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= INTRODUCTION
Structure of the Project (ESTEC Contract No 11938/96/NL/LB)

« STUDY OF RADIATION EFFECTS IN CRYOGENIC ELECTRONICS

LITERATURE STUDY : Deliverable D1, Document No P35284-IM-RP-0003
(30 October 1997)

EXPERIMENTAL
= Device Fabrication
= Irradiation and Testing Conditions
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RESULTS

— Pre-Irradiation Characteristics at 4.2 K
— Post-Irradiation Characteristics at 4.2 K
= Conclusions from the Radiation Testing
Deliverable D2, Document No P35284-IM-RP-0012, 25 February 1999

G,

» GENERAL CONCLUSIONS AND OUTLOOK (PART II)
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STUDY OF RADIATION EFFECTS IN CRYOGENIC ELECTRONICS

—  Literature Overview (D1)
— Radiation Testing of Parts Developed for ESA’s FIRST Mission

= Guidelines for the Development of Cryogenic Space Electronics
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e ACTIVITY I

STUDY OF RADIATION EFFECTS IN ADVANCED SEMICONDUCTOR
MATERIALS AND DEVICES

—  Literature Overview (D4)
= Radiation Testing

= Final Report
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@ Cryogenic Electronics

Performance Improvement

« Space Applications

Low Power
Availability Cooling Systems
Irradiation Effects = f(orbit)

© imec 2000
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@« FIRST Mission

= Cryogenic Read-out Electronics (4.2 K)

AIM

¥ ﬁfﬂmma
‘:;omm TO BE USED
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Submicron MOSFETSs in a 0. 7 um Technology
Gate Oxide Thickness : 16 nm
W =10 pm (rectangular) & L=5 um
Processing Splits :
Threshold Voltage Adjust Implant

P-well |
Lowly Doped Drain (LDD) Architecture
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Cyclone facility (Louvain-La-Neuve, Belgium)
60 MeV Protons: ® between 3x10'° and 10*> cm?

“Co gamma irradiations (5 krad/hour) — 50 & 100 krad
Bias: V, =5V (n) and 0 V (p), other terminals grounded

Linear Operatlon (small draln bias)

 Es

Saturation = <ink Hffeet

4.2 K Testing on Dual-In-Line Packages
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Impact LDD on Transconductance g_

g5 N1-7-5: well/LDD 610° rio0o: Wellino LDD

a - Illllllllll |I|ll||| |||||| ll: @ -5 E 10x5 V =25 mv E
—~ o[ T=42K ; o 2107 F > E
g8l o A T=42K 1
c ' g 410° F =
S 610°F B 5 ]
Q ; S 310° | E
g 410°f = :
= - 9 210° | 3
2 5100 f £ 110° | 5
i © - =

(1] 5 e C _
P O 100 hl [N} F O 100 C L.l 1 U .} l L L L II 1 :
0 0O 1 2 3 4 5 6

Gate Voltage (V) Gate Voltage (V)

Transconductance at 4.2 K and V4=25 mV for differént geometry n-MOSFETSs with (left)
and without (right) LDDs, before irradiation.
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) on Kink g_

N9-6-5: well/LDD

4107 prrrrree e i 410° N11-5-5:well/no LD
T=4.2 K 5V
T 5109 - =
Z 8 <3 10°
c a—
o . £
5 210 :52103
c (&)
— -3 o
£ 110°
a
0 10° o F
0 1 2 3 4 5 6 010" L=t

Drain Voltage (V)

Drain Voltage (V)

I; - Vg at 4.2 K and Vg=25 mV for different geometry n-MOSFETSs with (left) and without
(right) LDDs, before irradiation.
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Maximum Transconductance (pS)

