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Fig. 2-1 Energy spectrum of fast neutrons, S(E)=
0.484exp (-E) sinh+2E.

Table 2-1 Properties of boron-doped p-type silicon

samples
Crystal Chemical - Resistivity Total neutron flux
growth impurity ({(Qcm) (neutron/cm?)
method .
Cz (pulled) . 1 5.6x10" "
cz . Cu 1  5.6x10'*-1.4x10'°
FZ (floating . _ 1 1.4x10'%

' zone} i

FZ o Cu | 1 1.4x10%°
cz o 10 2.3%10%7-1.4x10}
cz cu 10 2.3x101%-5,6x10"*
F2Z T 10 2.3x101%-5.6x10'"
FZ Cu 10 2.3x10'3-1.4x10'°
cz ] : 100 4.7x10'%-4.7x10'?
cz ~ cu 100 4.7x10'2-2.3x10%°
F2 : . . 135 4.7x10'%-2.3x10!?
FZ Cu 135 4.7x10'%-2.3x10"?




FUFD=FLF=5H -8 (E) - #RT, 2 7= Table 2 — 1108 4 DK
I T HEFNEFOBHELRT,

2-3 KRERRURH

2-3-1 FASHERRICHTS Bt TRE OB
AERTIHEFET L L CABET . BAPET IR SH TS, o
TEPRFICL2BBL L ICBPET . BAPRTFIC L 5BBIE L TR
SV, BehETFIC X BHEEBIL. BERTFASI KRRESNABREShE Y
eI E B g2 081 AMERE ORRGTit. B TER - v
YL LTHLRTOWALIIC Sifk) v (P) eBmans (¥ si(n,r)®
Si ="+ 87) 3 cnd —HORBLE A, —HAABETICL B
BLBERERIND, ThEIBPEFIC SN TRROBERS ISV LN &
bLEFEFICERT=44F - 300 EVEV) 2k, 20 RERA B
B TR T I TS 0 5 T 559700 o T LTI AP T & B4
BEFOREES 35, BHERETIL S REOAEA~BLDIC. » F ¢
v 4 (Cd) MTABEZ QAL RRBTRAL TRV, Bt FiIc X5 BEXBHV
T3 RATIE. FERCTHONIHERY . EPUTFOLBEH Lz B H s
ENTVBHREKBL, BHET L BPRTIC L 3 RBOREDE S B
3. L

Fig. 2= 2103 CZ 1, 10, 100 2o OREHZ KT 5 carrier removal ( g
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Fig. 2-2 Carrier removal for noncontaminated and

Cu-contaminated CZ samples at 298°K vs the total
neutron flux. O, noncontaminated samples; A ,
Cu-contaminated samples. '
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Fig. 2-3 cCarrier removal rate for various kinds of

samples at 157°K vs the preirradiation carrier
concentration at 157°K (i.e., the acceptor con-
centration). @ , noncontaminated CZ samples:

,noncontaminated FZ samples; A , Cu-con-
taminated CZ samples; X , Cu-contaminated FZ’
samples. The dotted line is Stein and Gereth's
result (see Fig. 13 in Ref.9).
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CO carrier removal rate I3 157K ©? carrier removal rate L ABDIE
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Fig. 2-4 Carrier concentration vs reciprocal tem-
perature for CZ and FZ 10 Qcm samples. @ , CZ
samples; A , FZ samples. Open circles are used
where CZ and FZ samples have the same carrier
concentration. '

T 1EEDEMHBEASNS L) RECHT BRITL < AV, HEPET
BSHI L D PH Si ICHROMEMAHA SHD L SEESh T 5 0
£727 7 A 5 - BEASNTOBRELTOHESER LATNE R 5 720"
FHEFRIICLD Si FIEASNABMICEL TS SELUBTREL < fix
B | |

BERLZE DI, FRROBRISEPET BHICHL THLA TV ERE
LRDBT—BL TS & & B3 o 7co (1) carrer removal rateld otk T
FBEHIXN LT SN/ Stein s Gereth ¥ DREEL —% L T35, ( Stein,
Gereth DAV ETH TiE, BhlFORERITE R TOHBED 0.001
BTHB. ). OF v ) 7TBREORERFHOEE AL RD 2= 51 ¥l



FEFEFRHSICTLTESNLTOEEE—KT 5. ( Wertheim iX CdiR %
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102 em X ¢t (St BEFUATOBHR) LA HHERZ Y v ~§
ICEDSi KEABRB=FAF -k~ 7806V CTHBHDT. ) THOEHO
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57k, BeptE FRBAHT X B carrier removal rate (33 #EFBHD L 100
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2By voOBABER S oY 3 RINETER 0. 12X 1 0 tem? k. P8
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Fig. 2-5 Schematic model for the neutron-produced
cluster in p-type silicon. r; is the radius of
the disordered region, and r, and r, are the ra-
dii of" the inner and outer boundaries of the
space charge region, respectively.
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Fig. 2-6 Fractional volume calculated from the
Hall coefficient for FZ 10 Qcm samples at 298°K
vs the total neutron flux. The values calculat-
ed by using eq.(2-7) are shown as a full line un-
der the assumption that v=3.9x107!'* cm?.
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Fig. 2-7 Insulating volume calculated from the
Hall coefficient at 157°K for various kinds of
samples vs the preirradiation carrier concentra-
tion at 157°K. @ , noncontaminated CZ samples;

