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Kazutaka NéGAMI, Kazuhiro SAWADA, Masaaki KINUGAWA,
and Takayasu SAKURAI

Semiconductor Device Engineering Laboratory,

1 KomukaiToshiba-cho,

Introduction

'm_ebot-catriaptoblemmmoﬁhemtseﬁousobstxles
in making high-density, high-speed VLSI with submicron geometry.
Consequently, the MOSFET device level degradation under DC and
AC stress has been investigated intensively in the past few years.
However, little work has been carried out on the circuit level!. This
paper deals with two new aspects of the circuit behaviors under AC
hot-carrier stress.

One is on a hot-carrier resistant circuit structure called NOEMI
(Normally.On Enhancement Mosfet Insertion)’. The verification of
heffectiveneuofﬂuNOEMIthmughndimaexpeﬁmti:w—
riedoutfotmeﬁm'ﬁme,mdd:ecimitopﬁmiuﬁon strategy for the
NOEMI is described. The other is a proposal of a new simple model
which can give insights to the relation between the hot-carrier MOS-

Experiments on NOEMI
The NOEMI is a circuit structure where serially connected

ion comparison between the con-
ventional CMOS inverter and the NOEMI inverter under 9V AC
stress. In this experiment, 1um MLDD NMOS? and 1.2um conven-
tional PMOS were used. In the conventional inverter after 10° sec

contrary, the NOEMI inverter shows no
It is seen from Fig.1 that the NOEMI has at least
three orders of magnitude stronger resistancy to the hot-carrier com-
pared with the conventional inverter. Therefore the NOEMI will be
indispensable to assure sufficient reliability for bootstrap circuits in
sub-micron DRAMS", where 8V AC stress is applied even if the sup-
ply voltage is 5.5V,

NOEMI Optimization

me = %Vw + V-n;-.

where Ve denotes the threshold voltage with substrate bias effect.
lnFig.S,thel..,ofdleoptimindNOMincompuison with the
coaventional inverter is re-plotied to clarify the difference.

i ip between propagation delay and
the size of the normally-on MOSFET, (W,;), with the PMOS
i bod:ofw.lmdw,mamund
minimum delay. The reason is as fol-
lows. If W, is small the effective drivability for discharging is
mﬂLb\ntifW.,istoolmﬂnjuncﬁmclpaciunceofthe
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normally-on MOSFET degrades the speed. Varying W,; does not
affect the reliability because the maximum voltage of the middle
node V,, depends on Vg but not on War.

Model for Circuit Degradation

Figure 5 shows the typical DC characteristics of Iym MLDD
NMOS before and after AC hot-carrier stress. The device shows the
degradation especially in a triode region, being same as the DC
stress degradation. How does this LDD type of degradation affect
the circuit speed? In order to understand the relationship between
the triode region degradation and circuit delay, a simple model as
shown in Fig.6 is proposed. The advantage of this model is the free.
dom of varying triode and pentode characteristics independently. R,
and Ry signify the effective MOSFET resistance in the triode region
and in the pentode region, respectively. With this model the switch-
ing delay t,4 is expressed as follows.

LN Ry 1R
CR, 09 + Rs In o,

If Ry is changed from Ry to R3+AR, due to the hot-carrier effects,
the change in tpa, Alyy, is expressed as

Aty Yy ARy ) = (Ry/Rs) In(10Ry/Ry)
( ™ ¢ Ry ° " 09+ ®RyRy In(10Ry/eRy)

The above model calculation agrees well with the SPICE2 simulation
using AC hot-carrier degraded MOSFETs as shown in Fig.7. The
figure suggests that the change rats of tpa is small when RyRy i
small. The RyRy decreases for smaller MOSFETs because of the
velocity saturation of carriers by gate voltage. As a resul}, even if
10% change is observed in ARy/R, by the hot-carrier degradation, the

circuit speed becomes less sensitive to the hot-carrier degradation for
smaller MOSFETs.

Conclusions
The NOEMI circuit technology is experimentally shown to be
effective in realizing reliable sub-micron VLSIs, and found to have
the optimized gate voltage and the optimized size for the normally-
on MOSFET. Secondly, a simple model is proposed which helps to

understand the relationship between the LDD MOSFET degradation
and the circuit degradation.

Acknowledgement

The authors wish to thank MMatsui, K.Kakumu, T.lizuka,

0.0zawa and Y.Unno for encouragement and discussions. They also

thank T.Shirotori and Y Ito for supports.

References
1) Horiuchi T. et al,, "Hot-Carrier Induced Degradation of N-MOSFETs in
Inverter Operation,” Symp. on VLSI Tech,, Pp.104-105, 1985,
2) Sakurai T. et al, "Hot-Carrier Generation in Submicron VLSI Environ-
ment®, IEEE, J.S5C, SC-21, Pp-187-192, Feb.1986.
3) Kinugawa M., et al., "Submicron MLDD NMOSFETs for 5V Operation,”
Symp. on VLSI Tech., pp.116-117, 1985,
Sakurai T, et al, "A 1IMb Virtually Static RAM," IEEE ISSCC, Dig. of
Tech. Papers, pp.252-253, Feb.1986.

5) Takeda E. et 4l, "Hot-Carrier Effects in Submicron VLSIs,"” 1983 Symp.
on VLSI Tech., p.104, 1983,

4



Change in gm & ldo

0%

T 1 T
sam Agm/om (gm.max}

- oac Al.ll“,(lV.'V. =3¥)

% x‘ 5: duty*08

% o iqa-mm
t, oty 10
- R
LYy Yo ¥ V' -t
-8 0 -9 0
.
-—abh
i NOEMI Imr ronge
/ o
"/o‘ g
o ——— R a
| ] ] 1) )
A Il L i
102 103 104 (g

AC stress fime [sec ]

Fig.1. Measured reliability comparison between

3

1012

Fig.3.

Ips

v ~
108 / \ Conventional |
T ]
: e
2 10r i
|

NOEMI and conventional inverter
1077

5 6 7 8 9
SUPPLY VOLTAGE Vpp [V}

Substrate current comparison between

8

g

optimized NOEMI and conventional inverter

PROPAGATION DELAY t,, [ps]

GATE VOLTAGE Vg¢ (V)

H

-
——

ol

-
———
-

transistor
limit
region

SUPPLY VOLTAGE Vpo (V)
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Fig.6. A simple model to clarify triode and pentode region contribution to circuit delay

14

G/
pd

200k ---- after AC stress (10’

[mA}

Ins

Ves=5V |

sec)

Fig.5. DC characteristics of LDD MOSFET
before and after AC hot-carrier stress
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