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Characteristics of SiGe Heterojunction Bipolar Transistors

at FKxtreme Temperatures

HU Kailong WEI Yinlong QIN Guoxuan
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Microelectronic Technology , Tianjin 300072 )

Abstract In order to study the irradiation characteristics of SiGe heterojunction bipolar transistors with
different emitter areas at extreme temperatures, characteristics of irradiated power SiGe heterojunction bipolar
transistors (SiGe HBTs) were systematically analyzed at different temperatures in this paper; Correlation between
emitter area and power SiGe HBTs' irradiation damage of SiGe HBTs was revealed. Modeling of power SiGe HBTs
device was conducted to extract the main internal parameters of the device affected by irradiation. The variation of
electron density (A edensity), carrier recombination (A SRH recombination) and carrier mobility (A emobility) before
and after irradiation were characterized, whose affecting mechanism on power SiGe HBTs irradiation was
systematically analyzed. The results show proportional proton irradiation damage of emifferarea on power SiGe HBTs.
SiGe HBTs have better proton irradiation resistance at extreme temperatures. which presents great potential in the
field of radiation resistance and space application.

Key words Power SiGe HBTs,Proton irradiation,Extreme temperature,Device modeling, Mechanism analysis

0 3185 AN, B A R B T A U 9 L B 52 P A I e
Tk % S O 485 XU R AR A8 (SiGe HBTs) B RAR DRI 0 8 R BT BAT T o R 1 FH R3¢ 7
JIN ARG, S 1 AR A 8 R i KA 7 901 38 5 WIETE R W, i HEXT 45 1 2 B AR 453 O L o) 3 224

P, DRI T8 5 S e S s A P Al S R . SRR B O A B B 45, [ I 48 2% T 4 IR X SiGe

Wi F . 2021-12-09

ReWH  FR HARHER4S (61871285)

B EH BN IR, 1995 4F th A, 1, RGP ARSI MERERAE S 4T 7 H 98 TAE . E-mail : 781802887@qq. com

WAEAEE AT, 1984 4F A= 1+, E B o8 U - ZE MR P F 280 5 P B A BT A 5 3t 5 SR R K TSRS 5 AR/ AR v - 2%
1 R B BIFAT 5 W D) SiGe HBT ##HF S5 HL % . E-mail : gqin@tju. edu. cn

FEPMEL T L hitp:/Awww.yhelgy.com  20234F 5 611 — 75 —



HBTs [ EB 45 [} 3t LA K % 74 18 B 25 )2 (STIL, shallow
trench isolation ) §2 i g K520 bR T 7E S A0 E 1F 45
45 3, T % SiGe HBTs ¥ £ 1 H T ) R it K 4%
s PR B B R R S AR AR, T A2 e R A
D 1R SN PN WIS 508 52 0 7 N [ -2 A T
1) % SiGe HBTs 470 5% . 1L4h, SiGe HBTs fETE
BT EREE IR B R IE B TR, W HAE R [F) I B BR 48
) BRI T AR S B 22 A5 A R ok,
XJ SiGe HBTs 1EA [A] Ui B T Jot - B Re 1t AUAS [ &
SR TR SiGe HBTs J5i 4 B4R 14 € A 9125 11 B
T RS0 AR G M A ) & B R i AR A 3 R
SiGe HBTs i 1 7E 1l vy Yk B R 25 388 T 4R 47 L S o
Ko FAE [) B AT 9 o 0 X 25 2 P B 4 B AL
il ELAAR (4 B

A AR Hb X B i I BE R D)% SiGe HBTs (14 4 i
FEMESEAT T A SERF ST « (1) 78 3 FPAS [RITRLEE PR 55 F 1F
FFATR) & S T AR B 2R SiGe HBT's Ji -4 B SL 5
(] B ZRAE A R T 1 /A8 IR 5 (2) %
H Sentaurus TCAD 3 {F | 4% B8 5L PR SiGe HBTs #% 1
() 2 B ST T 2R R 2 R 25 A B AR 56 4 57 1Y)
TR A A [ 3 8 A R o LA 0 ) B AR
FAE AR 5 SEBR A AR AT 5 (3) 3 TR SRAE T A
[ S5 1T 6 BRI S L %% B 22 A T (A edensity) (2K
T B A FA 4L (A SRH recombination) PA J2 #7%
T B R AL (A emobility) BAK 43 1 I & SiGe
HBTs PR3], 223 (8] SE g A o S it 1 n] HE Y
HIHE S
1 XBHESEER

