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Abstract

Current circuit simulation programs such as SPICE do not provide
a sufficient low-temperature device model for buried-channel PMOS
devices biased in the delayed-turn-off region [1]. ‘This paper presents a
closed-forin analytical PMOS delayed-turn-off model suitable for sim-
ulation of circuits with PMOS devices operating at the liguid nitrogen
temperature. As compared to the low-temperature PISCES {2)-[4] re-
sults, the closed-form analytical PMOS delayed-turn-off inodel provides
a much better accuracy for sinulation of circuits operating at 77K.

Summary

Recently, low temperature operation of CMOS circuits has been
receiving substaniial attention owing to advantages in speed perfor-
mance, latchup immunity, and relaxed scaling restrictions(5]. However,
the available circuit simulation programs such as SPICE do not pro-
vide accurate models for CMOS devices operiuting at 77/ . Especially,
the delayed-turn-off phenomenon of the PMOS device with a counter-
doped channel, operating at 77X, is not included in the SPICE model.
Although, device-level models describing the PMOS delayed-turn-off
behavior has been reported [1] using iterative numerical methods, it is
not suitable for circuit simulation. In this paper, a closed-form ana-
Iytical delayed-turn-off model of the PMOS device operating at 77K
suitable for SPICE circuit simulation is described.

Fig. 1(a) shows the cross section of a PMOS device based on a 1.2um
CMOS technology used in the study. The PMOS device has a gate
oxide thickness of 2504. Fig. 1(b) shows the vertical doping profile in
the center of the channel with a junction depth of 0.2um. As shown
in Fig. 2, bascd on the current SPICE model, the subthreshold 1V
characteristics of the PMOS device at 77K is very different {from the
PISCES results[3]{4], where incomplete ionization, bandgap narrow-
ing, concentration and E-ficld dependent mobilities, Shockley-Read-
Hall and Auger recombinations with concentration dependent lifetimes
have been included [1). As shown in Fig. 3, at 77K, in the PMOS
device biased in the delayed-turn-off region, the potential distribution
indicates a valley at the peak of the implanted channel, which implies
a zero clectric ficld. Between the peak of the implanted channel and
the silicon surface, the potential difference is large for the device biased
in the strong and conventional weak inversion regions. However, in the
delayed-turn-off region, the voltage difference between the silicon sur-
face and the potential valley is small, where the frecze-out cffects are
isportant. As shown in Fig. 4, a closed-form analytical delayed-turn-
off model has been successfully created by solving Poisson’s equation
with incomplete jonization around the potential valley for the regions
above and below the potential valley. As shown in Fig. 5, a good

agreement between the analytical model and the 'I’ISCES r?sul.ts can
be found in the potential distribution for the device operating in L]')c
delayed-turn-off region. Fig. 6 shows the subthreshold IV characteris-
ucs of the PMOS device with a channel implant depth of 0.2um for
three peak concentrations( 5,7,9 x 10'%cm~?) based on the analytical
and PISCES results. For a higher peak concentration, the PMOS de-
vice indicates a longer delayed-turn-off interval. The analytical model
demonstrates a very close fit to the 2D results in the delayed-turn-off
region. Fig. 7(a) shows the subthreshold slope (n = va—w—vﬁr) of the PMOS
device with a channel implant depth of 0.2jum for three peak concentra-
tions. In the delayed-turn-off region, as the gate voltage moves toward
the positive direction, the slope is decreasing. As it reaches the weak

inversion region, the slope is at minimum. Among three cases, the
delayed-turn-ofl slope is the Jargest for the 9 x 10'%cin=3 case, which
shiows the strongest delayed-turn-off phenonienon. Tor a peak concen-
tration of less than 5 x 10'%cin=3, the delayed-turn-off behavior almost
diminishes. As shown in Fig. 7(b), in addition to the oxide capaci-
tance, the cquivalent capacitance model is composed of two depletion
capacitances (Cp;,Cp2) and another capacitance Cas accounting for
the mobile charge in the channel. As the gate voltage is near the con-
ventional weak inversion region, the subthreshold slope of the analytical
model results is approaching n = 1+ Cpa{z+ ’C";‘,\’)’ as for the room
temperature case [6] since freeze-out eflect is neghgible. Figs. 8(a)
& (b) show the interval of Vo where delayed-turn-ofl exists and the
delayed-turn-off slope vs. the junction depth of the channel implant
for various peak concentrations and gate oxide thicknesses. With a
deeper channel implant, the device indicates a stronger delayed-turn-
off behavior. On the other hand, with a thinuer gate oxide, the device
shows a less delayed-turn-ofl phenomenon owing to a more influence
from the gate. In conclusion, a closed-forin analytical delayed-turn-off
model of a PMOS device operating at 77X has been successfully cre-
ated. Compared to low-temperature PISCES results, a much better
maich can be identified using the analytical model, which is suitable
for simulation of circuits with PMOS devices operating at 77K.
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Fig.1(a) Cross section of the PMOS device under study. Fig.2 The subthreshold IV characteristics of the PMOS device
(b) Doping profile at 77K based on the SPICE and PISCES.
Vb
G 9 104
—ivgeox 02 s
a =Y
—iVgel.

04

04 Na = 9.0E16(ca*-3)
tox = 250(A) g
SR as e

o i :

08
08

4
1

Moo 02 03 o4 o5 os a7 or os 1 1048

o1 o7 03 04 05 06 07 o8 oy ’ A8 a6 a4 a2 4 08 06 o
Xum) veew
x(uen)

Fig. 3 Potential distributions in the PMOS device at T7K. Fig. 5 Potential distribution in the PMOS device at 77K using the analytical model and the PISCES results.
Fig. 6 Subthreshold 1V characteristics of the PMOS device using the analytical model and the PISCES re-
sults.
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Fig. 4 Important equations in the analytical delayed-turn-off model.

D.T.O Duration(V)

o Vg Xuen)
. o
%0, —L Cox
25
2
10| 'l{,!_h
st ——Cd2
0 \
-12 11 -1 09 08 0.7 0.6 05 04 03
Vi) =

Fig. 7 (a)Subthreshold slope of the FMOS device using the analytical model and the PISCES resuls.

(b)Equivalent capacitance mode! Fig. 8 (a)The voltage interval where delayed-turn-off exists

(b) nato vs. the junction depth of the channel implant
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