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Dislocation behavior in heavily Boron-doped <110> oriented CZ-Si single crystals
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[ 5 EE] Figl ITER LI-REMmOR Yy 78O X R T 7 Th 5, <100><110>[ #5531
T A5 B D 25 W R T T B3 L SRl A A & B OB O T EBGEIC L D I A7 v MBS BB TRA
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Fig. 1. X-ray topographic images of neck portions for <100> and <110> Si crystal growth
[1] D. Namiuchi et al., Materials Science in Semiconductor Processing 113 (2020) 105052.

[2] #aFF 5 2024 GRS 24p-12F-3
[3] T. Taishi et al., J. Cryst. Growth 275 (2005) e2147-€2153.
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Dislocation behavior due to thermal shock in [110]-oriented CZ-Si single crystal growth
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[1] 790 B3, /AR S 21 E=— 63 (2008) L54-57.

[2] T. Taishi et al., Jpn. J.Appl. Phys. 39(2000) L191-194 {1

(a) undoped (b) B:5x 10'%atoms/ cm>
Fig.1. X-ray topographic images near the seeding interface grown using [110] seeds.

(An arrow indicates the seeding interface between the seed and the grown crystal.)
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Numerical analysis on the distribution of stresses below the seeding interface in CZ-Si crystal growth
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0 KL 22 T DR T AN A TICERAL 3 R A LTl V. Fig. L(b) DfEH: & %It L T\ 5,
[1] 7 RkEE, /A%, 2 L e = — 63 (2008) 54-57.

[2] T. Taishi et al., J. Cryst. Growth 258 (2003) 58-64.
i S
N

[011]
\ (a)

I_)|1UU|
[0T1]

18:
A % X
R RRTYEY 7

o ey

1
7 oo
Torg e | megy—
» !
[Von_Mises_stress[Pa] i/l o — oy, 55(Pa)

|
Fig. 1. Numerical calculated results of temperature distribution Fig. 2. An X-ray topographic image near

RT3
3gggs3s

(left) and stress distribution (right) near the seed interface the seeding interface of a Si crystal using
during CZ-Si crystal growth. (a) Same diameter, (b) Larger a B-doped Si seed with a B concentration
diameter than the seed (arrow indicates seed interface). of 5X10%cm.
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Modification of Residual VVacancies in RTP Wafers
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[#E]

b RES T . 1300°C LA E® Rapid Thermal Process (RTP) [&. Czochralski (CZ)-Si o xz—/ "D
Grown-in RFEEHREMITEEL. BD. WNILIBIZE W TERITHEERESE LI ENTES[1], BRTEHHIME
ETLHEBAIE RTPIZESTSIiVI—N\FICHEEDRFEF (UT.EF) NEETL-HOTHY. BRITH
MDEEZ. BRBEAREDS LT 4 BICLHITEIENHINOTLND[R2], LOLEAL, BB EHEFEREE
FTEHIELIEIRETHS=0. TOERBHMEIREHSHITHEO TGN, RBEIOMEERAEL., BBRTHY
ANEETZANZXLERSHNICTEIEL. SIi 9Iz—/\DELIERELED-OICEETHD. AXETIE,
RTP TEAERREICERBIE - Si Dz—/N\IDWT, EFREUHIEE (Electron Spin Resonance: ESR) [
THRILIED SIi TV T )T RURBEDELERELERITOVTHRET S,

[RER]

E&300 mm,P & ((Rovk—7), £REAHLL (001) DEEHESNTSIivz—/\ZFAW:-, BREEIL.
1.3x10%8 /cm? (old ASTM). BZ2ZREE (X, 2.2x10%/cm’ TH D, ZLEIL, A: 1350°C RTP [CTEREEDEAE5%
BEt1-5. B: 1350°C RTP RICHWMERD RTP 21T o THBEAXBHH RS 5. C: 1350°C RTP #
(2 1000°C, 70 min QEERITEIALNEFELI-EH THD, ESR BIEIEX. Vz—/N\KREAD Si T THRUK
(Po EVE—) DEEEBHHIRT D=0, IVHBETREBEIVF I LIz, TOR. NG ZEREICEER
[ZEIAJL 10K IZTRIRELT=,

[#&R]