, noncontaminated FZ samples; A , Cu-con-
taminated CZ samples; X , Cu-contaminated FZ
samples.
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Fig. 2-8 Barrier height obtained as r;=250 A for
' various: kinds of samples at 157°K vs the preirra-
diation carrier concentration at 157°K. @ , non-
contaminated CZ samples; - D, noncontaminated FZ
samples; A , Cu-contaminated C%Z samples; X ,
Cu~contaminated FZ samples.
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Fig. 2-9 A(1/u)/Ap for various kinds 5fvsamples at
157°K vs the insulating volume at 157°K. A(L/p)
is the change of the reciprocal mobility follow-
ing neutron irradiation, and Ap is the carrier
removal. @ , noncontaminated CZ samples; 1
noncontaminated FZ samples; 4 , Cu~-contaminated
CZ samples; X, Cu-contaminated FZ samples.
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Fig. 2-10 1Isochronal annealing of the carrier con-
centration at 298°K for noncontaminated and Cu-
contaminated CZ 10 Qcm samples. O, noncontami-
nated sample; A , Cu-contaminated sample.
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Fig. 2-11 1Isochronal annealing of the reciprocal
mobility for noncontaminated and Cu-contaminated
FZ 10 Qcm samples at 223°K and for noncontami-
nated and Cu~contaminated FZ 1 Qcm samples at
157°K. The total neutron flux is 5.6x10'" neu-
tron/cm? for the former two samples and 1.4x10%!°
neutron/cm? for the latter two samples. Q ,
noncontaminated FZ 10. Qcm sample; /A , Cu-contam-
inated FZ 10 Qcm sample; , noncontaminated FZ
1 Qcm sample; X, Cu-contaminated FZ 1 {icm sam-

ple.



HoT “BRA, TOF+ V7REDOEHEIXZ 522 -DEFEICHIEL TWS
ATREEAE A Hh 5,

Fig-2—-11iZ. FZ 1R 10 Qen ORFHI R T H2BA XN HE B LD
BUBCIOEBEORTEZRT. BREAPOOBRLBICLZ2EEHIT+ v ) 7RE
EABBEAFOLORBEOESG L LTRb L. BELPLOREE O &1
BBEL VTR TERS W3, |

1/va - 1/up0 (2-16)

£(u)= 1/ = 1/ug

::fua@%%ﬂﬂﬁwﬁﬁgf%éong—loamgqué%ﬁT
BLEBEES v ) TRECESTAMABBEEZRL, ZLAL 180 2 b
210° CTHAPOZBRLTLE S & Litbhrs, SAik210°0 METH
v ) 7 BREOREBEDOEE SN2 ) BRELTVHD L L~ED THBHTHS,
BREOEENORFIAMMYBREDREVRLHFREAILLSANI LAbR S,
CZ RFHER L THRABOBENBON. BRBEDRENMIS LSRN £
b oize ZOBBENEEOEFIHEIAPLLELTODZ 5 25 - DEEICH
BETBLELBND. Stein ™ . BHEOBEOETFIZHNEH L
light — sensitive defect DEEDOET & —HKT 52 & & HE LTS,
light — sensitive defect|d 7 5 & P ~EHEMBILVEREND
potential® DHRIZLBEDTHD 1 light —sensitive defect OEE
DEFEFIE 7722 - DEFEOKEFE IS RBLTWREELTEIV, BEIED
BEOKEFRT7 77 2 -BESEBREBEDOEV.. ELICEFARAIZIOAW
LWOHRRIT. BEBEOBESKAPLLLTNZ 5 25 —0OEEIHET
LS Z L ERL TR B, BEENR 18025 210°C MECEBLTLE 50
KRLT210°0 LT+ ) 7TEREORBEDCL SRR I B> T VBT,
210°C LLETE > TV BDIRARBTHBZ L2 RBT 5, Bb. Zhits
TAL L RRBEDOBBEDET~OFEINES Z iz k5,708
Nakashima » Inuishi 1%, SHFEHENL S| CRMENPE+ vV 7
PFy 713200°C AAETHETAZLERELTHY . ZONRREISE



BIL7-BEAFOOMEREEL L —KLTWS, 2 -3 - 20FETRNL S
SIEABF+ V7 b5y P ORBARDE 25 A 5 - BEEFHBIC LD RS
N5 potential (LBETZINDTHD . hEFREICEIDPH Si ITHAX
N7 522 -3 BEIWEECEL TiE200°C HECEORE &4k 5 L=
AB. EHEBHEORERERGENS v ) 7 BEOEBICKITS “EKA,
DRETHEE KL TWDDREBRBEV, TOZ LiThICh~<AY 510 “HEig
A, TOX+ ) 7REOCEHEL? 7 A& - OEEORICIIFBELBEENE 5 -

10 p— '
Total Flux
56 x10* nfem?
08 t—
8
[§)
& -
= 06
3
™o
@
c
¢
g
3 04 —
L
02 —
0 1 | 1 { L
0 50 100 150 200 =0

Annealing Temperature (°C)

Fig. 2-12 Recovery of the carrier concentration
for CZ and FZ 10 Qcm samples at 298°K in the tem-
perature range for a 210°C anneal, where the un-
annealed fraction for a 210°C anneal in Fig. 2-10
is fitted to the value- for the unannealed light-
sensitive defects at a 210°C anneal (see Fig. 4
in Ref.26). Q , C2Z samples; A , FZ samples.
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Fig. 2-13 Isochronal annealing of the barrier -
height at 298°K for noncontaminated CZ 10 Qcm,
Cu~contaminated CZ 10 Qcm and noncontaminated FZ
10 Qcm samples. O, noncontaminated CZ sample;

