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Mechanism of oxygen transportation in Czochralski Ge crystal growth
from the melt covered by B,0,
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Mechanism of oxygen transportation in Czochralski germanium (Ge) crystal growth
from the melt covered by B203 was investigated. Ge crystals with high oxygen
concentration up to were successfully grown from the melt fully covered by B20s. In
such growth, GeOz2 particles is decomposed by B20s, however, few B and Si atoms were
contaminated in the Ge melt and the grown crystal. Dissolution, evaporation and
segregation of oxygen in the present growth were also discussed, finally, transportation
of oxygen during the growth was clarified.

AR TEHA
(BT 1)
EAERERY I ESE s

2010 4R 16,000,000 4,800,000 20,800,000
2011 4 1,900,000 570,000 2,470,000
2012 4R 2,400,000 720,000 3,120,000

G

FIE
&t 20,300,000 6,090,000 26,390,000

WHIE5T 8« IS ERSE: « T2

P D3 F - ABE - ISR -

il L

F—U— F SRR - AR

1. #FZEBIA S FIDY =
Fr<=0h (Ge) IZ, Si LV HLEWVF ¥
V7 BENE (B C240%, FATAR) %
HOZ L bR EHE T A AR
ELT, EFHYULEFHE (GaAs) & Dk
BENLW (BEFOT7H 012%) Z &b,

FH M@ -V EKEEHER E LT

DICHBEIRF STV D, FFIZ,

L E-Piibe e

T.Ge Db D% IPEEMKGEMDA kA
TLELTHWSZ LICky, KB H
ThEEN 0% Z X DR T HEBLTE, BED
WFFERBE N> TS, LaxL, Ge i Si



& HeE U CHERADBRE T < . w7 r kR
WCBWTHEMAEAELLTWZ Enmbh
T3,

Gelx, FE LTV =y (Si) &REEEIZH
X FF (FarZIFLA¥—:C2) ETHRES
MDA, Sik b U CEEERAL OS5 & T
HIENKRERN#ETHD, TORKE LT,
FES R E R ICFNORBEBER ICEIN L TR
b7 n~=1 L (GeO,) MIEA S L ThlkE
M S, RERmICEf L CTEDHD G
BB ELTCLEI O THD, KR
Ge flifh DA 1L, 10°em? UL ETH B,
KB TEMA BN B TN DO FFIEIE, D EF
¥V T7xT7—H A FE LTHERT S0, K

R AR A E LR T SED, LoT

WHAN CHDHZENEFE LV, F7o, Sildk
WO AT 7=, fEulERIcaES
DIEN LA X ORISR AT D%
(s i CUIRE T RILELCAFAE) &2 B
TEH LTV 5 23, Ge il EIZB W TITHIC

IPA] & e TN A G A A RSTE LT Wi R

HEZETTORE) PEAIN TV,
HEEURE O KFIT, H20~21 FFEEEIR O
B2 FE M B 445 TAF%E (B) GREE 5 -

20760003) > — Bz THHLNL Ge b bk & 2 5l 7

B,0; TRl D% H 5> Z 12K D GeO, 7
RIS Z A2 R L, RIS O
Ge #EfLAKECHZh L= (T. Taishi et al., J.
Cryst. Growth 311 (2009) 4615-4618.), Z ™ &
X, B,0: 226D B R DIRAIL SIMS O
TERELF T o 7225, O Ji+-1% 20ppm 1% ERE
AL TREFEE L TRFP—{EL TS Z
ERDhoTe, ZOREIE, fEOME % W
b (EdRA L) SEOOREE & FEMRIIZIRA
SHEHZ LITEY ERE/D TE D ATEEM
ZWOTEY, —EHOYREEZRELTWS,

