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DATIE = D OREE IS L= BRI OISR S E KD, ZOfzRD 58, Z iz kv SIMS B & o RI%
1% 963 em! AL E — 2 DFHD FZ >V 2 UFEFROWIURE E —5 L, 1ZERBENRD LN TS Z
EWHEDD BTN AEI B ERIZIT TN IR TR E DWW O BELE BN - Z KO D MLERH H O
T, ZOHERUTIZHE~S,
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52 CZ%EmDMEMODEH

CZ fEADEF &G TS L IREIE— R Z L ORI TE %, Ny, D 963 cm WL A FLHEZ L 7= A%
RRE ST VR 2ITRT, FORIURE I AN TR — R 2 & OFER IR DOWikk ki 2 W TLLT
DEITERIND,

ki o N> +k; 0 NoO +ky o N, O
2T, NyOEEE— RFE LT963 em™ W E HWZGAIZIZZ OED ki 1 THhD,
WW%&#%@#@@Awwﬁr N/ R oY el v o@& HNd B, (Al —HEYE D B DR 7 DI % F U
HOBUL L, B2 HHEEN S ORI H HEAK OEW (EA) THhoH.
5m,H—%m#b®$%QME—7®ﬁE&

ZODBEIX TN ENEEDOFRARINE — 7 212720, TDON—DDOIRMEIN & — 27 OWRINLREL T2
ERWDE, 2L, RO E — 7 1R BHZ L D HED LT IR EA o720 F5, ZD7d,
EDOTRNI Y — 7 % N2 DN K 0 O TR & — 7 ORIIREIC BT 2 L E R S 5, T OMAYE
DOFfE LT 42212 OB EER LT,

1) 1000 e JEELHE OFAAHE T, NNAZOWTIEHRER NS IEL AN HR TS 963 em™ & L, NNO (220
TIZZFAL LTV D 996 cm™, 5 3 DORERE NNOO 125U T b [F UIEd® D 1018 em™ &35 113 @,
THELERERINEMESZ LIZT 5, 72720, BREAERIITEWZOFRENKE W E W) BED B
Do

(2) BEAFRBIE wﬂ@%i@@WWOml #T, 766, 801, 810 cm” B'—27 A5l AL
DE—Z 2N 798 em™ 12, HETIREWIL OB R D BT, R—RAT A NIHBETHZERNb 5,

iZ_NMWf%®ﬁ%E—W (BF; R AFE#EL LT 800 cm #d ™ —27 (H,0 BURE)) 72 L%
7 ekl Tl - 72 A Ol ROF 277, WERE B IR & 918 EDOFRIRIL & — 27 1250 T & WIUREL
OMBNIREHZ X B TIRIE—ETH D Z L3N Hiviz, RFEORIIIL L — 7 [T TRFETRVIR
SR E— 27 DI ARG EOIGEITIE, RFETIHARWIRIMEI B — 7 OWEE AR, ]2 2 HOTRE
RN & — 7 DWSEEEITHR 2,

R2—FLEENSODRIRE—Y DEEL

800 cm™ #5 1000 co™ #5 0,
NN 1.04 1
NNO 1.27 1 0.75
NNOO 1.67 1

522 BEICKIBRERBOEHS
EEIFIRE DO HIZ DWW TIE, BRI R 5 HiE L EBRMICRD D5 HiERH 5, Bk 57D
XU T D A & JRFTIREN 2 0, FHRIC X 0 i R 210 26 270 SZERE I I3 VAR IC L U i
MTEMNEE, ZODITWIURENE(LT 52 L 2FAT 22 29 Bz mEAOMITREICRT,
523 fINEFMOHI
REB 7RG E OINEFOF] 2 LL R IR,
1) 1000 cm" BDAHDIHE HEBRFTOLUNH, FZAEROEBEELT D)
oz T 1.5 X algog 0.5 X aty018
THoH,
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(2) 800 cm™ HDIFE (FLFEWIL 72 & OPEDIR)
B Z1E, Ny ® 766em™ WL iE 963em™ WU L IZIEF U K& D729
766 T 1.2 X 0tg; +0.3 X gy
Th D,

6 REOHEH
WRAAR S B IR % B 92 72 D O MARARERIE, DIRNCHRBIC LY FZ U 2 U450 963 em™ k4
WU &= 27 \Z%F LTI AT DB BEIE 2 5 1.83X 10" atoms/em® NER STV AN, €z ) = 4
fa & FZ ) a AR OWTO T U e B JIEDRER, CZ >V a o ifdh DB & WINEREF & FZ
U a s AERORIUREITIZIESEMTH Y, BE L DGR EBRERZE OGN TRERDE & E 08 e
molz, Lo T, ABUE CIIIEROBEMREA R LU ToRIC LV REAZR T 5,
6.1 FZ > R
Ology X 1.83 X 10" atoms/cm?

62 CZI')a s
62.1 =DDHBEICHT HSRINDEHFFZF
(1) 1000 cm™ BRINFHORIDBEE EALSIEE

(Otogz 1.5 X atoos+ 0.5 X 0t1018) X 1.83 X 10'7 atoms/cm?
(2) 800 cm™ IRFHFORIDMBEEZRALDIES

(766 1.2 X 01501+ 0.3 X 01015) X 1.83 X 10" atoms/cm?
622 BUBEO—DOORNREZANDFE HEE A BH) 20
(1) 750°C & 600 °C DAL

{0063 (750) — 0963 (600) } X 4.07 X 10" atoms/cm?
(2) 650 °C M4

963 X 1% 766 e WL A JIE L,

(i) Ogs (650) X 6.6X 10" atoms/ecm?®, I,
(i) a6 (650) X 6.6 <X 10" atoms/cm?,

7 BE

ERRE O BT A o3, WEESS, T UHERE Z 6N T, WEMROBEIZY >

TiE, ENHOELED TUTOFERZIRTT 5,

1) HE0ES, REHLS BLBOFELEEH

2) ELBEEH
WA RRe, Migs, RIMBINL AT RV OFeEkREH

3) RAWE=T—42u0E%

D@ AR E— 7 DP R,

@ T—HXRHEOF, FlZIE, ZDOWINOEATEFz AWz E 5 By, EORILOFH A V=,
750-600 °C ZHLERE, 650 °C BVLEEDS, 963 cm™ WL 766 cm™ W2y, #aRARE, Y —</L K
F— WU O, WX DI FEHIE E DL 2 DIk &,
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MEE A
(3R48)
TR D 45 5% 75 AL B8

FX

Z O EEE, RIMEIE OB BRI DWW TRET 5, AUTITEARK BT & A7 R VALER
BRIz, DUTF TIERIZRSAICOWTIR RS, CZ #dh ORI EE O E T, 800 ecm™ WL &
WD AITITR-ER VA, 1000 em™ WRILH 2 AV & 5 & 972 L iR O E I L 0 KL 725 DT,
EOXEND D, 7o, CZAEMTIEI=2DOMEICXH T 2WINOELS A2 RD DHMERNH LN ENE
LT AEENREIN TV D, oM, HOEERCERIRGEEI O EIZ OV TR~ 5,

Al R—XS54 UDONEE
BRI/ NS W28, JIERBFOWILA T MADNSBIEREIO AT NV ESIW Ry 7 Ty
RZEWR I ORI DN ER TEPEBN—RAT A BT RPN ERNH D, LRI R—RT
A D5 ETFOBARN e HEE LU ITRT,
All EADEEZERRT ML
B AL ICHIZRT EIICLLTO LI T 5,
1) BB OFRNRIL AL S JIERE & S REE O & OO i D B A % T TR A~
7 MVERD D,
Q) TN THEMBIZDRWEAX, FOMOME Y 2 EAaZ BT 72 2RI A7 MLE RO TE Al (b)
WCRTEICTEDLRT ANy 7 7T 0y RERINERIC 2D L 2104520 9,
BRI D K 9 BT L B DD T, KO DRI & — 27 Z LI EIT & UL A
7 MVERD ThREILT 2 MER S L5501 H 5,

054
052 (a) 1:1 0.55

05
048
046
044

| (b)1:12

Absorbance
Absorbance

042 [ 04 |
0'41 050 1 (;oo 950 960 850 0.35 ‘ ‘
1050 1000 950 900 850

Wavenumber (cm ™) Wavenumber (cm™")

B AI—EAMTEERINDEHADERICL D/ AV T759 0 FERROFRE
@) OFEL : ZIEEI=1 : 1| TIEZEFRRKEZ WA, (b)D 1 : 1.2 TIEFEHIZITESW TN 5,

Al2 HMBR—XSA Uik
LOFETHWREURFENER CERWGERH 5, EIIIZFTEMRICR D KI8T D L RIMRIN A~
7 MVICEE IR GGENBNTZ Y U TRRENKEL D, ZRINARY M OB E R 2 &, SR
BEFOMRIRUL AT SV EIZIERICTH D, LI -> T, BHICERIT ST 500 IS, #8472 mAa
T EIZL Y BHEBLORINBIL AT STy 7 75 7 0 REARY MVERT X1 LT, Z=%
WA bz, ZREELORNRILA T SVIZH#E Y TS (Bl 21X, 1/100) 28T 7= AX7 b vk
T4 T 47T feks, UFIORTERIUCIIEE OMBERD D720, TOHEOH L xRz R,
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1) 801cm™ IRIR

B A2 (a) D_EBITRY 801 e WAL, #% OB A3 (a) ICKAIT/RT 799 em™ DRy 7 7T 7 v B
TR OR LIFE AV EE RS TV, EAZFELCEZRUCEI Y =T DIy 7 75
Uy REIFIFERICTEZELTYH, FTERIORTEIICE—7 BIERFRE 72> THBRN—AT A V&
Bl ZL1Fimy L s, ZOWIIED, EYDARy s 5y RIRIRALZ ML L BT, 31
ABFANRT MVEMNLICANT NVET 4T 4 T T HR0ENH L, ZHUTED, B A2 (b) (2]
BART RNy T T T T RERINNIE, XITADSHEEI AT MUIEITWD &6 5L DOLAEIT
HIELWIRIUEZ155 2 LR T& 52 2

003
801 0.00758
oo 0025 o VARG B100.00517 7 7]
Y e
0015
2 801 0.00776
2 0015 = AN TN B0 000521 T
001 o
g 5
a 2 001
50005’
0.005
0
0
0005 -0.005 : : ' :
840 830 820 810 800 790 780 770 760
Wevanumbar (on™ 830 820 810 800 790 780 770 760
wavenumber (cm™)
(a) EEICNAYIITIOVFRIREFERIZLES b) BFERBBRDO 74y Ta4 271283
ELT=HAD 801 cm™ E—5 DD HH ELWY Y TS50 RIRIRDRE

E A2—799 cm™ [2H BB FIRSBINDBIZ K ZHF

(2) 963 cm™ FRAVFUNE—2

963cm™ AL & — 27 LB A3 @) ICKREITRTRE RNy 7 7T 70 RIIIZE > TV D T-HE
R—AT A B ZENRTERWGEENRD D, 2Oy 7 7T 0 RIRIUIER L 72 K & 220
IZHi>TWo7e®), TOEEMNINLTHE T4 v T 4T TERVWIERDD, ENVZONRNY I T
2 R R VMR B b Z L CWDHDT, Ny 7 7T 0w RERIOME Y 728 (Bl x
i, B A3 D) TR L X D ICE— 7 ALEICEE L CXFFR7R 950, 954, 971, 976ecm™) % kA Tk
MME7 4T 47 T2 LI 0ELSKZENTEDLX A B A3 (b) LEOWIN ALY L
DHRB DA EZZ LW 2 TEBHORT, ZOHAIE REBEOR I,
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©))

0
-0.001 ¢
(0]
2 0.002 |
S
S -0.003 |
2 0.004 |
-0.005
980 970 960 950
Wavenumber (cm™)
0
-0.001
(]
2 0.002 |
S
] é -0.003
441B0A2 2 o004 |
-0.005
980 970 960 950
Wavenumber (cm™)
Zos l 0.0006
E C3
l o 0.0004
2
S 0.0002 |
o
[%2]
2 0
0 -0.0002
1200 1150 1100 1050 1000 950 900 850 800 750 700 980 970 960 950
Wavenumber (cm™") Wavenumber (cm-1)
(a) HBFIREIBRIT (b) 963 cm™ BRAR

B A3Z—/I\v o559  RIzxd 32B@BH s vT1VT

1027cm™ FSMRIR E— 2 O BREBE B U 766em™ FRHMRIL E— 2 D8R E I

1027 em™ FRAMEIL & — 27 O il B & O 766em™ ARAMIY v — 7 OARBE M <L, HIEE & 20
B OFAMED N LNy 7 7T 5 RAERINDEBURFFEDR R E WCOBEREN—Z T A B351TF 72
K BRDGENRDL, ZOGEIISREBOIRNRINART MV TT 4T 4 7T HZEBEELUY,
ZOH\AHEDOFFE LT 963 em™ AU DOBGA L FERIZ Ny 7 7T 7 0 RIRIUS )T L Caf&sia 510
CIA YT AT THHERD D, BARICIE, RN E — 7 BEOA Tk & 2O oo @i il X%
KM H O Y 72 LA BA T, TNHERESABRESIK 2L THD, 963 em’ AN E—27 D
A2 KB TED TN ZOEAIEL - L ERBABEIC2 D, FlE2E Ad1Z77, 1000 cm’ B —7
FED BB 6 L TERBINO5HIZAE Y 925 KFIZFEA L7z 940, 950, 978, 1012, 1037 & =ifdk
M 1047 cm™ ZFEA TS, ZOKTIE 766 ecm™ FRAMZIL & — 7 ORI T b 2B 729 HiAI b
7o TND, TOHEITHEICH W L GEROB 2R Lz X 51 ERE & REICT 5,
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v = -1.49396542684100000000E-10x" + 4836435196406 7000000E-07xC - 5.87050409626 020000000 -

_001 5 04><Z +3.16648225398022000000E-01x - 6.40588786621214000000E+01
614B0F -441B0F
-0.016 995.4 801.5
%45 ds/dr
-0.017 ' =10.2927/10.3
E -0.018 766.8
E -0.019
= 10671012 978 oo
-0.02 [ 4050 %40
-0.021 754.2
7456
-0.022

1050 1000 950 900 850 800 750 700
Wavenumber (cm™)

B A4—ORBICEKD Ty TV

A2 CZ#ERIZHLT 1000em™ HRINZE AL S IHEOBRREERIROMEE

As-grown CZ ¥ U =2 AL TR OfEFE 1T 10" atoms/em® FRE & £ —~ /L K F—%2EK L TRV, Thi
E BRI e — 27 2B A5 TR L 912 976-1013 em™ 1ICD 72> TEEAFAET D, Z D712, as-grown
CZ vV 2 B OERREE 1000 cm™ JEH OMAEE 2 AWV CTHIE LIZWEE1E, EHRBENMRO L
FBEWIL DO ZEWI D ERBIUE AR TP CTE T R—R T A VN TE 225, (ZOROELAEE
WERREDO WA A B Wl 2R L Th D) ZORKE U THEFEINCEFEBEERIR Y — 7 25T 5515
Wb, —J, FP—HERLEE L TOLIET 2 HEMERINTWD, 7221, ZOHETHKT
MEAHEAC X D 1013 em ARIMEIL E— 27 ZHETERNE W RBERH L, Z b O HEICOWTLL
Tzl 5,

003 l
0025 233%%6—441 BOA2
1r+0.91-0.005 l
002 | ds/dr=0.985 0.01
0.009 | 1013.7
0015 0.008 | 1008.8 H—< LR F—IRIR
: o 0007 | 1005.0
£ o go.ooa -
= o005 £ 0005 |
50004 1 45195
0 <0003 [
0002 10002 9886 9761
-0005 0001
001 0 A
1070 1060 1050 1040 1030 1020 1010 1000 990 980 970 960 950 940 930 1030 1020 1010 1000 990 _ 980 970 960
Wavenumber (o) Wavenumber (cm™ )
—_ » = > -
(a) BRBICKDNNVITT302 FIRIR b)) E—I5BICk5BRIRE—S

A.5—CZ as-grown $EE D 1000 cm™ 3 DEEFEIERIN
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A21 HEREE

PUFOAERE, N—ATA B E{T> TnDT 55k E, BIABEBINEZHEEL THHERXN—ZA T 1
WA T DHHENREZOND, HEIIIHDIBEER—RATA U ERETLILENH DN, =R T4
B DFRREREFREIERIN O BARD RN E 5[ T N TE R,

A211 BEA¥ZEI«v LT HAE

Rl 7o 8\ X D RERBRIE — 27 DALY MUT—FIica—L Y BBORE LT\ D Z &N
LTS, B A6 ITAWINARY FVZBIN 2R BB 7 — L Y B2 REWIRIZER T 4 v
TAVT LIEHITH D, £o, TORITe—VUVEEET 1 v T 47 LTROTZ NG DIEWRIND
E— 7 NEIS LR TH D, 2T, as-grown SUFEVLER U 72 E B & S HEBI O ZEWIN A LT R oL
DIRAFERBIERIIS, m— VLV YREBE 7 v T4 7L, LIS Z &K, ERNEZHEET D
ZENAEETH D,

0— L UV BIIMREAEELFIK D, T4 v T 4 IR0 LV, U L Te— L Bl Y
T AR TN T, T ABEBUIIREIRNT=D T 4 v T 4 7 LT, RO TZ7 4 T4 7Y T b
b DT, WHIZRT EXOICH T ABET 4 v 7 4 7 L TBRBERINAZTRY M UIHET D HiES A
ﬁg«c:\g;)é[ﬂ, 31]0

0.005

0.004

0.003

0.002

0.001
0 7 ® |
QSOMOO 970.00 980.00 990.00 1030.00

-0.001

975 (nm) 990 (nm) 999 (nm) 1005 (nm) | 1013 (nm) | 1020 (nm)
v —7 (nm) 976.09 989.6 999.24 1005 1013.7 1019.5
FEHE (nm) 7.071 7.071 6.708 5.657 7.616 6.325

B A—BREERROO—LUYEAK T« v T« 0T EE—YWHE L HHER

A2.12 BRFRBERINDZERIARY FILEERLEBEET 35E

=< b N =R CZ 2V a2 URERICA Th D7, EFRE T ER\ as-grown O CZ
VU arhiih e FZ ) a ki oERI A RD D L —~ )L K — LRI FE R OWIL A7 h LR
Bond, E—ZITERVESTWATEY, FEEIZE, X, ToABEE7 v T 07 LTRD
%o BB AT IR T, ZaEIEREE SR OZERIN AT NN S e EmA A T T LEIL
ZricklET R 0]
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7B, Y=</ FF—0OARO>DOE—7 ORI LR, W MBEExt ORE & S O Z DO &IX
RYVREHZ I DN EZ X TR L THET 200 METH D25, EEITITREHT LY B 57w, HE
FINZIZZN T RTOWIN T L ITRERETT 2T 258N H 5,

| 0.256
0256 ¥ 0254 (a)
0254 Czref-FZref 8 0252 1
025
g 0252 0.248 |
2
3 005 | 0246 |
§ 0244
0248 | 0.242
0246 024 * * *
1040 1020 1000 980 960
0244 _
1030 1010 990 970 950 930 Wavenumber (em™')
Wavenumber (cm™")
0.254 |
0.256 0252 - (b)
0.254 8 0.05
0252 989 976 3 oo
0243 g 0.246
0.246 2'22‘2‘
0.244 . ‘
0.242 0.24
024 1040 1020 1000 980 960
1030 1020 1010 1000 990 980 970 960 Wavenum ber (em™")
Wavenuml ber (cm™") C
001 0.256
0.009 0.254 (C)
0.008 | 7 Kk 0252
g 0007 | peaks 8 o5 b
0.006 - 8.,
g 0008 0248 |
4 oooa | 0246 |
0.003 - 0.244
0.002 |
0242 E
0.001 |
0 . TN 0.24
1030 1020 1010 1000 990 980 970 960 1040 1020 1000 980 960
Wave number (cm™) Wavenumber (cm™")

FEE (ELE) KHNULXTD, O, WINONLE
(ZE£H1) 989, 976 cm WRILA~DR—R T A N L DHELFI&E
(5 E @) 1013 em™ WUXLA~D T 7 AT 4 T 1 > 7 D
(2 (b)) 1013 cm™ 23425 L721212 1005 eon™ WL ~DH 7 AT v T 4 > 7 D
(£F :(c) 1005 cm™ ZiHZ= L7212 1019 ecm™ WILA~D T 7 AT 4 v T 4 > 7 DYl
(££F) LAF, AL THELNTZEDDART hv

B A.7—ZEFZRZ S T8 as-grown CZ ¥V 2 UEERD 1000 cm™ jFEH OB FREERIND
Gauss BT 1 v T4 VTICKBBERRY FILOERH

A22 FFr—HEROBRICAET SHE

P—< b R —3ER OB R L LT S50, HAANEFRLEHIZ LV EEIND, EREED
TRAMEIRI BBV T S, as-grown TIE7R <, RFP—{HEBI L COHLRIET D HFIEMEEZI N TS
72721, 1013 em™ OFRWVIRILT Z OBMLEIZ L > CThHE SR TICE D,

A3 CZHERITHIT HRNEIC K SEEIESE

CZ >V a VG OREREIZB VT, = 2OREBIZHT DRMRINE — 7 DR E & RDIEH) 15
FEDWENIE CTo EBA T TMA D MERH D, ZORDOVITEVLEZ L) FIZ—2>DIREBICERR L,
FEOWRNTE T NORERREZRDE S ETHHETHD,
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A3l 2RENEZE (RFF)

BLERIC VA OEBSE X 2 Z LIRSS SN TR Y B K800 °C 123V T NNO  (X° NNOO)
LRI TV AU > T, NN OFRIMRIL AN 2 5, ZDHRPHEHI L > TRV ED S (¥
FHFDOT-0) LB BTN, ZREFA LIZREOES BN IREINTNDB, B0 A5 2 ok
U CREHZZR T H L) I NN OFIGDE < 785 750 °C & NN OFEIG DKL 725 600 °C D ELER
4TV, NN O 963 em™ FRAMRIN B — 27 OWIR DO ZZJIE L, ZI 5O L HELREE WV TR R
JEAHEET D, 963 e FRIMIUN & — 27 OWRIAREL D #2156 5 B AR U 4.07 X 10" atoms/cm® & ST
W2,

[NT = {owe; (750 °C) — 0o63 (600 °C) } X 4.07 X 107 atoms/cm?>
A32 FFr—F7—80E%x (R¥#)

THEREFEE LT, RP—%7—BULBLORIZE D NN 2EHEEO—EDHRIZLT, HlxiL,
NN 2L DWRIL, B2 1E, 963 cm™ AU E— 2 DA BIREZRHEET D HFIEL A TH L, ZOHAED
HBARET 6.6 X 10" atoms/em® & RS S H LT,

[NT =093 (650 °C) X 6.6 X 10" atoms/cm”
A3.3 766em™ WUE (RFR)

A3 AB3.2 TNNWRILZ RS 5 712 963 em™ WU A 7E T 5 30 0 12 NN @ 766 cm™ WL % 1
ETDHIELARETH D, 0 766 e ILIE 963 cm™ WRIN & K& ST E A EED LW, HEREREK
IHIFIFEF L 6.9X10"7 atoms/em® & BAE S Sz, —</L RF—= 0,7 EOWERINN 220, Fit
NEHETH Y, BEMO—HbL LWV eEEZ SRS, T766em WL E— 27 BV Z N dH 50 3,

ZOfh, EFLE RS 650 °C OBULHRIZ X A gL bIRE SN TWDH D, KR CERIMEK O > v
m—H—v )L R —IZ X 2 AERET D IEDIZDERINT 5,

A4 EBERGEHOAIE

Fes - IRFOWPEFEFCITEF 1L 5 Qem DL EOEREIAHELRE STV D, EEOLA b &L 7231
ELRTV, LaL, 1.7Qcem LA EOFELCORIERRILEBEIEBOL G L —H L Ty, HEFRETH
7 128, 34, 36 361 TR R ONA RS R VALER O FIEIT RIS TR WIEA L EANICFA U TH D, MEROBIE
A8 ITRT,

= 0.03

Soo2s | °m High resistivity A
+ oo A 1etivi

£ o002 | Low resistivity

o 0
= i

g 0.015 o

(&)

5 001 | o A

=

£ 0.005 O Ne o

3 B °

< 0

0.00E+00  100E+15  2.00E+15 3.00E+15  4.00E+15
[N] by SIMS (cm™®)
B AS—EiEH & BERORTHED HE
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A5 EULRHEOAIE

AREHPER N ERE ChHIUE, XITHERE N L < TR E— 7 1Zxh3 2 R A MR U, B
FROR A DIEERAE CTH DR S 2 mm OWEHEEAERECTH, £72, #H<TES 1 mm O EHfF R
BHC R S AFED 7 AT HRET D 2 ENTE L, 57BN G LD HEICE, IRIEFR% 2k
RERELND Z ERHENID LN TS, RERSEN DI T EEABIN D 55 IR O fiFFEE 4 cm™ 12
JRF D E XV, ZOGEITEEICE, B mIneRR< b0 T, FUEFTES 10 mm Ok
(EREIZITHE VBB O A FAWT) 1ICL D, IO MRREN R 255 ORI OE G #HA TR E, 2cem’
Y OEICE LT 2 HER D D, BVGE L HOWGEE ORIER R4 i U726 % LN ISR,

A RO U OITEN S0 H L7z, JEES 10mm & 1 mm Ol fEE mmaFERE OB E ) B Kb 7=k
RS Z e L Cdh D, FBIIEE S, T mm OFRLCRKREZ DI/ DM B D DI BT L0 FEH
RIBEPELS o TNDIedERoN5, HOMKREICBWTES 10 mm & 2 mm Ol wm i EREF 2 b L
EHRAITb o L VW—BRR LN,

0.03
]
0.02 .
o
% .
=
0.01 =
]
. ¢ * (10mm)
2 *
= (1mm)
O : 1 1 1

0.0E+00 1.0E+15 2.0E+15 3.0E+15 4.0E+15 5.0E+15
SIMS E&fE

B A—ELGEH EBEOFEHORERROLE
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1 FALSE

AL, B EHRENEEHSOBHEREMREZESICRT N TV ) a VHiTEMEES)
[T EEEE S ERBEEEREL WG (HFF) OIFEID 2000 25 2005 FFI2H 72 5B NS, “ U
AR ORZRRELZERT D200, WER T BEMEOIECONWTEE DD TH S,