YT )LELIZ, g=2.006 HEIZ/NIILIRIZE TR SIZFUT T RURICERT S ESRESNE AN -,
LI, BRBLRLOYUTILD Si VTV THRUREEE 1 ELIGEORMEEETT . S EEDEE
BEBISELEEHATIESIZVTITRURFRENMERL. BUEBAEERSEEEB TIESIFV T IR
VREEITETLE CORRMIS, BEBZARDIZIE Si FTVUTRUENEELTWNSEEZ DT, RTP
BICRRTEBLEBEERLUZEH CIESITVTITRUREEN RIS CNIEERFTHY (Si0,) &Sif
RORAIFETESIFUTIVTRUR (P4 —) ZBAILTWSEEZONT=,
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Fig. 1 Relative comparison of Si dangling bond density

ZE Xk
[1] K. Araki, et al., ECS J. Solid State Sci. Technol. 2 (3), 66 (2013).
[2] H. Sudo, et al., ECS J. Solid State Sci. Technol. 8 (1), 35 (2019).

© 2024%F [CRAYEER 13-049 15.7



17p-B2-5 H85M MRS AKELIHRS HRTHE (2024 KR AV LEN2RIBEAYSAY)

RTP o7 = —/ ~® BMD #rH#% (VOx) #&i&iZ B84 % BERAUAFE

Theoretical Study on Structure of BMD Nuclei (VOx) in RTP Wafers
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vUary Si) Ve MRALTEESREANO 2 ) A e LTHEIET D Z ER D
1% Bulk Micro-defect (BMD) D JE % T4 1 -2 Rapid Thermal Process (RTP) 23% 5. RTPIZ &
S THMR ST ERE OB 2250 (V) 1XBRF%E (0) & ZEiL-BAEE G (VOx) 2T L, BMD O#r
HEERICTHF 5T 5 &2 5 5([1]. RTP 7 =—® VOx JZAEIX, Fourier Transform Infrared
Spectroscopy (FTIR) (X 2541 T 72< &b VO, DIFERKRHE SN TWH[2]. £72, BMD HE
& VIEREIITARAN B 2 FNVHIBH L TR Y, BMDEEILVIEED 4R IZHAEITA[3]. 2 kv,
BMD #rHEZ DIEREIL 4VO, EHEE S5 . VO, DL EREEIZATHIZE L W IREZ STV D 4],
AVO4 O BAKE 72 2 EREE 4R R L T2 AT 221372, £ 2T, AT, & FEHEZ A
W, VO 2N AEEE DB OFEA = R VX — (Bp) ZHH L, 4VO, D EMREEZTER LT,

HEET L, SiJRTF 512 [l SR AN HFIEET AV EAHE L. 20 Si®F /L2 V04 & 4
FlET 270, MIELICEE LI25E, HEEITHITTNEDIETICE D, £ T, AFRET
X, 2R E A TS VELE, 3B E AT 5 VEGE, 2 [BIxFM: & 3 RIkHFREm 7 247
VEED 3SFEEZZETDH. OO VELE~, 0% 16 EALE L VO s ZE L=, 1K
L7 AVO4ET VDT RF — 2 F—FHEFE LV R, VO 4EEE D Ep R LT,

FHEOREE, 3EATHEEATDH VEE LY, 2B EZATD VERED ) Epld k& < 72
LiERE oo, 3EIRITHEA AT S VEEIL, 2E%IFMEA AT S VEREICH], VIEL o
DEEN TS, 2O, VO, A LEREFERDL ZERTET, TRAF—WICREEITR -
lEZLND. £z, 2RHEEAT D VEEEOFTY, X 1I1Z7R7 VO EED Ey A
<72, 36eV EZRLTE. ZHUE, VO 4 HEELIFE TR —FIEROLFELRLTE
D, RTP C#EA X417z VO4 723 BMD ~il K3 D1l T 4V0, DIFRE & 72 5 "l REMEIT 0 5.

Fig. 1. The Most stable structure of 4VOa.

[1] R. Falster, V.V.Voronkov, F.Quast, physica status solidi (b), Volume 222, Issue 1, pp.219-244.
[2] V. Akhmetov, G. Kissinger, and W.von Ammon, Physica B,404 (2009) p.4572.