107 -

102

T T v T

T=4.2 K

V =25mV po
DS
o 1-5-5
m 1-7-5
& 6-5-5
# 6-6-5 2
& 9-6-5
+ 11-6-5
n-MOSFET

p-well

[l I 1 It L A 1

200 300 400 500

Transistor Area (um ) 2

600

T=42 K n-MOSFET
VD S=25 mV p-well

LDD i
m 155 -
m 175 .
e 655 &
& 665
& 9.65 8 .
+ 11-5-5
+

1 n 1 n 1 n 1
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£ 2

=2

=)

>

=
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Pt
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ﬁ +

no LDD
O L L
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Transistor Area (um ) 2

Transconductance and threshold voltage at 4.2 K for the different splits studied before

© imec 2000

irradiation.
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Conclusions

¢ Splits with LDD show poor ohmic characteristics for low
drain bias due to the high parasitic series resistance at 4.2 K.

¢ The LDD architecture is useful in reducing the drain
current kink effect in saturation, for the n-channel devices.

¢ Opverall, the standard 0.7 um CMOS technology without
LDDs yields the best cryogenic performance.
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Linear Operation: I,-V_ n-MOSTs

10x5 um no LDD n-MOSFET

. 10xS pm LDD n-MOSFET 10°
10- ) ] | 1 I ) ) L] ) I 1 1 L) T l L) L] ) 1 I ) T | T ' I ' ' I ' ' ' ' l ' ' ' ' I ' ' ' ' I ' ' ' ' §=‘
10° _ 107
> <
< 10° = 107
2 E
:::’ 107 E 10
=] ) :
z 10 g 10 ! =
GRS E 10° ! gamma i
A 10 / I gamma = 100 I pre T=42 K 3
10 | T=4.2 K 10° - -
10 /50\ Vd =25 mV 0 A VdS—ZS mV '?
10_11 PR NN TR VR N YT TR RN VO N N TN T S Y lsl T N T 10'10 Y T N N N TN TN WY NN AN WY SN TN TN (N WY WO T SN NN S WY |-
0 1 2 3 4 5 0 1 2 3 4 5
Gate Voltage (V) Gate Voltage (V)

Input curves at 4.2 K and V4=25 mV for a 10x5 pm n-MOSFET with (left) and without
(right) LDDs, corresponding to unirradiated (pre) and irradiated samples (total dose).
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Linear Operation: Transcondu

s 10x5 ym LDD n-MOSFET
2 10— -I LI 1 I 1 1 T ¥ I ¥ 1 ¥ T l 1 LIS I ) L] ] |—
~ B gamma 4
£ I S T=42K ]
gls10” V =25mV -
= \ ds e
S -
5 ]
= 5 \ i
g 1107 ¢ ;
e
3 X ]
= < F i
S 510° |
= i
0 [ 1 1 ; i ] 1 1 1 i 1 1 L 1 i 1
0 1 2 3 4 5

Gate Voltage (V)

Transconductance (S)

ctance n-MOSTSs

P 10xS pym no LDD n-MOSFET
610" 7
gamma :
-5 E / | ‘J Vds =25mV E
410 2 / " -
C 50 ,|pre N
5 E | LN i
210 2 i ' I E
010° L Ji I ( i
0 1 2 3 4 5
Gate Voltage (V)

Transconductance at 4.2 K and V4,:=25 mV for a 10x5 um n-MOSFET with (left) or without
(right) LDDs, corresponding to unirradiated (pre) and irradiated samples (total dose).
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Linear Operation: I -V, n-MOSTs

10x5 ym LDD n-MOSFET

<

=

w

=

=

@)

g,

B,
-10 =4.

