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Abstract

The purification and single crystal growth
mechanisms of molybdenum were analysed in
EBFZM (electron beam floating zone melting).
Metallic impurities of Fe, Cr, Co were purified
efficiently but Ta and W were not removed well
in this study. It was due to a preferential
evaporation of the elements caused by the
differnece in equillibrium vapor pressure be-
tween the elements and molybdenum. The pu-
rification effect by zone refining was not sign -
ificant. The EBFZM also refined the intersti-
tial impurities of C, O and N, effectively. The
single crystals of molybdenum were grown
regardless of the experimental conditions and the
secondary recrystallization epitaxy was sugge-
sted as a growth mechanism. The dislocation
density in single crystal was higher than that by
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strain-anneal method, and was not reduced by
heat treatments.
.M B

HT ubeA 2o Ao wal, A
2 AR EE tEA e 2 niAeguT 1
oA o] BAAHIL glo, olo SAS H B
Bdl(Molybdenum)# & I&HFEH 19 A
Zrtol= (Silicide)o) B3t A7} APsa okt
MOS-gated] &85 gt g 24 aF=He 42
o g A7|AY, dAY, SRFAF, 2PI wS
dArE % AaEde] F3d HF Folrh ojzg
FolAl g3FET 19 silicides MOS-gateol]
& sk g 2 A f7gshE, 2000C ol
L3} 10pQ-cmETE 2h W7 A S A7) 9
M 2y} gado] AHyst Ao A
ATk ey, A8-3kE AL EESA A= Na, Ks
o] azte] F43 U, Ths 9 WAH] 94, Fe, Ni%
o] FEFEULS} e BB EAshe v, ¢Ed
<42 mobile chargee] 99lo] 1, S dAE
aQ)AFe] W&ol 93k soft errors WAAAW, FF
4:2 yoltage thresholds} o) 3 o] FAjol| ofdgkS
7xEg, 2502 MOS deviced] 4%S d3hA
71A At g FEE0 gREFEe] vt
ppmo|dlol i, WA AAe] S ppboldtel Fil
+% BEed 9 2ues I5HFE] o] &
TH Jeh”

oj#3 T HHBTLHE 2ULEEE] 48 Wy
Z EBFZM(Electron Beam Floating Zone Melt -
ing)wol #-8% Aog dalA vt ¥ oli= EBFZ
Mo] Ax}iE Yo A3t A, LEE
AR B E TEHEE] &5 AT,
FEAE 93] -3 (molten zone)r} FAF o
=77t glol $85e TR ER SR ENEH
2ol glom, FFgaz A3 AAgHI} v F
Ze3l7] wiRolrt. 38 EBFZME e} a4
S Ao Vst s BE3E Ze, ditFem
139 gUZHaE GARAFo] LolstA o[F-
e Aoz 43A Ut 2 EBFZMYM 9] &
2o AErT, TEARZRIT R AR Bt

A
L

420

54485 A

86

B AFE okH7A MRS Felolnt.

olo] ¥ ol - EBFZM A% olg3tel Zel
el NEE DRSS WAL, ol S
AYY Begel A L FU)
shepstarx
Fe5ol Be AHPRH, AYUE 59
BBV stol EBFZMo] o8 Alzd 924

=458 zAsta, B Agedoe) wageg

175 AABELAL sH T

of

2. AlE g
B AFoME 54U Leybold-Heraeusite] ESZ
1.5/102. 49} EBFZM A& AMg-3t3ich o] AAe
Turbomolecular pump® HZuiz1E, Ht) 7%
Ak 10KV, HEAF 2AQ1 20kW g2 AATF
2 AR Z sHeEe RS, A A H
20mm, 88 %34o] A 325mm, 7 AJHAA
e} 3|A571 Ao 30rpm7tA] 7Fe s ARAA U E
Z¥3=a1 9lo, tle-e] Aol et gx|olch.
E AgofA A" A EE 2% 8mm, 2ol

LR}
g

2~ (degassing )& 3
shic.