— R OBEIRSHTIEL, ERBMITHESF DAY DIE RN OFIERICIE LTRE L 705 = &
ZFAL, TNOEERETLHETHLN, OB, E&HBICEOFEEREBCRE OMEME = & IREE
DHHIECHEEZ 5252 BbD, £2°C, o T 28BS EEL L, ok EH &M OFEERE
AL, WEOERBMICED DEFHREL IRT 5 HENE BND, 20D, TENOIHHTR
BHIZRIIG LT, ZAREHERBIR AR R TH Y, ENIORE % 2R MEEY E 2 R L T & 7,

—77, MR REHEOATIRIL, A 7 e be e i X 0 IE Sz E T R L X — O kL 1 & R
IR U, BEROSIC K o TR T 2 N EE RO & AR EEZET 52 LT, REHPICEEN TN D
TCREOFEH L IRE A RO D HETH D, B BEHMEOITEIR, (D) BITHE DT A IEF I SR TR
EBETE 5 L3I, QEEANTROMARER I ELZITT, Q)7 3B ORI %2 R
HIENTE, @)EETEXLHRERMEALMD TIAL, 5) BLHEE —EREE TP ERICHEN LS
MEEREDEE L CHWD ZENTE D2 LD, SIEMICER L2 EMEOBWIITETH D L \hibh
TWb, 2O, RS HHEIFEEREL 21T O BRICR D Wik & U CTEER T BT
776

LU 6, WAEIZEW I I E THRAHMESITEICRET 2EERBE 2R 2V, 22T, AETY
T AP OEBRERE IS W THIO TS ZERT 5 Z Lo, £72, BEHESHTIIFIH 62
FEFE SR DAL, SHTHE RO B LA REE R BURICH D Z LD, AEIOEHEIZYS > T, HimlcHAR
TAY hN—=7HE CREEY A 7 e ba o X TR e A EE L, BEER o ERBRRE &
2B COIE T A I M LIz, WG TlX, ZOMREDL LI, ~=aT e LTEED, EFESITOH
&35 LIRS, SHOERELETTOLBOEHE T2 Z Lz, WRIE, BEHMEHTEDFEEE,
ERREREEOBEE, RENEOTFIE, FESCIRAICOWTOMHR ENBRD,

2 HBEHERTICKDEBRDEEDRELHE
2.1 BESHMESHORE

EHMEA IR TNk 2 RS U, BEROUGIT & » TAR T 2 UM o g & AR E 2 IET 5
ZET, TAEENTWELHEORIE L REEZRD L TETH 5.,

A7 bu Il iES N E T RO BRI, R EORT vy v VEEE A2 C
JRAFENICAY , BRI S kg (AR 12k d, £ 0k, 7 SOkt <4,
T RRA BN EN D, BT AR LR TR Z i L CE BICLERIR I D 2 & %
BURMEEZE &, BURREZE T 2 1P 2 BUN PR L v 9

TEHEHTTIE, EEBMITTEN SEMUGSIZ X - TERT 2 RO e 2 IE T 5 LER S 5,
O, MOTEHENBAERT DB L T OMWE CEEBIIC RO = x L X —72 &) 3Rk
B TEDHEND D, £, —EREFBS U CERICH AT 2 M2 B S 7= 1%, SdREll
EXATH T &2 D12, BRMEREOFEMITS HRERE < RITFUTe 6720,

T RERL 7 L HT T, BIEROERICHIH LT WS AR T 5 L9, £, BEREL 2D
WENDIRNE I, BEPRL 7O, TR LX—, RFRHEZEZ D2 ENTE D,
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22 EBFRSHO-HDOERIG
RUIIRT LI, EBRE2HNTHITIE, BT, B, He3 ki1, abifrNFHINTE,

R 1I—ERSTIHAYT SBRIE

B Ea W EREES Ea J&JE mg/g (MeV)
“N(p,n) ‘O 6.3 %0 (p, t) O 21.7
“N(p, ) ''C 3.1 "B(p,n)''C 3.0 0.50(10)
2C(p,d)'"'C 17.9 0.22(15)
“N(d, n) "0 Q>0 %0 (d, t) "0 10.6 0.8(10), 0.5(15)
“N(d, an) ''C 5.8 B(d,n)"'C Q>0 2.7(15)
2c(d,v'c 14.5 0.75(20)
"“N CHe, o) N Q>0 "B (*He, n) N Q>0 66(10)
2C (*He, d) °N 4.5 29(20)
"N (He, d) O Q>0 2C (*He, n) "0 Q>0
'%0 (*He, a) O Q>0
“N (a, n) ''F 6.0 %0 (a, t) ''F 24.0
N (a, n) "*F 8.1 0 (o, d) "°F 20.4
"N (a, an) N 13.6 "B(a, n) N Q>0 12(26)
2C(a, ) N 23.9 32(3.4)

BERIGOBERICY > TlE, BIETHLERORELEETX LT OOKBENLETHDL, D LT,
AT D IR PERRROREN RS Th 5 2 &, MOIIFILEN S OYENDRNZ EREEND, £
35 "c, PN, M0, "0, F, "FoEdlizEhnEh, 2038m, 9.97m, 70.5s, 2.03m, 66.0s, 109.8 m
Thd, ZNHIETRTCHEEEETHY, "0 ZERWVTTRTRIU 511 keV MR E i3 2 D&
Thsb, ZOD, TNENOEFEZXBTHI21E, FEOBEWERODLZ L L-TITY 2 &2 5,
R OB REORRREFELZRE L, HOUZREO 32 b Dy 2 KD 575>, HHREFED 2 20555
LTHET H0END D, BEFEDGE, LFDBEELZINZ 52 LT, HIBEMOBERENHE L CTLE
DT LEDRNEDIZ, ALFEREIBD THEEM TR T T2 LT 20ERH LT TR, ERICFIA
T AREO LRI E VT REE L,

FROZEEFMETD L, "CIREREI 20 5 TH Y, "N, ) 'CUSEFIFAT S Z LR SN D,
23 BFBSHMEICKP2EROEER

BEFROEEIHHATD “"Np, a)''C SUSORIEREEIIE 1 1R TE I 7~8 MeV ICE—27 %2 b b, #
KAEIE 250 mb FREETH S, 20720, "C DARITITZN LY SN R X —THRFT 20088 E L1,
—J5, #BtCR Ty ERET D L, "B, n) 'CRIGIZE VFET C BER LEROIEIZR DD, &
OREZIBLDL I ENMETH D,

B2 IcF =X —IC L RV EOYEROEEZR LT, REORUREEENHAETLH5E, B
FT X —5 MeV TIHERITH L TERTED TN NC 5 10 54K L, 7~15 MeV T 2 54T 5.
IO, BREROERLITO IR UENS OB EOHMENRAIRTH Y, R URREIIEEAM TR UL
AV AN
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RUFOLEBEGFTHRIMELLTERL, TOMEEZAWVTHIET S HERS D, £, BFORKNTx
JLFXF—%& 5MeV & 10 MeV 2 E2E 2 T, BEHMEL, BN HBRRAFWNT, 2 tEZRAKFRICEETLIZEbE
Z BB,

250 Z 50
~ { m
£ 200 / = 20
z / S
2 150 | ® 10
2 | -
¢ B 5
w100
; I VL \
S 50 Eyy < 2 Ey, w\
L/ L
5 10 15 5 10 15
Energy (MeV) Energy (MeV)
Bl 1—"N(p, o) "'C R Ehi2hi%k E2—ROREERILD "CERENHL

24 EER

24.1 FRIEELFHIERE

MR RBHC RIS N5 &, RBNOFEF L D7 —a UABEMERICL Y, REICTRLE—2%0
fEIkd 5, BAJEAR YY) O p X —HIBZLIERE, RiT2MEIET 5 £ TOHEEZRFE (R, g/em®) &
FEOR, BFOMERIC K> THRES LD,

B &P IERE DU

S(E)= éixE ............................................................................................................................ 1)

ZIT, xIIBE p (gem’) EJEE1 (em) OFETHY, EEMIEFES (E) OHEALIE (MeV-em’g) &
72%, PHIEREIXRIFOEEICKHAIL, EMO RITHAHAI L TREL 2D, £, RTOZRLF—|ZL
Bl L CHINT %,

THNX—E ORFAWERN TEILT S ETORER (gem?) 1ZLLTFORXRTEZ BN,

R(E) fdx f dE/dx_ ) S(Efj) .................................................................................. )

B3z arf ol roIEREEREEZ R L, BTro=3 X —nNE< 2522507, IR
INEL 72, RRRIZIEDRD Z L7 b, Fio, ALEWORIEIL, TNENDOTLHRT L OREEHWT, L
TOXIHET LI ENTED,
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3
10 T S ) S ) ) O
Il Il Il Il Il Il Il Il Il 1

1
- e —e—mEme

|

102 A /

A2 (me/cm’), B ERHIHEE(MeV-on/g)

10' /

0 5 10 15 20
IRILF—(MeV)

3—2 Y AP TOBEFOMEIERE & RE

242 HEHEDRK

TR AT, AR 2S5 s 1L DI 7R E A 2 T 5 ATtk Je OEYE B % WA i)
L, ZHENICERARICEN BERT DB OMRELZRET 52 L2k, oiralkiho ok
DREZEET HITIETH D,

TARNVF—E, OFRERL T2 WEICIRS Lz & 2B o 2 U ERE O ARt (4) TR TER S

ns,
_ _ 1 B A 1 e o
A=AN —ﬁa)fo o (1 — exp(—A1)) (4)

A EREEER (51

N BRHE T CORFED A Rl K

t o PRETERR (s)

I : BBEER (A)

n o ANFPRi o0& R (P=1, d=1, *He=2)

e : ERFERE (1.602x10"°C)

o BAARERICE £ BCHERE (atoms/cm®)
o EWrEAE (barn=107* cm?)

E : Bk =k /LF— (MeV)

S : BHIERE (MeV + ecm™)

ORI, HEHEEFEOAREE, BEAEETICEEND BN TERE I L TRV, PREEE
M, BRIZWETDHLERDDZ ENDND, 12, RO TR X —E, Bl CfEIEd 5% T
WA U DRSO MERIT, ROCWTHf o 2 LIERE § TEI- 2By L LCEHET s Z L TRO NS
ZENZIND,
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Z 2T, FHMERG L LT, RO AT RAX—E, BNEE TR 3 F Tl U A EES O
(i Ee
f"’o o(E)dE f""o o(E)dE

S S
= : (E) — (E) ....................................................................................... (5)
f’io d_E R
o S(E)
EEFRTDE, @WRFLTO L ICfEfEIZ/ 5,
A= % OTR(1 — @XP(—AL))  woerererermseesenis e 6)

Z T, FHWmAEIImEIC LT, —E L A s, BB (X) KROMEAERE () FICEENDS BB
TLHEDEE (o) OHITAERBEEED (6) b
o, A, IgRg (1 —exp(-At))

ES:A_SER_Xm ........................................................................................... (7)

TERINDZ LT D,

(DD, 3B (X) ROERERE (S) (SRS S -BEEMNE, RERRZEEST 2 Lk, A4
K DORFEZ KDL, BRITTRORENTHETE DT EN005,

EHEYE CIE, ERBMNTEEEW e EXRFMEB EMEIRD LN TVD HOBRHNLNTWS, &
FOHBNTTIX, BROEILTrAFH, BT AI =T RHANLRD,
243 RETREDBIE

WE, BT Tl 2 OB O B THE DAERK LI REHEEZ RO 200 0 12, AEREEREN S ik
HENDIMHMREFEL, ZOMELZILETZHENE DND, 20, HETSEOREIORIRCH
RO DL —E & L, MHasOFEE, BPiehise ExF—&FcT 208N’ H 5,

WE, BERROFEIIBIKE TEZOHER Co L LTRD D Z L1 D, #HEER Gl C 2RI 1, #%
WL CRIEEBG L, EREM 1, ORNCEONTZFHEkET 5 L, UTONTRDDHI ENTX S,

CO =C exp(/itd) T/}(—M

ZIT, MEHEEK ) THY, CIERYT Y OFHEE (cps) LD,

Al — U E S h CRE R O EME 2 JET 5 &, BGOSR EORMHEITELI 2D
%, A7) OB R E O R REIX TN E RS TIE% O BEROFEE C B2 5
ZepnTcE, gEAE LT

Cy I Ry (1 — exp(-At))

a)X:a)SFSER—Xm ....................................................................................... (9)

PR ND, ZOEREITEHREEE LIRS, 7220, ZOFEE, MEGRTHLLHEN~ b
Vw7 ZPCFEERNHET D LW ORED B ENTEY, ZORICIIEREEZET D,
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2.5 HEst
251 HRSTSEH

R D BRICIE, BB OMEYEME CR UBRE = R L X —CHUR L 2T U2 B0, ZE iU Bg
ST 74 & BRI A2 U, Rl — St COAMBUREEICHIET 2 Z L1705, FREPRIT-E03@m s 1
AV AT T L= THEL, 7—a L L TRDDFERELNTND, ZOHE, REHE
R EZH Uik LTl 0, REHIRHN SN BRI T2 5= TOo00ERDH D, £/, BHICL-T
RETDH REBTENKEBELRNE T IHERS D, ekt & EEYE COERBERE T 8 HREED
ERd D, £ T, BEEWEE RN T 556120, BT 28O ERZ T2 &4, R Z
BT D2 ENMETHD, £i2, BRIEOBITIZIEWVHIE L > Y TOEBIEZHER L TR 2 L8 K
HCThD,

@)X, MR ZHMEST 200, fafifaEk (Saturation Factor) & FEINLAHITH 5,

SF: 1 — exp(f/lt) ................................................................................................................ (10)

ZOADNBGND KO, BRI U CAERBERRED T 2 O Tlde <, 1 HEHIOMREH T 0.5,
2 I O BRSTC 0.75, 3 IO B T 0.875 ERBICHHITHICR Y, 1SS 2B nnd, —7,
6] U PR R C b - O B WVVEREIZEEIT B2 5 O EL 720, BN E LW G PEREFR O KU RE 23 1Y
My Bz &icbien, @E, FBERERET | EEREICED T ZEBEE LV, £, EEDE TIX
H T3 O A UG RE 2 M 2. 5 7= OIS IEF I AERF TR 2 2 2 DN E LUy,

252 BEHIRLE—

PR IEEEHC AR T2 L IRBICZ XA X —ZRMEIET D, B1IZRLIZL 21T, 7~8 MeV IZ
=2 % ORI TH D, 2D, REHI AR T2 =%/ F—13 10 MeV L EIZERET 2 D DEE D s
MHEFE L, 10 MeV BRETHUE, REIOEZIT 1 mmBETHSTHY, 17 MeV OFAIZIEL 2 mm
REVNETHD,

253 &

DU ISR TEMBE RN 3 D 1 FRETH D, BRI e Tk 5 £ Tle, 2obe—
LAOHINTEE 72D, Bt 10 MeV, 5 pA THRINT 254, B2 50 W OBRRAT L Z L1220,
E—AMEIETAREDO L ZATROENT D, 22T, REOYHEZKGEN-EBICHETHIZ L TH
HEINDD, BB L TREPNETE L EmANT A+ e s, £0, RBRmITGEFENE L, K
FHERE T NAY T AT AZREOIF THAI S5,

2.6 0=
261 IyFVY

ARBHERE IR T 2 FCHEQUMBESNTE Y, REIIRAE LR 0 b RERICE I D &3k
(2, BERUGOREFAER U7z B MRS k= R L X — 12 L > TREINIICEA S, ZOFETIIpE
ERITZEIERD, FICERITEROEEE S THLHI2, EROEEOBRICIIRE 2iEF L5, Z
DI, WEBOREEEOGYERET D ENRAIRTH D, sUEREOIBEYEEREIIL, 722407
BEXD S, 7B TNy F U5 2 EREEITOND,

2.6.2 2o EE

SV a B A G TR T 558, R®2IORT LD RN ER L, ZolXT TR AR
TH DI, 511 keV MBI R ZKET 5, YV arzobonbt P SRS 5720, BEEZOK
STREIIAMRSD THRVY, P 120 2.5 0 TH BN D, 25 %I 1/1000 ISR L TLE S, v U arfic
MBOKENGEND E PN bAEKT D, £2C, RABFICEENIERENSAERT D "C OHRERIET
2120, "CEBRINMICOBET 5 Z & BRETH D,
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RK2—JaVEHOBTFRATE L SBRW & ERRIE

TeH BE I Ey (MeV) A IR
Si *Si (p, n) P 5.0 30p 2.50 m
B "B(p,nm''C 2.8 e 20.38 m
C 2C(p,pn) ''C 18.7 e 20.38 m

BC(p,n) N 3.0 BN 9.98 m
N “N(p, ) ''C 3.1 e 20.38 m
0 0 (p, @) °N 55 BN 9.98 m

%0 (p, n) "°F 2.4 3 109.8 m

TS PERF OSBRI R B RO FEN E DD, mRIETIE, BEBKFT TREHE SR TnEl
L, IRFEZIREHT AT Do REET AIHHER THE L, WMEAMOBRRELZRIET 5, MR L LT,
U HF NI NaOH 2B ST AT T4 FBRHWLNS, s AR Lz "C NSRRI A &
U CHISEANCHIE SN DT, HONUORTUFEAD U avpEaRE L, Ak L7z "C oligtez i
SYBET DENCHIE L, MELOKFTEE KT 52 & TROTELERD D,

WEIETHE, Va2 T7 ) CHERLIEOL, BEAl GR~ > H o) v L) 22T, EL,
IRFEEBILSE D, AR LT AT VERICEEZTF T L, BAETDIREEN A% T T —72 O AHHER
THiIET 5, BUCREZHET D720, HE U, RENAMEC 'C ok E L CRmEE2 Nz Tk, £
7o, T AHERIIIKERML ) 77 MRIRE AN TEE, REY FULEARSE, hEEAHILTCEOE
wEERET D,

2.7 HRSHREIE

W ICR ORI C, ERICFIAT D BRI E T EE L 25 b ORNIEEAETH D,
IO, BETEERICE OBEF N HEIRT DB T 5 MR A TE T 5, IR RO = %
VF—X 511 keV TH D720, MOV —CHEMEEZFRET HZ EIXTET, HEZBY K UE~
DOIZFEIZE A ORI 2 8 L i idze 6720

PR DSHIRT DBRIZIE, 2 ARD 511 keV {HIRBURFRAS 180 FEH MICFIRFIZ S &b, £ 2°C, 511 keV
B 2 2D L <, BIICE T 5120, BB 2 e X o ICRZICRaR 2 I &, [ARFIC R A
AF UGB OHFHT 2 K 9183 5, BEROMEIZIE, —#&%IZ Nal (TI) XIEBGO v FL—i 3
BHEAHNBILD, 2 BORHEED DO IMEFITFERTHEIEL, Y I AT ¥ U RXAVTFI7A4 YT
511 keV (ZXHET 5 7L A 8 % FRFEHE K AN CRIFROALEZH]ET 2, hU 2 Xd~ VT
F X VRNV AR—T TERR Z &I, Ry 2 FH, LT 5. MR s O 2R & STk
AOFEL 250, RHEORE INRENITPERIERE L, £, BEHTH T2 A b REL D,
[FIFREERORHBIERIL 2 BORHEBORHNRORE L 225720, L0 KERKBRHET, LrbbaEss
SHTHETDZENEE LU,

A REE R D RSO R RE L AR SR RS NS L7235 5 O B3H T2 2 Lo, BHEROE D Ofkx 7
RO EBENRETE D LR, Wb Ny I 7T Ty RitE /NS $T5 2 ENTE, KRHK
Ermbsddz Liced,
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Fro, RRGFHTIEETREZLE LT, MEDOYAA N, RERMRENH D, MR E —EIC
7= 0IiE, ABOIR (ES, EAR), e 2 aOMH&GOHREE —EICT 24681 H 5, EEDE
EHERBI ORI R 72 2 H 11T, B 50> COMITREREM OMIR & AERL L, FHEEh=ZHHIE L T4
BhbD, £z, FHEPLOGEITIIRFFHARIEE O NEREH 2 B BT 20815 5, Wk EERE T
(IHHREDTREIZE LWERDH D7, BEEME IR EZF > TRET 2 8ERH D, Fiz, #HELUAE
T5Z&T, RO RN > THIHENHRT 2 Z L 2R T 2081 H D,

3 EEREOFE
31 BRHEHELEEDE
311 FHEOFR

FEGH T 2B O E S IXRE T 2R 03 B CEIET 246813 H D, BT R L X —265bE T
Tmm 75 2mm BECEIDOLD LT 5, BT FLF—3 10 MeV TiX 0.71 mm, 15MeV TiE 1.45 mm
DEINLETHD,

T2, RBOKREX SIFBEHTIE—20Y A XL L RELTHMERHY, E—LHP A XIS LT,
—SOTEEDN 10mm 25 20 mm O EHFEXIIHEO D L4 5,

FENTBH THD Z ENEEND D, BREMELR EIZLT L HMEL L,

312 EEYE

FEEMVBIIME D b OB G LN, (LFEEORERMCAEMNEE L, vV a VREHOER DT
AL LCIE, b A EUIRAT VI =T A3 TEY, BRICESN T L oRFHTE 5,
32 HBs
321 BRBEEH

B OIS X A B 4 1R LTz,

EREE, Y r7a by
PRGPRL T 5 Bo 1
g XL X — ; 10 25 15MeV
W ; S~A 7 a7 U _XTRE
FRURFIRERE] 5 20 47
FEHERR O FREF 511 0.1 pA, 30 BOFEEE
(Z DA, ATkl 2000 75D 1 OFRSTER& E 72 5)

R —% EiF2E, BRE T2 "C OARBRITEML, RHEEEL® ET 2528, 10MeV %
x5 EWEIEOEMBITNSL oD, £z, B BERITH) % iP5 L, BHRICHE LA
FERITHEMT 2, BMAHFFMARE LTH, ENRAUNRBITREICEITH LD 2 b, EEANERD
1R E £ TREE LU,

PBFHZ k- T, RBHIRET 5, RIS, BEHPICZ R F— MeV) X Eiff (mA) = BE (W) 235
AT HZ LR LDT, REIOBAEITILERS D, IR LI XL 91Z, BBEREIEA~Y U AT 2 AR
FImHET 5, BE S ABB O BANITKGOBEBICHET 2 K oL, M#ENICmEAIT 52 L3 Tbh
bo F, MEZFLVX—EEDOYA 7 v harofs, EHIBFH SN A O VXF—%2E 2512
%, REORNCT VI =0 AREHA LBIES 5,

REA~ORN TR L X — L, MEZ R ALF =N E—LYHLE, =3 AX—T 7V —, HEET
DZER (NI T LATR) BOBRSICEDWREEFHAELTRD D,
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322 RHABHEREORE

REHCBF SN B ELZEEA T 7L — 2 THAL, T 5,

BRAERIEOBICIX, 2V A=/ LI — A0 B SR AT 2 RE TR~ DO RSB T
MEDFEL LG NEIIZTEHIE, REZFRLENLHZG L TEL T ERRAIRTH D,

Fiz, REFREIZEEE F—TRO 10 um FREOENTE /2 E a2 ER, BB RICRET 2 HEL LD
o, ZO%E, Ge BRI & CTHEOBEEZET S Z Licky, Rt D L IcBi Sk v
BOMMEERD D Z LN TE B,

5 1877 “iw’ A
A

TRWE = ORI
(T

B 4—fR5 & R T LBIERE

33 EBHERORAHLE
331 TyFvy
PUBFR AT 32 F THERUTIEINTEH Y, REITAE Lo =50 b Rt a5 &3k
2, BERUSOREFEKBE= R —I2 Lo T, REPNEICA R Lo RN EA S, T O F £ Tl
ErERITILiThD, oy, BERICGEABRGZZy F U 73252 ERARARTH D, BE, 7o
Mo 2alBHIREI £ 2 =y F 735, Ty TF U ITERIL > TREAF =RV =138 25 2 L7
LI, Ty F U TEE, BEICERTOILEND D, £, EEDEICAKNT IR AX—X, TEZY
FUTHEDAF RN X =25 L9112, BFEOEICEZyF U TERKHELIZT VI =T LAETES T
2L, ARV —OREITNE TR 725,
Ty F U TR TROEBY TH D,
TwF oUW HF : HNO; : H,O=1:3:1
A - Wl WIR, 159
Ty FrVE  FiE 30 pm
Ty FUTEIEIYA R A= TCEIZEENET 50, BERFECEEZLEZHEL, FHHEICLV K
H5H,
332 B om
EEBRETIRIIR DO L 512725, REOSRIT TR TAEE —DHTITH 2 LT, AEOBASLHERE
B <
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1)

2

3

Ty F - R — IKFEF ¥ U T & LT Na,CO; ¥R — NaOH (2 & 5 1AfiF — KMnO,4 12 & 5
fefb — ZREHEE — 78K CIMR — Hile (1+3) i F — LiOH IZ X A% — Li,CO; JLI /Bt

A EAR

RE OB A R CT 272D B — I TREL 2, & 52U NayCO; Z A E LT m mol iR
%, MBEIER b L7od e —midakfobo 35, £z, FHEkCARBRO 7 2% FNT,
TR, INERER OFERRIR OTREZ B <, RIZ, REHREIZIE U 8M NaOH i & 15~25 ml &1 %
%o 51T, 20~30ml FEED KA Z, BT L2 PR T 1~2 45D TR BV L T A # 4
FEAERMSED, 7 4FE 1 giZO& 8 M NaOH % 27 ml OE|G L7210, NaySiO, DRI LK
50 % BRI &I 5,

AR

W%, KMnOJ IR 1.5 g2 M2 T, BrL IR TRN R 2D ETT HREMAT S, Z Ok
TET, SREHARIRITRE G b Bikalc 23 5,

K EIMZ RN G, ©— DB+ 5d 5 & T, @ L7 B 2 e L > o%fEd %,
SRS

HHREBEIIB S DL T D, BRNEZAEITR DD, XA Y7 T LR T TRBIT 5,
TREIXEY 300 ml F2fE & 55, WEITHERFDRIET ALRET D201 MEEDT VH VIR
BELRND, REOA-T-ATEE—DITEL,

E— I NOREHEIRIZ~Y 7R TF v 7 A2 —F ETH#ELSD, filk (1+3) 2H F7 5, H&aia T
—RUCIRBR AT ANFAET DO FHEICHEET D, BAELTLLA"COaFv VT AL 15D
H,SO, DA - 7= Peifr B 2l ST s, LiOH IRICWIN S ¥ CTHitE T 5., ZOfifEiR&ZE T L VT
1 A3 FENEL L T Lb,COs TR A B S8, Zhzigd¥ 2, ARl L7cibEIEmEH 72 MeOH-H,0 (1:1) T
e+ 5, MESTRERIER, MIE L7 Li,COs ThBk 2 it s FE R LRI R 2R 5,

FEEIE DAL 2 MLIOH ¢ MeOH &% (& L T Li,COs % IhB Xt 7= L) 10 ml+MeOH 10 ml-+H,0
10ml T& D, MeOH JEE N E & LiIOH O IRERARL O ATREMEN & 5,

H,SO, C— —p
Pump
Air
——F —i — T — T:: - Flow Controler
NaOH [ H,S0, LiOH LiOH
Si inNaOH+KMnO,,

Magnetic Stirrer

B 5—ER L BEROEHN S DREBARDSBMBR R T L
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333 XS EE
X IEOREHLE FIEZLL TO X H TH D,

)
2
&)
“@

)
(6

1

BTy F o7 LR EMIEL 7T 7 7 4 FAR— MTAR, BRHF Chifk#i 14 ) 2Nz 5,
BJEEMEFIZ 7 Z 7 74 FAR— Nty ME, He W AZU L, [BIEAKE T ABHRT 5,
EERE I R A InBAfE L, 'C 2T 5,

AR ORE, "CIix "COICBIb SN DR, —HMEBEA R+ TICcOnbL Db HDH, £ 2T, He HAIC
L0 FHOBLRTH O B T 2EET N, BEHEE L TRl 'CoicBibEn s,

AR L2 "CO0E, TABTA b (U B/ NaOH ZHEF S 726 D) [SRIRICEE S5,
HAEWE LT ADTA MRV L, ZORSREEZHET S,

L, EERINEYEOHI1IE 200V, 20A FRETH Y, FHEHIH 1200 °C UL EIZE S D,

U L ORMEDT-OIZ, RRREAZBIRFIE LTz 5,
DT LCHEINDIHAEKILULTOLEEY TH D,

BRI KSR 14 g
FR{LAA : MORIRILSR 13 g
EIEHR BRI 15
NCO,WHEM : TANTA b S

RELOTERE, WAL & IREE T A DFEOFAIVFE 6 D X H 127> T\ 5,

. =4 JE R b EAUF 900 °C
He 77 A
—

ply

\
) EEigE T

H—REDER, BILERBHIRADHEDTN

EIROEEOHEZBR T DFEEITRT,

Electric furnace
CuO/Cu,900%(

M 7—RRASBO=-HDOERIRMELF & BIUFOH
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34 AIE
341 BIEEE

B 8 ([Z[FEIHE S AT ADOFZ R LTc, RITRbEGRAr—aA o7 o AEBEOHIT, BRH#EHEND
O & HEIE L, 511 keV BRSSOV R E S U IV F ¥ XAV T FT7A4AFTRO L, 2 50K
HERD D ORIFHE B2 2 a A o T VAR TET 2 E W H DT, REMIIII D U2 I~ vTF
F X U RINVAT— T TRtk T 5 X TH B,

HV

y (f /N
—> Detector K Detector [ t
_ \

~ N Y

Sample

y
AMP
v
SCA
\4
Coincidence
\
SCA
7y
AMP

Counter
/Timer
or MCS

X 8—RIRFEH S X T LDA

342 HEAE

Yo TN B E R =DV A A MY TEHIT 2, b LTERWGEICIE, oL 7L g
EW'E LR —TRIR OB REREA OFRIR 2 Z N Z i L, 2R Z2 RO TEBLERH L.

