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Abstract - This paper describes a newly developed LDD MOS device 
model- UNIMOS, for circuit simulation in SPICE. It includes a consis­
tent set of dc (I-V), and hot electron induced substrate current models. 
For the I-V model.new results for achieving accurate and computationally 
efficient models of both conventional and LDD MOS devices with 
submicron channel length will be described. In addition, development of 
the new hot electron induced substrate current model and the incorpora­
tion of the above model equations into SPICE useful as a mca.suring of 
the hot electron effect will be demonstrated with a practical example. 

Introduction 

Two basic models needed for circuit simulation in SPICE are the 
dc(I-V) and ac (C-V) models. These two MOSFET models in SPICE 
have been developed for years 11 ]. The Berkeley SPICE MOS models 
which have been evolved from LEVEL 1, 2 3 to a recent LEVEL 4-
BSIM (2) version has shown wide applications for conventional MOS 
devices. However, there arc limitations of the above models for 
submicron and even decp-submicron devices. It is also known that the 
substrate current ,1B, can be used as a good monitor of the generated hot 
electron effect in a circuit during dynamic operations and has been 
ignored in SPICE simulation. Analysis of the device or circuit failure in 
particular the hot carrier effect which affects the long term reliability is 
becoming an important issue in VLSI design. We are in lack of a hot 
carrier model for SPICE so that circuit designer can use it to develop or 
optimize hot carrier resi-stant devices or circuits. Continuing efforts will 
be made to improve currently used dc models and the inclusion of tlic 
substrate current in circuit simulation using SPICE. 

The present SPICE model includes a consistent set of Ip and Ig 
models. We suggest a revolutions! equivalent circuit model of LDD 
MOS devices in Fig.l which will meet the requirement of the drain 
current model for conventional circuit simulation and also the simulation 
of the generated substrate current during switching transient (3|. Usage 
of the modified SPICE simulator will be demonstrated with examples. 

A Compact LDD MOS Device I-V Model 

An improved model for the I-V characteri.stics of small geometry 
LDD MOSFETs was first developed based on the enhancements of our 
previous models in |4,5] and a newly-developed optimization algorithm. 
The expressions achieved for the drain currents hold in the weak 
inversion, strong inversion and saturation regimes of operation. Several 
major improvements in the newly developed LDD MOS device model 
include: (1) A gate voltage and drain voltage dependent properties of the 
drain-source series resistance, (2) Optimization of the model parameters 
which will enhance the accuracy of the model. This is more important 
for analog circuit applications. (3) Discontinuity problem of 1-V curves 
at the near threshold region in the original SPICE model is also solved 
in the new model. 

The drain-source scries resistance effect in LDD devices is crucial. 
In the present approach, an LDD MOS device can be considered to be an 
intrinsic MOS device in scries with two explicit resistors as shown in 
Fig. 1. These two drain-source resistances are the first to be derived as 
functions of gate- and drain-voltage, in which the gate voltage dependent 
feature is obtained as shown in Fig. 2. Suitably chosen boundary 
conditions are derived to get a better approximation of this resistance 
effect in the linear region and guarantee the continuity of I-V curves at 
the saturation point. Accuracy of the I-V curve is enhanced by an 

optimization of the two mobility degradation factors 8 and r\, which will 
determine the accuracy of I-V curves in the linear region. Fig. 3 shows 
the modeled result for a set of (d,r\) after optimization. Comparison 
between model and experiment is shown in Fig. 4, in which excellent 
agreements has been achieved. Smooth transition at near threshold (Fig. 
5) is also obtained which can speed up the convergence in circuit 
simulation and hence saves CPU time. Only 12 model parameters arc 
used to fullyadapt tlie small geometry I-V models to a given process. In 
addition, benchmark test of a ten-stage inverter shows that a saving of 
30% in CPU time has been achieved which further indicates the 
efficiency of the new model. An RMS error less than 5% can l)e achieved 
for the I-V models as seen form the comparison in Fig.5. 