2. Mo HB
a2 HBLCTX 2WibA U R
(B,0;) TEbLNI-ZIL~=171L (Ge) flik
MH O Ge HfEREIZRBW T, BEE Dilk
(DBO3 & DR, @fA % (Si0,) 52IF
O OWME, QORIEER DD OZRFE, @fkfh
HFAORHT) B E AT 5L & bic, O
FEA Ge fildh O AR & SaEB) DU
THAT 22 2AMET S, T LT, B
FREATH RS RETD COLREE 2D X
IR FIRPE I & Mt 55, B2 A
VT OB Ge HESEAFRIEL, EHlET
T NA A FS K OVE N =R KRG i o & iR
ENOmESE Ge RO IERLE L OGS
~DFGH BT,

3. WHED kL

TFZe AR 13 A% 22~24 4EE D 34ER & L.
AWF7E CTHEAZ R LTV Db R E
DR ERL KON, LB BT &21To7-%

2, BELA T O Ge fimliERLOEN
\CHET D Pl EBR A2 8 U C., Ge ik Ol
S O 2 B4, BEEmicix. O
B,0;. QA HDDIEND DFEFOWRMRER X
OVEAREE | DGe flik 21 2> D DFESE DA
@Ge fEga~DEEFE DREITE S L OFERR
FE RN 2 B2 5, Ge fbdh TP OB R R
FEX, 77—V =BRSSO ERE (FT-IR)
(2T Ge #tidil O 8% 1 R R 38 O FEXRFFM g i
Bt — Nxhs T 20N E—2  (855em™ o)
Zh LICHET S, 2. BRE LMo
W, e 1 O AR — R Xk W GERALO
B BRI M 21T O . E & 18
U T, BORRIZIE U Ge fEdh~DfkH#E
BERIEEN oM 2 B9, £ LT, £H
YA XDELE2 A o F O PR 48 ML (7
Ge ftdh 2 R E L AR E RIS L)
ThbdZ LEIEHT A,
[2010 4B D fst 1]
(1) Ge B & B EEE ORI E, A
SB B
(2) BrHiEEE AV T Ge fidbORIE,
TR
(3) B0z DHMETHELE LA > F CZ-Ge ftih
DS
(4) FHEE Z DT O Ge ik~ DR E VR
B, RSN, mIRSERR, IREKRTT
PEOHR
(6) BT (B, B, =y F )
(6) (3),(4)DFEID FT-IR T & % Fedd i it
il

2010 AR 1L, IR OAFFEDO L E L THWY
LRSI & EIFEEABA L, b T (D
ZBRZAIATV, fEmORE (2) 28T B,0;
HIETO Ge fEfkE 3) 2D 5, FEE
Wi Ge JFEIAEMTHD Z Lnb, BEEL
A T K& 60mm R (R 150g) &35,
T L RIRFESTC, BREEEZHWTHEE
L < IIMEEE D DIENTO Ge @i~
Fese DR - GEE SRR (4) Z/0E1D X%
BRNAT O, FEMRAREIRE (938°C) kv b
EIE (max1500C) TOEBR LRSS, M
GZ}T‘J\ C <, 8203 LEBHiz GEOZ%X%%&E@
N2 CTEesE DIRfRAEED R LR~ 5, T H
OUIWTHE, BB, = T 73R E VT
et T (5) #4795, FEMbL7zilkdic
AR LT BRI 2 FT-IR I X 0 34 (6) &
%, WETTEHE (3)~(6)1% 2011 S LA & Akt L
TIT19,

MFZEIRHIL, HREIRERE O KD E .
HRENTHB L OFT-IR I X D88 7k
DOFHMZAT 9, FhdmupR 3 L OWFEZEE)ICE
LT, SiffkE OBRREREIZFELVE
IR TR O T £ EE B BRZNS
BEr i<, LEZST T, FT-IIRIZ K
%I HEE R TR T D AFFE R D2



14 EFTH,
B)~B)YDEBRMN S, QA HESLDIE, BLY

(D)ER{LAR D RS DOEEFR O ER LU

fFH B OIRERAFIE, (¢)B0s. GeO,, SiO,

RN D Ge BiR~DEETE DB KIS 5

M7 %, F£12. (C)DREIKN D Ge fiidh & ik

FET25Z L2k - T, (d)Ge fEfbTHICIEAT

% RIS 5 X O E DRI RS R A

MbLHIENTE D,

(2011 4R & LARE O fat F 3 )