B9 1o~ TFF v p A —T CEGEHIE LItk fl 2R L, sUEH S HEHEM 3L 'C o 080l
WS THELTWD Z R0 D,

AREFOFHANE, "C ORI L Ao TV D Z L EBERT D720, 2720 L 3 I o7 o TR LEIE
THZENRLEE LU,

ARG 2HETICZ O EIET L2 L2 D, 20, BEHEZIZSY ar»bLo P (3
WA 2.5 45) NFEL LRV, WIS, RBHCARHMM & LTEENDENLO BN CEEE 9.98 43) 23581
ENDHAEND D, LIZBn->T, "COBEENTTHEICZR D D%, BEH% 2 HEU LB L THrLTHS, L
L, SOICHMARGET S L, RMOEEFEI DD BF CEEEHT 109.8 43) NREBIZHL 2> TL 584
Wb, i, BEEDEITRBHILE N TE L AERBEEREWZD, BAKELE LPELDLZENDH D,
ZOZEND, BEEWEEZNET 55 GEDRHERZ & 52 CoRO TR NENH D LI, 1E9E
W O WU A ORI RS & D1, MBI E R RN LD ICHEET DR ERH D,
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Standard

Standard Nf”\ﬁ
N B
1.0E+05
1.0E+04 \

1.0E+06

1.0E+03
Sample
1.0E+02 o y‘%
1.0E+01 1
Sample
1.0E+00

0 100 200 300 400 500 600

Time/min

B o—a s L IREME O ST RERIE

35 EEE
351 FBEMHE

RO H BT IE TEZROHEER C, & LTRD D Z L1225, MR CIIREHIER M N E < 7
LEHEFORELEETIMHENRD D, R Colx C ZBETE 1,08 L CHIEZBIME L, HIERR 1,
ORI LNIEHET DL, UTORTRDL Z LENTE D,

CO =C exp(itd) Tii(—ﬂt)

ZIZT, AMTHREER ) THY, CIImEHNT OFHEE (eps) LD,
352 EBRWE WBHEEBEMEE

BATEE 7 —a UHTRD, 7 —ua Y7 OGRS RBICHEBET 5,

PR IR R DS HE R & ATl CIT R 72 B 720, BafiE L L CRHHR T 5,
353 {eZUNEAHIE

BRODNTTIE, BRISIZE > TERZNOAMR L "C 2RI EET D 2 L1l b, 20k, &
B E T 'C DEINEZRD Z0E RS 5, WSHHEETT 2 AT, HEEMZ, TOeEEE
ROT, TAERLE"CICHIET S Z L1272 5b, HIRE LTIE, REBT N U ARAVLND, LI
FROFEE, HERMECH L, BN B OmBEEEZIEL, #x OFEIORIELZ RO
5o

BRI ER LA EREE O IFEEICITE LS 213 TH DA, EEIZR 2D AiEERH 50
T, HOMULOKRTEAY Y 2D X 912 "'C OERMBERENIEF ICE S R DR 2 VW T, BERFE
DAL FE L 'C OFEHEFIN R E Z TR, TOLRERRT ILERD D,

HADBHEICB N TH, HOPUDFERRICHAYHREAY VU ari E2RE LT, SBERTO "'C Okhtbe
OB DOFRSREZ T, BRI Z R L TR SLERDH D,
354 FRIEMLE

PR =R VX — 23 10~15 MeV TOGHTREICH DV o> LEEYE ORI A FOREEZ R 3 1R
L7ce TNZENORK T XL X —RNELWEA, 2O LX —#H CREOMEITRE 2B &I <
1.06 725 1.07 TH 5, REEICIE, =y F U7 B8 > THREENENDO AR =R L X —NE8Rp 5 Z LT/
HDT, TOMELMLETHD,
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RI—VVAVEBETARORBHERR

Range, g/cm’ s
Energy, MeV Range (Si/Si;N,)
Si N Si3Ny
10 0.166 0.143 0.156 1.067
11 0.196 0.169 0.184 1.065
12 0.229 0.197 0.215 1.064
13 0.263 0.228 0.248 1.062
14 0.300 0.260 0.282 1.061
15 0.339 0.294 0.319 1.060

FERIIE, BEMEOREICT y F UV RIZIEHT DEEOT VI =y AEREAERTRFT L2 L
T,Iy%/ﬁg;iéﬂﬁﬁﬁﬁﬁﬁf%é:&ﬁ&éo
355 EE

ZDOXHNZ, TR LAEEM IOV T, BURER R (1), SRR (), RE (R) ORIEREAK
EFE, UTOXTERETZ D,

Cy I R, (1 —exp(—ALy))
S Cy1, R, (1—exp(—Aty))

Wy = W
4 RBRE-BE-BE
4.1 RBEfE

RIS TIT 21T 10 atom/em® L~V OB R EEOERICHSRREEHT 5,

10" atom/ecm® L~ULOFRREL O ERTIE, £, MHEEREZ 10 pA FBREE T LSS, BEEZORE O B8
Wk T OB EICX Y, BHE»OREHUEOBEE CORMEZERKT 5, REOKENLETH D,
42 RiRE

KREBRFM T CORMBEAEOER E LTIE, EETRICIDIGENRDH DA, THIZOWTIKRE TR
T5, TNLUIMIAIUTOL > 7200 EiFsind,

HREHZES b & LT,

1) BRHEORZE ; S LRI THWD 2 L, 2RETOREBE R T L,

Q) MBEBEROLS ; BNE—2ARNLEL T, E—Avy vy ¥ —%HIT 5,

LB ED D E LT,

(1) VHRRK B, BEPELRWE D REHR TORIELIT S, BasDB LEZ e Ex2miiTh

RVEERAT S, =T U T OBOIERERNT D L, BTy F U IPMITAH L9275,

Q) VEFRICOHEIRICZER T OREE N A %G £ 720 K 9 7l &k ORIFE & G 2.

Q) ''C DAL E LZEDDEVICR TR TE 2 X 9 2E& M2 Ritd 5,

HEIZED D E LT,

(1) AR EEYE CHIESRGZRICIZL, RBIROMEEZ /NS T 5,

Q) MU TORZEE LERIL,
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43 WE

CPAA IC X D EFJBHTITG TR X > CTAEKRT 2 "N, )"'CRUSEFIAT 2 Z L iIckd, 20
B, RUBESRENEETDE "Bp, n)''C R PClp, pn) 'C IENAET, [FUEREEZ AT D 720 055E &
2%, MEZRLX¥—% 10 MeV BREICRETIVUIRFZOFEITRET A Z LN TES, L, AUHEIE
FIED LENWE X —=BNENZD, HEEZBETD 2 ENTERY, 207D, HENEOREIFORY
FEOEGEBERODTBLIMVERSH D, /-, FUEOHLEZELAB TR UEN LD ICERELRDTEH
SHERH D,
RUROEHBIMOGHIEZ L > TROTEL D, EETRHEIZES CPAA TRODHZ LD, &E
7 Clix "B(d, n)''C USHFIATE, omEnboiER LICAYHROERN AR THD, KUHE
5 "Blp, ) "'C GIC k- TEKT S "C LEEND "N(p, ) "'C KUSIZ L » TAHERKT S ''C DA AL 2
ET DI, BROEEWE L RRCA U R BIREZBRICHIE Licb O & [F URESM4:THRRT 5,

5 HEENR
MRS B,
MG L —, BATE, FBRAHEE
REDREE, FUREGHE
R EME 4, EREAR
MR OB OAE, 5, (bFIeE

6 % LA WTHER
REHIE S 1mm & 2mm T, RIS SIMS RIEIZHWZH O & [E— 72O CiEMIZE R 5,
A R

@ #EA1, JAE
BER 2 HDAEFER HMIC SIMS 2 BB D % 7~9)
Wil HEENBEE 1 188 I 2[EH J G H
614F0 3.30E+15 536E+15 5.14E+15
614D0 238E+15  5.05B+15 3.84E+15 2.70E+15
614B0 2.16E+15 2.65E+15 3.40E+15
517G0 1.89E+15  240E+15 290E+15 2.75E+15
517D0 1.31E+15 1.87E+15

517A0 1.00E+15 1.71E+15 1.14E+15 1.09E+15 8.90E+14 1.00E+15
485F0 3.30E+14 438E+14 283E+14 6.57E+14 2.50E+14 3.60E+14
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Q@ 2HEOHKRDLER
FEFAEZED 1 1 OEMRERIE T,

BE+15

SEH15 fmmmm oo

F I R

R 1 L it

2EH15 mmmmm e

1E+16 [---- i) ottt

0 1E+15 2E+15 3E+15 4E+15 SE+15
1

SER—BHHME ST ORELLE

6E+15



B.1 FRohIRIR
B.1.1 ¥

1) KEBEH

&S B
(%)
D) aAVERPOEREERTEEDKEAIFEDLER
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FREHE, 10 #53 < DMERR L7228, Befki7e 45 IR K 28 EIIE 21T > 7201, 3o cz v ) 2w
RS 1D FZ v U a il Td b, | BAISHRIMRIGEICHWZRE D 5 5, SRIOEKLD
)2t (1X10" atoms/em® LAT) &2 o7 1 #E2RL b DA RT, EHBEHTH, FRERE, W%
BETHD, REVES I 1EBEICBNT, —o0REO 3 hFiethEn 3 E~A 7 v 2 —% CHlE
L7 EIMETH D, 7o, KEEIE DRI 650 °C 30 43D K F—F% 77— E21T-> T\ 5, Z ORI
L DOFELT as-grown REET = DD IEIC L 2KEREZIT o 7273, FRIMEIGUE DS & TIT 5 RB &
Tpotzizh, RVE LT,

SIMS M7 & b3 AT Y, 3 fEosEHE 2, 205 OFEHZ W TR H ORI ER R OFTC

T
5 B.1—7R MR 4R [ 8 B 5
N B . . "
pitn | czrz | wEs | ey ORIE | BIRIE | PRI e o)
Her (em™) (em™) (cm)
A Ccz 485B0 2.18E+14 | 1.55E+18 - 1.0358 ENJILER 5 7
11 & 485D0 2.62E+14 | 1.54E+18 - 1.0293
485F0 330E+14 | 1.57E+18 - 1.0110
485H0 | 4.46E+14 | 1.67E+18 - 1.0308
517A0 1.00E+15 | 1.82E+18 - 1.0136
517D0 1.31E+15 | 1.62E+18 - 1.0136
517G0 1.89E+15 | 1.72E+18 - 1.0184
51717 3.18E+15 | 1.60E+18 - 1.0164
614B0 | 2.16E+15 | 1.47E+18 - 1.0375
614D0 | 2.38E+15 | 1.47E+18 - 1.0397
614F0 330E+15 | 1.43E+18 - 1.0358
2 441BOA | 0.00E+00
B (74 Cl 9.06E+13 | 1.37E+18 - 1.0035 ENJILER 5 7
4 C2 395E+14 | 126E+18 | 1.76E+14 1.0023
C3 590E+14 | 1.19E+18 | 1.90E+ 14 1.0031
C4 8.79E+14 | 125E+18 | 2.06E+14 1.0023
Fz F1 2.28E+ 14 - - 1.0031 as-grown
5 1@ F2 5.06E+14 - - 1.0029
F3 5.08E+14 - - 1.0037
F4 1.12E+15 - - 1.0034
F5 1.17E+15 - - 1.0039
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FEIIWT IS WS AT, ZULERIX 650 °C 30 /0D KT —% T —EVLpE,
B tHRUEt OHEE IR L CZ DMt 72 & OHEENE, FZ 3T A2 —F = » PiEx Az SIMS #IlE
i,
IR EE D D tHaBHE SIMS,  HSHb 4T 247 - 72 23 ARAKIETRNE ([T W iR o 7o,
(2) EERRAH

# B2—EERFEHOH%

No. [N] (atoms/cm®) | d (um) | p. (Qcm)
0 (ref) 0 9877 10
1 9x10" 7837 1.72
2 9x10" 7824 1.72
3 3x10" 9589 2
4 3x10" 9546 2
5 47 x 10" 9475 1.85
6 47 x 10" 9493 1.85
7 8 x10" 12982 8.5
8 8 x10" 13000 8.5
9 2 x10" 9926 85
10 2 x10" 9914 85

EAHTROBHE C ALY, n U CHEERHEIEE SIMS 12X %), MIHES, HikPiz& B2 IR T, 4
HESINERR D720, WENPREER > 72O THME L TEI 2725 <K 1 mm (24 THE L7z,
B.1.2 FHVEIERER
1) REREHSRE
RO E 1L 6 KSR CTIT o 72, 2D 5 B, WINOEOE Sz 4 BEIORE R 2 LU FICRd, K[E
BEE, BS 10 mm OFREHZ AV, ER2GHIERE L ER 25 ERWVS B L O ZRIIE 2
L0, LODOTRIRINE — 7 OWNEEZ WG THELE L 72 51k %2 2B BB O IR X IRE LTz,
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[N] by SIMS (cm™)
2) B
4E+15
3.5E+15 . —r
3E+15 /,/
v =2.721E+17x - 3.667E+14 et
2.5E+15 e
1 -
s 2E+15 -
w0 s
= .
w s
19ETTS R * PREVIOUS
/// ™
1E+15 — JEITA
/ - =~ #2¥ (PREVIOUS)
SE+14 e — T (JEITA)
&
N
0 0.005 0.01 0.015 0.02

R RAR R EAN



4.0E+15

3.5E+15

y = 1.768E+17x + 1.252E+14

3.0E+15 fF-mmm ¢ PREVIOUS

" JEITA
2 5E+15 [ - - ~#&% (PREVIOUS)

“LK - 4
£ #RF (JEITA)

(%)
= 2.0E+15
(/) 4

1.5E+15

1.0E+15

5.0E+14

0.0E+00
0 0.005 0.01

MR IRUR R 2 FD

4 C
4E+15

3.5E+15

3E+15

2.5E+15

g 2E+15 <

1.5E+15 /

1E+15

¢ PREVIOUS

= JEITA
- - = - #&% (PREVIOUS)

5E+14 -
;}'L/ — #27 (JEITA)

0 . .
0 0.005 0.01
AR AL IRAR R 30D

H B3—FHED KRB E—Y OEAFEF & SIMS AIEFRROBER

0.02
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4) EEREH
ERHCHTREHE C B, n AU CHEEREHBEE (SIMS (2L %), B, Hifa® B2 IR T, HEIT
FIZE TiTo 7z, IE LT WEIRHT & T, I T O RRISRE RIC 21T 722 <K 1.7 Qem £ TH43
WZHIND Z L RSHEND BT,

~ 003
em High resistivity A

ooA

o
o
N
o

T

002 F Low resistivity

0015 [ o

001 [ o A
e

Absorption coefficient (cm

0.005 | é'ﬂ e

| |

0
0.00E+00 1.00E+15 2.00E+15 3.00E+15 4.00E+15

[N] by SIMS (cm™)
BA—&ER & EIEROBIEFRERED L

6 EHELHEHEORIE
A RO USSR OITEN ST H L7, JEES 10mm & 1 mm O/ 8 marEE O HIE 5 5 5K D
TR A e LT D, MHBNEIV, 1 mm DO FNRORKE DI BN S D DX BRI
L0 TN EL oo THnHTd L bil, KEMEZITAIXIWEBZ6ND, BIOREREIC
BWTES 10mm & 2 mm OWEHFERE 2 ik LS8 1Eb o & Ln—Eh R o,

0.03
|
0.02 .
‘%“; .
=
0.01 "
= * 10mm
© .. *( )
o Le = (1mm)

0.0E+00 1.0E+15 2.0E+15 3.0E+15 4.0E+15 5.0E+15
SIMS EE£fE

B B5s—E LM EFOHAMOAIERERD LR
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B.2 SIMS JIEHRZR

B.2.1 =¥
% B4—A, B, CHOHEH
=it | CZ/FZ | ERBE [HEENEE 0EE BEE [Ex | ke e [EE0H
A CZ 1485B0 |2.18E+14 1.55E+18 |- EAALIEE A1 mm
11 |485D0 |2. 62E+14 1.54E+18 |-
485F0 |3.30E+14 1.57E+18 |-
485H0 |4. 46E+14 1.67E+18 |-
517A0 |1.00E+15 1.82E+18 |-
517D0 |1.31E+15 1.62E+18 |-
517G0 |1.89E+15 1.72E+18 |-
517J7 |3.18E+15 1.60E+18 |-
614B0 |2. 16E+15 1.47E+18 |-
614D0 |2. 38E+15 1.47E+18 |-
614F0 |3.30E+15 1.43E+18 |-
441B0 |0
B CZ |C1 9. 06E+13| 1. 37E+18(- 2 mm
4 |CG2 3. 95E+14| 1. 26E+18| 1. 76E+14 EAAL IR A
C3 5.90E+14| 1. 19E+18| 1. 90E+14
C4 8. 79E+14| 1. 25E+18| 2. 06E+14
FZ [F1 5. E+14]- - as—grown
5 |F2 9. E+14|- -
F3 1. 2E+15]- -
F4 1. 6E+15]- -
F5 1. 9E+15]- -
F GZ |[L650 5. E+13
3 |M650 6. E+13 BALIEFE A
H650 9. E+13

B.2.2 SR
1) A #iH
@D G wtflE

% B5—G ttOREHER (BT H #)

A [HENRE ORE BRE EE |KEE0E) ) B 1st 2nd G H HENRE
485B0 [2.18E+14 1.55E+18 |- EAALIRFE A Tmm 1. 8E+14 — T.8E+14[ 2. BE+14| 2. T8E+14
485D0 |2.62E+14 1.54E+18 |- 2. 0E+14 — 2.0E+14]  3.0E+14| 2. 62E+14
485F0 |3.30E+14 1.57E+18 |- 2. 5E+14 — 2.5E+14]  3.6E+14| 3. 30E+14
485H0 4. 46E+14 1.67E+18 |- 3. 5E+14 — 3.5E+14]  4.7E+14| 4. 46E+14
517A0 |1.00E+15 1.82E+18 |- 8. 9E+14 — 8. 9E+14 1. OE+15] 1. 00E+15
517D0 |1.31E+15 1.62E+18 |- — — 1. 31E+15
517G0 |1.89E+15 1.72E+18 |- 1. 9E+15 — 1. 9E+15 2. 2E+15] 1. 89E+15
517J7 |3.18E+15 1.60E+18 |- — — 3. 18E+15
614B0 |2. 16E+15 1.47E+18 |- — — 3. 4E+15] 2. 16E+15)
614D0 |2. 38E+15 1.47E+18 |- 2. TE+15 — 2. TE+15 2. 38E+15
614F0 |3. 30E+15 1.43E+18 |- — — 3. 30E+15
441B0 |0 <1E13 —

FERE AL 7 EBROR TV D,
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@ uitHE
5 B.6—H # DBIE#R

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
485B0 2. 18E+14 2.5E+14 2.4E+14 2.6E+14 2.5E+14 8.9E+12 4
485D0 2. 62E+14 3.0E+14 3.0E+14 2.9E+14 3.0E+14 2.1E+12 1
485F0 3. 30E+14 3.5E+14 3.8E+14 3.5E+14 3.6E+14 1.8E+13 5
485H0 4. 46E+14 4. 7E+14 5.8E+14 4.8E+14 5.1E+14 6.2E+13 12
517A0 1. 00E+15 1.5E+15 1.3E+15 1.3E+15 1.4E+15 8.7E+13 6
517G0 1.89E+15 2.6E+15 3.4E+15 3.9E+15 3.3E+15 6.7E+14 20
#11 614B0 2. 16E+15 3.6E+15 5.5E+15 4.5E+15 4.6E+15 9.8E+14 21
441B0 0 <3e+13 <3e+13 <3e+13
“acquired using ASTM F2139, Test Method for Measuring Nitrogen Concentration in Silicon substrates by SIMS (10710720071)

data includes N spikes

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
485B0 2. 18E+14 2.5E+14 2.4E+14 2.6E+14 2.5E+14 8.9E+12 4
485D0 2.62E+14 3.0E+14 3.0E+14 2.9E+14 3.0E+14 2.1E+12 1
485F0 3. 30E+14 3.5E+14 3.8E+14 3.5E+14 3.6E+14 1.8E+13 5
485H0 4. 46E+14 4.7E+14 4.5E+14 4.8E+14 4.7E+14 1.4E+13 3
517A0 1. 00E+15 1.0E+15 1.1E+15 1.0E+15 1.0E+15 1.2E+13 1
517G0 1. 89E+15 2.2E+15 2.2E+15 2.2E+15 2.2E+15 2.5E+13 1
#11 614B0 2.16E+15 3.5E+15 3.4E+15 3.4E+15 3.4E+15 6.7E+13 2
441B0 0 <3e+13 <3e+13 <3e+13

acquired using ASTM F2139, Test Method for Measuring Nitrogen Concentration in Silicon Substrates by SIMS (10/10/2001)

data without N spikes

FEE O LIIARSRA BN, TIEASRS 7 RS

®

2HEDLE L, EEREEDRER

SIMS [N] (atoms/cc)

TE+1S

6E+15

5E+15 g

4E+15 /

3E+15

2E+15

1E+15 /

0 L . L L . L .
0 5E+14 1E+15 1.5E+15 2E+15 2.5E+15 3E+15 3.5E+15 4E+15
Segregation expected [N] (atoms/cc)

B B.6c—A #tE S AR ED#HERE T HEHE

——H SIMS 1st Run
—a—H SIMS 2nd Run
—&— G SIMS 1st Run
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(2) B#HH
@ 2#AFEOBE
= B2 A DAIEHER (FZ HEEMIXIREA ML)

Sample B EE H SIMS Test 1 H SIMS Test 2 Sample B #E{E G SIMS Test 1 G SIMS Test 2
Ci 9.06E+13 1.10E+14 Ci 9.06E+13 7.00E+13 6.00E+13
C2 3.95E+14 6.00E+14 C2 3.95E+14 5.00E+14 5.00E+14
F1 5.00E+14 1.90E+14 2.00E+14 F1 5.00E+14 1.30E+14 1.70E+14
C3 5.90E+14 8.90E+14 9.00E+14 C4 8.79E+14 9.60E+14 1.10E+15
C4 8.79E+14 1.56E+15 1.60E+15 F5 1.90E+15 1.00E+15 9.60E+14
F2 9.00E+14 4.60E+14 4.90E+14
F3 1.20E+15 6.70E+14 6.50E+14
F4 1.60E+15 9.90E+14 9.20E+14
F5 1.90E+15 1.33E+15 1.20E+15

@ HtRE
% B.8—H #HAIEHRR, 2EHE

Sample Run 1 Run 2 Run 3 AVE_RAGE STD DEV RSD (%)

RSH FZ Si 3.1E+12 3.3E+12 3.2E+12 1.4E+11 4

C1 1.0E+14 1.2E+14 1.1E+14 1.1E+14 6.8E+12 6

C2 5.6E+14 6.1E+14 6.4E+14 6.0E+14 4.2E+13 7

C3 9.2E+14 8.4E+14 9.3E+14 9.0E+14 4 7E+13 5

C4 1.5E+15 1.5E+15 1.7E+15 1.6E+15 9.3E+13 6

F1 2.0E+14 2.1E+14 1.9E+14 2.0E+14 7.5E+12 4

F2 4 4E+14 5.2E+14 5.3E+14 4.9E+14 5.2E+13 11

F3 6.2E+14 6.3E+14 6.8E+14 6.5E+14 3.3E+13 5

F4 9.2E+14 9.2E+14 9.4E+14 9.2E+14 1.1E+13 1

F5 1.2E+15 1.2E+15 1.2E+15 1.2E+15 1.2E+13 1

data includes N spikes

Sample Run 1 Run 2 Run 3 AVERAGE STD DEV RSD (%)

