Table 1
Used symbols and parameter values

Symbol Analytic Value 1 Value 2 unit

Ctc tank condenser capacity 500~3,000 pF

rer inner diameter of the

cold-crucible 9 12 cm

her height of the cold-crucible (inside) 12 14 cm
ncf number of cooling fingers 28 ea

dcf diameter of cooling fingers 1 1.4 cm

nco coil windings 2~3 turn

dct diameter of the coil tube 1+ a cm

deci inner diameter of the coil 14 18 cm

hco height of the coil 4.5 6.0 cm

lco length of the coil tube

(= ncop(dci + dct))) 88.6 113.7 cnm

f working frequency 2.13~7.82 1.89~6.95 MHz
Fig. 1. Comparison of electrical resistivities of alumina, zirconia and titania with
temperature.

Table 2

Experimental and calculated values of frequency by various tank condenser capacity and coil
(gray color areas show experimental value, unit : MHz)

Working0

coil0

Tank

capacity (pF)  ?4cm?4.5cm ?8cm?6cm
2turn 3turn 2turn 3turn
cal. meas. cal. meas. cal. meas. cal. meas.

500 8.42 7.82 5.65 5.21 7.4  6.95 4.99 4.63
10000 5.96 553 3.97 3.69 529 492 3.53 3.28
1500 4.86 4.52 3.24  3.01 4.32 4.01 2.88 2.68
2000 4.21 3.91 2.81 2.61 3.74 3.48 250 2.32
250 3.7/ 3.50  2.51 233 3.3 3.1 2.23  2.07
3000 3.44 3.19 229 2.13 3.06 2.84 2.04 1.89

Fig. 2. Family of graphs for penetration depth with different frequencies as a function of
resistivity.
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Abstract Skull melting method can be a good candidate for growing oxide single crystals with
high quality and for mass production because of its low production costs and high yield through
recycling of crust. In this study, rutile single crystals were grown by the skull melting method
and ingot characteristics with the wvariation of different growth conditions has been
investigated. Conditions for high quality rutile ingot growth were used for producing cold-
crucible size of 72 cmxHl4cm, capacity of 3000 pF tank condenser, work frequency of 2.84 MHz,
melt—-dwelling time of Shrs and growing speed of 2 mm/h.
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M HIME, RF generatorl =AEZEZFTb4=(work frequency, f), o4 & & 20[(penetration
depth, dme)Oll & W2=JiL (cold-crucible)l A Bt A (radius) SOICH. 01 RE =S 2HF o
OFXNIBH R 29 280| Jtsotd SIL WRUHAM 8N AEHZ2 SAAZE = JA2H L8t oo e =&
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AUSM, S Verneuil®[4], CZ(czochralski)®i[5], MCZ(magnetic—field-applied
czochralski)®!, EFG(edge—-defined film-fed growth)&[6], FZ(floating zone) & [7], PD(pulling—down)
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Skull meltingAlAEE Huth-Koen M 2 & FI== 118 kW, 1.89~7.82 MHzItAl &=&0}t
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turn) XA ol el HIAS LA U
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F SO HZHAHE HE = AFI LRIIZRH MEES QIIGIH FZTE 88 AL SHZ2FO &
2 xJ| LZo HMHZ ol 2~9A2F S BN MEHIZ KRAIMZ & 2 mm/hE LHE HEE FXoH
O W2TIILIE StotRel, 2348 T30l 8¢ 25 Hs2 =X %) /5t 2882
LHSHA RASIAUCH, ZHLHEH0| A5 EH = MEISZ2 SHAIIILD NH H2AIH SIHLIZRH ingot
£ ZC2IotRUCH. IngoteE AZ CIE YWATILIAIE L SHSAAIZIN T2t O 242 Hlwdte =H2
rutile 3238 S&¥X2AS SHE O
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3.1, AExH &F

3.1.1. D20AM2 Tio2 HIME F=F

Skul | meltmg.:,()il O|gt AlglE ©HZEE HE Al QEESZ ESEBAIIIDA ol ME2 HIMES ISt
= generatorl £ FlUx=E HAFGtLD 0 E Fht EFA0E HAMSH 2HEBHCZ HAT DL
o AJIE ZXHOtBH SHCH. BHXIZH titaniaz SE WAL HIME OHOIHE BEL&E0 UK 20t 2 A
FUHME Fig. 10AMe 20 280 210 alumina?t zirconiall %0 2 HIME(r) B8 GIOIE
£ Sofl titaniaQ M2YS0lA HIMHE GIOIEHE HIE#ES2 D20AM2 HINES =H6HYCH. titania
O MU M HIMEE zirconialt H2 {FAGIH, 28 1/T(K)Z2 T2 HINE gtil log E4+E FE
©ZM alumina & zirconia%t BlWA HEHS MNMHMOI 2AE H0l= 20 HE HIME HOIEHE =
HE 4= UIUCH. 0IE 0lE2st titanial ST 18700CHIAM S BIMES =&ol EH 102 Wn 3%