(7) Ge ffh~DEEFIRE DL — (DI
PRIBZNE. BRSO MG

(8) Ge fitidhH DEEE DI FEOMGE AT
B RTAM A B 5 AT

(9) MeFE A Ge fifiihH ORCR PR A K FaRE
il

(10) Ge BifE ~DERE DVEMR, Tk, WATHEHE
O, T AR

(11) BEFE 2 A o FFEFIREEHIE Ge HLfk M D
AR KOG

2011 AR LIRRIE, 2010 4R IT A8 5 (3)~
O)DOFIFHZ | ST & L BT, P~
DEEFREDOE)—k (7) 2 A5, Sifhdn
B CUE, fbdn T OFERIREE A0 1PN OR
EMti B L OD DIFRESEE I X D
RN D *HTE % Feit b3 2 2 &1 &0 il i
THZEMTELHD, FkICHTFT 5, £
7o BRRIREE NI D Ge kb i T b
2D OFES T OSBRI DR (8)
ZAT D o AL RF- DK K —BEZEEZ D ZHh 77 (1.
Yonenaga, J. Appl. Phys. 89 (2001) 5788.) D 1
b fEmmaEHC
Z OB 2 ®IRC 3 REITIZ K D5 ) & Fn
FTHZLICE ST, AT T v F b OEEAN
FEL, TV EEEZBEIT S, TOBEIE
HEZME L, mEOFEIC L DI OBE)NE
FEDENZREICT 5, WATL T, BBFELZE
DAt Z ST X o TR S 1L 5 i) 7 ik
FRFEE ARG OA A2 M (9) § 2,

2010~2012 LI T HREEZRE L
T, Ge R ~DEEHR DUR., ik, Rt D%
BERE 2 BRI L, BT /L OREEE (10) 24TV,
Ge #tdh U I & 72 HEER IR 2 Hl#E 3 5
FEERET D, Thixbiic, FAUEELY
FAWT, —EORIREOBEZEF L CHER
24 T D Ge ffhE T E L BB A EIRE
OB O AL Ge g E LT A—
71—, Ge FMR & B & 9 DA SuRE BE AR I AL
(11) LMz 2,

4. IRk
2010~2012 4-FE 0 3R O WFZEIRIZ 15 5

NTREN 2R A LLTICHNET 5,

(1) Aot /NSRS & B EE AR E
BICHEA L, BEELA o F OG22 H
KT D7D NERG. B L. REEE

BERMNCAT T v FHEBAL,

Bzl (M) . 2O EHNTERELL

F. EZ60mmDOGeH L E B TE (
X2) .

BIL FINRF LB ERIE L 72 Ge BfE Gt B R

N-069

(T O uuunnm uu[uu uum
563789101 :

X2 X .1@}03?, EJZLthXl/r /%Geﬁfkaa

(2) B,O; CGeflik DA &y, N ofbs
N~=17 5 (GeOy) MAKZ%Z EXMICREIRIZ
Mz 52 k> T, FdmTOINEE %
103em 2L FICHN 2 72 F £ Gefl 5 T O # -
MlE s 26 X 10 em e fiE & Crb 5 =

EMTELZ LWLl (M3)
TE s Ilcm‘1
-ﬁ A E—

700 800 900 1000 1100 1200 1300
Wave number [em-1]

X3 EERIFIN Ge fES ORI A~ h v
(855cm™ O & — 7 BREE ASEESE L & b))



(3) Q)DFEEIINEITH VY FT-IRCSIMSIC &
DOHTHRERIN G | fEERICIEB,030 5 DB
JET-DIRAN, GHDD0ED 5 DSIF DR
ADRD TH 7N LR bho Tz,

4) QOFEEEERICEBWT, BAIZATES
DIERB,0;FDE DDBRIC L >THAEL D
DT < . GeO, 3 B,01F(E F THfR &
THAL., BIKER B0, Tl Ebhn T
WRWSEITIE, BRIER R XA R w2~
GeOL 7> TEETHZ EERNVH LT,