RSH FZ Si

C1 1.0E+14 1.2E+14 1.1E+14 1.1E+14 6.8E+12 6

C2 5.3E+14 6.0E+14 6.0E+14 5.8E+14 4.3E+13 7

C3 8.6E+14 8.3E+14 8.4E+14 8.4E+14 1.4E+13 2

C4 1.3E+15 1.4E+15 1.5E+15 1.4E+15 6.0E+13 4

F1 2.0E+14 2.1E+14 1.9E+14 2.0E+14 7.5E+12 4

F2 4 4E+14 5.2E+14 5.3E+14 4.9E+14 5.2E+13 11

F3 6.2E+14 6.3E+14 6.8E+14 6.5E+14 3.3E+13 5

F4 9.2E+14 9.2E+14 9.4E+14 9.2E+14 1.1E+13 1

F5 1.2E+15 1.2E+15 1.2E+15 1.2E+15 1.2E+13 1

data excludes N spikes

FRE LIIAASATEAN, TIEASRAL 7S
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2.00E+15 2.00E+15
1.80E+15 [ —@—H SIMS Test 1 1 80E+15 | —®—H SIMS Test 1
1.60E+15 B H SIMS Test 2 160E+15 | ~MFH SIMS Test 2
IMS Test 1
1408415 F —&— G SIMS Test 1 40E+15 | —&— G SIMS Test 1
—@—G SIMS Test 2 —@—G SIMS Test 2
1.20E+15 1.20E+15
fa o
g8 1.00E+15 g8 1.00E+15 -
Iz I3
8.00E+14 8.00E+14 [
6.00E+14 [ 6.00E+14 [
4.00E+14 4.00E+14
2.00E+14 2.00E+14 [
0.00E+00 ; : ; 0.00E+00 ; : :
0 5E+14 1E+15  15E+15  2E+15 0 5E+14 1E+15  15E+15  2E+15
¥EE SIMSTE £ f&(B)
e CZ ik 45 FZ &kt
B B.7—B KA ED 2 HEOLKR L HERE (BE) (ST 5HEF
(3 F#EH"

TR 10" /em® B OFBHIRINEIL « BEHESHTIZ STV, SIMS OAFERNMELN TS,
dD G, H#ARE EHALE em™)

% B.9—F t#3AH D 2 D AIFEHER

FHEENE G H 1st H 2nd
4.4E+13 3.8E+13 3.4E+13 41E+13
5.9E+13 45E+13 5.9E+13 6.9E+13
9.2E+13 7.9E+13 8.8E+13 9.9E+13

Q 2#EOEKEHETERE L DBERF
RIREEIC LTI EN K< — L, HEME OMBEH XV THSIEE - BELJHIETET
WHEEZHLND,
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1.2E+14

1E+14

\

8E+13

6E+13

SIMS [N] (atoms/cc)

4E+13

2E+13

0

OE+00

4) K#E#

1E+13

2E+13

3E+13 4E+13

S5E+13

6E+13 TE+13

Segregation expected [N] (atoms/cc)

B B.8—F LM AIEED 2 MEDHLE & R REICHT SR

8E+13

9E+13 1E+14

—e—H SIMS AVERAGE
—=—H SIMS AVERAGE
—4— G SIMS AVERAGE

SIMS HIE T, RIS HTIC T LT, H #Hi2 kv b 5 —fHoiEHZ S W THRIEN
Thh T\, 257 =% L LTRT, AS 7HANE 2, 7 EEOBE 2777, 7X10%em’ LLE

ORBHZOWTIFHEEME & L <FHE LTV 3,

% B.10—H AR R

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
JR-1 3.E+13|  <b5e+13 <5e+13 <5e+13

J0-1 7T.E+13| 7.4E+13 7.1E+13 7.8E+13 7.4E+13 3.5E+12 5
S1-1 1.E+14] 1.0E+14 1.1E+14 1.1E+14 1.1E+14 2.5E+12 2
S2-1 3.5E+14| 4.8E+14 3.9E+14 4.2E+14 4.3E+14 4.8E+13 11
S3-1 8.2E+14] 1.1E+14 1.1E+14 1.1E+14 1.1E+14 2.6E+12 2
F6-1 2.E+15| 2.7E+15 2.9E+15 2.6E+15 2.7E+15 1.4E+14 5
F2-1 3.E+15| 5.5E+15 6.9E+15 5.9E+15 6.1E+15 7.3E+14 12
acquired using ASTM F2139, Test Method for Measuring Nitrogen Concentration in Silicon Substrates by SIMS (10/10/2001)

data includes N spikes

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
JR-1 3.E+13|  <be+13 <5e+13 <5e+13

J0-1 7T.E+13| 7.4E+13 7.1E+13 7.8E+13 7.4E+13 3.5E+12 5
S1-1 1.E+14] 1.0E+14 1.1E+14 1.1E+14 1.1E+14 2.5E+12 2
S2-1 3.5E+14| 4.1E+14 3.9E+14 4.2E+14 4.0E+14 1.4E+13 4
S3-1 8.2E+14] 1.1E+14 1.1E+14 1.1E+14 1.1E+14 2.6E+12 2
F6-1 2.E+15| 2.0E+15 2.1E+15 2.0E+15 2.0E+15 8.6E+13 4
F2-1 3.E+15| 5.2E+15 5.2E+15 5.2E+15 5.2E+15 4.6E+13 1
acquired using ASTM F2139, Test Method for Measuring Nitrogen Concentration in Silicon Substrates by SIMS (10/10/2001)

data without N spikes
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1.0E+16 [
R’ = 0.9664
)
/ 2
# R'=009517
1.0E+15 | =
o ;
=
)
>
Q0
Z
1.0E+14 |
& o < Detection limit>
//
7/
v
1.0E+13 R S ——— P
1.0E+13 1.0E+14 1.0E+15 1.0E+16

estimated [N]

B B9—A, B. C, KHDRAHLEED HHAEEDE LS (LOBITA A 7 HAD[RENF)

5 2HEDRAEDRRMEDLLE, H¥IEA B, C
FIE R A0 5 B RBERBE LN, G OLTRRORED Lo T D, JFREIZELZS B2
W, FELLIZIERE € 2,

6E+15

SEH15 frmrsmmemmemmremnemceam e

4E+15

3E+15

2E+15

1E+15

0 1E+15 2E+15 3E+15 4E+15 SE+15 6E+15
H

X B.10—G, H #AIEEDER
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AEHIE S 1mm & 2mm T, AR SIMS JIE W2 b O & [F— I O THMITENE T 5.

A #tEH
@ 1, JAE

%= B.11—2 tDRIEHR (HHHIC SIMS 2 HEBI Dl & 7~: )

B HENEE 1 1RE I 2[HH J G
614F0 330E+15 536E+15 5.14E+15

614D0  2.38E+15  5.05E+15 3.84E+15 2.70E+15
614B0 2.16E+15 2.65E+15

517G0 1.89E+15  240E+15 290E+15 2.75E+15

517D0 1.31E+15 1.87E+15

517A0 1.00E+15 1.71E+15 1.14E+15 1.09E+15 8.90E+14
485F0 3.30E+14 438E+14 2.83E+14 6.57E+14 2.50E+14

Q@ 2HBEOKERDLER
FEEAEZED 1 1 OEMRERIE LT,

BE+15

BE+15 [=== = o oo

L R e L L T L)

1 L e e

LI e et

1E+16 [---- R i e tnininiielii ittt ittt

0 1E+15 2E+15 3E+15 4E+15 SE+15 6E+15
1

X B.11—igsHE ST DAE LB

B.4 BIEAH LMD ELE
B B.12 (2, ZRAMNEIRGE, SIMS 1%, BBk ofE RO %% R~7,
EHLH Y 1EBEOBITH DR, FUSZEDEBRNELN, 2 9E bAESEDIZIT,

3.40E+15

1.00E+15
3.60E+14
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1) FNARIGE & SIMS &

1E+15
.
e
- .
o e Mo
2
v L) -
ABH14 [rommoemmmmmmmm e
L]
.
A
QEH14 [ommemeee D e EEEE e e R PR REe
. -
0 . .
0 0001 0002 0003 0004 0005  0.006
asum(E)
(2) FHRIGE & BEHE S Tk
4E+15
£ R
-y L]
<
P R et
© -
D I 2
0 .
0 0.005 0.01 0.015 0.02
asum(E)
(3) SIMS & & MSHMERHTE
4E+15
3E+15
z
<
E—J 2E+15
1E+15
*
0

1.5E+15 2E+15 2.5E+15 3E+15 3.5E+15 4E+15
SIMS(H)

0 SE+14 1E+15

K B.12—FR5N RN, SIMS, 1&tE 24T o Bl E fiE 0 B 4% o
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MEE C
(B%)
SIMS [2& 5L aVERPOEREEATED
SEMI H#g 12T 54 R

I

SIMS IC & B2 U o Ul Ehth OB DOWEIEICHOWTIE, SEMI BN H 5H, AEKEOBFHIBW
TUFH IS ERAE &, o FikE Ok 21T -7, SEMI B T, HEOFEMIZ O W TiEREi s T
WRNWZ ERHDHDOT, MEFEHEZLTICRRS, £70, KERIEDOFREFIZOWTHRF L, FRICBIRERT
I EAHT & ROV CRIEEDHESL STV 10%em’® B OREIZHOW TR T %, SBIZ, T=—
R TENZBWTHTHEREOREICHT HERNE T > TCND, 2T, MIHERBEEOFRIZLY
ERERENEELEZT 5 Z IOV TaHT 5 L4, WHERBEOREE IO W THHRT 5, K%
(2, O R ARSI 510 > TRl TR & HH 2R/ 7,

C.1 RIEZEDFM
(1) RBRERBIOVT
SIMS IZEBWTHIE SN D DIE, FEHILRITHIG LB &8 D —IkRA 4> D58 (counts) T
D, ZHNERREICHRE T 2 72DI3ZE DOeHEOMAHEER - (RSF : Relative Sensitivity Factor) % 3K
DLMEND D, BLFEITIE, SiZERFICA A oA U TER U7 vEsE 2 vy, Iz ko TR
LDNR—KITH 5,
RSF = @1, /AdZ(1;—1)
¢ A A EAE (ions/cm?)
Ad: THIEY A 7 V48720 OTRE (em/eycle)
L EATLERICHIET D KA A (22 TIESIN) OFEFE (counts)
L : LDy 77 Z 00 RiEE (counts)
In MUY Z 2D WA A (22T ST S,) OFfE (counts)
728, AEIOWEIZIBNTIE 2 #EE TRBN/ER L 7o ERB 2 W CTENEN TERAIT> TV
B3, [F—HRIESME T oOEHERED B3R D72 RSF 1T 10 % UIN TRAF 2 —Ea R LTz,
2 FRE—FzUTEIZDONT
TAL—F =2 VLD, EBEOGHREIOER&FIEICOWTIERS, Jeako X 512 SIMS THIE
IND SINOFRE IniE, RBHIEEND NICHRT 20 &Ny 7 75 70 RHROM S OF1TF#
D, ZIT, WBiFEIE—RA A ERE RIS 50, BE T -RAFVEBRBEICEST—ED
EZ7d, LEERNoT, —RAAVERP—ED FCRERFICT A X —EEHNT2 &, %O
B C3, C4 |\TRTLIICRBHIRE SN D —RA A DEENBEMT 5 Z LIk - TR/ Ny X
WL 720, ZORREEINS SIS SINOFRERSEMNT 5, 7 A% —HENAK, MENZEho;
HOSINGRE L~~~ v 7 X (STXIE Siy) A, KON ETRDZ RSF #HWT, BLFORFRAIZ L
DREHZEEND N ORE, ROy 7 777y RICkHET 2REZ L CHEINT 52 LN T 5,
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(1,/1,) X RSF=[N,] + [N] I D SINOGRE (7 A X —hifg : /M)

(/T X RSE= [Ng] + [N] Iy SINOME (72X —[HfH : K)

[N = (/L) XRSF In <MV w7 ALA L OME (T AX—H : /D)
° B B Iy X by ALAOBE (T AX—HE: K)

[No] = (Ip"T) XRSF IN] : & N

LIeinT INJ :NDOAY 2 7T 0 R (525 —[F /D)
[IN]=RSFX (I, ~Ix) / (In— 1) N (NOD/SY 7 7T R (T AL~ : K)
[Ny] = (I,1,) XRSF— [N] RSF : N OFE%HEEEREL

C2 BHDBEDLEIZDINT
A, B 2 BERADRIERS R OBRAZE C1 IR T, 1 ZIERIREFEIR CHRIZ O BIRAE b iz,
MEXHEORE SIX 1: 1 00NN TNT A BRI L 2o TS, AWV TW BRI I ZEN
RN ERFEND BNTWD T, RENTELZH LTIV, 72720, filx, EEREZHE L%
P & FRELEIE LT REIT R 5720, T OB ERENE L LTV A ATREMIIE E TE 220,

6.E+15

SIMSLE 8
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Standard of Japan Electronics and Information Technology Industries Association

Method for measuring nitrogen concentration
in silicon crystals

Introduction

This standard includes the measurement procedures of nitrogen concentration in silicon single crystal by
infrared absorption spectroscopy (IR), secondary ion mass spectrometry (SIMS) and charged particle
activation analysis (CPAA). Though IR is the most frequently used measuring technique of oxygen and
carbon concentration and is used also on nitrogen, it has problem with sensitivity and accuracy, and deals
only with nitrogen interstitial pair which is the dominant state in high concentration regime. SIMS has the
SEMI standard already and is accepted as the representative method. It uses highly specialized machine
and requires high skill. Measuring method of precipitated nitrogen has not been established. CPAA is the
base for the above two techniques, enabling measurement of all the states. It, however, uses big
accelerator. To establish this standard, samples were measured by these three techniques in many
organizations, and it was confirmed that all the techniques gave nearly identical results. Good accuracy
was confirmed for the nitrogen concentration range of from 2 x 10" to 4 x 10'® atoms/cm?® (solubility at the
melting point). As for concentration below 10'/cm® SIMS gave the good result and the result was
summarized in Appendix A.

Basic part of this work has been published [a.2.c For IR, the JEITA standards for oxygen and carbon in
silicon give the complementary information %€ For SIMS, this standard gives the advanced techinique to
the SEMI standard in Appendix C. The one is the detailed procedure of the ruster scan method which was
introduced to the SEMI standard based on the JEITA work to improve the detection limit. The others are the
result of measurement of the samples whose nitrogen concentration was on the order of 1013/cm3, and the
evaluation of precipitated nitrogen concentration. This is the first standard on the CPAA. Therefore, the
procedure is described in detail. The result of round-robin measurement by CPAA is included in the
document, though those by IR and SIMS are summarized in the Appendix.

There are no standards sited nor definitions.

Safety Considerations
Appropriate safety and health measures need to be implemented under the responsibility of the users of
this standard.

[a] N. Inoue, K. Shingu and K. Masumoto, Semiconductor Silicon 2002, p.875.

[b] N. Inoue, N. Fujiyama and H. Yagi, Diagnostics on Semiconductors 2002.

[c] N.Inoue, K. Masumoto, M. Shinomiya, K. Kashima, K. Eifuku, M. Koizumi, T. Takahashi T. Takenawa,
A. Karen, K. Shingu and H. Yagi, Proc. Silicon Materials Science and Technology X (Electrochem.
Soc., 2006) p.453.

[d] JEIDA 61-2000 Test Method For Interstitial Atomic Oxygen Content Of Silicon By Infrared Absorption.

[e] JEITA EM-3503 Standard test method for substitutional atomic carbon content of silicon by infrared
absorption.



2
JEITA EM-3512

Part 1 Standard test method for nitrogen pair concentration in silicon crystal
by infrared absorption (IR)
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1 Nitrogen in silicon crystal- states and infrared absorption

Nitrogen in FZ silicon crystal shows the two IR absorption lines at 766 and 963 cm” which are used for the
nitrogen concentration measurement. Conversion coefficient from the absorption coefficient to the nitrogen
concentration was determined to be 1.82 x 10"/cm? which is widely used ", The origin of this line is
interstitial nitrogen pair, NN, as schematically shown in Fig. 1 (b) @ In CZ silicon, on the other hand, there
are 7 absorption lines as an example shown in Fig. 1 (a) . Two among them are the same ones as those
in FZ silicon. Three of them are due to the NN attached with one oxygen interstitial (O;), NNO, as
schematically shown in Fig. 1 (b) ™. The rest two were suggested to be due to NN with two O;s ™ and
confirmed by the calculation ) and the experiment® 1. The two lines from the same configuration are due
to the two different local vibration modes, the lower one is so called H,O mode which is the same as that of
O,, while the higher one is BF; mode, with N-Si3 configuration. The absorption line at 1027 cm™ is from the
O LVM (local vibrational mode) which is shifted from the original one at 1107 cm™. These absorption lines
are overlapped each other, the separated ones by Lorenzian fitting are shown in Fig. 1 (c). Table 1

summarizes the wavenumber, half width and the end points tel

of these 7 absorption lines. There are no
other absorption lines in the samples above 1 x 10"/cm?®. Therefore it is considered that the measurement
of these 7 lines is enough to evaluate the total nitrogen concentration. The samples with [N] less than 1 x
10"/cm?® hardly show these absorption lines. As a result, it is difficult to measure the nitrogen concentration.
Infrared absorption in the samples with [N] under 1 x 10"/cm?® is under way "% In addition to these states, a
part of the nitrogen in CZ silicon precipitates by the annealing"". Its absorption, however, is expected to be
broad band and has not been detected, cannot be measured. As a result, the concentration of nitrogen pair

in silicon crystal above 1 x 10"/cm® can be determined by the infrared absorption measurement.
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(a) The differential spectrum with nitrogen-free reference specimen
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766, 963: NN 801, 996, 1027: NNO 810, 1018: NNOO

(b) Schematic illustration of the configuration
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(c) Absorption lines by peak separation

Fig. 1 — An example of infrared absorption spectrum from nitrogen containing CZ silicon crystal
(non-doped, high resistivity)

Table 1 — Absorption lines from nitrogen pair

wavenumber (cm'1) configuration mode half width (cm'1) lower endpoint (cm'1) higher endpoint (cm'1)

766 NN H,O 7.3 754 778
801 NNO H,O 6.5 779 823
810 NNOO H,O 4.7 800 820
963 NN BF; 7.4 950 976
996 NNO BF; 6.6 978 1014
1018 NNOO BF; 3.3 1012 1024

1027 NNO (O)) 3.2 1017 1037
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2 Sample, measurement method, condition

2.1 Sample

2.1.1 Sample thickness, surface finish, resistivity

In the measurement of [O] and [C], sample is either 2 mm thick with both sides mirror polished, or thin
commercial wafer. In the round-robin nitrogen concentration measurement, as the nitrogen concentration
was much lower, 10 mm thick samples with both sides mirror polished were used"® . 2 or 1 mm thick
samples or thin wafers can be measured, but the sensitivity and accuracy are reduced. The result for such

[14], and it

cases is described in Appendix A (Standard). It is easier when using the high-resistivity samples
is even impossible in case of the extremely low sample resistivity. It was confirmed that the sample with
resistivity down to 1.7 ohm-cm gives as good result as that of high resistivity samples and the result is given
also in Appendix A (Standard).

2.1.2 Areference sample

In the nitrogen concentration measurement by the infrared absorption, same as in the case of [O] and [C],
the difference method is used with a nitrogen-free sample as a reference. The reference may better be
similar in the other characteristic than [N]; thickness, resistivity, [O] and [C] concentration and surface state
and so on.

2.1.3 The sample state

Oxygen and carbon content measurement is usually done on either as-grown or donor killer annealed
samples. In case of nitrogen measurement on the as-grown CZ samples, in the 1000 cm”™ wavenumber
range where nitrogen absorption lines are located, there are interfering absorption lines from oxygen in CZ
silicon, oxygen thermal donors and oxygen dimers [sl, By using the absorption lines around 800 cm™, this
problem may be eliminated. When the conventional absorption lines around 1000 cm™, which is usually
used in FZ silicon, are used, the oxygen-related absorption interferes the measurement. It has been
proposed that the measurement is done on the donor killer annealed samples (19 1t is to be noted that the
oxygen dimer absorption located at 1013 cm™ can not be removed even by the donor killer annealing. The
procedure and the related result is shown in Appendix A (Standard).

2.2 Apparatus and measurement condition rel

2.2.1 Apparatus and environment

The measurement is done by a Fourier transform infrared spectrometer (FTIR) which has good accuracy
and linearity. The spectral range should cover the range of nitrogen absorption lines, 700-1100 cm™. The
detector is either liquid nitrogen cooled MCT or TGS, the former having the better sensitivity. The room
temperature should be stable so that the sample and the reference spectra have the equal character. The
example of recommended temperature stability is within 1 °C, limiting the nitrogen content detection limit.
Humidity in the apparatus interferes the measurement. Either dried air or dried nitrogen gas should be

supplied, enough to suppress the interference ..
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2.2.2 Apparatus performance

High performance is necessary to meet the demand for the high sensitivity and accuracy. It is checked by
the following procedure. Nitrogen absorption peak is very small. For example, in case of [N] = 1 x 10"/cm?,
4 orders of magnitude lower than [O], the peak height being also. Moreover, nitrogen has three
configurations, each has roughly 1/3 population. Rough estimate of the peak absorbance is as follows.
Assume that each component concentration is 1 x 10"/cm® and the conversion coefficient is the same as
that of N,. Peak absorbance from the 10 mm thick sample '¥, 1 x 10'%/1.82 x 10'7/2.303 = 2 x 10™.
Therefore, the noise or its wavenumber dependence around the peak must be below this magnitude.

2.2.3 Measurement condition

Wavenumber resolution limits the sensitivity. Wavenumber resolution must be small enough not to modify
the peak shape. But small wavenumber resolution reduces the signal to noise ratio. The latter may be more
important than the former and 2 cm™ is recommended "* ™. Big number of scan reduces the error by
averaging by the square root. On the other hand it lengthens the measurement time during which
unstability worsens the accuracy. The best number must be chosen depending on the apparatus and the
environment. The room temperature was chosen for the convenience 2 The samples and the reference

must be measured alternately to compensate the unwanted instability over all the measurement.

3 Measurement

3.1 Check of the apparatus accuracy and stabilization

3.1.1 SIN

Before the measurement, it must be confirmed that the S/N is good enough to evaluate the peak. An
example of the procedure to do this is to measure the reference twice and get the difference. It must be
smaller than the peak height"”. The wavenumber dependence becomes bigger as the spectral range is
widened. In case of small peak the spectral range becomes smaller. An example of recommendation is
below 0.001 for the wide range and below 0.0001 within the periphery of the peak, as shown in Fig. 2.
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Fig. 2 — An example of the differential spectrum between the repeated measurement

of the reference
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3.1.2 Stability

Stability must also be checked. For example, measure the reference during the whole measurement and
compare similarly to the S/N examination. Day to day stability can also be checked by this way. The effect
of humidity in the apparatus due to the sample change must also be checked to determine the time needed
to wait before the measurement start.

3.2 Sample transmission intensity spectrum measurement

Transmitted light intensity spectrum from the sample is measured over the range of the nitrogen absorption
lines, from 766 to 1027 cm™, for example wider than from 700 to 1100 cm™. The reference spectrum is also
obtained. The number of sum is chosen enough to get good S/N. In case of FZ silicon, the peak at 963 cm’™
is generally used compared to the 766cm™ peak. For CZ silicon, in addition, the peaks at 801, 810, 996,
1018 and 1027 cm™ are used.

4 Obtaining the peak absorbance by the spectrum processing
4.1 Outline of the procedure
To convert the IR absorbance to the nitrogen concentration, it is only necessary to use one absorption line
in the case of FZ silicon. The procedure is the same as that explained in the following for the case of CZ
silicon. In case of CZ silicon, first determine the three values of peak absorbance corresponding to the
different configuration, and then make weighted sum of them. Before that, it is necessary to eliminate the
interference by the background absorption to accurately determine the peak absorbance. The overall
procedure is as follows:

1) Choose a set of absorption lines for the three configurations, which gives most accurate absorbance

values.

2) Convert the intensity spectrum to the absorbance spectrum.

3) Obtain the sample difference absorbance spectrum from the reference spectrum.

4) Determine the background absorbance at the individual absorption peak.

5) Obtain the absorbance due to nitrogen by subtracting the background absorbance from the peak

absorbance.

To get the good accuracy, determine the absorbance for the 7 absorption lines. Confirm that the chosen set
is best.
4.2 Selection of the absorption peak
4.2.1 FZ silicon crystal
In FZ silicon almost all nitrogen forms the nitrogen pair without oxygen attachment, which makes the
absorption lines at 766 and 963 cm™. Use the absorption line at 963 cm™ which has generally been used.
4.2.2 CZsilicon crystal
In CZ silicon, 3 configurations have 2 or 3 absorption lines, respectively, 7 in total. One absorption line is
chosen for each configuration. The example of the set is as follows:

1) Ones around 1000 cm™, 963, 996 and 1018, including 963 which is used for FZ silicon.

2) Ones around 800 cm™, at 766, 801 and 810, which do not suffer from oxygen absorption

interference.
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4.3 Determination of background absorbance

4.3.1 Outline

This is usually done by drawing the straight baseline to the absorption line in the difference spectrum. But

in the case of nitrogen, it cannot be simple. First, the peak is so small that only a slight difference of the

measurement condition between the sample and reference spectra, for example the temperature during

the measurement, gives a big differential background. In other words, it is impossible to draw a straight

baseline. Second, some absorption lines overlap with each other. It is necessary to draw a baseline over

the two peaks. Third, the procedure has to be done on, at least 3, hopefully 7 absorption lines. The detail of

the procedure is shown in Appendix A (Standard).

4.3.2 FZ silicon crystal

To draw a baseline, the differential absorption spectrum must not have the wavenumber dependence

around the absorption line. Unfortunately, however, in case of [N] < 1 x 10"%/cm?, it is not the case as

described above, and the recommended procedure is described in Appendix A.

4.3.3 CZsilicon crystal

(1) Common baseline or peak separation

1) The absorption lines at 801 cm™ and 810 cm™, and also those at 1018 cm™ and 1027 cm™, overlap

with each other, as examples shown in Fig. 1 (¢). The absorbance does not reduce to 0 between the
two absorption lines. If the baseline is drawn separately, the absorbance is underestimated. One way
is to draw the common baseline to the two absorption lines outside of them as an example shown in

Fig. 4% The other way is to separate the two absorption lines and draw the baselines individually.
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Fig. 4 — An example of common baseline
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2) Absorption lines at 996, 1013 and 1027 cm”

Absorption line by the oxygen pair at 1013 cm™ is located between the nitrogen absorption lines at
996 and 1027 cm™, and adjacent to the absorption line at 1018 cm™. If this line is not cancelled
between the sample and the reference spectrum, three absorption lines overlap. The baseline must
be drawn between the lower side of the absorption line at 996 cm™ and the higher side of the
absorption line at 1027 cm™, as an example shown in Fig. 4.