AR TAE BT 58 FESE 56 A, 48 Tower Jazz 28 F] R
FH 0.35 wm SiGe BiCMOS T. 25 5 A il & 2 iy oy
SiGe HBTs #5471 /8 T U)K SiGe HBTs [
2 W ER

1 % SiGe HBTs )62 WU R4
Fig. 1
the SiGe HBTs with multi—fingers

Optical microscopic image of

K H Sentaurus TCAD # 4 X} Tj % SiGe HBTs #%
PEHEAT AR 2 7R o S RIS RN T2 2
B 4R BRI 19 D) 3R SiGe HBTs ffF¢— 5. fEHAF
FRRSE AR e | A S5Je o A0 8] 8 28 0 1w s A B ) LS 7%
s, AR ity PR AT FL A B 0] . SEBR A5 FL
TR BRS B ER 1, ST E T R, [ 5L
# SiGe HBTs [ B/AC T 48 IR O ket o RAE A [+]
Z M TR AT S A edensity A SRH recombination LA
2 A emobility , X} 45 RS2 W T % SiGe HBTSs 1) N4
PEHLA AT 07 o

SiGe St 4k

2 TCADKIAIZE Y
Fig. 2 Model structure of TCAD

F1 ZBRNBEZRGSH

Tab.1 Experimental and model device parameters

PRPELE B Sy o A ELIR B B
ek — -~ — —
o R B TR R L S ST ELIR S 15 20y 8 B

/pm? /nm /10" prom? fEfE/MeV /K /krad

HBT1 146
1 77 136

HBT2 438
50 10 62.5 300 2720

HBT3 730
50 393 6800

HBT4 1461

2 ZER5i1e
2.1 SiGe HBTsEIGMiX FNEE (7 E 1 RER1E
FEF AR AT 05 B B0 B R R S

SEEMNRSS R T T IR (K3) . FEANFEREE T 48
HEHT /5 1Y SiGe HBTs FY {5 B 2% S 0 S 50 3 235 SR 40
Ao B3 (a) AT LI L 3 (1) X 3T 58 B ey

FRIME T2 hip://www.yhclgy.com  20234F 4561



BRI i Jo A RO A A PR (1) R AR i
Sh, B 3 (a) (b) AT AT, AN [a] 3l 3 X6 6 i A

10()
1071_
102
107}

<10

~
=10}

. —Iilif»‘r‘ﬁ’ I

— 5 x 108 p/em?|

SiGe HBTs 4 AR A9 5200 .

10—
—REE
107F | 5% 107 plem? /~ |

1078.

-9 : 1 1 1 1 1 1 1 1 1
l00.2 0.3 04 05 0.6 0.7 9.8 09 1.0 1.1 1.2

BE

(b) B it B

K3 AR T RIS SiGe HBTs USRS FiI:

Fig. 3 Gummel characteristics of pre— and post-radiated SiGe HBTs at different temperatures

2.1.1 ERMEERIE
2.1.1.1 £ SR E R I % SiGe HBTs 45 BB 45 14
spA)
Bl 4 R T/ [ §6 B3 R AL A A LB Bl & St
W AR A, AL =1,y (L TR 1 1
WRET L) ,1UB=1,/1.c FILLFE HAE R — % S 4k i AR

1079 T T T T T T T
1077
<
= 1078
<
10+ 1
D1 x 10" p/em?
22 x 10" p/em?
107 . 35 x 1083 p/em?
200 400 600 800 1000 1200 1400 1600
V./pm?
(a) Al