(5) B,03& A5 DIE % H\ 7= Gefhif 1 o
SNENT AT o7& 2 A, B EE X
» $200°CE VM 1200°CIZ BN T H 5 I1EH
HOSIDEHMN N L A2 ST LT,
E 512, Gefli iz Siz E XA 5
L. B0 iR S UBEE S HIZIRA Lpi
B LR LT, 2 DfRER
AL, KiERmBERIC T D050 R)SHRE
DOEBFNRFATE 7= (K4) |

B,0, Ar (1atm)

N%
5§>§énep3 B,O;

2B+ 3GeO,—>3Ge
30+28 30
|Ge®t# | |Ge#E@~ |

X4  B,03% V= CZ-Gefili it i ik 1 D S
WL 7 ) — 7RI D ARG

(6) ()D& R TO/ESE DRATFREIXL
~15THAHZ EEHLMNMZ LT, 7272 L,
Z OB SR TR OFRE D4R, AR
BHLEALTEY, AT EOETH- T,
BEORITREIR EITIT MR, ARRBS a2k
L TR A0ENDD LWV ) iEE R
WH L7z, ZO%OBETT, KdEsHh o
Bt (FR3&, WBR5E) %#BET 5L, Bk
DEDFHRE 131.4~22TH 5 & A
bz (K5) ,

(7) FEELE AL OGefE i T ORI D 9
HD10% N EEHE R H—%2Flk LT, =
?D RF—13550°C TOEVLEE CTHREN S 4u, —
75 T350°C DELER T S > TIRMEE &
Ni-, ZOfEHFE FF—1%325~450°C D ELL
T, BT O TEBEREN Y 7 A 2T
LI EILE- T END Z EEHLMNIC
L7z ZOWMERF—IZX TNV KF—Th
0. MFRFEF16~19EIZ L » T S v
EALT B Z &Ry, Stk oORRE R
F— L HPOR R ZEE 2R LT (M6) .

— 1018
-
&
-0 Y s
—%
\’

Oxygen concentration [Oi]

0 02 04 06 038 1
Solidified fraction g
X5 Gefilish T ORI O BRI

20
(o]
) Oo
wﬁb
[=]
=
Z
=1 ®
= ®
N @
O Present
5 ® Clauws* [
® Litvinov**
' 1

0 L L L 2 A
0 200 400 600 800 1000 1200
Annealing duration at 350°C [h]

6 350°COEMIRIC L HMedE R —1 5T
2B D EEEIR 1% (A[Oi/Np)

(8) FEMOEIE = AMTRBRIC LY, mIRE
THEF % & e GefffbIdMFE 2 & /I
WINGeftfh & 0 & HRAL %8 4 O if it A
AR RENZ ERbhoTz, Thbb,
Geffili i TR OERFEIISIT OERFE & [FIAEICHENL
EEETDINENRS D Z ERNbhoT-,

(9) ERELA > F OGeH AL E AL T OB
Linodolod, BHBEEE L TWRER?2
A FOREBRBREGeEHBRICITED
Rholz, THICEALTIIASHOMBEE L
AN

EAE - ERE OGS A S DI
B,O; TN T-FIEH & i i B A 1T 9 R
X, R E R L CHIFRIEE O KT LIS
WAL CW DR 320, Wiz, 4
B ORFEERIN IR ORF e L. W
R TR LN b D THY . HFZEH



RPN 20 DFBFFRR 2 52 1T TV D,

Atk BHERGEMSmEE T T /31 A
PR T b E T sR 72 Ge B i 03 L BT 72
DY%E . ARG S LT SRR R A 5D
Lz K e, RAMEICRET D 2 ENHFS
o,

5. ERFEILFH
CMERERm ) (RE 11 44)

[1] K. Inoue, T. Taishi, Y. Tokumoto, Y. Murao, K.
Kutsukake, Y. Ohno, M. Suezawa, |.
Yonenaga, Interstitial oxygen behavior for
thermal double donor formation in
germanium: Infrared absorption studies, J.
Appl. Phys. 113 (2013) 073501 (1-5). (7
4) doi:10.1063/1.4792061