4.3.4 Baseline procedure

In case that the background difference absorption spectrum has no wavenumber dependence, the baseline

can be drawn as usual. When there is the variation as an example shown in the two spectra in the middle of

Fig. 1 (a), either the weighted difference or the curved baseline is used as described in Appendix A

(Standard).

5 Calculation of the absorption coefficient
5.1 Outline
Peak absorbance can be converted to the nitrogen concentration by using the absorption coefficient for the
unit concentration of the nitrogen (its inverse is called as the conversion coefficient). The latter, the
oscillator strength or the dipole of the impurity, depends on the impurity species and the net carrier of the
impurity and co-vibrating atoms, and the magnitude of the vibration. It is, therefore, different for the different
vibrating configuration. In case of FZ silicon, there is only one configuration and the conversion coefficient
has already been determined. Thus, the absorbance is converted to the absorption coefficient, and then
converted to the nitrogen concentration as described in 4. In case of CZ silicon, as the nitrogen has three
configurations, it is necessary to determine the absorption coefficient for them, and to obtain the conversion
coefficient for them also. The weighted sum of the absorption coefficient gives the concentration © The
identical ratio between the weighted sum and the nitrogen concentration determined by the SIMS was
confirmed to that of FZ silicon"*?°1. The detailed procedure is explained in the following.
5.2 Weight for the CZ silicon
Relative dipole or oscillator strength of each LVM mode normalized to that of N, at 963 cm” is summarized
in Table 2. The effective absorption coefficient is given by the following equation,

ki o N2 + kj oy N2O + Kk o N2O»,
where k; = 1 when the absorption line at 963 cm™ is used for N,. There are two factors to be considered for
this procedure, one is the relative oscillator strength for the different configuration and the other is the
relative oscillator strength for the different mode in the same configuration, as summarized in Table 2.
5.2.1 Relative oscillator strength for the different mode in the same configuration
There are 7 LVMs for 3 configurations, one of which is used for the concentration determination I Each
has individual advantage and disadvantage for the measurement, depending on the concentration and
character of the specimen and the performance of the apparatus. The adequately chosen set gives the
best result, and two examples are shown in 4.2.2 as described in detail the following.
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(1) The set in the 1000 cm™ region
963 cm™ line is used for NN as in the case of FZ silicon. The lines at 996 cm™ for NNO and at 1018
cm™ for NNOO, respectively are used "> . This is the representative one, but suffers from oxygen
absorption interference.

(2) The setin the 800 cm™ region
Those at 766, 801 and 810 cm™ are used for NN, NNO and NNOO, respectively . This does not
suffer from oxygen absorption, but is affected by the big background absorption at 798cm’™.

It is easy to determine the relative oscillator strength, because it is equal to the relative strength of the peak.

Careful and accurate examination on many samples gives the reliable value. Relative oscillator strength of

the absorption line in the set 2 normalized by those in the set 1 is summarized in Table 2.

Table 2 — Relative oscillator strength of the line at 800 cm” normalized
for the ones in 1000 cm™ region

800 cm™ 1000 cm’™ o}
NN 1.04 1
NNO 1.27 1 0.75
NNOO 1.67 1

5.2.2 Weight for the different configuration
This, in contrast to the one described above, cannot be obtained straightforwardly. It can be estimated
either by theoretically and by experimentally, both including the error to some extent. Theoretically, the
dipole of the each configuration is calculated on the expected configuration by the model of the LVM, both
including the unmeasurable error® %271 Experimentally, conversion among the three configurations by the
annealing is utilized 28291 The result is shown in the next.
5.2.3 Examples of the weighted sum
The equations for the representative sets are given below.
(1) For the absorption around 1000 cm”

o= ogez + 1.5 % olggs + 0.5 X alyp1g
(2) For the absorption around 800 cm”™

o =076+ 1.2 X agor + 0.3 X agqg
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6 Calculation of the concentration
The conversion coefficient for FZ silicon has already been determined as 1.82 x 10"/em*™. In the round
robin measurement in this project confirmed that the conversion coefficient for the CZ silicon was equal to
that of the FZ silicon within the experimental error. Therefore the standard follows the existing conversion
coefficient, and the nitrogen concentration is calculated using the following equations.
6.1 FZ silicon crystal
oless X 1.82 x 10" atoms/cm?
6.2 CZ silicon crystal
6.2.1 For the typical set, either
(0tgss + 1.5 X 0iges + 0.5 X aL1g1g) X 1.82 x 10" atoms/cm?
or
(0766 + 1.2 % g1 + 0.3 X aggo) x 1.82 x 10" atoms/cm?
6.2.2 Method using one absorption line after annealing (see Appendix A (Standard))
(1) Annealings at 750 °C and 600 °C
{01063 (750) — 0963 (600)} x 4.07 x 10" atoms/cm?
(2) Annealing at 650 °C
Using absorption line at 963 cm™ or that at 766 cm’™
(i) 63 (650) x 6.6 x 10" atoms/cm?, or
(i) o766 (650) x 6.6 x 10" atoms/cm®.

7 Report
In case of nitrogen, there are several options. Therefore the report must include the following terms.
(1) Sample thickness, surface finish, annealing condition (if done)
(2) Main measurement conditions
Wavenumber resolution, type of the detector, the range of recorded spectra
(3) Arithmetic used to calculate the effective absorption coefficient (for CZ silicon)
1) Wavenumbers of the absorption lines

2) The method of calculation, the method to delete the oxygen absorption



12
JEITA EM-3512

Appendix A
(Standard)
Special procedure in infrared absorption measurement

Introduction

This appendix defines the special procedure in the IR measurement. The main document describes the
basic procedure of measurement and spectrum analysis. The procedure for the special case is described
below. In the case of low concentration CZ silicon, there is a problem with 1000 cm’” range absorption lines,
though it is eliminated in case of 800 cm” range absorption lines. The solution for the interfering absorption
due to oxygen is described. In addition, there are several simpler procedures for obtaining weighted sum
for CZ silicon. The results of the measurement of thin samples and low resistivity samples are shown also.

A.1 Baseline procedure

As the nitrogen absorption is very weak, the differential background absorption between the sample and

the reference has unnegligible wavenumber dependence. As a result, it is impossible to draw a baseline.

The recommended procedure for that case is shown below.

A.1.1 Weighted differential spectrum

Use the adequate weight so that the differential background spectrum becomes linear as follows.

(1) In case that the sample and the reference have the different thicknesses, the difference should be
made with the weight of the reverse of the thickness ratio for the reference.

(2) However, it is not enough generally. The weight of the reference is changed so that the differential

background spectrum becomes linear.
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Fig. A.1 — An example of linearization of background difference spectrum by weighting subtraction
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A.1.2 Curved baseline
In some cases, the above procedure cannot make the background absorption linear enough. Moreover,
this procedure introduces error. Usually, the background spectrum is similar to that of the original, or
phonon, spectrum. It is better to fit with the reduced phonon absorption. The examples are shown below.
(1) Absorption line at 801 cm™
The absorption line at 801 cm™ is overlapped with the huge and steep phonon absorption band
indicated by the arrow in Fig. A.3 (a). It is unsuccessful if the background spectrum is linearized as
shown in Fig. A.2 (a); the absorption line is deformed nonsymmetrially as shown in the lower figure. It
is better to fit the reduced phonon spectrum. By this procedure, almost equal result is obtained

irrespective of the background spectrum, positive, straight and negative as shown in Fig. A.2 (b).
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(a) Bottom: (b) Correct determination of background
Irregular absorption line at 801 cm™ difference absorbance at the peak by
due to unnatural linearization fitting the lattice absorption spectrum

Fig. A.2 — Interference by the deep transmission valley due to lattice absorption at 799 cm™

(2) Absorption line at 963 cm™
This absorption line also sits on the huge phonon band indicated by the arrow in Fig. A.3 (a). This
phonon band is fitted well with the parabolic function as shown in Fig. A.3 (b). For example, fit some
even order functions using the value at 950, 954, 971 and 976 cm™ which are chosen symmetrically
around the peak at 963 cm™. The differential spectrum in the bottom of Fig. A.3 (b) is generated by
subtracting the parabolic function shown in the middle from the top spectrum.
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Fig. A.3 — Fitting to the lattice absorption at 963cm-1

(3) High wavenumber side of the absorption line at 1027cm™ and the lower wavenumber side of
the absorption line at 766cm™
In these regions, the differential background spectrum steeply changes in some cases as an example
shown in Fig. A.4. In such cases, the background spectrum may have the shape shown by the curved
line connecting the bottoms of the absorption lines. The points are indicated in the figure, 940, 950,
978, 1012 and 1037 and 1047 cm™, for example, for the high wavenumber side, and 823, 820, 779,

754 and 744 cm™ for the low wavenumber side.
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Fig. A.4 — Fitting by connecting the background absorption by high order function

A.2 Removal of oxygen related interfering absorption in case of 1000 cm” absorption line

As-grown CZ silicon crystal contains oxygen of about 1 x 10"®/cm® which forms the thermal donors whose
infrared absorption lines are located between 976 and 1013 cm™ as shown in Fig. A.5. In case that
nitrogen concentration in CZ silicon is measured using the absorption lines located around 1000 cm™,
these absorption lines overlap. Therefore it is necessary to delete these absorption by some means. One
way is to cancel using their standard absorption spectrum. The other is to delete thermal donors by
annealing before the measurement. It is, however, impossible to delete O, absorption line at 1013 cm’” by

the annealing. These procedures are described below.
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(a) An example and fitting (b) Separated absorption lines by thermal

donor and O, at 1013 cm™

Fig. A.5 — Oxygen related absorption bands in the 1000 cm” range in as-grown CZ Si crystal
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A.2.1 Arithmetic elimination method

The following arithmetic procedure to the differential spectrum can be done after the baseline procedure. In
fact, however, it is not easy to perform the baseline procedure before we define the oxygen interfering
absorption.

A.2.1.1 Fitting of predetermined Lorentzian or Gaussian

The absorption lines by the local vibration mode of the light element impurity generally have the Lorentz
type distribution. Therefore they can be fitted by the predetermined Lorentzian. Figure A.6 shows an

example of such fitting procedure and the summary table of peak location and half width (9]

of fitting
Lorentzians. The interfering oxygen-related interfering absorption lines in the differential absorption spectra
can be eliminated by fitting the adequate magnitude of these Lorentzians successively.

The Lorentzian has the long tail. It is convenient to use the equivalent Gaussian instead. Gaussian fitting

software can be easily found.

0.005

0.004

0.003

0.002

0.001 |

0 d h

y
950/86—_960.00 970.00  980.00

990.00 1030.00

-0.001

(a) An example of spectrum and fitting by Lorenzian

975 (nm) 990 (nm) 999 (nm) | 1005 (nm) | 1013 (nm) | 1020 (nm)
Peak location (nm) | 976.09 989.6 999.24 1005 1013.7 1019.5
Half width (nm) 7.071 7.071 6.708 5.657 7.616 6.325

(b) Peak location and half width by fitting

Fig. A.6 — An example of Lorentzian fitting to the interfering oxygen-related absorption lines

and the summary of predetermined Gaussian
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A.2.1.2 Elimination by obtaining standard oxygen absorption spectra and fitting them

Standard oxygen absorption spectra can be made by the differential absorption spectrum of oxygen
containing CZ silicon and oxygen-free FZ silicon, both of which without nitrogen.

The absorption lines are overlapping so that it is necessary to separate them. In fact the standard spectra
can be formed by the fitting the same as that shown in Fig. A.6. An example of the detailed successive
fitting procedure is shown in Fig. A.7 where Gaussian is used. The standard spectra obtained in such way,
then are fitted to the oxygen interfering absorption lines in the nitrogen differential spectrum. The
magnitude of 6 thermal donor line and oxygen dimer lines change from sample to sample. Therefore, these

fitting procedures must be done separately with different weight.
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Wave number (cm™) Wavenumber (cm™")

Top left: The location of oxygen absorption lines indicated by the arrows.

Middle left: The common baseline to the lines at 989 and 976 cm™.

Top right: Fitting to the dominant absorption lime, by oxygen dimer, at 1013 cm™” by using a Gaussian.
Middle right: Fitting to the line at 1005 cm” after eliminating the 1013 line.

Bottom right: Fitting to the line at 1019 cm™ after eliminating 1005 cm” line.

Bottom left: Summary of the standard oxygen absorption spectra.

Fig. A.7 — Creation of standard spectra of oxygen absorption lines by Gaussian fitting
to differential absorbance of N-free CZ and FZ Si

A.2.2 Donor killer annealing

Commercial CZ silicon wafers are prepared after donor killer annealing. The same annealing procedure, at
650 °C for 30 min., for example, deletes the thermal donors in the as-grown CZ silicon sample. The
absorption line at 1013 cm™ is left, however. It may be cancelled by the arithmetic procedure described
above.
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A.3 Simpler method to obtain the weighted sum for CZ silicon
CZ silicon contains three forms of nitrogen pair. As a result it is necessary to make weighted sum of
absorption coefficients corresponding to the different configurations. Annealing method was proposed
where various configurations were changed into dominant ones so that it was not necessary to measure all
the configurations.
A.3.1 Two temperature annealing (tentative name)
It had been reported that three configurations change among each other by the annealing. This
phenomenon is utilized as follows. The sample is annealed at 750 °C where NN is dominant, and then at
600 °C where the portion of NN is low. The portion changes little from sample to sample (metastable). The
absorbance of the line at 963cm™ is measured for both annealing temperatures. The difference is
converted to the total nitrogen concentration by using the predetermined conversion coefficient given
below.

[N] = {otge3 (750 °C) — 0g63 (600 °C)} x 4.07 x10"" atoms/cm?
A.3.2 Donor killer anneal method
Similar simplified method can be used. The sample is annealed at 650 °C. The portion of NN can be
thought to be constant.

[N] = {owee3 (650 °C)} x 6.6 x 10" atoms/cm?
A.3.3 Anneal combined with 766cm™ line
Absorption line at 766 cm” originates from NN and it is not suffer from thermal donor. Therefore the above
two methods can be used also by using 766 cm™ line instead of 963 cm™ line. The conversion coefficient
for the latter was found to be 6.9. For the former, the same number to that of 963 cm™ line can be used.

A.4 Measurement of low resistivity samples

In case of oxygen and carbon concentration measurement, the recommended sample resistivity is above 5
ohm-cm. High resistivity samples are preferable in the measurement of nitrogen also. By the examination in
this project, it was confirmed that the samples having resistivity over 1.7 ohm-cm showed the same
conversion coefficient as that of high resistivity samples as shown in Fig. A.8.
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Fig. A.8 — Comparison of the measurement of high resistivity and low resistivity samples
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A.5 Measurement of thin samples

Measurement can be done not only on 10 mm thick samples, in case of high concentration or high
sensitivity, but also on 2 mm thick samples which is the standard for oxygen and carbon, or on 1 mm thick
or on single side polished wafers. It was confirmed that the same result was obtained. If the interference
fringe appears due to small thickness, wavenumber resolution can be changed to 8 cm™, or reduce the
incident beam parallelism. In this case peak height may reduce to some extent however. Therefore, it
should be confirmed by comparing a separate samples of 10 mm thick and thin samples of same origin. An
example of the comparison of the result of 10 mm and 1 mm thick samples is shown in Fig. A.9. Good
correlation was obtained. The result of 1 mm thick samples tends to be a little larger, probably due to the

multiple reflection. Better agreement was obtained in the case of 10 mm and 2 mm thick samples.

0.03
b= v
o
b=
2002 + "
©
g *
(&)
5001 .
3 .
5 . * * (10mm)
2] . *
o)
< 0 : 1 1 1 - (1 mm)
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Fig. A.9 — Comparison of the measurement of thick and thin samples
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Part 2 Measurement of nitrogen concentration in silicon crystal
by charged particle activation analysis
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1 Preface

This document summarizes the work conducted from 2000 to 2005 in the nitrogen measurement working
group in the silicon wafer measurement committee of the silicon technology committee in JEITA. Generally,
the analytical technique utilizes that the signal intensity is proportional to the amount of the object. It in
some cases, however, depends on the state of the object and on the composition. In these cases, the
signal of the sample was compared to the signal from the reference which has similar composition to the
sample and known concentration.

Charged particle activation analysis (CPAA) is the technique where the charged particle made by a
cyclotron for example is irradiated to the sample and the number of radio activated species from the sample
is counted. This technique is accepted to be match with the Sl unit system because it has several
advantages:

(1) High sensitivity to light elements

(2) Not affected by the binding state of the atoms

(3) Average concentration in the bulk material can be obtained

(4) Wide concentration range

(5) Stoichiometric reference can be used which has known concentration

As a result, the CPAA technique has been used widely in the standardization projects.

There has been no standard, however, for the CPAA itself. This is the first CPAA standard. In the present
work, a new measurement system was constructed in Nishina Cyclotron Center of the Japan Isotope.
Round robin measurement was done with Sumitomo Heavy Machines. This standard includes the basic
terms of the technique, the outline of the nitrogen concentration measurement, the procedure, the result

and the accuracy and error.

2 Principle and outline of measurement of nitrogen concentration in silicon crystal by charged
particle activation analysis

2.1 Principle of charged particle activation analysis

Charged particle activation analysis is the technique where charged particles are irradiated on the sample

and the species and amount of produced radio isotopes, hence obtain the atomic species and

concentration.

The charged particle accelerated with high energy moves into the nucleus overcoming the potential barrier.

The nucleus is activated, becomes complex nucleus and then emit particles such as neutron forming a new

nucleus. It subsequently emits other particles to become a steady nucleus.

In the CPAA, only the radioactivity from the object must be separately determined from that from the other

species. Therefore, the character of the measured particle must have distinct character such as the species

and the character such as the half life and energy. In addition the life must be long enough to survive during

the measurement procedure. To meet them and in addition to get high sensitivity and good S/N, the species

of the primary beam, acceleration energy, irradiation time are chosen.
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2.2 Nuclear reaction for the analysis of nitrogen in silicon
Previously, proton, ®He and alpha particle have been utilized to analyze nitrogen in silicon as summarized
in Table 1.

Table 1 — Nuclear reaction for the analysis of nitrogen

Nuclear reaction E Interference E Sensitivity/ng/g (MeV)
"“N(p, n)"*O 6.3 °0(p, )"0 21.7
"“N(p,o)"'C 3.1 "B(p, n)"'C 3.0 0.50 (10)
2C(p, d)'"'C 179 | 0.22 (15)
“N(d, n)"®*0 Q>0 '°0(d, 1)'°0 10.6 | 0.8(10), 0.5 (15)
“N(d, an)''C 5.8 '%B(d, n)"'C Q>0 |2.7(15)
2cd, 1)"'C 145 |0.75 (20)
“N(®He, )N Q>0 "B(®*He, n)"*N Q>0 |66(10)
2C(®*He, d) N 45 29 (20)
“N(®He, d)'°O Q>0 '2C(®*He, n) 0 Q>0
'0(CHe, o) "0 Q>0
"“N(a, n)'"F 6.0 %0(a,, t)''F 24.0
N(a, n)'®F 8.1 °0(a, d) "°F 20.4
"“N(a, an)™N 13.6 "B(a, n)"°N Q>0 |[12(26)
2C(a, t) N 23.9 3.2 (3.4)

The nuclear reaction must be chosen so that the sensitivity is enough, the procedure is not difficult and the
interference by the coexisting species is little. The half life of the produced 'C, N, "0, "0, 'F, and '®F is
20.38 m, 9.97 m, 70.5 s, 2.03 m, 66.0 s, and 109.8 m, respectively. All these break by " emission and emit
y ray except 0. Therefore, it can only be discriminated by the difference of the half life. It can be done
either by observing the decay and determine the contribution from the object, or by chemical separation
before the measurement. In the latter case, to suppress the decay during the separation, separation must
be done as quick as possible and the half life should be long enough. From the above requirement, 14N(p,
a)"'C is recommended because "'C has half life of 20 min.

2.3 Nitrogen concentration measurement by the proton irradiation

The activation function of the "*N(p, «)"'C reaction shows maximum around 7-8 MeV of 250 mb as shown
in Fig. 1. Therefore, it is preferable to use the acceleration energy higher than that. On the other hand when
there is boron coexisting in the sample, the same "'C is formed by the reaction "'B(p, n)"'C. Therefore, its
effect must be evaluated. The yield of "'C is compared in Fig. 2. Boron produces 10 times as many "'C at
the acceleration voltage of 5 MeV and twice at 7-15 MeV. The boron interference should be corrected,
which needs the boron concentration data. There are two ways. One is to measure boron concentration by
heavy proton irradiation. The other is to irradiate at two acceleration energies such as 5 and 10 MeV, and
determine the concentration of both nitrogen and boron.
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2.4 Equation for nitrogen concentration

2.41 Range and stopping power

Irradiated particle loses energy as goes deeper in the sample, and finally stops. The loss of energy per unit
depth is called stopping power and the depth where the particle stops is called range (R, g/cmz). They are

determined by the sample composition. The mass stopping power is given by the following equation

S(E) = % ...................................................................................................................... (1)

Here, x is the product of the density p (g/cm3) and the thickness | (cm), and the unit of S(E) is MeV-cmZ/g.
Stopping power is inversely proportional to the particle weight and proportional to the square of the carrier
and the particle energy. The range of the particle R (g/cm2) with the energy E is given by the following
equation.

Range of particle with energy E in the sample, R (g/cmz), is given by the following equation.

([ dE _[" dE
R(E) _-’.” dx_fﬁ T 77 2)

Range and stopping power of proton in silicon crystal is shown in Fig. 3. As the energy is increased, the

stopping power is decreased and range is increased. Range of compound is given by the range of
elements as follows.

Here, R; and 6, are range and weight fraction, respectively, of each element in the compound.
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Fig. 3 — Range and stopping power of proton in silicon crystal

2.4.2 Equation for activation

In the charged particle activation analysis, particles are irradiated on the sample and the standard which
have thickness enough to completely stop the particles. Radioactivity from the objecting nucleus in the
sample and the standard is measured and compared to determine the concentration.

Radioactivity (A) emitted from the species produced by irradiation is given by the following equation.

- I N ) PN
A=AN = %a)fo o (1 — exp(—A0)) 4)

Here,
A : Decay constant (s”)
: Number of produced radioactive nuclear species at the end of irradiation

: Irradiation time (s)

\NZ

: Irradiation current (A)

: Charge of incident particle (P =1,d =1, *He = 2)
. Elementary electric charge (1.602 x 107'°C)

: Concentration of measuring element (atoms/cm3)
: Crosssection (barn = 10?* ¢cm?)

: Energy of charged particle (MeV)

» maq s © 3

: Stopping power (MeV-cm'1)

From this equation, amount of produced radioactive species is proportional to the concentration of element
w and it is necessary to measure the irradiation time t and current /. And it is necessary to calculate the
integral of the ratio of crosssection and stopping power, o/S until the particle with Eg is stopped in the

sample, to obtain the probability of nuclear reaction.
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Here, when the averaged crosssection is defined as the crosssection of the reaction until the particle is

stopped,

f " o(E)dE f " o(E)dE

_ S(E) S(E)
o= R (5)

fwg R
. SE)

equation (4) is simplified to

A= %a}&R(l S EXP(AL)) e (6)

Here, the averaged crosssection is interpreted to be constant, does not depend on the material. Ratio of
concentration (w) of object element in the sample (X) and the standard (S) is given from Eq. (6),
Or _ ﬁ&&_(l B L) (7)
@5 Agly Ry (1 —exp(-4ty))
Equation (7) shows that the concentration can be calculated when the integrated charge and irradiation
time are measured both on the sample (X) and the standard (S), and the range of the particle is obtained.
The standard material has the known atomic composition such as compound. In the case of nitrogen, Si;Ny4
plate or aluminum nitride is used.
2.4.3 Measurement of radioactivity
In the CPAA, generally, instead of measuring the radioactivity produced from the measuring element,
radiation from the produced radio isotope is counted. It is necessary, therefore, to keep the sample shape
and the distance from the detector, to keep the yield of detector and the geometric yield constant.
Generally, instead of counting, the counting rate at the end of radiation C, is obtained. That is given by the
following equation.

CO = C exp(ﬂll‘d) 1# ........................................................................................ (8)

—exp(-At,)

Here, 1 is decay constant (s'1), Co is counting rate per second (cps).

When the sample and the standard is measured under the same condition, both yields are equal between
the sample and the standard. The produced radioactivity of the sample and the standard in Eq. (7) can be
replaced by the counting rate at the end of radiation. As a result, the sample concentration is given by the
following equation.

B X U, ©)
Cs Iy Ry (1 - exp(=4ty))
This method is called as “averaged crosssection method.” It is to be noted that this assumes that the

measuring element is distributed homogeneously in the sample.
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2.5 Irradiation

2,5.1 Radiation condition

Radiation should be done at the equal energy both for the sample and the standard. The number of
irradiated particles and the irradiation time is measured on the sample and the standard, and the
radioactivity is normalized for the identical radiation condition. The number of particles is integrated by the
current integrator generally, and converted to that in unit of coulomb. It is necessary that the sample is
electrically isolated from the sample holder so that only the irradiated current is monitored. It is also
necessary not to discharge the secondary electron due to the radiation. There is 8 orders of magnitude
difference in the concentration of nitrogen in the sample and the standard. Therefore, it is necessary to
reduce the current and shorten the irradiation time for the standard. And it is necessary to confirm the
current measurement linearity over wide measurement range.

In Eq.(4) there is the correction term of saturation factor (SF):

SF =1 = @XRP(=AL)  wereeseesessese et (10)

As seen from this equation, produced radioactivity does not increase with the irradiation time, but 1/2 for 1
half life irradiation time, 3/4 for 2, and 7/8 for 3 and so on, approaching to 1 gradually. On the other hand,
longer half life species survives more for the same irradiation time, becomes dominant. Usually, it is
preferable to set the irradiation time about 1 half life. In case of standard, irradiation time should be very
short to suppress the activation of object species.

2.,5.2 Radiation energy

The charged particles lose the energy gradually as they proceed in the sample and stop finally. This
process is most pronounced at the energy around 7-8 MeV as shown in Fig. 1. It is, therefore, preferable to
set the incident energy above 10 MeV, to improve the sensitivity. In case of 10 MeV, 1 mm is thick enough
to stop the particles, whereas 2 mm is necessary for the case of 17 MeV.