A , Cu-contaminated CZ sample; [] , noncontam-
inated FZ sample. Isochronal annealing of the
light-sensitive defects (see Flg. 4 in Ref.26)
and trap centers (see Flg. 6 in Ref.10) are also
shown.
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Fig. 2-14 1Isothermal annealing of the barrier
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Fig. 2-15 Time-adjusting factor obtained from Fig.
2-14 vs the reciprocal annealing temperature.
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contaminated FZ 10 Qcm sample.
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Fig. 3-1 Thermal emission and capture processes of
electrons and holes at deep-level defects. (a)
electron capture, (b) electron emission, (c) hole
emission, (d) hole capture.
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that Ec - E+/kTp=20. All values are normalized.
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Fig. 3-5 Temperature dependence of the admittance
at zero bias for a neutron-irradiated p*-n diode.
The total neutron flux is 1x10'® neutron/cm?.

The measured frequency is 100 kHz. Two defects
are labeled Di and D,. ' ‘ '
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Fig. 3-6 Temperature dependence of the conductance
at zero bias for a neutron-irradiated p+—n diode.

" Ordinate scale is for 6 kHz measurements. The 50
and 200 kHz scales are magnified by 6 and 18,
respectively. O, 6 kHz; A , 50 kHz; 0 . 200
kHz. ' '
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Fig. 3-7 Electron emission rate vs 1000/Tp for
defects D, and D,, which is obtained from the G-
T curves measured for various frequencies at zero
bias.
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Fig. 3-8 Temperature dependence of the conductance
at zero bias and Vg=2 V for a neutron-irradiated
pt-n diode. The measured frequency is 20 kHz.

A defect responsible for the peak of G at 258°K

in the G-T curve at VrR=2 V is labeled D3;. A ,
zero bias; O, Vg=2 V.
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Fig. 3-9 Electron emission rate vs 1000/T for
defects Dy, D2 .and D3, which is obtained for var-
ious frequenc1es at VR—Z V.
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Fig. 3-10 Gpax for defects Di and D, at zero bias
and for defects D;, D; and D3 at Vg=2 V vs fre-
quency. ® ., Gnhax for defect D; at zero bias;

A ., Gpay for defect D, at zero bias; O , Gpax
for defect D; at VrR=2 V; A , Gmax for defect D,
at Vg=2 V; [}, Gmax for defect D3 at Vgr=2 V.
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Fig. 3-11 Temperature dependence of the admittance
at zero bias for a neutron-irradiated n*-p diode.
The total neutron flux is 2x10'* neutron/cm?.

The measured frequency is 50 kHz. Two defects
are labeled A and B.

BIE MBS 0 KHz Th Do GORESHECENT, GIE 2 20K KMER -
TOBZ LR b5, £7cGrRk LR 5BEMETCHAARIZHNL T,
IDZEDLPHTREINCEI D PRSI (KIZ2ODKIEREAIND Z LA S,
CORBREMO EBFEE A THE SN TV BRE—HL T3, ga
Lcmzowk%éA\Bk?éoG@ﬁgﬁﬁtkmf\kmsmﬁﬁéc@
EEEIREAICHT 26D EDREN, £IE~E 51, 2D LEAHEB
DAL F - DRESERBAICHTEHDL D KFNE & 2T LTRENO™)

Fig. 3- 1224t BIEMEK S5, 20, 100KHz TOGOBREB#HE 7. G
BBRALKBEETmax X EERERSEMT 5 N TERMCEBHL T
B, Thite, DREERICE 725 B LD, £/ GCOBAMG max XHE



- 008}

0.06 -

(wVU)

0.04 -

G

002+

. i . A i
100 50 200 - . 250 300
- Temperature (°K) co '

Fig. 3-12 Temperature dependence of the conductance
at zero bias for a neutron-irradiated nt-p diode.
Ordinate scale is for 100 kHz measurements. The
20 and 5 kHz scales are reduced by 3 and 8, re-
spectively. For simplicity, experimental points
are not shown.
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Fig. 3~13 Hole emission rate vs 1000/T, for de-
fects A and B, which is obtained from the G-T
curves measured for various frequencies at zero
bias.
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Fig. 3-14 Gpax for defects A and B at zero bias vs
frequency.
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Fig. 3-15 Frequency dependence of G/w and C meas-
ured at zero bias for a neutron-irradiated nt-p
diode. The total neutron flux is 2x10!"* neutron/
cm?. The measured temperature is 265°K. G/w and
C calculated from egs. (3-22) and (3-16) are also
shown when ep=2.20x10° sec™!, Nt/p=0.56 and Cg=
4.89 pF. These values are chosen as fitting the
calculated values of G/w and C with the experi-
mental values at the frequency where G/w has a
maximum.
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Fig. 3-16 Frequency dependence of G/w measured at
247, 271 and 289°K for a neutron-irradiated n¥-p
diode.
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Fig. 3-17 Hole emission rate vs reciprocal temper-
ature for defects A and B, which is obtained from
G/w vs frequency plots. The results obtained
from the G-T curves are also shown as a dotted
line.
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Fig. 3-18 Defect levels in neutron-irradiated sil-
icon, which are obtained from the admittance
measurements of diodes.
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Fig. 4-3 Block diagram of apparatus used to meas-
ure the transconductance. Ry is 100Q.
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Fig. 4-4 Characteristics of gy at 1 kHz and Igs vs
Vgs before irradiation for p- and n-channel de-
vices. gp and Igg are measured with Vgg=8 V.