S84 7I&EHE 10kVellA &7 136-138
mAZ 3] 8§ (molten zone)E AAsIA A
ANRew, 24 F9o AFEE @729 10°Torr,
Eg Aol 10 Torr A=2 VeIt AEE4EA
AAF olF&EE AT FHHglol B3 05,1,
2, dmm £52 Wil o, §-559 FyIes
ARl LS 2mm/mindlAl 2, 3, bpass2 H3HA)
#rh.

¥ Q79 EBFZMolA Qojzl Al HELS @
A7) Y8 QRN AA 2w 71E A
oA BHEUCH FEA 7] %

S o
£ o

i

B A1 o
245 B4

B



Electron Beam Floating Zone Meltingell <]

= EAFAZE 946 we} ppb, ppt FHA 7t
st Fojgds Bayel NAA(Neutron Acti-
vation Analysis)3H-& 283l Fe, Cr, Th, Ta, W
o} HJEEME sl o, ©9] 7% LECOARY CS
-2447¢x 9} 4k, Ao} A LECOALY] TC-436%
A& o] gt HEEAE 2t £3F Back-re-
flection Laue pattern ¥ $3-4x}8v]7% (TEM)S
olg-ate] WAl A el AFH R A
e s Brhetict
3. &4 ¥ nF

EBFZMoflA2] A=

Fig. 1] Ax}E o5& o] ¥zl b 44 &
4% Fe, Cr, Tao] BEE Yeho) EgrdEc
Lo ¥e Fe 27)%% 55ppmo] 2~8ppmoz
TAasle] daAEr e 85~96% A7 AASAL,
Cr& 271%% 12.7ppme].0.17~0.50ppmo. 2 743}
o] Y24 FE9 96~99% A7 AASATE. A
Z2Edrt) §Yo] ¥ Taxw YR L3518
7r Fovehe e eIt v HAg
FEEIF 2USE U] S Aolghe Al
7 g2, AR o5& me] Wl
= UuE 4] giith

9] AitoA Beludinct #4539 Fe, Cre A
A&Fo|FE LT} 0.5~4mm/ming] HH A 22 ¢

M o

= I =1
2 Eg¢E s

100 ¢
—~~ E n e Cr
B ‘\* = Fe
Qo \ A Ta
a

L]

» 1ok b \\ e
z £ Vg A -~
= L T - -
= v 1
el iF \
c \ -
hod 1.
o e 3
O L
= o01¢F
[s] b M
= o o ; <
= [ .

001 A N I 1 L e ~L

Org. 1.0 2.0 3.0 4.0

Velocity (mm/min)

Fig. 1. Metallic impurity contents in Mo as a function of the
growth rate
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Fig. 2. Metallic impurity contents along a Mo rod
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Fig. 3. Tungsten contents along a Mo rod as a function of
the growth rate

2 A1) 85%, 96%0)4F AAHAY oL, Tag] AAE A
o] o]Fo]x]A] AUth. ol st A thaf ol d
Bg & Qivh Eeude) oA Eelrdle] 3
FZ7)9ke 2.6x 10 Torro]iL, Fed] H¥ZF7|he
1134Torrolth.” Z]uwle] BYPF7 YR} Feo
HPZ7|qte] 43000 Ax2 453 2L, ¥

7F10°Torrel 3% &30l e] Fes 7|24 &
el 3t BYZF7IeE Apolo] 7idshz MHH
Zubol] ojsled o] o]FoFrt. Cre %9, E8j8
e Aol el HYFZIIqt g A57} glon,
Crel §dolAx2) BEZ7Ige] 31Torr= 4333 &
Zhold, Creol ¥l5 o] Zejude] §HH} 52T 4
3)ahs 2672C e AMdoll 2T o, Zejddle] §
HollA Crgao] Fo]| i3] doldrial 4%