A New Hot Electron Model of MOSFETs In SPICE 

The substrate current, Ig, model is basically a combination of the 
Lucky-electron model and the previous drain current model parameterized 
from the measured data. The substrate current, Ig, model uses the form 
similar to that in |6] and with minor modifications along with the device 
Ip model equations was summarized in Table 1. In the model equation, 
Oj and Pi are the impact ionization coefficients and /̂  is the effective 
impact ionization region length. By doing measurements on a set of 
different channel length devices and plotting ln[lB(Vi5s-VD5^.j.)/ipi 
versus 1/(VDS"^DSAT)*'' shown in Fig. 6. a; as function of channel 
length can be found as shown in the insert of Fig.6. Comparison 
between model and experiment of the fitted I3 results for various channel 
lengths are given in Fig. 7, in which excellent match has been achieved. 
The insert of Fig. 6 also shows the channel length dependence feature of 
the impact ionization rate, (Xj, as well as the nonlocal effect which is not 
previously reported. 

Once the models for Ig and I^ are established, these two model 
equations can then be incoporated into SPICE, from which devices' drain 
current and substrate current can be simulated at any instant of time can 
be evaluated. This substrate current will be generated during only 
switching as shown in one example followed. 

circuit Hot Electron Effect Simulation 

One typical application for demonstrating the reliability simu­
lation of a given sense amplifier circuit is Illustrated as follows. Fig. 
7(b) shows the simulated output waveform at the drain of M9, Fig. 7(c) 
gives the simulated IB for every n-MOS transistors. It also provides us 
the information of the substrate current generation during switching 
transient such as that described by H.su et.al. [3]. One very important 
implications from 7(c) is that transistor M9 is susceptible to the hot 
electron stress due to the observed larger Ig by comparing with the oUicr 
transistors, and hence has shorter lifetime. However, the suppression of 
this Ig can be achieved by using a different transistor size (W/L= 4/1) 
whose Ig is also shown for comparison. This shows the efficacy of tlie 
developed simulator for optimum design of VLSI circuits. 

In summary, for the first time, we add a new LDD MOS transistor 
model in SPICE that includes the hot-electron induced substrate current. 
The dc I-V model has been shown to meet the requirement of submicron 
VLSI's. We have also demonstrated a way of evaluating the substrate 
current generation using circuit simulation. The amount of generated hot 
carriers in VLSI circuits can be monitored and reduced through design 
optimization based on the present substrate current-based SPICE 
simulation. 
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R|= RVd,„/(Vas-VT-0.5«VDSAT) R: given in rig.2. 

a = 1+ 0.5(K,+K3)g//*s-VBS -(K2-K4) 

g = 1- l/|1.744l0.a364(«>s-VBs)! 

(2) Saturation region (Vos-VT<aVBSAT) 
Io = >d,jiu/(l-5l. /L) 

Vd,M= (Vos-V-rfaTcD/D - /(Vos-VT+alicL)''-2D(VGS VT)IX;I . /D 

where D = a(!- {JoRHcL) and VDJ;AT= Vd,^+ 2RldR t̂ : teniiinal vollaRc 

Tatile 1 Model equations of tlie drain- and substrate-current for n-MO.Sl-'FTs 
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Fig.7 Comparison between the modclrxl mid experi­
mental dnta for the lubstrate cuncnij of diffcicnl 
clmnncl lengths. 

Fig.l An equivalent circuit model of !,DD MOS 
device in wliich a new substrate curreni 
model is added. 
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Fig.2 Relationship between drain-source series 
resistance and gate voltages. 2R= AL'^+B, 
A= 105. n= 0.36. B=6!.6. 
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Fig.3 Optimum values of the mobility degradation 
factors venius channel length. 

Ftg.4 Comporison of the experiment and model 
for a short chantKl LDD MOS device. 
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Comparison of ihc experimental and mock-icd 
sublhrcshold characlerislics of short channel 
device. 
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fig 6 Chnractcri7ation of the substralc curreni and 
Ihc impacl ioni7j!lion lalc Oj. Thcinscr! 
shows Ihc channel Icngrh dependence of rtj. 
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(C) 

A sense amplifier circuit for rcliabiliiy analysii 
(a) The circuit, (b) Simulated output waveform, 
(c) Simulated Ig for each transistors. 
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