The measured temperature is 293°K. (a) a p-chan-
nel JFET (2SJ12), (b) an n-channel JFET (2SK30a),
(c) an n-channel JFET (2SK48A). o
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| Fig. 4-5 Temperature dependence of the phase angle
© of the complex transconductance at 1 kHz for
neutron-irradiated p-channel devices (2SJ12).
Two defects are labeled P-1 and P-2. A, 2x10!'*
neutron/cm?; O, 3x10!* neutron/cm?.
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Fig. 4-6 Frequency dependence of the complex
transconductance for a p-channel JFET irradiated
at 3x10!'"* neutron/cm?. The measured temperature

is 223°K.
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Fig. 4-7 Frequency dependence of the phase angle ©
of the complex transconductance measured at 213,
223, 233 and 243°K for a p-channel JFET irradi-
ated at 3x10'"* neutron/cm?*. O, 213°K; A, 223
°K; D, 233°K; ©, 243°K. .
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Fig. 4-8 Time constant T vs- rec;procal temperature
for defects P-1 and P-2.
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Fig. 4-9 Temperature dependence of the phase angle
© of the complex transconductance at 1 kHz for
‘neutron-irradiated n-channel devices (2SK302).
‘Three defects are labeled N-1, N-2 and N-3. & ,
2x10'" neutron/cm?; @, 3x10'" neutron/cm?; [J ,
4x10'"* neutron/cm?; A, 5x10'* neutron/cm®; g ,
6x10'* neutron/cm?. - .
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ture for defects N-1, N-2 and N-3.
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Fig. 4-11 Temperature dependence of the- phase _
angle © of the complex transconductance at 1 kHz
after irradiation and after 270 and 300°C anneals
for a p-channel JFET- (2SJ12) The total neutron
flux is 3x10!* neutron/cm?. Three defects ob-
served in annealed p-type silicon are labeled P-
3, P-4 and P-5. O, after irradiation; A ,
270°C anneal; D , 300°C anneal.
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Fig. 4-12 K, for defects p-1, P-2, P-3, P-4 and
P-5 vs annealing temperature. The symbol of a
half-filled circle for" Ke at a 240°C anneal
means that both defects P-1 and P-3 contribute
to Omax at a 240°C anneal. The symbol of a
half-filled triangle for Kg in the annealing"
temperature range 150-210°C means that both
defects P-2 and P-4 contribute to @max in this
anneallng temperature range.
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Fig. 4- 13 Tlme constant T Vs reciprocal tempera-
ture for defects P-3, P-4 and P-5. T was meas-
ured in the annealing temperature range 270-330°C

~ for defects P-3 and P-4, and 300-330°C for defect
P-5, where Tpax for these defects do not change.
T was independent of the annealing temperature.
In the figure, 1 for defects P-3 and P-5 at a
300°C anneal and for defect P-4 at a 270°C an-
neal are shown.
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Fig. 4-14 Temperature dependence of the phase an-
gle © of the complex transconductance at-1 kHz
after irradiation and after a 270°C anneal for an
n-channel JFET (2SK482). The total neutron flux
is 1x10!'"* neutron/cm?. Two defects observed in

~annealed n-type silicon are labeled N-4 and N-5.
O ., after irradiation; A , 270°C anneal.
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Fig. 4-15 Kg for defects N-1, N-2, N-3, N-4 and
N-5 vs annealing temperature.
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Fig. 4~16 Time constant Tt vs reciprocal tempera-
ture for defects N-4 and N-5. 1T for defects N-4
and N-5 were measured at 300 and 270°C anneals,
respectively.
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D, D'V i R FARIBEL TV B, 3 BIcAB TR, (A 0 DR K
@ﬁ@z&&bpz:fyﬁﬁﬁg%%ﬁf\Cﬂ6kﬁ®@b®ﬂmﬁ®
BT 2@~T, COB, PRSI KEOTH3IOORE(P -3, P-4,

P-5), n@smé:mﬂ;t 2ODORME(N~-4, N-5) 25 2705 5300

Table 4-1 Energy levels and majority-carrier cap-
ture cross sections obtained from the phase angle
measurements of the complex transconductance of
neutron-irradiated and subsequently annealed
JFETs. (a) defects observed after irradiation,
(b) defects observed during annealing.

@

Defect code Energy level Capture cross

(eV) section (cm?)
P-1 E. + 0.19 0 = 2.8x1071°
X v , P
- ) ‘ = -14
pP-2 B, + 0.35 Op 1.1x10°
N-1 E_ - 0.16 o = 3.9x1071"
C n
' N - - -1
N-2 . E_ - 0.19 o = 1.6x107
N-3 E - 0.44 o = 2.3x10"1%"
c n

(b)

Defect code Energy level Capture cross

(ev) section (cmz)
P-3 ‘ E, + 0.21 0= 2,2x1071%3
P-4 ‘ E, + 0.40 op=.8.7x10'1“
p-5 E, + 0.30 0= 1.2x107 %"
N-4 E, - 0.34 o = 8.7x107'°
N-5 E, - 0.48 o= 5.7x107 1"

—101—



CHRHEDBRNEBIZ L HFRNICRETELEBbP -1z, Tabled4 -1, A
fFREI L DFEAINTIREROBLIEICE D REL 12 RGN % RIE
M, EENER AT, CNHOME. MENEMRERICKELL LS
LT rDEEREHELIORDIZEDOTH B, £12Fig 4-171IF, BHEKR
151 BC NS DRIGESOME 27RT, UL dsd A EER T2 emilE