[3] Haruo Sudo, et al., ECS Journal of Solid State Science and Technology, 8(1)P35-40(2019)

[4] G. Kissinger, et al., Journal of The Electrochemical Society. 158 (4) H343-H346(2011)
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Cristobalite phase inside thermally-oxidized films on Si wafers
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E-mail: ejkamiyama@aol.com

WMIN—TTIEINE T, Sifm et L5
5D SiO) O A& IZ OV T, Si fEdm DOk
{EIZBR U TR Si D &2 £ 71T Si ik D
3 & 5| X fkV 72 B-Cristobalite (Ideal) (C) & k%
M St HNIZ KV AERET D a-Quartz (Q) @ TH
& ODEFETNVERELTE [1,2]. ZOET IV
WZBWTC, B FEFHEN LSOO R L
X—nb, B2 ET D2 & T, R¥EnNQ &
BRHOELOD, —EED C bEETDHIZ &AL
7= [2]. EBRORBLIZB W T, B Si Dt
MIUVERIEBZIDHDEDEEZLNDZ D,
EROEFT LD C L QDEH & MHERLFFIZFEA L,
FERLELCHELDNDIENTENLT 7 A5 L
HEE L TU-.

& T AT, Si K& B L7 Si02 1%/Si Fifi
Z WSS (TEM) THEIZ L7RRIT,
1980 M HWME I TS, L, Si0; 5
DOFERAEIEIZ OV T, IRERRBERAE 5N T
WiRno Tz, L ZAN, TEMBZETHWSE
BRI EVRBHZAD X A=V BBl B &
T, Si02fEE/Si T, R Si Ot AT
VN B-Cristobalite /Si & ##% & T & % Pseudo-

=110=

<100=

<110=

<110=

<010=

<100=

X 1 (a) Pseudo-Cristobalite &5 /L (Ideal),
(b)Y EEFI% DOEF /L (Another D j -
Cristobalite), [4]

Cristobalite &7 /L78 2012 F(CfEE Sz [3].
AR TIL, Z @ Pseudo-Cristobalite 5 /L % &
—JFERHEICLVFAEL, £, ZomEoHEL
ATREMEIC DWW TEERT 5 [4].

1(a)lZ#2 % S 117z Pseudo-Cristobalite €7
NVERT. T ARG S LCTERLTZET L
@ B-Cristobalite i (X, 5 —JRERFIRIC L HA%E
it O SREEDN I, (b)D X 5 et
ERoTHENKT Lz, ZO0b)D0REE TIL, B
FIFREFHTY, 1.7eVIHZRNAT—PMELE
EThoT. T7hbb, (EEIMED CTREET
Hol=Z Ll BN, TN THERIZ TEM T
BENTZ EIFHBRGEN.

F7o, MEREETH O 1(b)D Si02 D
AEEEREIE LT, 1970 4R 5 A 5 4 D B-Cristobalite
DRI DO E(Another) T % [5]. Si Kot & DIEE
PEZ PR D7280, Si021 7 F Y720 DT x)LF—
DT EBRGFEEZFHEA LT b OB 2 Th 5.
Z OFER S, Another Structure %, Quartz (2K
WT, Si & DOEEEYE (BBRAS Si DR ERZ =
T) ODRWZ LN,

2 3R

[1] (L 2023 FEFRICH) 15a-D511-7. [2] R (Lifil
2023 4EFKJS®) 19a-B201-5; E. Kamiyama and K.
Sueoka, J. Appl. Phys. 134, 115301 (2023). [3] K.
Kimoto, et. al, AIP Adv. 2, 042144 (2012). [4] E.
Kamiyama and K. Sueoka, submitted to AIP Adv. [5]
A. F. Wright and A. J. Leadbetter, Philos. Mag. 31,
1391 (1975).

-961

= —o—Ideal-B
& g «— Another-p
B RS 5.3 a-cristobalite
z u-Quartz
g -963 :
g
z :
= -
£ 965 E———
l:
# 966
4.5 6.5 7.5 8.5

a(A)

X 2 #7%E Si0: D Si & DEAM: [4]
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Quality of silicon substrate and point defects: 2nd generation
(12) Nonuniformity of isotopes and intrinsic point defects
Radiation Research Center, Osaka Metropolitan Univ. °N. Inoue?, S. Kawamata® and S. Okuda!
D) A VERERORE L AR B2 (12) RGHAE BEERRMREOTE—
RERAITKBEHEAZR o2 — HEEAL JIIXE—, BREE—!, E-mail: inouen@omu.ac.jp
In 2019, isotope enriched Si sphere replaced the kilogram prototype [1]. In addition to the brain and neural network in the