34 2%




. kA Crel Z$-ole 2B o tdk A
o] ¥xA| < Cro] 96% ol AA== F&
azel ¢ glo] & Fo|r}. =3t Tad| B¢, &
Bde ol Tael BEHF7IS 1.5x10™
Torr2 EelE e} FYF7Iqko] Tasl HHEF7IUE
t} 1708) A Z=E, EBFZMol| &3t na3-43]A|
E2ludlel Futgfe] Tao] SRt o BolxA
5o, Tax AAHA ¥ AoR & 5 doH, o|2
W DaAe Tagzrot Fdd AR e Taswrt
Thh 748 Ags A8 Uk

38, )& (Zone Refining)e] A3E #E5}]
9j8led, AR o] 0.5mm/ming! 7%, 432
A ollaje] Aok W Fe, Cr, Tadl £X&
Fig. 20 VFERIGITh. Fig. 2014 Fest Cre] BH&E4
Ase 22k 039, 0717 oot g de s
SARRY] T4 P HolA] gk

w3}, Zzte] AAE o5&l Wel Aol
go| e B ¥ E Fig. 3o JERITE Wel §5i=
7) ¥Rt g™ o2 F74stg.ow, Imm/min £
72} 05mm/min ZANM & 7+ VEMIIG A
wido 2 ¥ uw, 4mm/min ZAdA el A4S A9
i AAE o)TEET} HALFF Wl Fhe
7VehRe 7otk

Kuchar”o| &34 Tast Wel BEZuiAS7}
ZAn o] tiste] 77k 105, 14931 Ro = LA
=4, Fig. 28} Fig. 304 A@R ZHolol| wk& Ta
o} wgel ARy wAEA ekgton, Wel
0.5mm/min 24 2388 the AA= 7aE
9l g0 Byl At FEREE W
9t} o]2RE, £ ATo] EBFZMolrE A2l
o|E&rr}l dutzel thddel Z9-Hr} vl WED
2, BPSo]& (a4} o] &ao] Fata) tifo o] st
nu el Tte] Yol W] FEARMAFE LT
RAogA, o] e AR Ag&EE W A AZ
=79 #do] kol wWE FEREMATI 1o A
T3led, gl BAEII} WA e How 2
A& 4 ity gutdo g & HujASsT BEEW
Ao HaslEd, 6x10°mm/ming °lF&E=7t
a7 gA okt

o ¥
T
z,

Ao
5=

=

=
)

RN
=

o]
poy

&1, Fig. 30]4% 4mm/min 21& 9= &
AL, AAE &R} FATYSFE W T

B=a7o% 87

A AEd

88

238 F7lehs 43S 1w, oo deiMe v
59 AZEA helg AZE 4 otk A, ke
emitter= 4] W-filament& A-8-3}1% =4 EBFZMA]
off meo2 7tde W-filament2FE] Wo] EglH
gog 595 Hoz AMzhArt Schulze¥ = Nbe] E
BFZMol| A W-filamentE Nb-filamentz 3| 5}¢
We] 2 4e A AT Bagk u) girk 2, o]
23 7342 29 AE= 4 ppmel Ao dEA 3L
t}. £, A9 radiant energy® 213}, A}t
I 7 Ao A YAERFEY 2¥E A
& 4= 9t Reed'" &= Nbe] AzMA &34 HAE F
W e (1) 9] W, Ta, HE 4tahE¢] 32 st
o] o ddL Bt A, EEEdle] TR A3
W rze] Ad Frtolt) BBl §3olA &
g dle] BEZ=7|e 2.6x 107 Torre We] Hy%
718t 1.8x 10 Torrol] H]sled 140004 = 222, EB
FZMAol} faAjel Eejudle] Zdo] Wel SEE
T} A RAEle], MalE olESEIt =ESE
HAFE AR Wl sur} ddHos FIkg
Aoz AZ+FETY, g, Ono'' 7} AlAIE 2T el
A 2elHde] Hu FEEse 17x102(FEshes
AR} /ms') o2, EEndle] F&HUL FolA
e 2 FAEEE dade & 4 Uk B
oA Zude] izl AV AT ole S
Z719 AL, PxA9 o) 313mm F9
Brol Aojzl 80mme ), 152.64g9 4
142.04g 2 2 24281909, 0.5mm/min 2718} 7%,
Ao} Zo] 316mm FollA AHH F&of ot
85mm<e W], 154.24gol*] 13045g0.2 TAEHTH
9)o] EBFZMol|Ale] Aeio g Qs Yaxjel =41
o Aetd, 2R BA gav S0 o g™
BRdMu dgsianta 7P A, HAAE ol