(Ap) T, AL A1/B I 45 4 R 1 38 R i3 oK, &
L DR 2 T4 PR 45 SiGe HBTSs 1 EB 25 ffl 2 %,
FEHE IR (G/R) BRI HP O, DT 7 A AR T R 3E , 17
S U FL O 5 O R B RIS B R S
TR S K, T4 IR R o 2 0 1, F1 AR Ak (BB
E IR ELR ) X SiGe HBTSs O3 A5 88 A

T T T T T T N6
107 1=1x105A 1
T=300 K ®
10} ]
- )
S /
2107 ; ]
«Q
: .
104 D1 x 10" p/em?
22 x 103 p/em?
35 x 108 p/em?
10—5 1 1

0 260 4(I)0 660 8(‘)0 1000 12|00 1400 1600
A./pm?

(b) 1B, 1B,

K4 RREERIGER T A LANB,, -8, B SR A A2 1L

Fig. 4 Al and 1/8

2.1.1.2 #himiEEX IR SiGe HBTs 48 R4 1E 1Y
A

R T RIS B il BT D) % SiGe HBTSs i AR
IRZI , 53 30 81 28 Vi (FEARIRLEN , TP S H R R V=
0.7 V; e IR A E R, V,=0. 5 V) M & I, &1,
W LA VA —ARAL B EAT 30T, ANl 5 i . PR A%
RIS SRR, 5 %= RAH LU TE 77 5 393K B, SiGe
HBTs (1 [, iR f T /b S5 W, A o i 3 R 410 o1 it
T R

FHIMEIT.Z  hitp://www.yhelgy.com 20234 4564

~1/B,,. vs. emiiter area (A;) with different radiation fluences

V)“‘A:().S AY
1of V=07V g

A,=438 pm? ’

AL

>«
»
© ©

D1 x 10" p/em? A
0.1f @2 x 10" p/em? ®
35 x 108 p/em? ¥

50 100 150 200 250 300 350 400
TK
(a) TR VoA /1, BT B

B-pre



A IR / IB re.

0.1+ /\ i
® 12

1 x 10" p/cm?
2 2 x 108 p/em?
®5x% 10" p/em?

0005700 150 200 250 300 350 400
/K

(b) SE I, AL/ FEIR Y2 1L
5 [ ViRl ANRIREGE S T AL/, FEREE AR

Fig. 5 AL/l . vs. temperature with different

radiation fluences with fixed V,, (a) and I.(b)

2.1.2 IHimMRERIE

Wit G, KT F SiGe HBT RIS W PERE, 52
B I TS TR B R A S A T FR Ry 438 wm’ SiGe
HBTs 5 AT 5 19 G,..c HIE6(a) (c) B, RIS
G ARG, TR ST 5 88 A A 0T 248 119 2 it (R B KA 3 9
$f)@/l\,%§fﬁ SUEFE SR IR S 2 A B Ak . 1
Ah B 6(d) Bon AG,, BE I FE iy AR ﬂ:,,u%ﬁriﬂﬁ
SiGe HBTs 7% i i B T BIAG, JH& /I, it — 23k ]
R it i JEE R A0 o) 8 PR A

251 — :
- —JChmig
—2x 10" plem® |

A=438 pm’
1.=100 mA

1(‘)I() 2 X 1011)

{/Hz
(a) 300K
30 = '
- — kR ‘ A=438 pm?
— 2x 10" p/em? 1.=100 mA

100 3% 100
f/Hz

(b) 77K

[ 7 T B !
:— 2 x 10" p/em? A=438 um
1,=100 mA
X ‘/(;1‘:=3 v
a O T=393 K
=
o
5t
0 1
101(]
f/Hz
(¢) 393K
=8 GHz
0 V. =3V
L 1= 100 mA E
A =438 pm?
o] .@D\/
F\c A
ool @ " ]
< A
A
D1 x 102 p/em?
—4r @22 x 10" p/em?]
@5 x 10”p/em?