10 e v, =25mv
10-11 (NN NEWEE EWEEE NI TR NN

0 1 2 3 4 5 6
Gate Voltage (V)

Drain Current (A)

103
104
10
10
107
108
10
10-10

10xS pm no LDD n-MOSFET

l‘llllllllII'IIIIIIII|I|III

post
lel2

60 MeV H
T=42 K
V =25mV

d
llllllllllllllllllllll

0 1 2 3 4 5 6
Gate Voltage (V)

Input curves at 4.2 K and V=25 mV for a 10x5 um n-MOSFET with (left) or without
(right) LDDs, corresponding to unirradiated (pre) and proton irradiated samples.
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Linear Operation: Transconductance n-MOSTs

10x5 pm LDD n-MOSFET

1-510-5: l)\ Illlllllllllllllllllll
—_ :\' 60 MeVH "
< E T=4.2K
g 110-5 '_ : \\ Vds=25 mV
2] o ]
S B '
: [ ]
= [ ]
(=] " '
S510°F
g E
= F
- E '
of

0 1 2 3 4 5
Gate Voltage (V)

Transconductance (S)

s 10x5 um no LDD n-MOSFET

6107

5 F
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310”
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1107

010° bre

lllllll’llll]lllllllll

60 MeVH *
T=4.2 K
VdS =25 mV

Illlllllll

0

2 3 4 5 6
Gate Voltage (V)

Transconductance at 4.2 K and V4=25 mV for a 10x5 um n-MOSFET with (left) or without
(right) LDDs, corresponding to unirradiated (pre) and proton irradiated samples
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Linear Operation: 1,-V_ p-MOSTs

10x5 ym LDD p-MOSFET

10x5 pym no LDD p-MOSFET
10 L LRI I I L 4
gamma ] O
10’ T=42K 4
§ 08 Vds=-0.1V _5 <
: : :
o 107 i e
5 3 =
3 o
£ -8 ] =
g 3 g
- ] =
107 3
1o Lo v ! 1 et PIEE W
-5 -4 -3 -2 -1 0 5 4 3 2 -1 0
Gate Voltage (V) Gate Voltage (V)

Input curves at 4.2 K and Vg=-0.1 mV for a 10x5 um p-MOSFET with (left) or without
(right) LDDs, corresponding to unirradiated (pre) and irradiated samples (total dose).
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10x5 ym LDD p-MOSFET
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- gamma
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Transconductance at 4.2 K and V4=-0.1 mV for a 10x5 um p-MOSFET with (left) or without
(right) LDDs, corresponding to unirradiated (pre) and irradiated samples (total dose).




Linear Operation : Summary

e After irradiation the threshold voltage of the nMOSTSs reduées slightly,
while it increases in absolute value for the pMOSTSs.

=> Positive charge trapping in gate oxide

= For non LDD devices a 6 to 20x lower influence
= More complex behaviour for the pMOSTsSs

= Rebound behaviour not well understood
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Linear Operation : Summary

e Quantitative Similar Behaviour for the Transconductance

= Slight increase nMOS and slight reduction pMOS

= For proton irradiation of non-LDD Devices: Rebound
= Typical behaviour before irradiation: Gate-Source overlap

= After exposures of LDD transistor more regular behaviour
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Saturation: I 1 Vi n-MOSTSs

B 10x5 pm LDD n-MOSFET 10x5 pm no LDD n-MOSFET

1210 -l LI S I N D B B SN SN B B BN BN B S B B B B l- 310’3 QULJRL L S B N B S B S N B S A D B B B S ]
[ 2amma 3V - [ gamma .
1107 pT=42K o e == . To42K ]
P - ; —_ C pre ]

< - - < - =
S810¢ | : Z 2100 f [l G S
g 3 ] 3 7 :
'5 4 104 :_ 3V MfOO M % 110° b /:5‘ ) 2V 2 f"_’_’—‘_’?
R0k pre - a -/ a ]
I V =1V / v :
O 100 e b v s e R 0 100 ‘il/fﬂ( bk deraser it 2P |> |’ﬁ’ |=|?| ;ﬁl :_T\:
0 L2 3 4 5 0 1 2 3 4 5

Drain Voltage (V) Drain Voltage (V)

Outputcurves at 4.2 K and Vg= 1,2 or 3 V for a 10x5 um n-MOSFET with (left) and without
(right) LDDs, corresponding to unirradiated (pre) and 100 krad(Si) (dashes: low-to-high; +
high-to-low). No hysteresis is seen, as indicated by the arrow in the upper characteristic.
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Saturation: 1 -V e n-MOSTs