Irradiation Annealing
N 1 e Ec‘O.‘SGV R
N-2 Ec-0.19eV 7
N-4 Ec-034eV
N-3 — E -0.44eV N-5 EC"'O{ABeV
| . P-4 —— Ey+ 0406V
P-2 —— Ey+* v
2 B 038V 5 5 E,030eV
P-1 —— E,*+019eV P-3 —— Ey+021eV

Fig. 4-17 Defect levels in neutron-irradiated and
subsequently annealed silicon, which are obtained
from the phase angle measurements of the complex
transconductance of JFETs.
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Fig. 5-1 Emission of trapped electrons at deep
levels in the depleted space charge region of a
reverse-biased p*-n junction. (a) zero bias, (b)
reverse-biased pulse, (c) quienscent reverse bi-
as.
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Fig. 5-2 Capacitance change due to the abrupt
change of  the bias voltage applied to the junc-
tion. (a) reverse-biased pulse, (b) capacitance.
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Fig. 5-3 Illustration of measurement technique of
the DLTS used in the present work. (a) bias

- pulse, (b) capacitance, (c) weighting function
used in the present work, (d) weighting function
resulting from the use of a .lock-in amplifier.
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Fig. 5-4 Vj vs T/1 calculated frdm’eq.(5—14) for
different values of Tg/T.
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ZIDIREWELIRIERZRT, BB R Boonton € 7V 72BD # 4/t o
2 UAA =2 BBOTHIE LI,

Fig 5— 3(c)iZ/RT weighting functionZ/BB72HIC, 77 8 ¥ 2 4 » F (MO
14066 B) % fW 1z, ZOEWHI> Fig 5 — 51R LI, /X4 7 X80 2 &1
ADBYPRFTFa s 24 »F 2HEATIRHAIZ I v 7 SV RICLDRD S
ﬂéo7077NWZ®E@%Tth56‘T&UTMi%ﬂ%ﬂT:ZWR\
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Fig. 5-5 Block diagram of apparatus for the DLTS
‘measurements used in this work. The inset shows
the time chart of the analog switch to obtain the
weighting function in Fig. 5-3(c).

Nb, COF, Fig5—-5IKRTLIC, RPYDT /2 IBBEFTZ0DT T 55,
%@T/Z@47Nf§ﬁibﬁﬁ8ﬂtﬁ%ﬁ7imﬁz4w?%ﬁ5oC
D& HILT, Fig 5— 3(c)D weighting function 2EH Lz, ZOHCH
SOEFRBYNRT 4 vE—-TEELIN, DLTS 85 Vo 2812, Z L
TVo 2BEOMME LT, X—YL a—4 ( B{EREBW-133 ) FICEE
LT,

FUERTR, BT o>l Tmax i3 T, HibTe XA 5CLILEHEBB, L
U5 Tmax 2 EABLEEAR, AV X xS0 2 v 2 X —2 DIGERE
KLHHIRIND, ERICLOD L LEETdEL T SmsecBBETHBC &
BOP oI, o TAUMERTHRETESIHEE L Tmax iz, Td/T=1,/2
(D=0)DFEHEDH £ THSND9.52msec ThH -7, KERTIERDLS
CUTDLTSHIEEZITXL o120 BIH(H)Td/T=1/2 ( D=0 ) D%&HT9.52

—119—



msec << Tmax < 46. 1msec . (i)Td/T=1-20(D=90 ) DK T 46. lmsec =
Tmax < 405msec , (i)Td/T=1,200 ( D=99 ) DFRH T 405msec < Tmax,
Td B, | | |

DLTS iﬁUiiCFﬁrc\fz pT—a. n+-—p F4F— FIZ@EFHOIRBEITL b BEL
1o pi—n& 44— Fig ')"/v (P F—7 L1z nBOZSiikk®E o (B) 2L
%‘5(_ ciwkbh, at—ps4 A —FigB%e F~7ULIPRCZSI KP2EMT
BT ERLDBELIE, MO B OZ8id LN 0.2~0.4&<'ﬂo.8~1.
2Qem, PEICZSi OHIEHR 2~6KF10~20 ocm DZHETN2EEAT
b B, . ‘

REEFOBME, SoE~BOEEARCA K LAV HAE R T I
RO LY HNHETHT, BETHL -7, LEOLDETFREH 6 77 -
12, BFRORAR. BFEFEFOGRA, SHEHIIHN OHIRE ER &R T,
B T4 -1 ,ﬂﬁ%jw:%ﬂ%d)z ANV F—i32MevTH B, Table 5—1
i, %2 OHRBCR T 5 EAE TR OETFROBERERT, ChbOREHC

‘Table 5-1 Properties of samples used in the DLTS
measurements.

Type Dopant Resistivity Crystal Total neutron Total electron
(Qcm) growth flux flux

method {neutron/cm?) {electron/cm?)
N P 0.2-0.4 cz 1xiot*® :
N P 0.8-1.2 cz 5x10!3 | 5%10%3
P B 2-6 cz 3x10!? 5x10%%
P B 10-20 cz 2x10!°

MU T, 6005 360°CORERM TERAMLEORRLITE 12, HMABEE
2+ 3°CREMUT, BILEEMIZ 208 Thh, BMULMEOEERER 30°CT
Db, BEEEBRTRBHFx» VT 5y TOAEZHELIZ, DLTS QHIE
G, W4T A6V, BNAT AD /NN ARG 20mseec Th %, DLTSODH
ERETBMIBRAZBREE» CBEITTHH, 1EODLTS HIERERZL
4573 Tdh %,
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Fig. 5-6 DLTS spectrum at Tpax=46.1 msec for a neu-
tron-irradiated pt-n diode with Ng=4.5x10'% cm™3.
The total neutron flux is 5x10'® neutron/cm?.
Three defects are labeled El, E2 and E3.