[2] T. Taishi, Y. Murao, l. Yonenaga, K.
Hoshikawa, Characteristics of germanium
crystals doped with boron-related compounds,
The 6th International Symposium on
Advanced Science and Technology of Sillicon
Materials, 2012, 71-74.  (##i %)

[3] I.Yonenaga, T. Taishi, H. Ise, Y. Murao, K.
Inoue, T. Ohsawa, Y. Tokumoto, Y. Ohno, Y.
Hashimoto, Oxygen in Ge crystals grown by
the B,O3 encapsulated Czochralski method,
Physica B 407 (2012) 2932-2934. (#&FHiH)
doi:10.1016/j.physb.2011.08.038

[4] T. Taishi, Y. Hashimoto, H. Ise, Y. Murao, T.
Ohsawa, |. Yonenaga, Czochralski growth
techniques of germanium crystals grown from
a melt covered partially or fully by liquid
B,0;, J. Cryst. Growth 360 (2012) 47-51.

(# % A ) doi:10.1016/j.jerysgro.2011.
11.051
[5] K@, KK —RE, KBk A v #
(B203) & MW HEEANT - BRRIRINT L
~ = U AfEROERK, £TYH 50 (2011)
431-438. (&HA)

[6] Y. Murao, T. Taishi, Y. Tokumoto, Y. Ohno, I.
Yonenaga, Impurity effects on the generation
and velocity of dislocations in Ge, J. Appl.
Phys. 109 (2011) 113502 (1-5). (#F#H)
doi:10.1063/1.3592226

[7] T. Taishi, Y. Hashimoto, H. Ise, Y. Murao, T.
Ohsawa, Y. Tokumoto, Y. Ohno, I. Yonenaga,
Behavior of oxygen-related thermal donors in
Ge crystals Czochralski-grown from the melt
covered fully by B,O3 J. Phys. Conf. Ser. 281
(2011) 012011(1-6). (#&FiA) doi:10.1088/
1742-6596/281/1/012011

[8] T. Taishi, H. Ise, Y. Murao, T. Ohsawa, Y.
Tokumoto, Y. Ohno, . Yonenaga, Oxygen
doped Ge crystals Czochralski-grown from
the B,Os-fully-covered melt, Miroelectro.
Eng. 88 (2011) 496-498. (4 # A )
doi:10.1016/ j.mee.2010.10.015

[9] T. Taishi, Y. Hashimoto, H. Ise, Y. Murao, T.
Ohsawa, Y. Tokumoto, Y. Ohno, I. Yonenaga,
Evaluations of oxygen impurities in Ge
crystals  Czochralski-grown  from  melts
partially or fully covered by B,O; liquid, Proc.
The Forum on the Science and Technology of
Silicon Materials 2010, 28-33.  (##tfE)

[10] T. Taishi, Y. Hashimoto, H. Ise, Y. Murao, T.
Ohsawa, Y. Tokumoto, Y. Ohno, I. Yonenaga,
Czochralski growth of Ge crystal from the
melt partially covered by B,O; liquid for
reduction of dislocation density, Proc. The
Forum on the Science and Technology of
Silicon Materials 2010, 426-432.  (#Hi )

[11] T. Taishi, H. Ise, Y. Murao, T. Ohsawa, M.
Suezawa, Y. Tokumoto, Y. Ohno, K.
Hoshikawa, 1. Yonenaga, Czochralski-growth
of germanium crystals containing high
concen-trations of oxygen impurities, J. Cryst.
Growth 312 (2010) 2783-2787. (&#HiH)
doi:10.1016/j.jcrysgro.2010.05.045

[%é:\%éé%] (it 13 ﬁc)
zozhf_mwrb 5D CZ- Gen'i %Eﬁjz
L WeFE DR, F60EG Y B as %%
IR S, 2013.3.30, JEAK.

[2] T. Taishi, Growth and characterization of

germanium crystals from B,Os-coverd melt,
2012 3CG Collaborative Conference on
Crystal Growth, 2012.12.10, Orlando, USA.
(invited)

[3] T. Taishi, Y. Murao, 1. Yonenaga, K.
Hoshikawa, Characteristics of germanium
crystals doped with boron-related compounds,
The 6th International Symposium on
Advanced Science and Technology of Silicon
Materials, 2012.11.21, Cona, Hawaii.