LSI period and the heart and blood network in the power device period [2], Si became the base of science and social life.
Improvement of quality and understanding of Si crystal is necessary. Carbon impurity, reducing the lattice parameter, is the
largest source of error [3]. We analyzed the measured 1-D map of lattice parameter (LP) [4] by the segregation kinetics and
found the practically carbon-free (2x1014/cm3) region and estimated the ideal LP is 1.8 x 10-8 larger than the measured
minima [5]. There are two possible nonuniformities left, of isotopes and point defects [6]. We examine them here.

Isotopes There has been no examination on the isotope nonuniformity in Si. Previously, we have re-examined the segregation
of elements in Si by Trumbore [7]. It was found that the distribution coefficient and solid solubility have the linear
relationship in log-log plot. Si and Ge have nearly equal characteristics (Fig. 1 [8]). Lattice parameter of isotope-enriched
crystal was reported to be larger in 3x10-5 per mass [9]. Assuming that atomic radius of isotope has the same tendency, the
change of distribution coefficient is estimated to be equal to that. Hydrogen and oxygen isotope “fractionation factors
between ice and water,” « (D)i-w and a(180)i-w, were reported to be close to 1, 1.0028 and 1.0206, respectively [10]. Fig. 2
shows the log-log plot of segregation coefficient vs. mass ratio. Assuming that it has the linear relationship, those of 30Si and
29Si are estimated by extrapolated to be about 1.0005 and 1.0001, close to 1.

Intrinsic point defects We estimated the LP change by point defects assuming the concentration of 1014/cm3 to be -2x10-9

and +8x10-10, respectively for vacancies and interstitials [6]. It is difficult to define the point defect concentration in liquid Si.
Thus, we consider the change of equilibrium concentration under growth at different interface temperatures, higher under
lower growth rate at higher temperature. Formation energy of point defect is about 4 eV [11]. Two degrees temperature
change was calculated to result in the concentration change of about 3%. We must consider the diffusion at high temperature.
The diffusion coefficient near melting point is known to be 10-4-5cm-1, so that nonuniformity is considered to be
homogenized [12]. We thank Dr. Voronkov, Profs. H. Hashizume of Tokyo Tech, M. Ando of KEK and J. Yoshimura of
Yamanashi U. for discussion.
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High sensitivity infrared absorption spectroscopy and infrared defect dynamics of silicon crystal/
2-nd generation (25) Single interstitial nitrogen, Ni
D) AVEROERERNRINE RN RMBEEIANZ/E_HK (25) BFRZREER, N
Radiation Research Center, Osaka Metropolitan Univ.! °N. Inoue?!, S. Kawamata® and S. Okuda®
KRAIZKZMFHEARE 42—, HLEEALNIRXE-LBAE—!

E-mail: inouen@omu.ac.jp

Nitrogen in Si has been thought to mainly form NiNi pair (Si-N-Si-N rectangle), and N concentration was measured by its
infrared absorption [1, 2]. On the other hand, various IR absorption bands were observed either in implanted [3] or as-
grown Si [4]. We examined them further, assigned, and constructed the database [5]. Among them we found high amount
of Ni both in CZ and FZ as-grown Si [6]. By annealing, it forms NiOi chain in CZ Si whereas it forms VNs in FZ Si [7].
This suggests the V-rich character of the FZ samples.

Recently, it has been reported that the deep level in annealed NFZ Si degrade the lifetime of power device [8]. The deep
level formation was found in 1985 and thought to be due to VVNN [9]. We attributed it, however, to VNs from Ni [7].
Therefore, we examined Ni in old CZ crystals, those used in the round-robin measurement around 2000 [10] here.
Absorption bands at 551 and 556 cm-1 were observed also. In addition, absorption at 575 cm-1 was found. We examined
if the old crystals were I-rich. Previously we thought O2i in as-grown CZ Si might suggest I-rich character of the crystal
[11]. O2i absorption is located at1012 and 1062 cm-1 [12]. We found the ONO, double pair absorption at 855 cm-1[13,
14, 15]. Alt confirmed 1064 cm-1 absorption later [16]. It was observed that the 1604 cm-1 absorption eccompanies 1062
cm-1 absorption in the old crystals, suggesting the I-rich character.