50 100 150 200 250 300 350 400
T/K

(d)  AG,, Bl R
K6 ARG G, BB AL (LA
AIFAREIRE RN AG,, BRI A2 1k
Fig.6 G, vs. frequency of the pre— and post-radiated SiGe

HBTs at different temperatures, AG, _vs. temperature at

max

different radiation fluence

2.2 (FERT SiGe HBTs N ER40 IBHL %I 43 #7
2.2.1 Rt ERITER T SiGe HBTs I &R 4712
IR B

i HE B 43 BT SiGe HBTSs 7 i 58 M85 7% 1F
PR A AL P AR Ak, FRAE AN [) % S5 A 1 R 7 4 R
iS5 2R F ) Aedensity, AN 7 Fr 7 o o 4 BE R 2L
X SiGe HBTs 7 EB &5 fif 1T 1 45 175 , 48 B i oK T
TR TR SiGe HBTs N #B Aedensity B K . BE T 46

——————
T 1=300K | A —146 pom?]
6k 1 E— 1461 p m?

@ S

< 5t | —

S N ;1 e

= 4t V% g 1

Z 3r / | b

s 1

[}

T2l ! ]

a’ | - :

] L
1
of : |
-016 012 008 —0.04 0.00
Y/ o m

E7  AFRRGHRIETRF SiGe HBTs EBSSHHTH F2 25 ik
Fig. 7 Aedensity near the EB junction of the SiGe HBTs with

different emitter areas

FHIMEIT.Z  hitp://www.yhelgy.com  20234F %564



HE X} SiGe HBTs [ B, % i 7= A 52 i), [] e 22 B
)R SiGe HBTs f4 & S A% 1o A5 4 FEAR A5 i LE L o

2.2.2 BEXIERT SiGe HBTs [ &1 4 I8 #1 4§
=AU

BTN BYRERL, 23T [ 5E Vi F L, SRIRTEAR
IR T 14 5 BRI S5 EB 45 B 3 1% i 2% B,
K8 i 7n o —J7 I, 2% Ml BE 25 A R L 2 AR AL A
edensity A 1F , % W] 5T ¥ 48 B i 15 SiGe HBTs 1 HL +
I, TS AR L0 55—, Xt FAS
[A] V6 B2 R 1Y Aedensity, 58 35T Y B S5 He 7 AR s i

TR, FH = SiGe HBTs 52 Ji 4@ B35 45 o
Ko FEEE Vi MM T YR — BN 858, 45
71~ H 5 R M) 2 PN 508 L 28 R L R AR v 1R
ol g R 4 5 HLAT I F -
T —
E :B V=0.5V
B | /,/' \
2 ! g |
g I 7
|0 z
L b V=0TV |
L P ‘ A =438 pm?
i L 300 K
7 ——393 K
/o —TK
10" = 56005 =0:04 =003 —0.02 =001 0.00

Y/ pm
(a)  [EXEVy,

10—
EiB
|
g |
‘\;101?*- : gl R
z I B ——
£ I — S
T y: i 2 |
- - A=438 b m
12 L=1x10°A
=
2 | —) ]
1017 ! —-T7 K
1 L L r) L 1
20.06 —0.05 —0.04 -0.03 —0.02 -0.01 0.00
Y/ wm
(b) &I,

B8 [ Vyy ML, ANFEEE T SiGe HBTs EB £5 [} it
e B i P R A A
Fig. 8 A edensity near EB junction of the pre— and post—
radiated SiGe HBTs at different temperature with fixed V,,and I,

WAL, FRAE T A [RDR B2 4 R 5 A A v i 282
T EARAE ASRH, — Mk U, & B il -4
(T AE DX 5 B 1) SRH 20 2 & R A K 1
IR~ , K R(y) i EB 25 B I 89 SRH 2 82 &
R n(y)HpCy) 3300 Ha 0 7O BEE
FHIME T2 hip://www.yhclgy.com  20234F 4561

R(y) — M (1)
[n(y) +p(y)]