Th%H. 3DDXKE(EL, E2, E3WIBHIC L D BASNICEBDD B,
C Rk, o) B OEMED CRU IR I S T DR
E—HL T3, Figs —71i2, RIBAE1, E2, E3XNT %t DEERK
EHRRT, t OREEREFEHOEE S, RKEL, E2, E3HLTZR
ZR0.16, 0.23, 0.43¢V DIETELT 20 ¥ — %87, CH 5 OKHABER
DLTS{EHDHEAEA»SRD 6N D, RME 1. E 2, E3INT 2 REAK
u%n%nzgkuﬂ‘&sxiw{zoxm“mﬁféono
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 Fig. 5-7 Time constant T vs reciprocal temperature
for defects E1, E2 and E3.

Fig 5 — 81Tz, P FRHEI O ot~ pEA( 72 v 7 4 —EE Na=3.4

N

p—

z

D

)

o

=

U

;f< H2

| 1 , | , |
100 150 200 250 300

TEMPERATURE (K)

Fig. 5-8 DLTS spectrum at Tpax=46.1 msec for a neu-
tron-irradiated n*-p diode with Nz=3.4x10'° cm™ 3.
The total neutron flux is 3x10'°® neutron/cm?.
Three defects are labeled H1l, H2 and H3.
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R, tOREERFEUOBEEHSREHL, H2RNL TEAFRO.17, 0.37
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Fig. 5-9 ' Time constant T vs rec1procal temperature
for defects H1 and H2.
VOG- 2w F— %@Loinkﬁﬂl\ﬁzmﬁ?ékﬁﬁﬁu%h

%H&QXHW‘ZlXi&%ﬁT@otoK%H3®%E@~Jw%ﬁﬁéo
2o o
Table 5 — 21, HHFRFIN SI KEBAINTRRIGICNT B RIGHE
O FFMET R 2R T, 0o D, MENAEIEEKKELLLEL
CrORBEFELOIRDIZEDTH S, AKRTIZ, 3 6RINL5RMEDH
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Table 5-2 Energy levels and majority-carrier cap-
ture cross sections obtained from the DLTS meas-
urements of neutron-irradiated diodes.

{ Defect code Energy level Capture cross

| (eV) section (cm?)
El E_ - 0.15 o = 1.1x1071'%
| c n
( E2 ~ E, - 0.21 o = 2.2x107'°
- - -16
E3 Ec 0.39 On 2.2x%x10
H1 “ E° + 0.15 o= 1.2x1017
v P
— -16
H2 Ev + 0.34 op— 7.8x10

AXnid, BEZELRKRRXTERLI,
n=—%— . ( 5-16 )
LT AHAEFOBBETH S Fig 5 — 1013, oK Si IKBA 3 Az R

DHEAZDFF— (P) BEKRGHS/RT, RBE 2 DEARZ P EEITKE
LighWZ ewbdrbd, —ARMBE3SDEARIZIPEZEE & REMT Z0ILH

.?‘ !
£
S
| e E3
'z 0 i 8
i E2
"o L
1015 1016
Ng (cm-3)

/.Fig. 5-10 Introduction rate vs donor (phosphorus)
concentration for defects E1, E2 and E3.
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Saks iC & > THEIN T BHRMEN—1 (Ec —0.14eV ), N— 2 ( Ec —

0.23eV ),

N—3 ( Ec—0.41eV ) OENRBZTATIEAER CEEAIL 2R

El, E2, E3DEMNEIL —HLTVS, LLULEBLINLEDRIEDE
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'Fig. 5-11 1Introduction rate vs acceptor (boron)

concentration for defects H1 and H2.
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~Fig. 5-12 DLTS spectra at Tmax=46.1 msec after
irradiation and after a 330°C anneal for a p -n
diode with Ng=4.5x10%!% cm‘a. The total neutron
flux is 5x10!3 neutron/cm?. Two defects observed
in annealed n-type silicon are labeled E4 and E5.
The dotted and full lines are the DLTS spectra

- after irradiation and after a 330°C anneal, re-

spectively.
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Fig.‘5—13 Time constant T vs reciprocal tempera-
ture for defects E4 and E5.
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Fig. 5-14 Isochronal annealing of defects in neu-
tron-irradiated n-type silicon.
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Fig. 5-15 DLTS spectra at Tmax=46.1 msec after
irradiation and after a 270°C anneal for an nt-p

. diode with Na=1.5x10!® cm™?. The total neutron
flux is 2x10'? neutron/cm?. Two defects observed
in annealed p-type silicon are labeled H4 and H5.
The dotted and full lines are the DLTS spectra
after irradiation and after a 270°C anneal, re-
spectively. -
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Fig. 5-16 Time constant T vs reciprocal tempera-
ture for defects H4 and HS5.
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Fig. 5-17 Isochronal annealing of defects in neu-
tron-irradiated p-type silicon.
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Table 5-3 Energy levels and majority-carrier cap-
ture cross sections obtained from the DLTS meas-
urements of annealed diodes. - :

Defect code Energy level Capture Cross

(ev) : ‘section (cm?)