3.1.2. == &8
SotL AJ|Y HEst AsFUrE d8oH)| ot = HAFANA ALESt generatorll &= Ut &
A2 ofel 2400 2ol & H BT

(3.1)

(3.2)
OIIAM, f= FI=(Hz), L2 2LH(mH), C= tank condenser & (pF), LS 2L (mH), a= DBt
XE(inch), N& Zg E(turn)4, 12 ZY=0I(inch)Ct. Table 2= MZ CF2 tank condenserl =&t

E- (o]}

A 2L AJIJF ?4cmxH4.5cm, = ?8cmxHeemOId Dol & =%
Ololl HAE 012 FOIe AXMNMOZ 2 AFHUHA S3E & I mi

F 2 FIMGAo=Z LIEFUHRACH. 0 & CIOIHE HIng M 482 S8 AZEA generatorl
£ Flzxs= 02 FLSEC QA UBY=Ed, 0ls tank @2 2 work o QIgEHA
(inductance)dt OI2& gtECH AJ| ME0I0, blocking condenserl &0 2oHME H&ks 2| O
=O0ICt. blocking condenser®t F=LUt==2| ZtH = Btolel2HOICH. TetA AEEQI A9l inductance=
ASN s £ FUE HIE2Z A (3.1)HA Fotd2m, O Z= ?4emxH4.5em0ilA 2812 2
22 0.83 mH, 3E2 DLUS 1.86 mH, ?8cmxH6cmY [ 2812 DYUS 1.05 mH, 3ES DYS2 2.36 MHE
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(3.3)
L (3.1)2 (3.3)2 A0l 2ol HAE == A4S Sol SHE Fh=2% SLoIA2H 01 HIE
OZ Table 22 gt 201 =28 Jisst &d8H0 Fl+E 0o = UL

3.1.3. == FEFA0 A4t
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dme = (2/mws)1/2 (3.4)

OIIM, m= XIIEXE (magnetic permeability, 1.256E-6 Vs/Am), we= 2 =IH=(2pf), s= LI
O EMU M HMI| MEAH(electric conductivity)OICH. Fig. 2= A1(3.4)0 2ol HAE el =1
Ol CHset 2t2to] =1t Z=E21012 UEIH CIOIEEZM, alumina, zirconia el Fig. 10lA =A&t
titania® HIMS0 (2 AS20/E dHlwst 2A0ICH. titania= 22T (18700C) A HI X & 0]
Wmol22, 2 AEUAM AIZ2E generator &¥Jls Fob%= 1.89~7.82 MHzOl Oigt EE0l=
1.80~3.66 cm &S & = QULCH. Table 32 el JFXl tank condenser &, TJHL| & A9l X
2 229 =m0l st E& 21012 AHAHst 210ICH.

3.1.4., A2 =H &3

Fig. 32 PL/2pwmi2n2r2[9]1E &1D& [ EE20[(dme)/HAEIILIEIE(R) HIS
Ss= UEIWD UCH OetA Jt8egssS 1 e
OF SICH. M2tA =2 AE0A AIEst T I (1.89~7.82 MHz) M2l =
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0, 0l 22 =20l 2 S22 AHAGIH Fig. 30 LIEILHRACEH. Fig. 4(c)= EtE 4.5 cme &It
LIOIA 3829 RS 0IE8E Mo 250101, 4(d)= B DUE AIEE M
o 2&0ICH., BHE 4.5 cm EIHUIS H2 dme/R = 0.40~0. .0 cm ZJHLISl H2 dme/R =
0.32~0.610104, Ol= =&Q JI€s =2l dne/RIt 0.2~1.2
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3.2. Rutile @28 4%

3.2.1. Tio2 =% &

Skull melting® & ZJF RF HIHXIE E40ol0t2F JISE 0 ESCH. oK UHEER2 AMFFE2 A20
Me HIX&E0l =0t Jiol® RF IHXIE E406tK 2ol JIEEX 2L, 20 S224+5 FIIA
840 €0 MO 20 28=Ch WMelAl Tio2(anatase phase) 2% XHteZ2E=E 80| 2Jts
SO 20 =2 JI€s <ol &I M=HC Ti 252 (ring)@Ei2 J120tH AFSot|CH. Work
coi 0l MEZ QIIIGHH Ti 2582 2501 AS6HH 6. =) 288 82 Ti =25 & F0M
2H AMELD SHAEQ HE HXAH 0 HAZIHL BIEE2D fingerdl JINE 22 crustz &
A0 O 20 AZTS2 25 E8E0. Ol =S 2= L0 IHE =1 Zuso 2
CRU=E B2 E0l Ot =0 2l ¥ HERe SUHE 20 A0l 28t HEIF 2HMSHA =0
[10].

