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Abstract 

An improved cellular automaton(CA) method is proposed in which an inter- 
polated flux concept is introduced to suppress a well-known artifitial diffusion 
problem. The new method allows larger mesh sizes both in red and momentum 
space without losing numerical accuracy. Consequently, it becomes a practical 
modeling tool of non-linear carrier transport in semiconductor devices. In its 
application to Si MOSFETs, obtained results are extremely stable beyond the 
advanced weighted Monte Carlo method. Furthermore, making the best use 
of the stability, gate-currents are studied in detail. 2 peaks of gate currents 
on gate bias, so-called drain avalanche hot carrier(DAHC) and channel hot 
clectron(CHE), are well explained by thermionic emission and Fowler Nord- 
heim(F'N) tunneling of hot carriers respectively. 

1. Introduction 

Solving Boltzmann transport equation(BTE) by Monte Carlo method(MC), carrier 
tlistrihution Funct,ions(DFs) which are essential information for hot carrier analysis 
of S i  MOSFETs can be obtained. Because MC requires a huge amount of computer 
resources l o  get slahle solutions, some new approaches to  solve B T E  based on a cel- 
l t~ la r  autornaton(CA) concept have been developed by several groups[l-41. Although 
( !A produces fairly stable solutions, CA still needs a significant calculation t ime be- 
c.a.use of a, lot of d a l a  arizing from full momentum mesh points on every real space 
~rrc-sl~ ~poinls. In this paper, a new CA method is proposed in which interpolated flux 
sc l~c~r r~c~  has been introduced t o  reduce the number of meshes drasticallv bv allowing 

d d " 
~ n i ~ r . l l  la.rger mesh sizes both in momentum space and real space. The  efficiency of 
I , I I ( -  1rcsc:n"1 nnlet,hocl is demonstrated through applications t o  gate  currents analysis of 
Si MOSF'ETs. 

2. N11mc.rial and Physical Moclels 

As ollic-1. (!A al~proaclies[l-4],  carrier momentum distribution functions are stored in 
~ ~ l ~ ~ ~ i ( ~ r i c a I  t a I> l~s  clefined on each geometrical mesh points (fig.1). To keep numerical 
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accuracy, not logical type but real type data are used in these tables and updated 
by each time steps. Potential is also updated to be consistent to carrier distribution 
functions(fig.2). In these steps, flux is calculated assuming interpolated distribution 
fucntions between adjacent mesh points which suppress the artificial diffusion prob- 
lem mentioned in ref.141. The suppression of the artificial diffusion is schematically 
explained in fig.3. Interpolation is adopted also to momentum space. By the inter- 
polation of physical quantities between adjacent meshes, much larger mesh sizes can 
be used without losing accuracy, compared with the conventional method without 
interpolation. 

As for physical models,followings are used. 
(1) Energy band considering the shape of high energy electron's density of states[5]. 
(2) Phonons and impact ionization scatterings consistent with the band model[5, 61. 
(3) Brooks-Herring model of impurity scattering modified in high doping conditions[7]. 
(4) Surface scattering model considering the universal mobility in inversion layers[8]. 
(5) Gate currents of thermionicemission and of tunneling with WKB approximation[g]. 

2-dimensional impurity profiles of the process of coded gate length of 0.5pm and 
gate oxide thickness of 9nm are obtained from our process simulator OPUS[10]. 

3. Application Results 

The present method is applied to Si n-MOSFETs where steep slopes of carrier concen- 
tratibn, highly doped sourceldrain and rare events such as impact ionization and gate 
injection will cause difficulties even to the advanced weighted Monte Carlo method. 
Drain, substrate and gate currents versus gate voltage(VGs) characteristics for drain 
biases(VDs) of 3,4 and 5 volts are shown in fig.4. It is remarkable that all these cur- 
rents from subthreshold region to saturation region can be obtained in the same CPU 
time(3 hours for each on EWS of 200-Svec92fv) while MC needs more CPU time in 

& 1 

low current conditions. This is because these current values are not averaged ones as 
in MC. but snavshots where obtained distribution functions contain no fluctuation. 
~ is t r ibut ions  of carrier concentration, carrier temperature and generation rates are 
shown in fig.5-7 which are again stable snapshots of the VDs = 5V, VGS = 2V case. 
The peak position of the generation rate is more drain side than the peak of the 
eletron temperature which is a reasonable non-local effect. Back to fig.4, 2 peaks of 
gate currents can be observed (at VGs = 3 and VGS = 5 on VDs = 5 for examples) 
which are conventionally explained as DAHC(Vcs = 3) and CHE(VGs = 5). Dis- 
tributions of gate injection along the channel both for 2 peaks are shown in fig.8 as 
Vcs = 3 in a) and VGS = 5 in b),  where solid lines represent thermionic emission 
current while dashed lines represent FN tunneling. Such FN tunneling is of hot elec- 
trons just below the barrier height of thermionic emission because they feel narrower 
tunneling distances of triangular potential than low energy electrons. In case b) with 
VGS = 5, electrons beyond the barrier are less than in case a) ,  but below the barrier , 
more tunneling is induced by the higher gate bias. As a conclusion, it is well explained 
that DAHC is attributed to thermionic emission and CHE to FN tunneling of hot 
electrons respectively. 
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Figure I: A schematic representation 
of momentum tables on each geometri- 
cal mesh points are shown. Each tables 
contain carrier distribution functions as 
real type data. 

a)conventional scheme 

Figure* 3: A schematic explanation of the 
sn[~p~.cssion of artifitial diffusion prob- 
Ic~n. In the convenlional scheme a),  
Ilux is constant, in assumed cells and the 
I~atcllc.tl boxes clearly show that flux is 
I I I I I ( ~  Inore from the left cell to right. 
SIICII nrtifitial cliffusion is suppressed in 
t.11(, 1,l.c.sen t met,hod b). 

poisson solver 

no 

Figure 2: Flow. chart of the presented 
simulation method. In the flux calcu- 
lation, interpolated flux between adja- 
cent mesh points is assumed. 

Figure 4: ID.IB and IG versus VGs on 
VDS = 3,4  and 5V which are stable 
over wide range. 
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Figure 5: Carrier concentration of the Figure 6: Carrier temperature of the 
VDs = 5 and VGS = 2V case. Neigh- same condition with fig.5. Neighbour- 
bouring lines differ by a factor of 10, ing lines differ by 1000K, referring to 
referring to 1016, . . . , 1020(l/cm3). 1000,. . . ,6000K. 

Figure 7: Generation rates of the same 
condition with fig.5. Neighbouring 
lines differ by a factor of 10, referring 
to loz5,. . . , 1028(l/cm3/sec.). 
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Figure 8: Carrier injection current density into SiOz along the channel for a) VDs = 
5, Vos = 3 and b) VDS = 5, VGS = 5V cases respectively where solid lines represe3t 
themionic emission currents while dashed lines represent FN tunneling currents. In 
case b), FN tunneling of hot carriers dominates the gate current. 