[4] KA, KRB0 TE - @ik b A
fif U 72 CZ-Geifii i o O R A, 5F522[m14%
TRMGT7 4+ —7 L-fhe )/ 7 o AWF5E
S VR T AEFRIV VAR U AT
MEFRF 7 0 72 8 @ K Fa il AE - BEARG
2012.9.22, —Jii.

[5] Al Kk—H8, FIIEL, Bzogf
BHON AR 5 DCZ-Gefl il B kI
(7 5B, Si, OO, H73[ES A EE
PSS, 2012.9.14, FAL.

[6] A, BAES, HEH, jtf%ﬁ%%
FRAR, KK —HE, CZ-Geitifnhiik(Z
DEEFEIIN & FRSE N — 25, 5!%41|Er~u
il R E N2, 2011.11.3-11.5, o< iF

[7] T. Taishi, Y. Hashimoto, Y. Murao, T. Ohsawa,
I. Yonenaga, Growth of dislocation-free
Ga-doped Ge crystals using boron oxide for
solar cells, The 7th International Conference




on Silicon Epitaxy and Heterostructure,
2011.8.28-9.1, Leuven, Belgium.

[8] T. Taishi, Y. Hashimoto, H. Ise, Y. Murao, T.
Ohsawa, 1. Yonenaga, New Czochralski
growth techniques of germaniumcrystals from
the melt covered by B,Os liquid, The 5th
International Workshop on Crystal Growth
and Technology, 2011.6.26-6.30, Berlin,
Germany.

[9] XFMhll, WAES, GH3FHE, KEET,
Kok —BB, B,O3 THEDOILTZRIKD & AL
£ L7-CZ-Ge ffuF DOMEHE NI — D56,
558015 A B AR BARE B R =, 2011
HF3H26H, JEAR.

[10] T. Taishi, Y. Hashimoto, H. Ise, Y. Murao, T.
Ohsawa, Y. Tokumoto, Y. Ohno, I. Yonenaga,
Evaluation of oxygen-related defects in Ge
crystals grown from the melt covered by B,Os.
The Forum on the Science and Technology of
Silicon Materials 2010, 2010411 H 15 H,
Okayama.

[11] T. Taishi, Czochralski germanium crystal
growth with low dislocation density and
oxygen impurities, The Forum on the Science
and Technology of Silicon Materials 2010,
20104F11 A 15H, Okayama. (invited)

[12] Krhl, EAES, JrEFHE, RiEkE
=, KAK—ES, B,O3 CTHEOILIZEIEN S
Rl L7-CZ-Ge fifhHh DiRE DR, H7
1S A B Al i 2, 20104F9 1
4H, Kl

[13] T. Taishi, Y. Hashimoto, H. Ise, Y. Murao, T.
Ohsawa, Y. Tokumoto, Y. Ohno, I. Yonenaga,
Dislocation density and oxygen concentration
in Czochralski germanium crystals grown
using boron oxide, The 16th International
Conference on Crystal Growth, 2010.8.9,
Beijing, China.

(E] G 1F)

[1] T. Taishi, I. Yonenaga, Growth of Ge crystals
with extremely low dislocation density,
Germanium:  Properties, Production and
Applications, 2012, #a~<— /% 17.

(& Dfth)

R D V5

MR T« KRR AR — b—
2O TR
http://www.shinshu-u.ac.jp/faculty/engineering/
chair/hoshikawa-taishi/

6. WFZEHH

(VAFZEfRFE

K+ #H] (TAISHI TOSHINORI)
BN « 5 - W%

e 35 90397307

QM
L

() HEMFITE

¥k —BEE (YONENAGA ICHIRO)
WAL RS - SR BT - 2%
Wot#E S - 20134041

FJ)II FEE (HOSHIKAWA KEIGO)
EIRSF - T8 - BREHGR
&5« 10231573



