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Abstract 

Current circuit simnl.itioii programs such as SPICE do not provide 
a sutficieul low-tciuperature device model for buricd-cliannel PMOS 
devices biased in the deiayed-tuni-ofT region [1]. Tliis pni)er presents a 
closed-form analytical PMOS deiayed-tnrn-olf model suitable for sim­
ulation of circuits with PMOS devices operating at the liquid nitrogen 
temjjerature. As compared to the low-temperature PISCES [2]-['l] re­
sults, tlie closed-form aualyi.ical PMOS delaycd-turn-off model provides 
a much better accuracy for simulation of circ\iits operating at 77A'. 

Suii iniary 

Recently, low temperature operation of CMOS circuits has been 
receiving substantial attention owi}ig to advantages in speed perfor­
mance, latcliup immunity, and relaxed scaling restrictionsjS]. However, 
the available circuit simulation programs sucli ius SPICE do not pro­
vide accurate models for CMOS devices operating at 77/f. Es|)ecially, 
the delayed-turn-off phenomenon of the PMOS device with a counter-
doped channel, operating at 77A', is not included in the SPICE model. 
Although, device-level models describing the PMOS delayed-turn-olf 
behavior iias been reported [1] using iterative numerical metliods, it is 
not 6uita!)le for circuit simulation. In this paper, a closed-form a]ia-
lytical delayed-turn-off model of the PMOS device operating at 77A' 
suitable for SPICE circiiit simulation is described. 

Fig. 1(a) shows tl}e cross section of a PMOS device based on a 1.2/Jin 
CMOS technology used in the study. The PMOS device lias a gate 
oxide thickness of 200,'!. Fig. 1(b) shows the vertical doping profile in 
the center of the cliannel with a junction depth of 0.2/jm. As shown 
in Fig. 2, based on the current SPICE model, the subthreshold IV 
characteristics of the PMOS device at 77A' is very different from the 
PISCES results[3]['l], whore incomplete ionization, bandgap narrow­
ing, concentration and E-ficId dci)endent mobilities, Shockley-Read-
llall and Auger recombinations with concentration dependent lifetimes 
have been iiiclu«<»iJ [-1]. As shown in Fig. 3, at 77A', in the PMOS 
device biased in the delayed-turn-olf region, the potential distribution 
indicates a valley at the peak of the implanted channel, which implies 
a zero electric field. Between the peak of the implanted channel and 
the silicon surface, the potential difference is large for the device bia.sed 
in the strong and conventional weak inversion regions. However, in the 
dclayed-lurn-ofT region, the voltage difference between the silicon sur­
face and the potenlial valley is small, where the freeze-out effects are 
important . As shown in Fig. '1, a closed-form analytical delayed-turn-
off model has been successfully created by solving Poisson's equation 
with incomplete ionization 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 PISCES results can 
be found in the potential distribution for the device operating in the 
delayed-tiirn-off region. Fig. 6 shows the subthreshold IV characteris­
tics of the PMOS device with a channel implant depth of 0.2/n7i for 
three peak conceiitrations( 5,7,9 X 10"^cm-=') based on the analytical 
and PISCES results. For a higher peak concentration, tlie P.MOS 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 (ii S ^ ) of the PMOS 
device with a channel implant depth of 0.2/»m 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-off slope is the largest for the 9 x IO"'cm~'' case, which 
shows the strongest delayed-turu-off phenomenon. For a peak concen­
tration of less than 5 x ]0"'cm""^, the delayed-turn-off behavior almost 
diminishes. As shown in Fig. 7(b), in addition to the oxide capaci­
tance, the equivalent capacitance model is composed of two depletion 
capacitances {CDI,CD2) and another capacitance CM 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 
mode! results is approaching n = 1 -I- CDAZT^ + cTST^' ^ ^'"'^ ""'"̂  roo'ii 
temperature case [C] since freeze-out effect is negligible. Figs. 8(a) 
& (b) show the interval of Vc where delayed-turn-off exists and the 
delayed-turn-off slope vs. the junction depth of tlie 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 thinner gate oxide, the device 
shows a less delayed-turn-off phenomenon owing to a more influence 
from the gate. In conclusion, a closed-form analytical delayed-turn-olf 
model of a PMOS device operating at 77A' has been successfully cre­
ated. Compared to low-temperature PISCES results, a much better 
match can be identified using the analytical model, which is suitable 
for simulation of circuits with PMOS devices operating at 777^". 
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Fig.l(«) Cross section of the PMOS device under study. 
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Fig.2 The subthreshold IV characteristics of the PMOS device 
at VK based on the SPICE and PISCES. 
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Fig. 3 Potential distributions in the PMOS device at 77K. 

1. Va = Vo(»,» = »^,.) + #{^A-1.,» 
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Fig. 5 Potential distribution in the PMOS device at 77/C using the analytical model and the PISCES tesulti. 
Fig. 6 Subthreshold IV characterbtics of the PMOS device using the analytical model and the PISCES ce-
•ults. 
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Fig. 4 Imporlant equations in the analytical delayed-turn-ofT model. 
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Fig. 7 (»)Subthre.hold slope of the PMOS device using the analytical model and the PISCES result.. 
(b}E()uivaIent capacitance model Fig. 8 (a)The voltage interval where delayed-turn-off exists 

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