5 RS 7 EB 25 BT = A2 5 219 G/R BE PR L
FHEASTE EB 45 B3 i 2R 0 IR R . 1R s i 4R
FE X #8424 3 1l 1 157 % 453 473 TR 8 463 403 (i 4 3 0 1 77
iy () WINPT S BO7E TR T R S EB 45 BT
SRH # i T8 A K. K9 W78 SiGe HBTs 7 4R
HEAT IS SRH 8T 82 & AR R iE , 1 0E T 46 1
fdi45 SRH #0015 & R . A, A o i B2
SRH T2k AR FAESEIRE N R T Wt
TS o R IR RCR

_ 10.0— : :
g 80r | — 393K 1
" ' -= 77 K
E: I
< 60r |
£ !
= 1
£ 40 ! V,,=0.5V
—g Y RN \\\

g [ 4 T
< /1 = \
S AN/ Nis
T LA V=0TV N
& ' e
< 00566 =0:05 ~0.04 ~0.03 ~0.02 —0.01 0.00
Y/um
(a)  [HZE Vi

< 120 . : : . :

E\B Ag=438 pm®
10.0F I=1 pA

—300 K

=
=)
T

N
=)
T

4.0F

20F, 1L T

ASRH recombination /10%c¢m™ + s~

20,06 0,05 —0.04 —0.03 =0.02 =0.01 0.00
Y/pm

(b)  [EZIL
E9  [BEE Ve A, AR T SiGe HBTs EB 45t it
@ TS SRH #0155 AL it
Fig. 9 A SRH recombination near the EB junction of the

0.0

pre— and post-radiated SiGe HBTs at different

temperature with fixed V, and I,

XoF T W i 385 A1 ] 8 BB X SiGe HBTs B 45 47 it
c— T HAETT KR, A% B B/ HARE , G/R A
BIF bR R, DR R SR BEUS 7 AR B I B BIE >, A
77 B e 7 0 A S FL R /N . D — D T
393K N, B AR 23 A T 2 B BIEA DRl RVl
VA A R 2 7 A B e AR AR I LT . 4
ST TEM I R T, 5T 48 R SiGe HBTSs 945

_ 9 —



LU

R T WEFEASTAAE T WX TR R B T
K SiGe HBTs [ &R 3L )52 0, T i B 74 ]
FESRAE A [R) IR B2 T A N R Y L i A8 R fh
(A eMobolity) . i EEF = 2B % A, ik
RN, L, G, 28/, B 1075 H 2518 - IR i
J& SiGe HBTs N #f HiL 1L 7% A8 fk 2 (A eMobolity)
i, W AR BT D R 8 1D A R AL, 28
L FrrEiR A . BEAh, 5= IR AH LG, 1A eMobolityl 7E
e g i B /N 4R G, IR AR E D

) -

(v-s

-80
—-100)]
—-120
140
-160
-180
-200 L L
-0.05 -0.04 -0.03 -0.02

Y/ pm
10 RFENEEE R4 IR ATS SiGe HBTs 80 LR R AL (L i
Fig. 10 A eMobolity of the pre— and post-radiated SiGe HBTs

A eletron mobility / cm?

at different temperatures

g5 B RIR 200 1 A 3R 2 5 5t - 5 R SiGe
HBTs 32 i PERE ) 2K 28 5 5 % A LU, A o I 32
AT LAFHXS 6 2% SiGe HBTs J5i 74 451403
3 &g

WFSE 1 0 B AN [R) & S0 TR A ) 3 e
S Jo 45 WU A (SiGe HBTS ) 78 % i 1 B A28 1R
T B/ AR R B4 s T AR RS e 1) 3 SiGe
HBTs (N TR BERLA . BFSE4s SRR

(1) 2 S0 T RRUBR K, 7 A4 T sy 174 Tt % W O, Jo
THAIES R E 2 0 1,80 BBk, M AE B 1kl ™ & , i)
B SiGe HBTs TR g b i K SiGe HBTs #1422 %)
Z 55 FR A RE I 5