2l
TEE FZA0l| A9} AN &2 27.2%0] 4,
&

<

1

i
ZASS

2

2mm/min

&

5 2mm/min
A% o]%4E 0.5mm/mino A o] £4E2 586
%ol AAE o] %< =7} 2mm/minolA 0.5mm/m
in2 ZA 4%, ool £ o3 FFd W
Fro] F7PMIEE LT5wWE Ak JER, 9
o] Aat ARRRE, A2RE o4 % 2mm/min &
Aol Wel s 203.6ppmo]l B2, HAE o)F
21 0.5mm/min 271¢ W 3¢ X 356.3ppm
olghi ofie 4= 9low, o] A= Fig. 39] A%



Electron Beam Floating Zone Meltingoll 2]3t Zaluulel e T

o]%4 5 05mm/min 27 W S 58IE 9} TAMH
o & dxsta Ut wep, AFHoez uHY
o, E]8d Yo W gk Svtol tid e Az}
2 9l F AR 9ol 71 8 Wele] Hokx
& 4 Qlrh 38, 2uex EEUS A£s] $
3|4 EBFZM Ho 8§43 55y 52
B2 faAd) viEte] 3 D FU19o] B Ta, W&
ug] AAsfoF & RAojtt

S5l S IE BB Asg Ty
H3te], B3} 34711, 2, 3,5passE W3}glol e &
el e Fe, Cr, W 5 & Fig. 49 JeRJTh
Fig. 4014 8§ T3] 4¢] F7to] wief Fee] 75
Fro] Halrt Ao glod, Crel S Freo 241
o] A8l} AN o2 Fr WH3lo] AL W E A
Ugtow, Tae] 9 AT 4315 o] 24 EBFZ
MellX o] g&A BEd 139 &g FHzte=
5 HFeiol xgde &kt

BH Y B ZAAVIFE 1H] sk,
AR AR ol Hsle W EEjudl g
C,0,N9] =& 2Aste Fig. 5 Yehgict. Co
A2AFEs 728ppmel o), AxE ols&wert
HATFE Co Frve hths 4FS R4, 05
mm/min FZ7Ao|A 10.1ppm, Imm/min F7 A
15.5ppm, 2mm/min Z:Zjﬂ]/ﬂ 22.6ppm, 4mm/min
Z7olA 37.2ppmo.2 YA Fo] BTt 49~86%
AA"Y Aoz Vet O 444 ¥% 75.7ppm
o] et AeHE AHL 255~35.7ppmO.E 34~47%
7t AAEL oY, A olgEd titoe d&
A Aol gl AoE EPTE Noj 79 x|
% 16.7ppmol tiste] AWH FAL 1.3~4.2ppme.
2 75~92%2] vlud F& AE&R AARO, A
A4 ol g ol tistede 02] 749 viRvA 2 ¢
e o] glgivh

w3 &5 THEge] dlel e EEjEd
2] C, 0, N9} FEE Fig.6ol Yehelch Ce A
o] % 729ppmel| thste], 1passZ A4 22.6ppm,
2passz 7oA 34.8ppm, 3passZ Aol A 22.8ppm, 5p
ass®7IoA 39.6ppmo 2 &5u TGl uE
AT/ Age Holx] Ygkon, HAA Feof C}
46~69% AAH Ao Uestth O o 27
5.7ppmel] tisled 1pass &0 A] 25.5ppm, Z2pass &