2.5.3 Sample cooling

Heat conductivity of Si is about 1/3 of that of Cu. The kinetic energy of the particle is changed into heat.
When the proton is radiated at 10 MeV for 5 uA, 50 W of heat is generated. It is concentrated at the end of
the range. The sample back surface is cooled by the water cooled mounting metal. If the sample is thick
compared to the range, the cooling efficiency is not good. As the sample front surface is cooled effectively,
it is cooled by the He gas which does not produce radioactivity.

2.6 Sample processing

2.6.1 Surface etching

The sample surface is exposed in the air until the irradiation and contaminated by the adsorbed material.
That is activated and ejected into the sample by the kinetic energy of the particle, which interferes the
measurement. Nitrogen in the air interferes most harmful. It is therefore necessary to remove the
contaminant near the surface. It is generally performed by the chemical etching rather than by the
mechanical polishing.
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2.6.2 Chemical separation

When Si crystal is irradiated with proton, various radioisotopes are produced, not only from N but also from
Si matrix and other impurities. Si is converted to *'P whose radiation is very strong, but reduced to 1/1000
after 25 min. In addition N is produced from O and C in Si. As all these species perform 4" break, they

emit 511 keV y ray. It is, therefore, necessary to chemically separate "IC before the measurement.

Table 2 — Nuclear reaction by proton irradiation on Si and produced species

Element Nuclear reaction Ew (MeV) Nuclear species Half-life
Si *sj(p, n)*P 5.0 ¥p 250 m

B "B(p, n)"'Cc 2.8 ic 20.38 m

C 2C(p, pn)"'C 18.7 ic 20.38 m
*C(p, n)"N 3.0 N 9.98 m

N “N(p, a)"'C 3.1 ic 20.38 m

o) °0(p, o)"®N 5.5 N 9.98 m
®0(p, n)'’F 24 8 109.8 m

Chemical separation of radioactive C is performed either by wet or dry process. In the dry process, sample
is heated in oxygen flow to change C to CO,. CO, gas is caught by the absorber and the radioactivity of the
absorber is measured. Ascarite, silicagel including NaOH, is used as the absorber. The yield must be
evaluated by comparing the radioactivity of Si including B before and after the separation.

In the wet process, after Si is dissolved by alkali, the oxidant (KMnQO,) is added and C is oxidized.

2.7 Measurement of radiation

In the CPAA of light elements, most measured radioactive species emit positron when they break.
Therefore, the radiation at the positron annihilation is measured. It is same for all the species so that it is
impossible to determine the element from the energy. It is necessary to measure successively and
determine the half-life which is characteristic of each species.

At the positron annihilation, two radiations are emitted to the opposite directions. To measure these radiation
effectively and selectively, two detectors are placed to put the sample in between, and measure when the
radiation is detected simultaneously by the two detectors. Scintillation counter made of Nal (Tl) or BGO is
used usually to detect the radiation. The output signal from the two detectors is amplified and the pulse with
height corresponding to 511 keV by single channel analyzer is put into the coincident counting circuit and
only the coincident signal is counted. The number is counted for the predetermined time using the counter
or multi channel scaler. Detection yield is the product of the mechanical yield of detector and the solid angle.
Both are large when the large detector is used. The yield of coincident signal is the product of the yield of
the two detectors. It is recommended to use the large detector and to put them closely to the sample.

The coincident measurement eliminates the signal from the unwanted radiation and reduces the
background and improves the sensitivity. Care must be taken to the measurement geometry and insensitive
time for the coincident measurement method. To keep the detection yield constant, the sample shape
(thickness and size) and the distance between the sample and the two detectors must be kept constant.
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When the shape of the sample and the standard is different, it is necessary to calibrate the detection yield
by preparing the source of known radiation. When the radiation is strong, it is necessary to pay attention to
the insensitive time. There is much difference in the intensity from the sample and the standard, so that the
radioactivity of the standard must be measured after the decay. It is necessary to confirm that the decay
follows the half-life of the objective species by the repeated measurement.

3 Procedure to determine the quantity

3.1 The sample and the standard

3.1.1 Preparation of the sample

The sample must be thick enough to stop the particle completely. The thickness is chosen between 1 and
2 mm depending on the energy of the particle. The necessary thickness is 0.71 mm fot 10 MeV and 1.45
mm for 20 MeV. The sample crosssection must be bigger than the beam size. The recommended size and
shape are 10-20 mm square or circle. The sample surface must be smooth but it is not necessary to be
mirror.

3.1.2 The standard

The standard must be highly pure and chemically stable compound. For analysis of nitrogen in silicon,
silicon nitride or aluminum nitride is recommended. Sintering processing sample is available.

3.2 Irradiation

3.2.1 Irradiation condition

Schematic illustration of an example of irradiation system is shown in Fig. 4.

A cyclotron is used for the particle source. Proton is irradiated. The acceleration voltage is between 10-15
MeV. The irradiation current is about 5 pA and the irradiation time is 20 min.. The irradiation condition of the
standard is 0.1 pA and 30 sec. (The total dose is 1/2000 of that of the sample).

When the acceleration voltage is increased, the production of objective "IC is increased and the signal is
also increased, but it saturates beyond 10MeV. When the current (particle flux) is increased, the production
of radioactivity is increased linearly. When the irradiation time is increased, the production per unit of the
time saturates, so that it is chosen around 1 half-life of the objective species.

Sample temperature rises with the irradiation. The heat produced in the sample is the product of the energy
(MeV) and the current ((mA) = heat (W)). It is necessary to cool the sample. The sample surface is cooled
by spraying the He gas. The back surface is attached to the cooling plate which is cooled by the flowing
water. When the accelerating voltage of the cyclotron is constant, the energy of the incident particle is
reduced by putting the Al plate to slow down the particle.

The actual incident energy is obtained by calculating the decay on the path, by the beam exit window,
energy absorber and the air and He layer thickness.

3.2.2 Measurement of the irradiation charge

The charge irradiated on the sample is measured by the integrator. It is to be noted not to count the
secondary electron produced by the collimator and other components.

The charge may be measured also by irradiating the thin Cu foil placed in front of the sample
simultaneously. The relative charge on each sample can be obtained by measuring the radioactivity of the
Cu foil.
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Fig. 4 — Irradiating system

3.3 Sample processing after the irradiation

3.3.1 Etching

The sample surface is in the air before the irradiation. Contaminant and air molecules are irradiated and
incorporated into the samples, interfering the measurement.

It is necessary to etch off the sample surface. After the irradiation the sample surface is etched.

The etching condition is as follows.

Etching solution : acid mixture of HF: HNO3:H,O = 1:3:1
Temperature and time: Room temperature, about 1.5 min.
Etching depth : about 30 um on each side

The etching depth is determined either by measurement using a micrometer, or calculation from the
measurement of weight loss.
3.3.2 Wet separation
The procedure is as follows. All the procedures are done in a quartz beaker to eliminate the loss of sample
and unwanted contamination.
Etch -> crack -> add Na,COj as a carbon carrier -> dissolve by NaOH -> oxidize by KMnO, -> evaporate
and solidify -> dissolve in distilled water -> drop H,SO,4 -> catch by LiOH -> precipitate as Li,CO; and
separate
The detailed process is described below.
(1) Sample dissolution
To enhance the dissolution, the sample is cracked in a quartz beaker. Add Na,COj3 several milli mol for
a carrier. A quartz beaker is used to heat the sample. A quartz plate is used to keep beaker covered so
that the material does not scatter during heating. Add 8M NaOH solution for 15 to 25 ml depending on
the amount of sample. Add 20 to 30 ml water. Weakly heat in a microwave cooker to dissolve Si
completely. The amount of 8M NaOH is 27 ml per 1 g of Si, 50 % excess for production of Na,SiO,.
(2) Sample oxidation
After dissolution, add 1.5 g KMnO, powder and heat in a microwave cooker for about 7 min. to
vaporize water thoroughly. The solution changes from red-purple to black-green color. Rince the
beaker inner wall by adding water and dissolve a lump of sample by stirring.
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©)

Separation and catch

The apparatus is schematically illustrated in Fig. 5. Suck the system with a diaphragm pump to keep
the whole system in negative pressure. The air flow rate is about 300 ml/min.. Pass air in an alkali
solution of 1M concentration to eliminate the CO, in the air and lead to the quartz beaker containing
the sample.

The sample solution in the beaker by magnetic stirrer, drop H,SO, (1+3). Carefully add drops because CO,

is generated suddenly around the chemical equivalent point. Pass the generated CO, with carrier gas

through the bottle containing 1:15 H,SO,. Catch it by absorbing in the LiOH solution. Heat the solution by

the microwave cooker for about 1 min. to form Li,CO; precipitate completely and pass through a filter.

Wash the precipitate in warmed MeOH-H,O (1:1) several times. After measuring the radioactivity, dry and

weigh the Li,COj3; and determine the yield.
The composition of the catching solution is 2M LiOH in MeOH (?) 10 ml + MeOH 10 ml + H,O 10 ml. If the
MeOH content is high, it may form LiOH precipitate.

O —

Pump

Aj
a —{ P F Flow Controler

LiOH LiOH

Si in NaOH+KMnO 4

Magnetic Stirrer

Fig. 5 — Separation and catch system of carbon dioxide generated from the sample after oxidation

3.3.3 Dry separation

The procedure is as follows.

(1)

(2)
()
(4)
()
(6)

After the irradiation, the sample is etched, crashed and then put into a graphite boat and powder Cu
14 g as burning assist.

Put the boat into the RF furnace and the atmosphere is replaced by He.

The sample is heated and dissolved in the furnace and "C is extracted.

Apart of "'C is left in CO though most is oxidized to CO».

Formed CO, is selectively adsorbed in ascarite (silicagel containing NaOH).

The ascarite is separated and the radioactivity is measured.
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The output of the RF furnace is about 200 V, 20 A and the sample is heated to above 1200 °C. Granular
copper is added to enhance burning to dissolve Si. The reagent contained in the column is as follows.
Burning assist : copper powder 13 g
Oxidized copper: wired copper oxide 14 g
Reduced copper: wired reduced copper 15 g
"'C absorber  :ascarite 5¢
The process flow of sample dissolution, oxidation and catching CO, is schematically shown in Fig. 6.

RF furnace Electric furnace 900 °C
He gas
—
—| e
T

\

| Sample | | Reduced copper| | Oxidized copper| | Ascarite

Fig. 6 — The flow chart of sample dissolution and oxidation and catch of carbon dioxide gas

The apparatus is shown in Fig. 7.

Fig. 7 — An example of RF furnace and electric furnace

3.4 Measurement

3.4.1 Apparatus

An example of coincidence measurement apparatus is schematically illustrated in Fig. 8. This is the
example of simplest slow coincidence circuit. The output of the detector is amplified, the pulse
corresponding the 511 keV radiation is put out by a single channel analyzer, and the signal which comes
from the both detectors simultaneously is selected. Finally it is recorded by a counter or a multi channel

scaler.
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Fig. 8 — Schematic drawing of coincidence counting system

3.4.2 Measurement

The sample and the reference must be measured in the same geometry. If it is impossible, the yield ratio
must be predetermined by using the dammy sample of the same shape and the known radioactivity. An
example of measured record by a multi channel scaler is shown in Fig. 9. Both the sample and the
reference showed the same decrease following the half-life of "'C. The measurement must be done for 2 to
3 half-life repeatedly.

The reference is measured without chemical separation. Signal from op (half-life is 2.5 min.) is very strong.
Moreover the signal from "N formed from O (half-life 9.98 min.) is sometimes observed. Therefore, the
measurement is possible after 2 hours passed. As the more time is passed, '®F from O (half-life is 109.8
min.) may become dominant. Count loss sometimes happens. The adequate time for the reference must be

predetermined and the irradiation condition is chosen adequately.

Standard

Standard NA\JX
N B
1.0E+05
1.0E+04 \

1.0E+03

1.0E+06

Sample

1.0E+02 Hon y“&
1.0E+01

'l Sample

1.OE+00 : : : : : :
0 100 200 300 400 500 600

Time/min

Fig. 9 — An example of measurement result of sample and reference
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3.5 Determination of concentration

3.5.1 Correction for half-life

The intensity just after the irradiation Cy is calculated. In the correction, the decay during the measurement
must be taken into account when the measurement time is long. The initial count C, is caluculated by the
following equation.

CO =C exp(/Itd) m

Here, Cis dose, {4 is the start of the measurement and t,, is the measurement time. 1 is the decay constant
(3'1) and Co is the count per second (cps).

3.5.2 Correction for current and irradiation time

The dose is obtained in unit of coulomb and the radioactivity is normalized per coulomb. As the irradiation
time is different between the sample and the reference, they are normalized to saturation radioactivity.
3.5.3 Correction for chemical yield

In case of nitrogen measurement, "'C which is generated by irradiation is separated by the chemical
process. Therefore, the chemical yield of ic during the separation is necessary. In the wet separation
process, the carrier is added and its yield is obtained. The ratio of dried weight to the initial weight of carrier
is obtained in every sample. The yield of carrier and radioisotope must be equal ideally, but may be
different practically. Therefore, irradiate boron doped Si, for example, and measure the chemical yield of
"'C and compare it with the yield of carrier.

In case of dry separation, irradiate boron doped silicon and compare the radioactivity before and after the
separation.

3.5.4 Correction for the range

The range of particle in Si and silicon nitride, reference, is summarized in Table 3 in case of acceleration
energy between 10 and 15 MeV. If the acceleration energy is equal for the sample and the reference, the
range correction has not a remarkable change and ranges between 1.06 and 1.07. In detail, the incident
energy depends on the etched thickness from sample to sample, which must be corrected. Practically, by
covering the reference with the aluminum foil corresponding to the etched thickness, the correction for

etching thickness can be neglected.

Table 3 — Calculated range of proton in Si and Si;N,

Range, g/cm?

Energy, MeV Range (Si/SizNy)
Si N Si3Ny
10 0.166 0.143 0.156 1.067
11 0.196 0.169 0.184 1.065
12 0.229 0.197 0.215 1.064
13 0.263 0.228 0.248 1.062
14 0.300 0.260 0.282 1.061

15 0.339 0.294 0.319 1.060
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3.5.5 Determination of concentration
When the (R) correction coefficient for the dose carrier (/), irradiation time (t) and range are obtained for

the sample and the reference, the concentration can be determined by the following equation.

o Cuds Ry (1= exp(Aty)
X

0 G Ry (1—exp(—Aty))

4 Sensitivity, accuracy and interference

4.1 Sensitivity

This method is capable of measuring nitrogen concentration on the order of 1 x 10"/cm?®. For measurement
down to 1 x 10™/cm?, it is necessary to increase the irradiation current to about 10 pA and to shorten the
time before the measurement by the automatic sample transfer.

4.2 Systematic error

Coexisting other impurity species is the origin of systematic error. In addition, it is necessary to take care of
the following procedure to reduce the error.

About the irradiation:

(1) The measurement of the irradiation current: to insulate the sample from other part, reduce the effect
of the secondary electron

(2) Instability of irradiating current: Open the shutter after the irradiating beam is stabilized

About the chemical separation:

(1) Contamination and loss: Process the sample in the closed system. Use the same container
throughout the entire process. Not to contaminate during the etching and control the etching
thickness constant.

(2) Do notintroduce the CO, in the air into the sample solution and catching solution.

(3) To realize high chemical yield of "'C

About the measurement:

(1) Equalize the measurement condition for the sample and the reference, and keep the correction
small.

(2) Suppress the count loss of radioactivity.

4.3 Interference

The reaction of N(p, a)"'C by proton irradiation is used for the nitrogen concentration measurement by
CPAA. When there is boron or carbon, the same "'C produced by the reaction "'B(p, n)''C or "C(p, pn)"'C
becomes the interference. By setting the acceleration voltage about 10MeV, carbon interference is
suppressed, but it is impossible to suppress the effect of boron because its threshold energy is low.
Therefore it is necessary to obtain the sample boron concentration. It is also necessary to determine the
ic yield from B using th reference sample of known boron concentration. Boron concentration is measured
either by other technique or by CPAA using the deuterium irradiation. By using the deuterium, °B(d, n)"'C
reaction occurs. To determine the ratio of "'C from B by "'B(p, n)"'C and that from N by "N(p, a)"'C, use

nitrogen standard sample and the plate of pure boron.
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5 Report
Report the following experimental condition and related terms
The irradiating apparatus
Accelerating energy, irradiation dose and the measurement method of radioactivity
Sample thickness, boron concentration
Species of reference standard material, nitrogen concentration

Chemical separation yes/no, method, chemical yield

6 The result of the round robin measurement
Samples were from the same origin as those for IR and SIMS. The sample thickness was 1 mm on 2 mm.
1) Summary of the results

Reference Table — The results of the samples from A

Sample Estimated [N] | 1st | 2nd J G H
614F0 3.30E +15 5.36E+15 514E+ 15

614D0 238E+15 5.05E+15 3.84E+ 15 2.70E + 15

614B0 2.16E + 15 2.65E + 15 3.40E + 15
517G0 1.89E+15 240E+15 290E+15 2.75E +15

517D0 1.31E+ 15 1.87E + 15

517A0 1.00E+15 1.71fE+15 1.14E+15 1.09E+15 8.90E+ 14 1.00E + 15
485F0 3.30E+14 438E+14 283E+14 6.57E+14 250E+14 3.60E+14

2) Comparison of the result of two organizations

BE+15

BE+15 [fmmmm oo

QE+15 oo

BE+15 o

L L

1E+15 [---- W T s mmmommsmm—eooeomeooooooooooo

0 1E+15

2E+15

3E+15
1

4E+15

SE+15 6E+15

Reference Fig. — Comparison of the CPAA results
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Appendix B
(Reference)
Round robin measurement of nitrogen concentration in silicon crystal

B.1 Infrared absorption

B.1.1 Samples

(1) Round robin samples
About 10 companies prepared the samples. Among them, CZ silicon crystals from 3 companies and
FZ crystal from 1 company were used in the final round robin measurement. Table B.1 summarizes
the characteristics of the samples for IR. The other set with concentration lower than 1 x 10"/cm® was
used in the examination, but the result was not enough to use for the standard. Estimated nitrogen
concentration and oxygen and boron concentrations are shown. Sample thickness was the average of
that measured by one organization, 3 times at 3 points of each sample. The round robin measurement
was done on the donor-killer annealed, at 650 °C for 30 min., samples, though the preliminary round
robin measurement was done on the as-grown samples but the samples were lost during the
procedure. SIMS and CPAA measurement were done on the samples of both those shown in Table

B.1 and low concentration samples, which will be shown in the respective paragraphs.

Table B.1 — Sample list of IR round robin measurement

Estimated .
Company | CZFZ | Sample IN] o1 [B] | Thickness State
3 (cm™) (cm™) (cm)
(em™)

A Ccz 485B0 2.18E+14 | 1.55E+18 - 1.0358 Annealed
11 485D0 2.62E+14 | 1.54E+18 - 1.0293
485F0 3.30E+14 | 1.57E+18 - 1.0110
485H0 4.46E+14 | 1.67E+18 - 1.0308
517A0 1.00E+15 | 1.82E+18 - 1.0136
517D0 1.31E+15 | 1.62E+18 - 1.0136
517G0 1.89E+15 | 1.72E+18 - 1.0184
517J7 3.18E+15 | 1.60E+18 - 1.0164
614B0 2.16E+15 | 1.47E+18 - 1.0375
614D0 2.38E+15 | 1.47E+18 - 1.0397
614F0 3.30E+15 | 1.43E+18 - 1.0358

Ref. 441B0A | 0.00E+00

B Ccz C1 9.06E+13 | 1.37E+18 - 1.0035 Annealed
4 C2 3.95E+14 | 1.26E+18 | 1.76E+14 1.0023
C3 5.90E+14 | 1.19E+18 | 1.90E+14 1.0031
C4 8.79E+14 | 1.25E+18 | 2.06E+14 1.0023

Fz F1 2.28E+14 - - 1.0031 as-grown
5 F2 5.06E+14 - - 1.0029
F3 5.08E+14 - - 1.0037
F4 1.12E+15 - - 1.0034
F5 1.17E+15 - - 1.0039
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Surface finish was both side mirror polish. Annealing condition was at 650 °C for 30 min., donor Killer.
Estimated [N] was calculation by the normal freezing equation for CZ crystal and SIMS result by the
raster change method for FZ crystal, respectively.

Low concentration samples below 10"*/cm?® from Co. D was used for SIMS and CPAA but not for IR.
Measurement on the low resistivity samples

IR transmittance is very low in the low resistivity samples, which makes measurement difficult. The
limit was examined by using the samples listed in Table B.2.

Table B.2 — Specification of low resistivity samples used for IR measurement

No. [N] (atoms/cm?®) d (um) | p. (Qcm)
0 (ref. 0 9877 10
1 9 x 10" 7837 1.72
2 9 x 10" 7824 1.72
3 3 x10" 9589 2
4 3 x10" 9546 2
5 47 x 10" 9475 1.85
6 47 x 10" 9493 1.85
7 8 x 10" 12982 8.5
8 8 x 10" 13000 8.5
9 2 x 10" 9926 8.5
10 2 x 10" 9914 8.5

Low resistivity samples were supplied from Org. C. Estimated nitrogen concentration by SIMS, initial
thickness and resistivity (n-type) are shown in Table B.2. As it was difficult to measure the samples of
different thickness, the measurement was done again after the samples were polished to nearly equal

thickness around 1 cm.

B.1.2 The measurement result

(1)

Round robin measurement

IR round robin measurement was performed by 6 organizations. Four organizations got result good
enough to be examined and their result is shown below. The measurement was done on 10 mm thick
samples using the difference method with non-doped reference by the organizations. They followed

mostly the recommended procedure to take 7 absorption lines.



40

JEITA EM-3512

¥282¢900°0 £2619000 96692000 ¥¢8¢900°0 98€/¢000 6€00'} G900'} SL+3aLLL G4

6¢1€500°0 €6G¥5000 98L£200°0 6¢1€G000 8¥1€2000 ¥€00'} ¥600' L SIL+3¢1) V4
£22€000 9686€000 L8ELLOOO £€22€000 9¥0¥ 1000 LEOO'} €900} v 1+380°G €4
L¥96200°0 ¢G1.L2000 GZ8L1000 L¥962000 11621000 6200} 9600} v1+390°G ¢4
¢L¥0200°0 86191000 SS0L000°0 ¢Ly02000 L168000°0 1€00'} €900' L v1+38¢°¢C [E]
79989000 65602000 ¢16000°0 G¥1L0000 11€000°0 19661000 #1580000 1Z¢¥9¢000 66¥11000 O 0 1€¢S1000 ¥¢0L000°0 ¢CE6E000 ¥ILLLLOOO €200t 86001} v1+36L'8 ¥1+390'C 81+3G¢'1 149
£€6G69Y000 G8¥¥100°0 60£90000 €SG180000 1SGE0000 98¥SL000 S¥.90000 16002000 1SL80000 O 0 6¥.L1000 0O ¥2€€2000 65101000 1€00°} 900} v1+306'G  ¥1+306') 8I1+361L°L €0
LGL9€000 LEVOLOO'0 ¢¥G¥000'0 68550000 ¢CE€¥C0000 G8911000 S80S0000 LI¥L1000 8SL0000 0 0 12€60000 0 €¢61000 69€80000 €¢00'} Gool v1+366°€  ¥I+39L°) 81+39¢°1 [4e}
0 €G6€0000 €¢L10000 O 0 0 0 0 0 0 0 L91¥0000 O 0 0 GE00'} 19101 €1+390'6 81+3LE) 10
¢¥€8220°'0 6G62L000 G182¢000 +8¥91000 +I¥L0000 896EL000 692€€000 vYELOOLOO LOESYOO0'0 GZLZEOOO 61LVL000 LOKCOLOO S26G¥000 LZOLOLOO 6EVSPO0'0 8GEO'L 8ge0’L GlL+3g’e 81+3e¥’'L  04¥19
8¥89G100 L¥0SG000 G8%200°0 C91€1000 ¢¥650000 ¥1L0VG000 ¥8EYC00'0 9G€S9000 ¥0G62000 G6L2€000 GO871000 8L618000 800LE00'0 €¥65000 62892000 L6EO'L GLLIEOL GI+329C 81+3L¥'L  0a¥1l9
88€82100 68€I¥000 S¥981000 +8560000 LIEYOOO0 €6E£SY000 6¥¥0200°0 61195000 18252000 +8861L000 8S680000 LZES9000 62¥62000 95€0S00°0 68922000 GLEO'L L2620° | S1+391°C 81+3L¥'L  08¥19
96691200 6.£99000 L6262000 €¢LLLOOO +L1S0000 10869000 L0BOEO00 Vv1I8Y6000 9v¥8L¥Y000 8ZE9E000 €€09L000 L00LOLOO S22L¥000 169€6000 LSELYOO0 +9L0°L 10’1 G1+381°€ 81+309'L LPLIS
9/85010'0 €0€9€000 ¥S091000 8¢E€LO000 L¥2€0000 ¢COLLEOOO LOV9LOO'O ¥CcEy000 ¥LL6L000 +2¢52000 +GLLL00'0 8000L000 6S60€000 L19LE000 ¢€991000 ¥810°L GZv866'0 GL+368°I 81+32L'L 09L1S
8868.000 29152000 ¥LOLLOO'0O 98S£0000 8LSI0000 62852000 89€1100°0 8GE8E000 ¢8891000 991000 90€L0000 SGL¥LEOOO €6¥91000 ¥¥6LE000 65071000 9€I0'L 20L0'L SL+31€°) 81+309'L 04LIS
29€6¥000 1€99100°0 2£L000°0 0 0 6€L91000 L9€L0000 2961000 L€980000 8€9LL00'0 ¢21S0000 +¥652¢2000 v¥660000 SEY8LO00 €1180000 9€IO'L 9010} S1+31 81+3¢8'L O0OVLIS
¥68L2000 G81L0000 912€0000 O 0 6890000 ¥¥€0000 69€80000 9¥.€E0000 GE61LO0'0 ¢C¥ES0000 6¥¥60000 622¥0000 6G€0L000 LEIY0000 80OEO'| GG0L20°L ¥1+39%'¥Y 81+3L9'1 OHS8Y
LEYE00'0  S¥ES0000 9¥€20000 O 0 GG650000 ¥1920000 LE£980000 16L£000°0 9¢2L100°0 ¢9S.0000 O 0 G9/91000 6S€L0000 OLIO'} 602900t ¥i1+30€E 81+3LGL 04S8Y
66092000 95620000 12€L0000 O 0 2€€0000 ¥8¥10000 ¥0560000 8¥2¥0000 +¢¢l¢000 G8¥60000 O 0 9701000 9.9¥0000 €620°1 G6EECO’L vI+329C 81+3¥G’'L 0d4S8y
G6.51000 1LEEO000 91510000 O 0 ¥8090000 9€.20000 O 0 ¥€€1000 90000 0 0 0 0 8GE0'| £68¢0'| y1+381°C 81+366°'L 0858y
DXGI+00LP] 1201 ®] 120159v] 8101 B] BI0ISGe] 966D 06654v] _ €96M]  F965av] _ 018D 01854v] _ J08P] T08av] 9970 _ 09/5av] (NDLWOIP] _ [Wolp| poyewinss g To[e[dwes
d