E4 E - 0.31 o= 5.4x107'7
: C : n

ES E_ -~ 0.45 o = 1.2x10"!'°®

H4 E_+ 0.25 o = 4.0x107*'°®
v p

H5 E_+ 0.21 o = 7.1x107'°%
v p

kST TIREE SN TOSEFRAHOBE L OLBd 5, RIEE 203 —
2 DR EBRED divacaney(Ve  )ICHIET 5 & & $ITRBE 32— 1 DHEBIR
180 divacaney (V2 ) & EADS 6 il » T 2 WG 2k~ 12s L LA 5
P FRHOBE s A2 —HBAINEC L 2ZEBLABRE R 20D s
— 58T, KETCHOLNIHERE 2MeVOEFREHINLLESDODLTS #l
ERHREEERRT 2 ERLD, 2522 —-DRIERRIITHEBICONT,
BRE2A S,

5—4 JFET FV A vEBROBEIGE

5—4—1 @ & K B

JFETO KL A VBRI, Y¥—Fpp EGLOHEZ2EZECL bEHEIN
23D gL THr— RSV REER LD KL A CBROBESER, 5— 28T
AR pp HERDBAELELZACTERTSLLPTR%, JFET TR, ¥—
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Ig=——— [ (a - W)av  ( 5-17 )

gs
CCTRWREZEOE, LRF » R VR, ZF v 2V, 2al3F +
CANDES, wid¥ v ) THBE, Nsi@d K~ bEE, Nod RGBE, Vs
BRLA L= — ABIEE, Vesid s — kAU RBETH B, ldoo &4 — b
W AEEVes ZHIMU T EBER IV EFRETO FLAVvERET L&,

FL4 o BROBENEL 1di12(5—8)KFE(5—-17)Xd»5H
4Zug(Ng - Nt)( 2¢

5T 5 )1/2{ (Vg + Vgs + Vp) /2

- (Vgg + Vb)s/z}-[{Ns - Ntexp(-—%—)}“‘/2 - Ng—1/%)
( 5-18 )
EmB) N <<Nstd( 5—18) RIBREZD L 5 KALITE 2,

2ZugNg (__2¢€

ALg=—7 O Y12 { (vgg + Vgs + yb)3/2
Nt t .
- (Vgg + Vp)*/?}.==exp( =) ( 5-19 )
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CDLHITNt<<Ns ODWf, IdiZFM¢ L THEHEUTEMLT S &
D%, TN ZOROHERBIREDHHFER + THLLeBDP D, ZFOD
DRI, F—C FBESANDILL, LA VEHROELELSS » 5 RIGE
BEsLROOND, 351 (5—19) RTHETE, FL 4 BHEDODLTS #IE

b ARET D 520

5—4—2 FE®WHLk, GRERCBH(PF v »FWVIFET)

MOIZPF 5x 2V JFET @HiEROEDTH O, HLZH 28J12TH%, B
HETOREER T TIRBMUEICRLI, RETOBRRRFBMLOSEARLAL THH,
EAEFOBARIE 3 X 10% neutron /i Cdh 5, Fig 5 —18iC, FL A VEBHD
BEICEZWET DO DHMEREZRT, TS5~ bV ABERLSL KL A v
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Fig. 5-18 Block dlagram of apparatus for the tran-
sient drain current measurements of JFETs.
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Fig. 5-19 Time constant T vs reciprocal tempera—
ture for defects P-A and P-B.
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Fig. 5-20 Comparison of DLTS spectra at Tpax=46.1
msec between neutron- and 2-MeV-electron-irradi-
ated p*t-n diodes. The total neutron flux is 5x
10!% neutron/cm? (Ng=4.5x10'° cm™%®). The total
electron flux is 5x10'° electron/cm? (Ng=4.7x
10'% cm™?). The DLTS spectra are normalized to
the defect E1. .
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Fig. 5-21 Comparison of DLTS spectra at Tmax=46.1
msec between neutron- and 2-MeV-electron-irradi-
ated n*t-p diodes. The total neutron flux is 2x
10!?® neutron/cm? " (Nz=1.5x10'° cm™%). The total
electron flux is 5x10'® electron/cm? (Na=3.4x
10! em™%). The DLTS spectra are normalized to

the defect H1.
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Table 5-4 Introduction rates of defects in neutron-
and 2—Merelectron—irradiated silicon.

Defect code Introduction  Introduction

rate (cm™?) rate (cm™!)

{neutron) {electron)
El 5.9 2.5%107}
E2 1.2x1072
E3 4.0 1.5x1072
Hl 2.3 9.1x10"?
H2 3.9%x1072
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TNl ~2HFKRaNCT EBDDL B,
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T divacancy DB ARBE BB E0H &R, MDLIXEADLEHBTA
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Fig. 5-22 1Isochronal annealing of defect El in
neutron- and 2-MeV-electron-~-irradiated n-type
silicon.