89

o
=
1

" ; " e Cr
€ N w Fe
[=% AN A Ta
a «
E o z
~ \ i T
-— \ ! .
5 T :
2 o :
S ‘ / T
© T
Qo o . = L7
= - -
S /‘\I_“\I
§ . . 4 i
co1 &
B . ) _ :
Org. 1 2 3 4 5
Numoer of Pass

Fig. 4. Metallic impurity contents in Mo as a function of the

number of passes

e Carbon
Oxygen-
& : Nitraogen

Interstitial Content (wt ppm)
=)

R
/) -

- . I

Velocity (mm/min)

Ei

g. 5. Interstitial impurity contents in Mo as a function of
the growth rate

r
| e Carbon

100 » Oxygen
£ 5 1 Nitrogen

‘ .

Inlerstitial Content (wt ppm)

Number of Pass

Fig. 6. Interstitial impurity contents in Mo as a function of
the number of passes

A34 2%



Hed - A

230l 33.1ppm, 3passZ 714 25.4ppm, SpassZ 71
oA} 27.3ppm o 2 B-§-°H T30 e 0 e
Hil= A9 gllod, daA £ 0 Fxo Hile
7ol gllem, AaA F¢ 07} 55~65% AAE A
o2 YelgTh N2 9449 5% 16.7ppm ol thst
o lpassz7lo|A] 1.3ppmo 2 7} e ¥ T g |
gow, 2pass ZAA 5.2ppm, 3pass FA|A]
4.1ppm, SpassZ7dlrE 24ppmo|R i, €4 F
9] NoJ 69~92% A|g Aoz Jebttt.

Aol AFE2REH 2 dAFors EBFZMA g
AJY BE¢ES] AH|TE FdEHom 1A
th 94 Je "4y das daA AardA A
&9 A olejo= EBFZM YA #4E &
e, Co FF9e F&2 Vacuum greasest
Rotatry Pump Oil, Diffusion Pump Oil£%-E]2] Ba
ckstream@Afol ¢]a) TAsH= Hydrocarbon¥} CO
gase|i, 02 FF Y 2547 Uef 0, gaset H.0
olt, No| 3349 258 7] vl N, gase|t}. 3H4,
Co] AH= CO gasol| 9]3) o]Foix|1L, 0] AAE
AslEg o] Zxal CO gasoll 28] o]Fo]=|u, Nej
HA= N, gasell &Jsf olFoixirt.

E AeMe AR olF Sxrt =¥85E Cos
7} st ont, S5t HES e Co Tk
A dAsIHL ol HARE ols&wr) w4
S, 22 ud ] Co 07} gitd} tiio o3t &
g 4 @ulo] ols] COZ Agate] AA=E 4= 3l
AZto] o] B7] wiiol Col Adade FUetd
o1}, 13 zone pass & 09 x5 C7} CO gassAd
AA=] A8 2FEHe 09 TRk 7HAasHr] o
Foll o o]4F2] zone passell oJsiAl= Co] AL of
FoAA F& Aoz AZtAtt webr, E2E
Col AAE AAE o)F&r Bt ole} 02 F=9
T Qe H2e & Atk = &5 {FAA
7rol &g A% Z, AxE olF4X 2 mm/min® 4
3] zone passdt 73-2-9} AAlE 0]% £& 0.5mm/mi
nZ 13] zone passdt 3%, Col AH-E YA zone
passg& Z7I 71 ARG AAE olF &g YA
she Hol flsltt & 4 vk &8 2 AgelA
A18-31 EBFZM A&+ Turbomolecular PumpZE
o]&3ted HFujrisid ez %9 ol Pump Oilol
o Co 2L QNS Aoz A7, o

L
L

p.
L

or o ox rfr M1

[e]
L
e

=
=

F2AY83A)