(2) P2 SiGe HBTs 7EAR i ik B2 T X 5T 48 HR 1Y
it 32 PEAR T30 5

(3) 38 o A5 AU H2 U 1A 2 % SiGe HBTs i R
M 3 2K FR O F % & | Shockley-read—Hall
(SRH) i T2 A B MBI FiEB R, 5 TR
HER SR F 0 NS BEAIL R

25 I, SiGe HBTs HLAT R 4F A9 HT 4 BURRME 7R
Ui FREE N A AR K AT T .

5% ik

(1] 3, B35, SEE . SiGe B2 R HL K T 2 H AR IR K
_ g0 —

RIEREHLI]. H 17,2018, 48(04) :508-514.

MA Y, WANG Z, KUAN C W. Current status and future
trend of SiGe IC process technology [J]. Microelectronics, 2018,
48(04):508-514.

(2] B A, B, F . BRI T SiGeHBT & 11 1F
FEHERELT]. B F2,2017,47(05) : 695-700.

HUANG Y B, LI B, YANG L, et al. Research progress of
SiGe  HBTs  under
Microelectronics, 2017, 47(05) :695-700.

[3] CRESSLER J D. On the Potential of SiGe HBTs for

extreme low temperatures [J ] .

extreme environment electronics [ J]. Proceedings of the IEEE,
2005, 93(9):1559-1582.

[4] CRESSLER J D. SiGe HBT technology: a new
contender for Si-based RF and microwave circuit applications
[J]. IEEE Transactions on Microwave Theory and Techniques,
1998, 46(5): 572-589.

[5] NIU G, MA R, LUO L, et al. Wide temperature range
SiGe HBT noise parameter modeling and LNA design for extreme
environment electronics [J]. International Jounal of Numerical
Modelling, 2015, 28 (6): 675-683.

[6] BABCOCK I A, CRESSLER J D, VEMPATI L S, et
al. lonizing radiation tolerance and low—frequency noise
degradation in UHV/CVD SiGe HBT's [J]. IEEE Electron
Device Letters, 1995, 16(8): 351-353.

[7] VOINIGESCU S P, SHOPOV S, BATEMAN ], et al.
Silicon millimeter—wave terahertz and high—speed fiber—optic
device and benchmark circuit scaling through the 2030 ITRS
horizon [J]. Proceedings of the IEEE, 2017, 105(6) : 1087-
1104.

[8] ARUTT C N, WARREN K M, SCHRIMPF R D, et al.
Proton irradiation as a screen for displacement—damage
sensitivity in bipolar junction transistors [J]. IEEE Transactions
on Nuclear Science, 2015, 62(6): 2498-2504.

[9] SOTSKOV D I, ELESIN V V, KUZNETSOV A G, et
al. Displacement damage effects mitigation approach for
heterojunction bipolar transistor frequency synthesizers [J].
IEEE Transactions on Nuclear Science, 2020, 67(11) : 2396—
2404.

[10] FLEETWOOD Z E, ILDEFONSO A, TZINTZAROV
G N, et al. SiGe HBT profiles with enhanced inverse—mode
operation and their impact on singleevent transients [J]. IEEE
Transactions on Nuclear Science, 2018, 65(1): 399-406.

[11] ZHANG J X, GUO Q, GUO H X, et al. Impact of
bias conditions on total ionizing dose effects of Co—60 gamma in
SiGe HBT[J]. IEEE Transactions on Nuclear Science, 2016, 63
(2): 1251-1258.

[12] PETROSYANTS K O, KOZHUKHOV M V. Physical
TCAD model for proton radiation effects in SiGe HBTs[J]. IEEE
Transactions on Nuclear Science, 2016, 63(4): 2016-2021.

FHIMEIT.Z  hitp://www.yhelgy.com  20234F %564



[13] PRAVEEN K C, PUSHPA N, PRABAKARA Rao Y
P, et al. Application of advanced 200 GHz Si—Ge HBTSs for high
dose radiation environments [J]. Solid State Electronic, 2010,
54(12): 1554-1560.