8077285000 285000 6€£5200°0 1689000 98/2000 6£00°L GlL+3ALL'L 64
298¥9¥500°0 G9¥5000  18£200°0 6VLS000 G0GZ000 Y€00'L GI+3zi'L v
£1£862000 8162000 8621000 YYE000 6671000  LE00'L ¥1+380°G £d
1£6£01200°0 8012000 8160000 £962000 9111000 62000 ¥1+390° A
8L¥101000 101000 Z¥¥000'0 L1000 6LY0000 LE00'L ¥1+382C 14
£0E6¥68000 £950¥2000 L¥0L00'0 S6/0000 9YE0000 GSOPOO0 G9L1000  80¥Z000 8YOLOOO LL60000 6660000 682000 £6ZL000 [ZSZ000 LLOO0  €200°h ¥I+36L8 +1+390C7 81+35Z| 4 ¥
Z£89689000 G9ZL000  2GL000'0 9LG0000 LGZOOO'0 89EE000 L9YLOOO LPSLOOO ¥L90000 G6S0000 6520000 1ZLZ00'0 260000 8OSLO00 LG90000 €00t vI+306'G  v1+306'L 81+361L 4 €0
90E666€000 £L9111000 9870000 £/0000  L8L0000 20LZOOO GL6O000 ¥690000 ZOEO00'0 E£OL0000 ZELOOO'0 89ZLOO'0 2GG0000 €20L000 S¥HOO0'0 €200°L YI+3S6'€  pI+39L'L 81+392') 4 2
0 ¥250€0000 €£1000°0 £910000 LL00000 O 0 0 0 0 0 0 0 0 0 Ge00'L £1+390'6 81+3Le') 4 10
909¥¥0£€00 ¥¥1LLEGO00D GLZYOO'0 ZYGE000 €6GL000 L96ZL00 Z€8G000 PLE0LOO 9E6Y000 YZSO00  LGEZOO0 ¥68YLO0 6699000 GLELLOO 91LIG000 8GEO'L Gl+3ILE gl+3ey’] A 04719
Z0Z11€6200 926¥89000 2Z60S00°0 L8SZ000 8911000 [¥G6000 LEPOOO 289000 6L0S00°0 6EEHO0'0 6G6L000 LL0ZLO0 2SPSO00 869000 EGLE000  L6E0'L §1+3292 81+aLY'L 40av19
70989100  £66Z1G000 60£Z00°0 L96L00°0 9880000 9S9000  GG6Z000 880S000 2622000 88€000 8YLLO00 L0OLOO  GGYOO'0  8Z6V000 222000  GLEO'L G+39L'T glL+aLy'L 4 0av19
68698200  GZ/8G8000 6/£000 8EOS000 LYELOOO L8LOLOO 19/¥000 9786000 6SEYOO'0 20ZS000 9622000 ZIGYLO'0 GOY9000 LEL0LOO 9EL¥000 9LO'L GL+38LE 81+309'1 A LPLIS
8220216100 8¥VLIY00'0 9¥8LO00 £L91000 PLO0OO  G2GS000 E€¥PZ000 LEPEODO 2GLOOO 9082000 I¥ZlOO'0 LZV900'0 Z¥8Z000 8Z6E00°0 LELLOOO +8LOTL GlL+368'L 81+32L't 409L16
£LGGIL0L00  £0LEZE000 22yL000 LLOLOOO YLYOOO'O E€OPYOO0 8E6LO00 YOEEO00 ¥SPLOOO €191000 L0000  L8LYO00 012000  LOSEO00 €G¥L000  9ELOL GL+3LE) 81+309'1 A 0QLLS
¥19998000  1G¥Z61000 L¥B000'0 £6S0000 1920000 20GZ0O0 LOLLOOO LLGLOOO ¥690000 GL90000 L620000 G¥iZ00'0 ¥¥60000 L1200 SG60000 9ELOL GlL+3l 81+328'| A OVLLS
192662000 95100000 1€0000 ¥GLOO0'0 6900000 LOLLOOO €6¥0000 9890000 LOSO000 6Zv000'0 2610000 900000 9LE0000 LL90000 E0E0000 80EO'L bi+39%+ 81+3L9'1 4 OHS8Y
9969¥61000 1996¥0000 8120000 GO-ISL'9 £[ZO0000 L¥OLOOO LGPOOOO GGZ0000 ZLLOOO0 920000 +¥LLOOO0 280000 9E0000  €0¥0000 LLLO0OD OLLO'L #1+308€ 81+3LG) 4 0498Y
¥L18091000 60/8E0000 €L1000°0 GO-39L'L 2€O0000 8080000 19E0000 8r20000 LLLOOOO 8620000 E£L0000 2090000 6920000 120000 +600000 €620t ¥1+329C 81+3vGL 4 0assy
982/911000  6£22£000'0  G710000 GO-JSv'9 6200000 S9G0000 ¥S20000 1610000 9800000 8520000 9110000 60£0000 £9Z0000 ££20000 G0LOOO0  8SEQ'L ¥1+38L'% 81+366'L 4 0988Y
DxGI+6960] _ [2010] [20154Y] 8101 O] 8IOISAE] 066 0665qv] €060 £965dv] 0I8D] 0185AvY]  [080] 1085dV] 99/0] 09/5QY] [WI]P| Po¥ewWnso] a[ 10] [eauue[o|duies|
3

aoueqJlosqe yead palejul Jo sanjeA painsesa|y — ¢'g d|gel



41

JEITA EM-3512

60675000 O 0 0 60G¥5000 €0-38€C¢ O 0 66¢L000 €0-381°¢ 6€00°1  GI+3LL) G4
¥L69¥000 O 0 0 ¥L69¥000 €0-390C O 0 9.G9000 €0-3987¢C €00t GI+3CL1 ¥4
6692000 O 0 0 6692000 €0-39L°L O 0 689€000 €0-319°1 L€O0'L  ¥1+380°G €4
€€¢L1000 0O 0 0 €€¢L1000 ¥0-31SL O 0 ¥¢€€000 €0-3S¥'1 62001 ¥1+390'G ¢d
L66S0000 0O 0 0 £66G0000 ¥0-319C O 0 1671000 ¥0-32€9 1€00° L ¥I+38¢C 14
8¥80L00°0 990¥2000 ¥0-3€08  ¢9¥¥0000 +0-3I¥6'l GICEE000 €0-3S¥'I ¥L8l000 ¥0-391'8  ¢LG¥0000 +0-366°1 GGE000 €0-3GG° L GL9C000 €0-3vl'l €200l vI+36L'8 ¥1+390°¢ 81+3GC | 0
GLILE000 G92L1000 ¥0-3L29  Glevy000'0 +0-3¥8'1 26891000 ¥O-I¥E'L 68660000 ¥0-3ISE€F  L69€0000 +0-319°L L0€200°0 €0-300°F 1502000 +0-3€6'8 1€00°}  ¥1+306'G  ¥I+306°1 8I+361°) €0
G66€€000 [9111000 ¥0-3GL¥  ¥E€E€C0000 +0-3¢0')1 89¥81000 ¥0-3I¥0'8 8L0S0000 ¥0-3l¢'c  €y¢0000 +0-390°L [661000 ¥0-369'8 ¢¢€L000 +0-3ISL'S €200l vI+366'€ vI+39L°1 81+39¢| [48]
G0-318L°L ¢50€000°0 0 0 G0-3/8'1 90-351'8  ¢8110000 G0-3S1'G ¢2EELO00 #O-3I8G O GE0O'}  €1+390'6 81+3LE} 10
€L68¢€00 ¥1,£6000 €0-398'¢c  LCEEIO00 ¥0-366'G ¢96¥S100 €0-3L6'9 8ELLB000 €0-3¢6'€  €8/81000 ¥0-3IS¥'8 Gv1100 €0-3GL'G  64V0L0O0 €0-369V 8GE0'l  GI+3€€ 81+3E¥’L 0419
9106€¢00 €6¥8900°0 €0-39¢¢C 14801000 v0-316v (8161100 €0-38€'S LLO8Y00'0 €0-3LLC¢  LI€9LOO0 +O-3LEL €1G800°0 €0-3¥8'€ 1L9000 €0-3€0°€ L6€0°1  G1+3297C 81+3L¥'L  0av19
¥G10810°0 SS¢1S00°0 €0-36L°1 61290000 #0-3€0°€ 91¥06000 €0-3L0V 9LLLEOOO €0-30L'1  90G€1000 ¥0-3809 6€L9000 €0-3IY0'€ 90¢S000 €0-3S€C GLEO')  G1+3917C 81+3L¥'L  08v19
8¢€LLC00 €.85800°0 €0-3€6'¢  L[6¢L0000 ¥0-3¢¢'€ [v[BZIO0 €0-389'G 6L6€L000 €0-3L¢'€  85¥0C000 ¥0-3€06 L2CL10'0 €0-3S6'F LLIOLOO €0-ALvY ¥910°1  G1+381°¢ 81+309°L  LrLIS
9166¢100 SvLI¥00'0 €0-36€1 ¢61¥1000 +0-3829 80¥¥9000 €0-3G8¢C [9L¥¢000 €0-301'L  ¥L¢91000 ¥0-30¢°L GrES00'0 €0-39€¢ GEBE000 €0-30L°) ¥810°1  G1+368°1 81+3¢L°L  0OLIS
¢9¥€010°0 1€2€000 €0-380°1 L61€000°0 ¥O-3I¥'L 2ELSYO00 €0-310C 6250€000 €0-3I¥E€}  L980000 ¥0-3¢8'€ 80GE000 €0-3I¥G'} ¢8¢€000 €0-3Ivy'| 9€10'L  GI+31E°} 81+309°'F  04LIS
1¥GLEO00 GF¢61000 ¥0-381'G  8GLS0000 +0-3€S¢ 1#LG1000 +0-3€6'9 +¢111000 ¥0-306%  809G0000 ¥0-IL¥'¢ 66G¢000 €0-3Ivl'l 6881000 ¥0-3¢E8 910’ GI+3l 81+3¢8'1  OVLIG
1€961000 910L0000 ¥0-38€C  L9960000 ¥0-3EE€¥ 9980000 +0-3L8€ L0LS0000 +0-3GG°C 1610000 G0-366'8 ILLI00'0 ¥0-3€6'L 16,0000 ¥0-3¥S€ 80€0°'} VI+39VV 81+3L9°}  OHS8Y
y¥1€1000 99670000 ¥0-3L9°I LS11000'0 G0-380'G 6¢€90000 #0-3I8L°¢C [86¢0000 +0-31€1  82€10000 G0O-3€8'G 6011000 ¥0-3L8V GOLOOOO ¥0-360°€ 0L10'}L  v1+30€°€ 81+3LG°L  04G8Y
91¥60000 £8€000°0 ¥0-3¥9°IL G0-Jev1'8 G0-3IY9€  €5¢¥0000 +0-306'1 €8610000 G0-398'8  G01¢0000 SGO-3¥'6 1CELO00 +0-306'G GS¥0000 ¥0-3E0°C €620’ v1+329C 81+3ay¥S’L  04s8y
£€8990000 ¥¢¢€000'0 ¥0-36¢°1 Ly910000 GO-3I¥'L 2¢0€0000 #0-39€°1 62610000 G0-3898  G0-39€¥'¥ G0-300¢ ¢€0L000 ¥0-3v9v <¢6€0000 ¥O—3LL'L 8G€0'1  ¥1+381C 81+36G°1 0988y
DxG1+99.P] £20LO] £201S4v] 8101 O] 8I0LSqe] 9660 9665aV] €96 | £965qV| 0180] o018sav] 108D 108Sav] 99.M[ 99/SQV] [wop| parewnss] a] 10] aidwies)
a

€8¢GL000 1¥¥€000°0 GL¢LS000 €6952¢000 G900'} SI+3LLL 64
€L0L000 ¢L9€0000 66¢16000 G¢6L¢000 5001 SL+3¢l ¥4
€2¢G6¥000 106€000°0 6066¢00°0 ¥€6.2000 €900'} ¥1+380°G €d
69507000 ¥L9€000°0 GL¢¢¢000 99662000 9500'} ¥1+390°G ¢d
¢1642000 L9€€000°0 ¥1L0100°0 G6¥€2000 €900'} v1+38¢7¢C 14
¥¢16L00°0 ¢6¢12000 6661000 16€9%00°0 86001 Y1+36L8 ¥1+390C 81+3G¢’) 0
80€8G00°0 65761000 L80€1000 9907000 900} ¥1+306'S  ¥1+306°1 8I+361°) €0
L2L1¥000 ¥L660000 £€6890000 S¥60¥00°0 G001 P1+366'€  ¥I+39L°1 81+39C°1 ¢0
9L12¢000 ¥¢G20000 ¥GL2000°0 6€¥0€000 1910t €1+390'6 81+3LE] 10
6869200 £9G£000 ¥10L600°0 1€18010°0 8€€0’} G1+3€°€ 81+3E¥’ 1 04¥19
IvL¥610°0 G99/G000 €9¢96000 096€010°0 SLLIEOL S1+329¢C 81+3Ly’ L 0avI9
¢819100 1£19%00°0 §6€YY00°0 8€€96000 L2620t G1+391°C 81+3Ly’ L  09v19
88L9¥20°0 9¢¢SL000 ¥€90600°0 1€99800°0 101 G1+381°€ 81+309°L  LPLIS
£8681100 L80LE000 L220€000 66¢99000 Gey866'0 Gl+368°) 81+3¢L’l 0DLIS
7166000 8¥¥52000 909.¢000 ¥€£8G00°0 ¢010'} SL+3LEL 81+309°L 04LIS
L¥€19000 86LL1000 11691000 8L¢9€000 9010°} SL+3l 81+3¢8'1 OVLIS
€608€000 ¢6180000 ¢€090000 G¥G6€00°0 GG0L20'L ¥I+39VV 81+3L9'1  OHS8Y
88£¢000 €¢650000 €L8€0000 8¥¢¢2¢000 G0¢900'} ¥I+30€€ 81+3LS°1  0498%
€69G2000 6¥G¥0000 19¥2000°0 918¢€000 G6€€20°L ¥1+329¢C 81+3rS’ L 0Q§8y
L8LL1000 71160000 10020000 1€291000 €68¢0°1  ¥1+381¢C 81+3G6°1 0948y
DxGI+99/0] [g0LP] £Z01SAv] 810LO] 810LSe] 9660 966S9V] €960 | £96SqV| 0180] 018sav] 108D 108Sav] 99. D] 99/5qV] [wo]p[ po3jewnss] E]l 10 o1dwies|

0



42

JEITA EM-3512

(2) Examination of the result

(i)

Relation between the different absorption lines from the same configuration

In the round robin measurement, it is most preferable if the results by the organizations agree with

each other. Before that, it helps if each result can be evaluated by some method. One of these is to

confirm that the results of the different absorption lines from the same configuration have the good

linearity, because the ratio is equal to the ratio of dipole of the LVM. It was examined as shown in

Fig. B.1.
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Fig. B.1 — The relation between the absorbance of the different lines from the same configuration



(ii)

43
JEITA EM-3512

Three organizations determined all data of 7 absorption lines. The left figures show the result of NN,
center NNO, and the right NNOO. In the center, the upper points and line correspond to the line at
801 cm™ and the lower to those for 1027 cm™ line. All organizations got nearly linear results for all
configurations, showing the good quality of the measurement. E got the linear relation for all
configurations. It adopted all proposed procedures, resulting in the good result. B got good linearity
for NN. Linear relation was obtained also on NNO, but as some low concentration samples could
not be measured for the 801 cm™ line, the statistic line did not cross the origin. Also the data
scattered for NNOO which had small signal. D got good relation also. The absorbance of 766 cm™ is
bigger compared to that of 963 cm™ line whereas the 801 cm™ line looked smaller compared to the
other organization’s result. The NNOO result showed the same tendency as that of Org. B. Org. B,
C and D did neither adopted the common baseline procedure on the overlapping absorption lines
nor curved baseline. If these procedures were adopted, better results might have been obtained.
Comparison of the result of the same configuration by the different organizations

The result of different organization is compared using one of the absorption lines for each
configuration as an example. Fig. B.2 shows the relation with the value of E on the X-axis. For NN,
three organizations have linear relation with the cross point at the origin. The ratio is between 0.78
and 0.9, within 20 % from 1. NNO showed similar result, but the ratio scattered between 0.6-1.28,
30 ~ 40 % from 1. This may partly due to the straight baseline and interference by the O, absorption.
In case of NNOQO, linear relationship was not obtained, and the ratio was from 0.18 to 1.48. This was
due to the small signal. Common baseline over the overlapping absorption lines was not employed
by the 2 organizations, which resulted in the small ratio. The error in NNOO measurement, however

did not affect the result of total concentration because the NNOO fraction was low.
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Fig. B.2 — Relation between the absorbance from the different organizations

(3) Comparison of the weighted sum of the organizations

Fig. B.3 shows the relation of the weighted sum of 4 organizations versus SIMS concentration
obtained by G. All the results showed nearly linear relation which was not so different from that of the
previous calibration on FZ samples. In case of E, both CZ and FZ crystals followed the same line and
the ratio was nearly equal to the previous value. B and D showed smaller absorbance, but C showed

similar result. The conversion coefficient ranged from 1.76 to 2.57. Larger ones compared to the

previous value may partly due to the individual baseline, for example.
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Fig. B.3 — The relation between the weighted sum of absorbance and the SIMS concentration
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(4) Low resistivity samples
Sample list is shown already in Table B.2. They were prepared by Co. C, and were n-type. IR
measurement was done mainly by E. It was confirmed that the result did not change for resistivity

down to about 1.7 ohm-cm, as shown in Fig. B.4.
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Fig. B.4 — Comparison of the result for high resistivity and low resistivity samples

(5) Measurement of thin samples
Measurement of the sample of 1 mm thick was compared to that of 10 mm thick from the same crystal.
Both were finished with mirror polish on both sides. Similar result was obtained. One mm thick
samples showed a little bigger absorbance. This may be due to the multi reflection in the thin samples,
which can be corrected by using the equation for the multi reflection. In case of the comparison on 2

mm thick and 10 mm thick, better agreement was obtained.

003

TE v

s

=

2 002 | .

2

@ .

(o]

(&)

S 001 | -

s . . + (10 mm)
3 LI

< 0 Le = (1 mm)

0.0E+00 1.0E+15 2.0E+15 3.0E+15 4.0E+15 5.0E+15
Concentration measured by SIMS

Fig. B.5 — Comparison of the 1 mm and 10 mm thick samples
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B.2 The result of the SIMS measurement
B.2.1 Samples
The samples used in the SIMS round robin measurement are shown in Table B.4. As described already,

the same ones with those used in the IR and CPAA and the low concentration ones were examined.

Table B.4 — Samples examined by SIMS

Organization | CZ/FZ | Sample | Estimated [N] [O] [B] Annealing | Thin sample

A (074 485B0 2.18E+14 1.55E+18 - annealed |1 mm
11 485D0 2.62E+14 1.54E+18 -
485F0 3.30E+14 1.57E+18 -
485H0 4.46E+14 1.67E+18 -
517A0 1.00E+15 1.82E+18 -
517D0 1.31E+15 1.62E+18 -
517G0 1.89E+15 1.72E+18 -
517J7 3.18E+15 1.60E+18 -
614B0 2.16E+15 1.47E+18 -
614D0 2.38E+15 1.47E+18 -
614F0 3.30E+15 1.43E+18 -

441B0 0
B (674 C1 9.06E+13 1.37E+18 - annealed |2 mm
4 C2 3.95E+14 1.26E+18 | 1.76E+14
C3 5.90E+14 1.19E+18 | 1.90E+14
C4 8.79E+14 1.25E+18 | 2.06E+14
Fz F1 2.28E+14 - - as—grown
5 F2 5.06E+14 - -
F3 5.08E+14 - -
F4 1.12E+15 - -
F5 1.17E+15 - -
C Cz L650 5.E+13 annealed
3 M650 6.E+13
H650 9.E+13

B.2.2 Results
Samples from the different organizations were measured separately for the different times. Therefore the
results are described separately.
(1) Samples from A
1) Measurement by G
The result is shown in Table B.5. The measurement was done twice. The average and the result by

H are shown also.

Table B.5 — Result by G (result by H is attached)

Sample | Estimated [N] | [0] [B] Annealing | Thin sample | G 1st G 2nd G H
485B0 2.18E+14 1.55E+18 - annealed |1 mm 1.8E+14 - 1.8E+14 | 2.5E+14
485D0 2.62E+14 1.54E+18 - 2.0E+14 - 2.0E+14 | 3.0E+14
485F0 3.30E+14 1.57E+18 - 2.5E+14 - 2.5E+14 | 3.6E+14
485H0 4.46E+14 1.67E+18 - 3.5E+14 - 3.5E+14 | 4.7E+14
517A0 1.00E+15 1.82E+18 - 8.9E+14 - 8.9E+14 | 1.0E+15
517D0 1.31E+15 1.62E+18 - - -

517G0 1.89E+15 1.72E+18 - 1.9E+15 - 1.9E+15 | 2.2E+15
517J7 3.18E+15 1.60E+18 - - -

614B0 2.16E+15 1.47E+18 - - - 2.7E+15 | 3.4E+15
614D0 2.38E+15 1.47E+18 - 2.7E+15 -

614F0 3.30E+15 1.43E+18 - - -

441B0 0 <1E13 -

Note without spikes
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The result is shown in Table B.6. Measurement was done twice, but the second result only is shown

in Table B.8. Result of three runs and the average, standard deviation are shown. There are two

types of results, one by including the spikes, the other without spikes.

Table B.6 — The result by H

acquired using ASTM

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
485B0 2.18E+14 2.5E+14 2.4E+14 2.6E+14 2.5E+14 8.9E+12 4
485D0 2.62E+14 3.0E+14 3.0E+14 2.9E+14 3.0E+14 2.1E+12 1
485F0 3. 30E+14 3.5E+14 3.8E+14 3.5E+14 3.6E+14 1.8E+13 5
485H0 4. 46E+14 4.7E+14 5.8E+14 4.8E+14 5.1E+14 6.2E+13 12
517A0 1. 00E+15 1.5E+15 1.3E+15 1.3E+15 1.4E+15 8.7E+13 6
517G0 1.89E+15 2.6E+15 3.4E+15 3.9E+15 3.3E+15 6.7E+14 20
#11 614B0 2.16E+15 3.6E+15 5.5E+15 4.5E+15 4.6E+15 9.8E+14 21
441B0 0 <3e+13 <3e+13 <3e+13

F2139, Test Method for Measuring Nitrogen Concentration in Silicon Substrates by SI

data includes N spikes

S (10/10/2001)

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
485B0 2.18E+14 2.5E+14 2.4E+14 2.6E+14 2.5E+14 8.9E+12 4
485D0 2.62E+14 3.0E+14 3.0E+14 2.9E+14 3.0E+14 2.1E+12 1
485F0 3. 30E+14 3.5E+14 3.8E+14 3.5E+14 3.6E+14 1.8E+13 5
485H0 4. 46E+14 4.7E+14 4.5E+14 4.8E+14 4.7TE+14 1.4E+13 3
517A0 1. 00E+15 1.0E+15 1.1E+15 1.0E+15 1.0E+15 1.2E+13 1
517G0 1. 89E+15 2.2E+15 2.2E+15 2.2E+15 2.2E+15 2.5E+13 1
#11 614B0 2. 16E+15 3.5E+15 3.4E+15 3.4E+15 3.4E+15 6.7E+13 2
441B0 0 <3e+13 <3e+13 <3e+13

acquired using ASTM
data without N spikes

F2139, Test Method for Measuring NTtrogen Concentration in Silicon Substrates by SI

S (10/10/2001)

3) Comparison of 2 organizations and relation to the estimated concentration

SIMS [N] (atoms/cc)

TE+15

6E+15

S5E+15

4E+15

3E+15

2E+15

1E+15

/A

/

5E+14 1E+15

1.5E+15

2E+15

2.5E+15

Segregation expected [N] (atoms/cc)

3E+15

3.5E+15 4E+15

—&—H SIMS 1st Run
—&—H SIMS 2nd Run
—4— G SIMS 1st Run

Fig.B.6 — Measured concentration of samples from A vs. estimated concentration
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(2) Samples from B

1) Summary of results by 2 organizations

The results of two organizations are summarized in Table B.7.

Sample

C1

C2

F1

C3

C4

F2

F3

F4

F5

Table B.7 — Results by 2 organizations
estimated H SIMS Test 1

9.06E+13

3.95E+14

5.00E+14 1.90E+14
5.90E+14 8.90E+14
8.79E+14 1.56E+15
9.00E+14 4.60E+14
1.20E+15 6.70E+14
1.60E+15 9.90E+14
1.90E+15 1.33E+15

2) Measurement by H

1.10E+14

6.00E+14

2.00E+14

9.00E+14

1.60E+15

4.90E+14

6.50E+14

9.20E+14

1.20E+15

H SIMS Test 2 Sample

C1

C2

F1

C4

F5

estimated

9.06E+13

3.95E+14

5.00E+14

8.79E+14

1.90E+15

G SIMS Test 1

7.00E+13

5.00E+14

1.30E+14

9.60E+14

1.00E+15

G SIMS Test 2

6.00E+13

5.00E+14

1.70E+14

1.10E+15

9.60E+14

The second result of H is summarized in Table B.8. The style is the same as that in Table B.6.