In summary, it is important to measure Ni concentration in as-grown Si, and examine I-rich character from O2i absorption.
We thank Prof. Londos of Athens Univ. for discussion.
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Measurement of carbon concentration in silicon crystal/ 2-nd generation
(28) Solution of middle and inner phonon band problems in infrared absorption (1)
°Radiation Research Center, Osaka Metropolitan U., °N. Inoue!, S. Okudal, S. Kawamata'
DV aViERPOERERRORARE/E 1 (28) FR7MRIRD middle, inner phonon band *f3E (1)
KERAILKBEHRIR o4 —, OF LEAR !, REE—, JIXE—!
E-mail: inouen@omu.ac.jp
Low temperature IR, base of science and society
In 2019, the isotope-enriched silicon sphere replaced the kilogram prototype [1]. About 2x 1014/cm3 carbon is included in it [2],
changing lattice parameter, affects the accuracy of kilogram unit. Measurement of carbon concentration in Si became the base of
science and society which is performed by low T infrared absorption (IR) according to the ASTM Standard [3]. Low _
temperature IR measurement is widely used in leading Si suppliers since “70s [4-8].
1-st Generation IR for LSI period
In 1975 LSI (DRAM) research projects started. We began IR study and established two basic procedures: (1) 560-640 cm-1 baseline
and (2) 0.8x1017/cm2 calibration factor [9] Unknown carbon concentration in the reference and the calibration factor were

determined statistically assuming the result of CPAA was correct. All results of the round-robin measurement were used without
checking the performance of the individual instrument. Our proposal was included in the ASTM Standard revision in 1990 [10] in
which the instrumental detection limit was assumed to be 5x1014/cm3. It turned into the existing SEMI Standard. It was confirmed
that carbon does not affect the defects in Si below 1016/cm3 [11]. Carbon did not take attention in the LSI period.

2-nd generation IR for power device period Around 2005, power device in the hybrid car took attention. It utilizes the radiation-
induced CO pair [12]. We have developed the 2-nd generation IR for the “power device period” since 2005 when we measured
1014/cm3 at RT [13]. There are three key techniques, (1) preparation of carbon-free reference sample established in 2008 [14],
(2) way to estimate the instrumental detection limit shown in 2021 [15], and (3) solution of the interfering fractional phonon
band problem established in 2016 [16]. The basic part was transferred to world’s leading Si suppliers through the round robin
measurement using samples with C down to 1014/cm3 [17].

There are three kinds of phonon bands (1) outer at 575 and 625 cm-1, (2) middle at 612 cm-1 and (3) inner phonon bands at 600 and
608 cm-1, located at the inflection points of the phonon absorption band [16]. The outer phonon bands are distinct at concentration
above 1015/cm3, but are well separated from the carbon band. Drawing the baseline within the outer phonon bands between 590
and 618 cm-1 solves the problem [16]. We call it the middle baseline and call the conventional 560-640cm-1 as the long baseline.

Middle phonon band becomes comparable to the carbon band of around 5x1014/cm3 concentration. Both bands overlap at the
intermediate region. Fortunately, the middle phonon band is nearly 0 at the carbon peak, and does not affect the carbon peak height.
The middle baseline is the solution also. Measurement of 2-3x1014/cm3 was established by this procedure.

Inner phonon bands are comparable and too close to the carbon band at C concentration around 1014/cm3 at RT. We have
developed the solution as will be described in detail in the next time. Short baseline between 600 and 610 cm-1 works well at RT.
(3) Low temperature IR measurement is widely used in leading Si suppliers since “70s. We found its new advantage, separation
of the inner phonon bands from the carbon band due to sharpening at lig. N temperature. Measurement of 1013/cm3 was

demonstrated [18]. Calibration for lig. N temp is necessary. (4) Measurement of poly-Si down to 1014/cm3 was also established

[8]. We thank Hemlock Semiconductor Operations LL.C (USA) for collaboration in sample preparation and low T measurement and
Prof. Kolbesen for discussion.
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Fig. 10uter phonon bands at 575 and 625 cm-1 and middle baseline. Fig. 2 Middle phonon band at 612 cm-1 and middle baseline.
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