3.2.2. 8% SXIAIZHH 2 &S ingot 24

Fig. 5= && 9 cm, =0l 12 cm, Fig. 62 && 12 cm, =0 14 cm@! ZIILINIA SHAEIE 2A12H(

[e]l]
o
Jon &

= 9AIZHDb) S RAAIZI & 2 mm/hE oot H&AI2] ingot=0ICH. SHAEHE 2A12F | X
SHEAIZI ingotEWME 2 HF2 HZBFS0| 42 ZBUHAME &= A2 2 = UL 0lHS A&
JtL B 222 SMEH 2o 2 =O0I0A 22s =20l LML D] 2010, W20l =K
SHEHAMHIEEZUHAN 2 SOtLl oH20l 2o HZ2 &0l 4&st 20ICH. Tetd =I10 22 28
Al couplingOl A MGl LHLIA generatorl £ = MOHA X0l ZIL BIYREE22 M A DI
Ol=S S Hl ollOFSH SHCH. generatorl &2 gt MOIF 28 & F2 Fig. 7(a)2 8(a)2l ingot Eatn 2
0l &2 3AJI9 HHEA HAH0| CHe EHECH. oK SHAENA L SXAIZIS A S SXIoHH A
generator® & S SIIAIZIH WH2UE IR HABAFES UAl E8HH ZHIEHAMENE20I
JiLl 22 OlsSotH &0 &I otZoll 28 2SS FA0l o OIKIH Do Fig. 7(b)2t 8(b)
9| ingot2t 20| 2 HZFo HZEAEQ FAOQ| O 0l HAHECH. olXIo SHUMENNAML RXAIZES 9
AZH BO O 22 Al2tS |X6tH O Ratel 2 3J|19 SHAM0| H&ol= 210t2 OfLICH. SEE 3
Jle= SotU 301, =0z, Fht 520 2 BN iEleE &5, Mo Tl et ek,
olde XxEQ Ao 2 Uz A0l MEEICE.
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Table 3
Variation of frequency and penetration depth with work coil, turns and size as a function of
tank capacity (unit : f (MHz), dme (cm))

Working0

coil0

Tank

capacity (pF)  ?4cm?4.5cm ?8cm?6cm
2turn 3turn 2turn 3turn
f dme f dme f dme f dme

500 7.82 1.80  5.21 2.21 6.95 1.91 463 2.34



10000 5.53 2.14 3.69 2.62 4.92 2.2/ 3.28 2.78
1500  4.52 2.37  3.01 2.90 4.01 2.51 2.68  3.08
2000  3.91 2.55  2.61 3.12  3.48 270 2.3 3.31
250 3.0 2.69 2.33 3.30 3.11 2.85 4.0 3.50
3000 3.19 2.82 2.13 3.45 2.84 2.9 1.89  3.66

Fig. 3. Dependence of heating efficiency with skin depth (d), coil turns and crucible
size.

Fig. 4. Design (a) and photographs (b~d) of the cold-crucible.

Fig. 5. Photographs of cross section of the ingots grown after keeping the melting time for 2 (a)
and 9 hrs (b) (white dot line areas show large size single crystals, inner diameter of cold
crucible : 9 cm, working frequency : 3.91 MHz).

Fig. 6. Photographs of cross section of the ingots grown after keeping the melting time for 2 (a)
and 9 hrs (b) (white dot line areas show large size single crystals, inner diameter of cold
crucible : 12 cm, working frequency : 3.48 MHz).

Fig. 7. Change of solid-liquid interface with cold-crucible diameter.

Fig. 8. Photographs of cross section of ingots obtained by various tank capacitors, respectively.
Fig. 9. Change of initial solid-liquid interface and isothermal line with freguency.
Fig. 10. Photograph of cross section of ingot, f = 98 kHz.

Fig. 11. Initial solid-ligquid interface and isothermal line of ingot grown by semi—conductor

RF generator, f = 98 kHz.