[14] NAGATSUMA T, DUCOURNAU G, RENAUD C C.
Advances in terahertz communications accelerated by photonics
[J]. Nature Photonics, 2016,10(6) : 371-379.

[15] ILDEFONSO A, COEN C T, FLEETWOOD Z E, et
al. Utilizing SiGe HBT power detectors for sensing single-event
transients in RF circuits [J]. IEEE Transactions on Nuclear
Science, 2018, 65(1): 239-248.

[16] L1Z, QI BK, ZHANG X H, etal. A 0.32-THz SiGe
imaging array with polarization diversity [J]. IEEE Transactions
on Terahertz Science and Technology, 2018, 8(2): 215-223.

[17] HOU L, DU Z W, FU J. The influence of microwave
pulse width on the thermal burnout effect of an LNA constructed
by the SiGe HBT [J]. IEEE Transactions on Electromagnetic
Compatibility, 2017, 59(1): 163-171.

(18] YEH P C, CHIOU HK, LEE C Y, et al. High power
density, high efficiency 1W SiGe power HBT for 2. 4 GHz power
amplifier applications [J]. Solid State Electronic 2008, 52(5) :
745-748.

[19] LI X, XIAO J, LIU C, et al. Ionization damage in
NPN transistors caused by lower energy electrons [J]. Nuclear
Instruments and Methods in Physics Research Section A:
Accelerators  Spectrometers  Detectors  and  Associated
Equipment, 2010,621(3): 701-712.

[20] METCALFE J, DORFAN D E, GRILLO A A, et al.
Evaluation of the radiation tolerance of several generations of
SiGe heterojunction bipolar transistors under radiation exposure
[J]. Nuclear Instruments and Methods in Physics Research
Section A: Accelerators Spectrometers Detectors and Associated
Equipment, 2007,579(2) : 833-838.

[21] QIN G X, MA J G, JIANG N Y, et al. Experimental

characterization of proton radiated SiGe power HBTs at extreme

FHIMEIT.Z  hitp://www.yhelgy.com 20234 4564

temperatures [J]. Journal of Circuits Systems and Computers,
2013, 22(10): 1340026.

[22] QIN G X, YAN Y, JIANG N Y, et al. RF
characteristics of proton radiated large—area SiGe HBTs at
extreme temperatures[]]. Microelectronics Reliability, 2012, 52
(11): 2568-2571.

(23] 2263, 258 X B0 55 . I & 2% 1 X NPN %
PNP XU fiy A FL B R 4 0 0 SR E L ). W o741, 2013,
62(9) : 098503.

LIXJ,LAN M J, LIU C M, et al. Effects of bias conditions
on ionizing radiation damage of NPN and PNP bipolar transistors
[J]. Acta Physica Sinica, 2007,579(2): 833-838.

[24] CRESSLER J D. Radiation effects in SiGe technology
[J]. IEEE Transactions on Nuclear Science 2013, 60(3): 1992
-2014.

[25] FBE &, BEWE AT 55 . N [F) S5 A% T - npn A A€
A v R R i A S AR 5 R A (D). W B 241, 2007, 58(8)
5572-5578.

ZHENG Y Z, LU W, REN D Y, et al. Radiation damage
characteristics at high and low dose rates of NPN transistors with
different emitter areas[J]. Acta Physica Sinica, 2007, 58 (8):
5572-5578.

[26] CRESSLER J D. Silicon—-Germanium as an enabling
technology for extreme environment electronics[J]. IEEE Trans.
Device and Materials Reliability, 2010, 10(4): 437-448.

[27] http : //www. towerjazz. com

[28] BARNABY H J, SMITH S K, Schrimpf R D, et al.
Analytical model for proton radiation effects in bipolar devices
[J]. IEEE Transactions on Nuclear Science, 2002, 49 (6) :
2643-2649.

[29] SAKS N'S, KLEIN R B, YOON S, et al. Formation
of interface traps in metal-oxide—semiconductor devices during
isochronal annealing after irradiation at 78 K [J]. Journal of

Applied Physics, 1991, 70(12): 7434-7442.



