 74(2),

Av— M7 LA

K& HEE  Touyou OHASHI
A/ R=varery— R



# X

ERCEEZ{CMEIRORRE

ZE B

R AR

Development of Low Thermal Conductive Nitride Thin Film

Masaki ADACHI

Toshiaki FUJITA

Abstract

We have developed low thermal conductive nitride thin films, using the TDTR method (time domain thermoreflec-

tance method). While nitride materials are generally used as high thermal conductive materials, in this study, we car-

ried out the material design applied phonon engineering technique, and have developed low thermal conductive mate-
rials of less than 1.0 W/mK in M-Si-N (M=Cr,Mn,W,Mo) semiconductor and M-Si-N (M=Ta,Hf) insulator. Moreover,

applying mixed anion technique in Te including M-Si-N, we have established a material design method achieving an

extremely low lattice thermal conductivity less than 0.5 W/mK, expecting to be used in the fields of thermal manage-

ment and thermoelectricity.
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Development of Next-Generation Bonding Technology with Nanoporous Cu

Yutaro MORI

Abstract

This report shows a new process for Cu-Cu direct bonding using nanoporous Cu (NP-Cu). NP-Cu was formed by

electroplating. It was confirmed that NP-Cu compresses under low pressure and can absorb surface roughness and

height variation of Cu pillars. In the bondability evaluation, it was found that the shear strength was improved by using

a sintering aid to promote sintering and form a dense film. In the reliability evaluation, NP-Cu demonstrated excellent

performance under thermal cycling test at —45 °C to 125 °C and electromigration test at 4500 A/dm’ and 150 °C.
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