Table B.8 — The results by H, the second one

Sample Run 1 Run 2 Run 3 AVERAGE STD DEV RSD (%)
RSH FZ Si 3.1E+12 3.3E+12 3.2E+12 1.4E+11 4
C1 1.0E+14 1.2E+14 1.1E+14 1.1E+14 6.8E+12 6
C2 5.6E+14 6.1E+14 6.4E+14 6.0E+14 4.2E+13 7
C3 9.2E+14 8.4E+14 9.3E+14 9.0E+14 4. 7E+13 5
C4 1.5E+15 1.5E+15 1.7E+15 1.6E+15 9.3E+13 6
F1 2.0E+14 2.1E+14 1.9E+14 2.0E+14 7.5E+12 4
F2 4 4E+14 5.2E+14 5.3E+14 4.9E+14 5.2E+13 11
F3 6.2E+14 6.3E+14 6.8E+14 6.5E+14 3.3E+13 5
F4 9.2E+14 9.2E+14 9.4E+14 9.2E+14 1.1E+13 1
F5 1.2E+15 1.2E+15 1.2E+15 1.2E+15 1.2E+13 1
data includes N spikes

Sample Run 1 Run 2 Run 3 AVERAGE STD DEV RSD (%)
RSH FZ Si

C1 1.0E+14 1.2E+14 1.1E+14 1.1E+14 6.8E+12 6
C2 5.3E+14 6.0E+14 6.0E+14 5.8E+14 4.3E+13 7
C3 8.6E+14 8.3E+14 8.4E+14 8.4E+14 1.4E+13 2
C4 1.3E+15 1.4E+15 1.5E+15 1.4E+15 6.0E+13 4
F1 2.0E+14 2.1E+14 1.9E+14 2.0E+14 7.5E+12 4
F2 4.4E+14 5.2E+14 5.3E+14 4.9E+14 5.2E+13 11
F3 6.2E+14 6.3E+14 6.8E+14 6.5E+14 3.3E+13 5
F4 9.2E+14 9.2E+14 9.4E+14 9.2E+14 1.1E+13 1
F5 1.2E+15 1.2E+15 1.2E+15 1.2E+15 1.2E+13 1

data excludes N spikes
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3) Comparison of the 2 organizations

The results are compared in Fig. B.7.

2.00E+15 2.00E+15
1.80E+15 | ——H SIMS Test 1 1 80E+15 |- —®—H SIMS Test 1
1.60E+15 | —B—H SIMS Test 2 1 60E+15 L M H SIMS Test 2
1.40E+15 —A— G SIMS Test 1 1 40E+15 L A~ G SIMS Test 1
120E+15 F —@— G SIMS Test 2 | 20E415 _—‘—G SIMS Test 2
Z 1.00E+15 = 1.00E+15 |-
8.00E+14 8.00E+14 |
6.00E+14 [ 6.00E+14 L
400E+14 400E+14 [
200E+14 | 200E+14
0.00E+00 ' : ; 0.00E+00 : ' :
0 SE+14  1E+15  1.5E+15  2E+415 0 5E+14  1E+15  15E+15  2E+15
estimated [N] by SIMS
Left: CZ crystal Right: FZ crystal

Fig. B.7 — Comparison of the result of samples from B

(3) The samples from F
The samples with concentration on the order of 10"%/cm® were measured by SIMS only.
1) Resultby GandH
The results are summarized in Table B.9.

Table B.9 — The results of samples from F by 2 organizations

Concentration estimated by F G H 1st H 2nd
4 4E+13 3.8E+13 3.4E+13 4 1E+13
5.9E+13 4 5E+13 5.9E+13 6.9E+13
9.2E+13 7.9E+13 8.8E+13 9.9E+13

2) Comparison and relation to the estimated concentration
Fig. B.8 shows the comparison and relation to the estimated concentration. Each result agreed well
and showed good correlation with the estimated results. These suggested that the measurement

was highly sensitive and accurate.
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1.2E+14

1E+14

\

8E+13

6E+13

SIMS [N] (atoms/cc)

4E+13

—e—H SIMS AVERAGE
—=—H SIMS AVERAGE
—4— G SIMS AVERAGE

2E+13

0

OE+00

1E+13

2E+13

3E+13

4E+13

S5E+13

6E+13

Segregation expected [N] (atoms/cc)

TE+13 8E+13

9E+13 1E+14

Fig. B.8 — Samples from F; comparison between G and H and relation to estimated [N]

(4) Samples from K

Samples from K were measured by H, which were also measured by IR by E. The results are shown in

Table B.10. The results agreed well in the samples with nitrogen concentration above 7 x 10"%/cm®.

Table B.10 — The results of samples from K by H

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
JR-1 3.E+13]  <5e+13 <5e+13 <5e+13

J0-1 T.E+13] 7.4E+13 7.1E+13 7.8E+13 7.4E+13 3.5E+12 5
S1-1 1.E+14] 1.0E+14 1.1E+14 1.1E+14 1.1E+14 2.5E+12 2
S2-1 3.5E+14| 4.8E+14 3.9E+14 4.2E+14 4.3E+14 4.8E+13 11
S3-1 8.2E+14| 1.1E+14 1.1E+14 1.1E+14 1.1E+14 2.6E+12 2
F6-1 2.E+15] 2.7E+15 2.9E+15 2.6E+15 2.7E+15 1.4E+14 5
F2-1 3.E+15] 5.5E+15 6.9E+15 5.9E+15 6.1E+15 7.3E+14 12
acquired using ASTM F2139, Test Method for Measuring Nitrogen Concentration in Silicon Substrates by SIMS (10/10/2001)

data includes N spikes

Name N calculation Run 1 Run 2 Run 3 Run 4 AVERAGE STD DEV RSD (%)
JR-1 3.E+13|  <5e+13 <5e+13 <5e+13

J0-1 T.E+13| 7.4E+13 7.1E+13 7.8E+13 7.4E+13 3.5E+12 5
S1-1 1.E+14] 1.0E+14 1.1E+14 1.1E+14 1.1E+14 2.5E+12 2
S2-1 3.5E+14| 4.1E+14 3.9E+14 4.2E+14 4.0E+14 1.4E+13 4
S3-1 8.2E+14] 1.1E+14 1.1E+14 1.1E+14 1.1E+14 2.6E+12 2
F6-1 2.E+15] 2.0E+15 2.1E+15 2.0E+15 2.0E+15 8.6E+13 4
F2-1 3.E+15] 5.2E+15 5.2E+15 5.2E+15 5.2E+15 4.6E+13 1
acquired using ASTM F2139, Test Method for Measuring Nitrogen Concentration in Silicon Substrates by SIMS (10/10/2001)

data without N spikes

Summary of result by H is shown in Fig. B.9.
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1.0E+16

R’ = 0.9664

%"

7 R
# R'=09517
1.0E+15 [

[N] by SIMS

1.0E+14 |

< Detection limit>

1.0E+13 T S e
1.0E+13 1.0E+14 1.0E+15 1.0E+16
estimated [N]

Note Upper line corresponds to “with spike”.

Fig.B.9 — Summary of samples from A, B, C and K measured by H

(5) Overall comparison between 2 organizations of the samples from A, B and C
Fig. B.10 shows the relation between the results of two organizations. Linear relation was obtained
over the entire range. The results by G showed a little lower value, the reason is not known yet.

6E+15

SEH15 frmrsmmemmemmremnemceam e

4E+15

3E+15

2E+15

1E+15

0

0 1E+15 2E+15 3E+15 4E+15 SE+15 6E+15
H

Fig.B.10 — Relation between the results by G and H
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B.3 Results of CPAA

Sample of 1 and 2 mm thick from A were used. As the origin and characteristics were the same as those

used in IR and SIMS, the data sample are not shown here.

1) Summary of the results

The results by the 2 organizations are summarized in Table B.11. The SIMS results are attached on

the right.

Sample
614F0
614D0
614B0
517G0
517D0
517A0
485F0

Table B.11 — The results of the samples from A

Estimated [N]
3.30E+15
2.38E+15
2.16E+15
1.89E+15
1.31E+15
1.00E+15
3.30E+14

| 1st

5.05E+15

2.40E+15

1.71E+15
4.38E+14

I 2nd
5.36E+15
3.84E+15
2.65E+15
2.90E+15
1.87E+15
1.14E+15
2.83E+14

2) Comparison of the result by 2 organizations

J G
5.14E+15
2.70E+15
2.75E+15

1.09E+15 8.90E+14
6.57E+14  2.50E+14

The relation is shown in Fig. B.11. Nearly equal results were obtained.

6E+15

S5E+15

4E+15

3E+15

2E+15

1E+15

0 1E+15

2E+15 3E+15

1

4E+15 SE+15 6E+15

Fig. B.11 — Comparison of the CPAA results

B.4 Comparison among the techniques

3.40E+15

1.00E+15
3.60E+14

The relation between the results by IR, SIMS and CPAA are shown in Fig. B.12. The result of one

organization is used for comparison. Linear relationship was obtained and the conversion coefficient was

nearly equal to the previous one.
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Fig. B.12 — An example of the relation between the results by IR, SIMS and CPAA.
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Appendix C
(Reference)
Appendix to the SEMI standard on SIMS measurement
of nitrogen concentration in silicon crystal

Preface

There is the SEMI standard for the SIMS measurement of nitrogen concentration in silicon crystal. In this

JEITA project, the round robin measurement was done and the result was compared to the results by IR

and CPAA. It gave some important result which were not given in the SEMI standard. In addition, the

measurement in the 1 x 10"%/cm® regime which is not possible in the SIMS standard as well as in IR and

CPAA. The method to examine the precipitated nitrogen is proposed. The items to be reported are

summarized.

CA
(1)

(2)

Detail of the measurement procedure
Sensitivity coefficient
There was a slight disagreement between the results by the two organizations. In the SIMS
measurement, the intensity of the secondary ion from the element is obtained. To obtain the impurity
concentration, the relative sensitivity factor (RSF) is necessary. One possible origin of disagreement is
related to the difference in the RSF. It is usually determined by using the reference material made by
the N ion implantation to a Si substrate, by using the following equation.
RSF = ¢l /ADZ (= 1p)

Here,

¢ : number of implanted ions (ions/cm?),

Ad: depth per 1measurement cycle (cm/cycle),

l; :intensity of the secondary ion corresponding to the implanted material (SiN here) (counts),

I, :background intensity to I; (counts),

I, : intensity of the secondary ion corresponding to the matrix (Si"or Si,” here) (counts)
It was confirmed that the RSFs obtained by the two organizations using the individual reference
material agreed within 10 %. Therefore, the origin of the difference has not been found yet.
On the raster change method
The SEMI standard was revised to include the raster change method which was developed by the
member of the JEITA committee and confirmed to be helpful in the JEITA project. There is no detailed
description on this method, however, in the SEMI standard. Thus it is given here.
In the SIMS measurement, the signal of SiN is the sum of that from the sample and that from the
background. The former depends on the primary current density, whereas the latter does not. When
the raster area is reduced, as the primary ion density is increased, the sputter rate increased as
shown in Figs. C.3 and C. 4. As a result, the SiN signal intensity from the sample increases. Using the
SiN intensity and matrix intensity (Si” or Siy) for the case of the wide raster area and narrow raster
area, and the RSF, the nitrogen concentration in the sample and in the background can be obtained

from the following equations.
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(In/1m) X RSF = [Np] + [N]

I, :SiN intensity at narrow raster area
(In/1w) x RSF = [Ng] + [N]

I : SiN intensity at wide raster area

[Np] = (Is/Im) * RSF lm  : matrix ion intensity at narrow raster area

[Ng] = (Is/Iv) x RSF Iv : matrix ion intensity at wide raster area

[N] : nitrogen concentration in the sample

[Np] : nitrogen concentration in the background (narrow raster area)
[Ng] : nitrogen concentration in the background (wide raster area)
RSF : relative sensitivity factor of N

Therefore
[N] = RSF x (In = IN)/ (In = 1)
[No] = (In/ 1) X RSF —[N]

C.2 Comparison of the results of 2 organizations in the SIMS round robin measurement

The relation between the result of H and | organization is shown in Fig. C.1. Linear relationship was
obtained for almost all concentration range. The absolute value was smaller in A compared to that in B. As
there was no difference in the RSF as described above, the reason was not known. As the measurement
condition was different for the sample and the ion implanted reference, it was not excluded that there was
difference in the RSF in the sample measurement.

6.E+15

5.E+15

AE+15 oo

3.E+15

2.E+15 B

TEHE ooy

0E+00 rl 1 1 1 1
0.E+00 1.E+15 2.E+15 3.E+15 4.E+15 5.E+15 6.E+15

H

Fig. C.1- Comparison between the result by H and |

C.3 The measurement in the 10"*/cm?® range

Doped nitrogen concentration has decreased year by year, and is down to the order of 10"%/cm® now. It has
not been possible to measure such low concentration by either CPAA or IR. SIMS is the only technique
capable of it now. Here, the detailed examination of the SIMS round robin measurement result is described.
Figures and tables in Appendix B.2 show the result on the sample in this regime vs. estimated
concentration. The results by both organizations showed the clear dependence on the estimated
concentration and nearly equal value with each other. The results by H showed a good reproducibility. As a
result, it is concluded that the measurement is possible for the concentration above 4 x 10"%/cm?.
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C.4 Effect of the spike by the precipitates

Mainly in case of high nitrogen concentration, there were spikes in the concentration depth profile. It is
known that nitrogen in CZ silicon precipitates by the annealing. As the spike density corresponds to the
precipitate density, they are considered to come from the precipitates. Spikes may induce error in the
measured concentration. It is necessary to evaluate the error by the spikes and also to evaluate the
precipitated nitrogen concentration.

There were two methods of treating the spikes in the round robin measurement, one is to ignore and the
other is to simply summarize the individual peak height. It is to be noted that the signal from the precipitate
per cycle. As a result, the average intensity increased, resulted in the overestimate of the average
concentration. Raster change method uses the higher sputtering rate. The spikes become distinct for the
nitrogen concentration above 1 x 10"®/cm®. In such a case, concentration obtained by including the spikes
was higher than that without spike as shown in Fig. C.2.

The spikes may better be treated in adequate way. The procedure will be shown next.

1.0E+16

A @ samples from A w/spike
M samples from A w/ospike

R? = 0.9664

A samples from K w/spike
samples from K w/ospike
——linear (samples from A w/spike)
R’ =0.9517 ——linear (samples from A w/ospike)

1.0E+15

[N] by SIMS (cm™)

1.0E+14

1.0E+13 L
1.00E+13 1.00E+14 1.00E+15 1.00E+16
estimated [N] (cm™)

Fig. C.2 — The result of with and without spikes
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Detection of the nitrogen precipitates by SIMS

It is good if the precipitated nitrogen concentration is obtained. Two methods were examined.

(1)

1E+08

1E+07

1E+06

E+05

E+04

SECONDARYION COUNTS

1E+03

1E+02

1E+01

Simple sum of the spikes

This method simply sums up all the data points, obtaining the total nitrogen concentration including
that of the precipitates. In the left in Fig. C.3, the case of low concentration is shown. The rectangular
depth profile shows the intensity for the wide (low level) and narrow (high level) raster region. There
was only one spike. In the right, there were many spikes. Average dissolved concentration
corresponded to the line fitted with the baseline. If the sputtering rate is low enough to separate
signals from individual precipitate, and the peak height corresponds to the average concentration from
the region including one precipitate, the sum of the data points gives the total concentration. The
upper points in Fig. C.2 shows the concentration counting the spikes. In case of low concentration,
there was no difference, but the two results become different in the higher half of 1 x 10'*/cm?® range
and the difference was big in 1 x 10"/cm® range. It is better compared to neglect, but the
concentration was higher than the 10-20 % increase estimated from the TEM observation or IR result,
and more improvement is expected. Each datapoint corresponded to the time much longer than the
time of scan time of the primary ion over the measuring area and also the time corresponding to the
depth of the precipitate. This enabled to get the average concentration around the precipitate.
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Note Left: in the low concentration sample, Right: in the high concentration sample

Fig. C.3 — Spikes in the depth profile
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(2)
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Estimate of the amount of precipitated nitrogen in the individual precipitate
The other method is to estimate the amount of nitrogen in the precipitate from the spike height and to
estimate the precipitate density from the number of the spikes. Fig. C.4 shows an example of the
depth profile of the sample with estimated concentration of 3.2 x 10"%/cm®. The apparatus was
Cameca IMS-4F, the primary ion was Cs” accelerated at 14.5 keV with the current 110 nA, and the
secondary ion species was “2SiN". Conversion to the concentration was done using the RSF obtained
from the measurement of nitrogen ion implanted Si, to be 3.5 x 10'°/cm® which was the average
concentration down to 1 um shown in Fig C.4. The primary ion raster area was 125 um and the
analyzed area was 30 um diameter. The intensity increase below 2 um depth corresponded to the
raster reduced region where the contribution from the background was suppressed.
There were many spikes in the depth profile. It was observed in the samples of rather high nitrogen
concentration exceeding 1 x 10"/cm®. A secondary ion image is shown in Fig. C.5. Several bright
spots of SiN” were observed in the image corresponding to the spikes in the depth profile. It was
revealed that there were the high concentration precipitated regions several ten microns apart from
each other.
Calculation of nitrogen amount in a precipitate
The amount of nitrogen in a precipitate can be calculated assuming that the sensitivity to SiN" is
equal in the Si matrix and in the precipitate. By integrating the intensity in a spike, the average
nitrogen area concentration over the depth from 1.2 to 1.3 um was estimated to be 2 x 10"/cm? for
analyzed area of 30 um diameter as indicated in Fig. C.4. The number of nitrogen atoms within this
volume was calculated to be 2 x 10™ x 7 x (15 x 10™*)* =1.4 x 10° atoms. If these atoms were
accumulated in the precipitate of the size 100nm, the nitrogen concentration in the precipitate was
1.4 x 10°/(10°)° = 1.4 x 10*" atoms/cm”. Instead, if the atomic concentration in the precipitate was
equal to that in SisN,, 1.03 x 10%/cm®, the precipitate size was about 29 nm. More correctly, atomic
concentration in SisN, is 4/7 of total atom number, 1.03 x 10%/cm?® x 4/7.
Precipitate density
Precipitate density can be estimated from the number of the spikes. In Fig C.5, 3 spikes were
observed. This resulted in about 1 x 10'%/cm® which was adequate because it agreed with the
typical oxide precipitate density, which generally accumulates nitrogen during annealing.
Total number of precipitated nitrogen
Total number was calculated to be 1.4 x 10° atoms x 10° precipitates/cm® = about 10" atoms/cm®.
This was reasonable because it was the same order as the total nitrogen concentration of 3.5 x 10"
atoms/cm®. Therefore the potential ability to estimate the precipitated concentration by the above

procedure was demonstrated.
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Fig. C.5 — SIMS image of the nitrogen
precipitates (150 um diameter)
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Method for measuring nitrogen concentration
in silicon crystals
Explanation

This explanation is not a part of the standard, but explains the content and related items.

1 Object of this standard

As it has been recognized that the nitrogen doping successfully suppresses the crystalline defects in CZ
silicon crystal, it has become a great eager to establish the standard for the measurement of nitrogen
concentration in silicon crystal. The project was proposed both in the JEITA Silicon Committee and the
JSPS 145 Committee for Crystal and Characterization. It was discussed in the JEITA Committee and
adopted based on the comments from the members. The detail was discussed in the wafer measurement
subcommittee in April and June in 2000 and the WG was established and the first meeting was held in
September. Infrared absorption, secondary ion mass spectroscopy (SIMS) and the charged particle
activation analysis (CPAA) were chosen for the technique. Also, photoluminescence technique (PL) was
examined. In contrast to the other working group, members from 2 organizations for SIMS and 2
organizations for CPAA were the guests from JEITA nonmembers. As it was found that the ASTM Standard
was under the discussion for SIMS, the activity on SIMS was reflected to comment on the ASTM standard
ballot. The proposal from JEITA to use raster change method for sensitivity improvement was included in
the ASTM standard revision.

It was found that the samples for the preliminary study supplied from a company made it possible to lead
the project successful. Other companies successively supplied the samples, then. First round robin
measurement started in April 2001. Samples from the each company were measured separately as they
were supplied successively. They were as-grown, not heat treated. Unfortunately, the most reliable sample
set which had also been measured by SIMS and CPAA was lost in the IR round robin measurement. Later,
it was found that the IR measurement of the as-grown sample might suffer from the error. Also, during the
1st round robin measurement the method was improved. The second round robin measurement was done
from 2004 to November 2005. In that case the IR samples were donor killer annealed at 650 °C.

SIMS measurement was examined and done by the observers, Akiya Karen and Noriyuki Fujiyama from
Toray Research and Kazue Shingu from Nano Science (Representative in Japan of the Charles Evans Co.
who'’s engineer Dr. Hockett established the ASTM standard). CPAA examination and measurement was
done by the observers, Kazuyoshi Masumoto from the High Energy Laboratory and Zenmei Nishihara and
Hirochika Yagi from Sumitomo Heavy Machines. Many people joined in the CPAA in High Energy
Laboratory. The Committee thanks sincerely to these people. PL was examined in the initial stage, but not
used in the round robin measurement.

The characteristics of the above three techniques are briefly summarized below as shown in Explanation
Fig. 1. IR is widely used for the measurement of oxygen and carbon concentration and there are the
standards. It was applied to nitrogen concentration measurement in FZ silicon crystal and the relation of
absorption coefficient to the concentration was established and the conversion coefficient was obtained.
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In CZ silicon, however, there are a few states and the relation of their absorption coefficient and the
concentration has to be clarified. In the low concentration regime, moreover, it is said that the nitrogen does
not form NN configuration which is dominant in the high concentration regime and whose absorption is
generally used for the nitrogen concentration measurement. On the other hand, a part of nitrogen
precipitates in high concentration regime especially in the annealed crystal. It is difficult to measure the
precipitated nitrogen concentration by IR. SIMS is widely used for [N] measurement and the SEMI standard
has been established, but it needs a special equipment and it is not easy to use it in a factory. Its high
sensitivity ability and the method to estimate the precipitated concentration are described in this standard.
CPAA has been used to establish the IR standard for oxygen and carbon, and to determine the conversion
coefficient of nitrogen. It is capable of total nitrogen concentration measurement, but its detection limit and
accuracy in low concentration regime have not been examined in detail. A new technique using the
resistivity or far IR absorption by the nitrogen donor in low concentration regime has been reported, but not
examined in this project.

This project utilizes the result of JSPS project and Grant from Ministry of Education.
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Explanation Fig. 1 — Advantage and disadvantage of various techniques

2 Discussed subjects during the ballot
It is not so easy to measure the nitrogen concentration by IR as to measure oxygen and carbon. It is due to
the following problems with nitrogen.

1) Oxygen concentration is usually around 1 x 10'%cm?®, while nitrogen concentration is below the
solubility of 4 x 10"°/cm?®, about 3 orders of magnitude lower. As a result the absorption is near the
detection limit.

2) Nitrogen has three different states in CZ silicon. It is necessary to measure at least three absorption
lines and to make weighted sum of them. It is difficult to estimate the weight accurately. These are
complicated and difficult procedures.

3) Some important techniques have been proposed. They are related to the patents.
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Discussion has been made related to these subjects. The dominant Q & A's are described below.

(1) The content of IR standard is complicated.
This impression may come from the comparison with the standards for oxygen and carbon.
But low concentration and complicated configuration require such a complicated procedure.

(2) The results of organizations did not agree well. Were they enough to establish the standard?
Some organizations agreed well and the others deviated by 1.5 to 2 times.
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conversion coefficient (1E+17atoms/cm?)

concentration range | detection limit | number of org. | typical conc.
oxygen |2.5E+17—2E+18 about 20 5E+17
carbon |3E+15—3E+17 2E+15 18 x 2 times <1E+15
nitrogen | 1.7E+14—3.4E+16 2E+14 5 <1E+14

Explanation Fig. 2 — Summary of measurement of [O], [C], [N] by JEITA

(3) There was no new conversion coefficient. Was it acceptable for establishing the standard?
In the oxygen standard, various conversion coefficients had been determined, which introduced the
severe problems. Very different numbers, 4.81 (old ASTM), 2.45 (new ASTM), 3.03 (JEITA), and 3.13
(10C88) were proposed and no one is accepted for the standard now. It is not meaningless not to
propose a new conversion coefficient other than the conventional one of 1.82 x 10" /cm?. A
conversion coefficient had been determined by measuring the FZ silicon crystals and is accepted
widely. The present work measured CZ silicon crystal also, and confirmed that the result agreed well
with the current coefficient and accepted it. It was officialized in the standard. This is the first standard
to apply the existing conversion coefficient. For the CZ crystal, this uses the weighting factor whose

correct number is not easy to be determined. Therefore, it is not too late to determine the new number.
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3 Items related to patents
There are some patents which had been established in the IR measurement. Therefore, the procedure
which do not use these techniques are described first in the standard and those related to these techniques
are described only in the appendix. JEITA asked the member companies if there were patents, and
whether these techniques were delivered without regulations. The answers are summarized below. All the
companies agreed to clarify the contents and accepted to use them without discrimination.
(1) Patent 3876175
Method for measuring nitrogen concentration in silicon crystals, method for making a table for
calculating nitrogen concentration, method for preparing silicon wafers, and method for fabricating
semiconductor devices
Fujitsu Co.
Condition: reasonable and non-discriminatory condition
(2) Patent 4147453
Method of characterization for semiconductor crystal
Fujitsu Co.
Condition: reasonable and non-discriminatory condition
(3) Patent Appl. 2008-2751
Method for manufacturing silicon crystals and silicon wafers
Fujitsu Co.
Condition: reasonable and non-discriminatory condition
(4) Patent 3822113
Method for measuring nitrogen concentration in Czochralski silicon crystal
Covalent Materials Co.
Condition: without cost and non-discriminatory condition
JEITA does not ensure that there is no patent other than those above, and not responsible for the patents

and related items.

4 Comparison to the existing standards

There is only one standard for measuring nitrogen concentration in silicon, that is the SEMI by SIMS. This
standard includes a part of the result of JEIDA project. And the JEITA round robin measurement was
refered to the SEMI standard. Therefore the JEITA standard does not include the basic procedure of the
SIMS measurement. In the Appendix C, the result of the measurement for the concentration down to
10"%/cm® and the method to measure the precipitated nitrogen content are given, both of which are not
included in the SEMI standard. There is no standard for the nitrogen concentration measurement by IR.
Also, there is no standard for CPAA for any impurities in any semiconductor material.
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5 Committee members

< Nitrogen concentration measurement standardization TF >

Chair
Co-chair
Members

Guests

Naohisa Inoue
Kazuyoshi Masumoto
Tomoaki Takenawa
Toru Takahashi
Kazuhiko Kashima
Kaoru Sasagawa
Mitsuo Koizumi
Katsuhiko Nakai
Hiroshi Takeno
Masaharu Watanabe
Katsuto Tanahashi
Michio Tajima
Haruhiko Ono
Hirochika Yagi
Yoshikazu Honma
Akiya Karen

Kazue Shingu

Tokyo University of Agriculture and Technology
High Energy Accelerator Research Organization

Accent Optical

MEMC Japan, Ltd.

Covalent Materials Corp.

Kobelco Research Institute, Inc.
SUMCO Corp.

Siltronic Japan Corp.

Shin-Etsu Handotai Co., Ltd.

New Flare Technology, Inc.

Fujitsu Laboratories

Japan Aerospace Exploration Agency
Kanagawa Industria Technology Center
S.H.l. Examination & Inspection, Ltd.
Tokyo University of Science

Toray Research Center, Inc.

Nano Science Corp.
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