AE D EA ( unannealed fraction ) Z/R L7, Figh—22 56D 5L 51K

120 2> 5 180 C R I 240 > 5 300 CORMEHE CHEDG R S5 N5, 12005 180

COBBHEET, PEFREOHES AP AKX LHEMERL TWE, EF

BMEROGGZOHEMEI DT TH D, —FHFig 5 — 145, DAFRLODK

—140—



RESHAR, REE3DOFE1HEHORHER 7 -2, 15 EALORERER
CHIE B LTV AL Edibd B, Evwaraye’? (3. 1.5MeV DETF HEHI N
7eFE(As ) F—7Si ODLTSHISEIR L b, V —As complex O
WARRGSIEIMT 2 &2 REL, THIZV — As complex DBMBEIC X b it
3012 vacaney BHILRKARDLEERT 27D LTV D, TRHDLED
6%%56‘K%ﬁ?%ﬂéﬂtlmmB1%@?@A¢b@&§m‘E$D
DREEC L b DEBDNSD, Lh LSS AR ORES EHdOREI X
560 THo545, BEFRBHOHEEOAROOEMBDTH»TH 201, B
HAORMEE LRO O E bEAL SN D, R T ORERETORET
a%%ﬁﬁ%omﬁuﬁw?uawméun@wo~EA$®@&EL&%—
HEE LB 0 305, 240 55 300 CORERMBTRZOME R E & A ERL
TORNC EB5DD B, 3 510 QRERMIT OKEEOR A HEE FRHO
ﬁﬁﬁéDCéﬁbm%otﬁCG%@EQ%QQm&K%bf@\%?%%
HEORBEF LR 2ZBULINELZLT, ZCTREARDSKRET
R ( 150 C ) TORMBEILH TS 210 C CORMGME DL ZFE L1,
ZOHRIPAETREOHE0.81, EFREHDLE{0.64 THD, FHEFR
%®Eﬁ$@@®%%wxéwt§iao2mm53mt®ﬁﬁﬁ@?Am@
DEEBFEAEEDSL VDR, 180 CHLABELHED TVEL ELLEA
BE. COBDEHD L5 LHF R ARDORESELTWAL & 2RET 5,
Fig 5—14% 6, COARGDREICIE divacancy DEIEOSEHEL T3 & B
bnd, ARETFEETREBFEOMER, FIKANITL ) CETFHRESHCH~NT
Rt TR O %S EN MIC divacancy DEAEBE O E VS L ETHIEATE 3,
COLH AT EBTFHRBHOE TAROCOEERN L FEREILEE DK F R —
HTH60D, FHENRKEIMEENSR SN, T divacancy BEELRE 2
Rz LTWB T EMDD T, ' '

—J Fig 5 — 14, 17 TRLIZ & 5 CHAtEFREDOHE S, 270 5 5 300 CH
HECHICERGOREVEH INT, BEFRENOSE 6 REFRS & 1AK270
5300 CHETHILRBORERCIZMELD B EBDD 72, Figh

—141—



— 2313, nBMSIKHITZERMBBE (BXXRMBBEOKM ) OFRKAMLED
KF%2/RT, CORfdivacancy DBEE» TEREBLAEDERL L2/ B0,
REAE 2 @RI TS, Fig 5 — 23 6bh 3L 51 270 CHE CHENSE

w2

o
T

NEUTRON

o)
[=-]
I

UNANNEALED FRACTION
)
[o2]
1

ELECTRON
04 -
02
0 . ! . 1 . 1 . I

0 50 100 150 200 2%0 300 350 400
ANNEALING TEMPERATURE (°*C) '

Fig. 5-23 Isochronal annealing of the total defect
concentration in neutron- and 2-MeV-electron-ir-
radiated n-type silicon.
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Fig. 5-24 Isochronal annealing of the total defect
concentration in neutron- and 2-MeV—electron~1r-
radlated p-type silicon.

12 b o
NEUTRON

&

10 - o—~a

0.8+

ELECTRON

UNANNEALED FRACTION
o
o
I

0 ! ! | . Vfl : L o X i
0 50 100 150 200 250 300 350 400
o __ANNEALING TEMPERATURE (°C)

Fig. 5-25 Isochronal annealing of the total defect
concentration in neutron— and 2-MeV-electron-ir-
radiated silicon. A '
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Fig. 5-26 Comparison of the isochronal annealing
of the total defect concentration {(Q) and the
carrier mobility (@) in neutron-irradiated p-
type silicon, which are obtained from the DLTS
measurements (see Fig. 5-24), and the Hall
effect and resistivity measurements (see Fig.
2-11), respectively.
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Fig. 5-27 Defect levels in neutron-irradiated
silicon, which are obtained from the DLTS meas-
urements of diodes and the transient drain cur-
rent measurements of p-channel JFETs. The re-
sults obtained from the admittance measurements
of diodes (see Fig. 3~18) and from the phase an-
gle measurements of the complex transconductance
of JFETs (see Fig. 4-17) are also shown. Exper-
imental errors are within +0.02 eV.
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Fig. 5-28 Temperature dependence of t=1l/epn for
defects in neutron-irradiated n-type silicon,
which are obtained from the admittance measure-
ments of diodes (see Fig. 3-9), from the phase
angle measurements of the complex transconduct-
ance of JFETs (see Fig. 4-10), and from the DLTS
measurements of dlodes (see Fig. 5-7).
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- Fig. 5-29 Temperature dependence of t=1/ep for
defects in neutron-irradiated p-type silicon,
which are obtained from the admittance measure-
ments of diodes (see Fig. 3-17), from the phase
angle measurements of the complex transconduct-
ance of JFETs (see Fig. 4-8), from the DLTS meas-
urements of diodes (see Fig. 5-9), and from the
transient drain current measurements of JFETs (
see Fig. 5-19).
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Fig. 5-30 Defect levels in annealed silicon, which
are obtained from the DLTS measurements of di-
odes. The results obtained from the phase angle
measurements of the complex transconductance of
JFETs (see Fig. 4-17) are also shown. Experi-
mental errors are within 10.02 eV.
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