90

RGA(Residual Gas Analyser) ¥4 Zo2% 3¢l
2 vlojtt,

0= 0.9 He= AASHA = %3l CO gast, 3
Aol Metal-suboxided] $4E E3dlo] A A=
Aoz 4#A Uk Ono't'= 3] Zelndle 7$
Mo-suboxide®] 3 Fgo= sl &S 8§
AZHF =27 ol= 09 AAE AlgtA e
I & ZEu, 2 Aol ME 8821} 09 A
A7} vlEstA] 3ttt o] o]f= EH 2 MoOs,
(M003) 24 o] Z dojuhs o2 delA 3l
o't 2 AT FR7)e] AHRIIAE RGA
A 43 H,0, CO gas 5°] EAM3IP o8 0|25
B o7} BelBde] 7ldE 4oz Af-dsle 04
%ol o] Br| Wil Ro2 Azphrt.

N& N, o Fe2 AAss Aor d#A i} o]
o] N.o| AAe Hdd &89 melt ol wl$-
wo Al g5 Y3tk gdEc A4 Y
QE dEte] AAE 2ol 2sH, A Yol A
29 §3EE A oMo L=t #AF] B
2 WS Zherh weA 94l S5 FEse
Azl WEo] &ds] dojuhe ZoR Al 2
Ao EglBye] A9, Ukl A9 fAlst
FEZ dho Ao FEn, HAE o|FHxE 1
IE= 2mm/min®] 1pass®A] No| &8 E(UL-
timate distribution)o| £&3F Aoz A = U
th.

1
T

EBFZMollA{e] ctEd M

dwtz o 2 EBFZMoME, ARl o8t J43
LxEel 2719 glo] olfolAe TR U8,
seedi}, selector, neckings AH&-8hs O e 24473
Wahe g2, ey Aol folatA olFoAE A
o2 4#jA stk 28y o)d] thate] EBFZMollA
o] SaAHS AT =oHS W, AR 4
7170l dated= Ratd npy} glck mebr] 2 Ao
MNe Ztzre] ARz wa ARAAset A4 e
A%, AYUE & Ak, FAERER A
Back-reflection Laue patterng 2413l EBFZM
o ojgt o] HARANNTE AASFLA A
t},

AT A
Tas



ki3

Electron Beam Floating Zone Meltingel] ¢

Photo, 1. Section of molten zone of crystals grown by

EBFZM
zenel wagel HFguyEe] F9W Ma-

cro etchingA}21-& Photo. 1o YR} 2 Q3to)
BE Az B0 dle Hx o] seedglo] @
Ao Ao, o|2RE 2 HEFxdel ZA
AAEEe HEE, 85U FH3FT HY oA
= 77te] Agusst P97 EBFZMo] olale) &
gido] daYor 43 AL & 5 Utk
8w AR ARt A4S vhot
3}7] 98] Back-reflection Laue patternS &A}5}

pi
a2

SEEREE

om, dazel HgzHolut LT ERARE
Totslrl s X-4 31 A2 iAo 24 b
& ZARIATH X-A 31 24 29, Fig. 79 Yehd
Hiel o] TRl dadis AF AU & B
o] S Blon, thadXd dag] URoe
kAot «-A1907F gidich.

Laue patterng #Y% A5 44x17 244
% 9] E Table 17} Fig. 8¢ YE)ict. Table 19
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Fig. 7. X-ray diffraction pattern of Mo starting material
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{(a) growth rate:lmm/min (b) diffraction pattern of (a)-B(100)

(c) growth rate:2mm/min, rotation speed:20rpm (d) diffraction patten of (c) *B[H]

(e} growth rate:4mm/min (f) growth rate:2mm/min, pass number:5

Photo, 2 Transmission electron micrograph of the transverse section of Mo single crystal (X 20, 000)
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(a) growth rate:2mm/min, rotation speed:]0rpm

&

o4

(c) (a)theat treatment (1, 350C, 90min)

(d) (a)+heat treatment (1, 950C, 90min)

Photo, 3 Transmission electron micrograph of the transverse section of Mo single crystal after heal treatment (x 20, 000)
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