10xS pm LDD n-MOSFET ; 10x5 pm no LDD n-MOSFET
1.5 10_3 T LI | T T I+I I LI LIS I T LI T | T T L] ] 4 10 —l LI L} | LI L L I L 3 LS I LB B l T 1ot ] L2 ] I-
60 MeV H ] - 60MeVH * 5V
o103 £ T=42K ] L[ TH2K e ]
2 3V lell ) _: s 3 10 — & —
et T e = - AV
£ / ] 5210°F )7 pre—_ -3V -
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Lé 6 10 4 g‘? —: . S : ffwﬁ__nmanaﬁaﬁﬁeﬁm%«-‘ 5 e 1 1 .
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O 100 > N \ 11 I‘Il N N Lo ] O 100 ta g gl gt #wmsiar 2210 T el 0
0 1 2 3 4 5 o 1 2 3 4 5 6
Drain Voltage (V) Drain Voltage (V)

Outputcurves at 4.2 K and V= 1,2 or 3 V for a 10xS pm n-MOSFET with (left) and without
(right) LDDs, corresponding to unirradiated (pre) and 60 MeV proton irradiated (dashes:
low-to-high; + high-to-low). No hysteresis is seen, as indicated by the arrow in the

upper characteristic.
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Saturation: I,-V, p-MOSTs

) 10x5 pm LDD p-MOSFET 10x5 pm no LDD p-MOSFET
2510- llllllII3|\}IIIII|I|I|IIII‘ 310-4_lllllllll'lllllllll‘l .
N - ; ~ 510 | 100
~— 4 o 7 E -_
§ 1.510% | ] 2 gamma
= - ] = T=4.2 K
O 110t F - 2 s
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-] v et
] s T
: L 0 100 :| RN U (T VY YU VO N N T N A
-5 -4 -3 2 -1 0 -5 -4 -3 -2
Drain Voltage (V) Drain Voltage (V)

Outputcurves at 4.2 K and Vg=-2 or -3 V for a 10x5 pm p-MOSFET with (left) and without
(right) LDDs, corresponding to unirradiated (pre) and 100 krad(Si) (dashes: low-to-high;
+ high-to-low). No hysteresis is seen, as indicated by the arrow in the upper characteristic
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Substrate Current and

lultiplication Coefficie

10 pmx5S pm n: no well/no LDD

107 10 ymxS pm n: no well/no LDD
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Substrate current (left) and normalised multiplicatibn coefficient (right) for an irradiated 10
wmxS pm non-LDD n-MOSFET at 4.2 K.
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> The used technology is sufficient radiation hard for the FIRST mission

> Better radiation tolerance for non-L.DD Devices

> Some special low-temperature phenomena require further fundamental

studies.
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< From the literature search and the radiation testing, some simple
rules of thumb can be formulated to optimise cryogenic operation on
the one hand and radiation hardening on the other.

L) e 3

»,

X008

R RRAARRRARRN
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%+ Hardening can be best achieved by design modifications like guard-
rings. The kink effect can be suppressed by applying a cascode
structure. This goes, of course, at the expense of the packing
density.

+ Radiation testing should preferably be performed at the operation
temperature, to rule out annealing and ‘ordering’ effects. It can be
stated, however, that as far as bulk displacement damage is
concerned (i.e. following proton exposures), room temperature
provides the worst-case scenario.

LS
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In spite of the downscaling trend, the introduction of alternative
materials and advanced process modules raises again some concerns
with respect to radiation hardening. Therefore, in Activity Il, focus will
be on:

= The study of the impact of Shallow Trench Isolation (STI) on
the radiation hardness of p-n diodes.

= The impact of alternative gate dielectrics (NO,...)

= The impact of scaling: components processed in a 0.18 um
CMOS technology
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