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A B S T R A C T 

Th i s p a p e r p resen t s a brief overv iew of M o n t e Ca r lo sim­
u la t ion of e l ec t ron devices. A s imula to r is de sc r ibed t h a t can 
b e used to s t u d y sub-mic ron devices w h e r e non-oqui l ib r ium 
effects play an essent ia] role. Selected r e s u l t s o b t a i n e d wi th 
advanced silicon .MOS t r ans i s to r s a re shown to i l lus t ra te im­
p o r t a n t app l i ca t ions where the M o n t e C a r l o a p p r o a c h has no 
viable a J t e rna t i ve . 

I. I n t r o d u c t i o n 

This paper is essentially ba.sed on the work started in 1985 at the 
University of Bologna (Italy) in co-operation with the Italian Univer­
sities of Udine, Parma and Modena and with ATA;T Bel! Laboratories 
(Murray Hill, NJ, USA). The result of such a work is an advanced 
Monte Carlo (MC) simulator of electron devices, uniquely suitable to 
iludy high field transport and carrier heating in VLSI and L'LSI devices. 

The essential motivations for this project are. a) the growing im-
jortance of simulation in advanced technology dcveiopment; b) the in­
creasing inadequacy of the conventional models of charge transport in 
lemjconductors. 

The drift-dilTusion (DD) model in fact, derived under simplifying 
assumptions from Boltzmann transport equation (Ij, looks only at av­
erage (i e. macroscoptc) properties of the carrier gas and provides so 
intrinsically /(?ca/description of charge transport with earners assumed 
to be in t5Ui/i6num with the applied fields. Recent worlu on sub-micron 
MOSFETs [2,3j, however, have clearly shown that non-equilibrium ef­
fects play an important role m determining device characteristics. 

An almost ideal solution to device simulation is provided by the 
Monte Carlo (MC) technique \A] to solve directly Boltzmann equation 
following in space and titiie the history of each individual particle This 
method, however, requires large computation resources, thus it was con­
sidered impractical for real device applications However, recent efforts 
have changed the situation and MC device simulation is a candidate for 
future use in technology development. 

U . T h e M o n t e Car lo m e t h o d 

The MC mode! of charge transport in semiconductors ("1] considers 
a large number of carriers subject to external forces (electric field) and 
given scattering mechanisms A carrier trajectory consists of a sequence 
of ballistic flights governed by particle dynamics and terrrunaled by 
collisions (scattering events) described by microscopic models relating 
the carrier parameters (energy, momentum, ) before and after the 
collision. The scattered particles start a new free (light with a well 
defined new state The number of simulated carriers is generally choeen 
so as to obtain a satisfactory trade-off between CPU time and (granular) 
noise on calculated statistical properties. 

With the MC approach physical modeling is made at the micro­
scopic level with the description of the particle energy-momentum rela­
tionship and of the various types of collisions Since the simplifying as­
sumptions are morejuslified than those used in macroscopic approaches, 
MC simulation is more accurate and founded on stronger physical basis 
than other techniques. 
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The duration of each free flight and the type of terminating col­
lisions are selected stochastically, according to the probabilities of the 
microscopic processes. Because each particle is followed individually 
along its trajectory, the model is intrinsically non local and provides 
detailed microscopic informations, such a-s carrier position, morrKntum 
and energy Of course, by means of suitable averaging the same quan­
tities as in macroscopic models can be easily obtained. 

The MC method is structured in such a way that new scattering 
models can be easily added to the simulator Most importantly, it avoids 
the relajcation time approximation and assumptions on the shape of 
the carrier energy and momentum distribution Consequently, energy 
threshold phenomena (impact ionization, gate current, and hot-carrier 
degradation, ...) can be most successfully treated [6,6] by means of 
calculated carrier distributions 

As already mentioned, the advantages briefly discussed above are 
obtained at the coet of expensive computations, in particular in the caae 
of realistic multidimensional devices. 

I I I . M C s i m u l a t i o n of s e m i c o n d u c t o r devices 

In order to apply the MC technique to real devices operating under 
extreme conditions, several major problems had to be solved. The ny>6t 
relevant among them were the following. 

a) lifflcuni mana}tmenl of rare events When interested in rare 
event], a large amount of resources must be dedicated to the simulation 
of common ones to achieve significant statistics A classical example of 
this problem is given by high energy electrons which normally represent 
a negligible fraction of the whole carrier population in the high field 
active region This difficulty can be lacltled by means of multiplication 
techniques expanding the statistical weight of occurring rare evenU. In 
practice, each of these is used to generate proper initial conditions for 
several others. 

This technique, presented in [7j for the first time, has been imple­
mented in our simulator in an improved version that can recursively 
treat events of nested raritv and different nature (position, energy, 
etc )l8j. 

b) Simulation domain konndaries. In order to save CPU lime the 
MC simulation domain should be restricted to the active device region 
where high electric fields axe normally present In this way, however, 
the parameters of the electrons entering the simulation domain are not 
known a p n o n , while the use of simplifying assumptions can affect 
significantly the obtained results 

A solution to this problem is to place boundaries only in low-field 
regions where equilibrium conditions can be invoked 

For a MOSFET this implies to simulate also significant portions 
of the highly doped source and drain regions although this inevitably 
increases CPU time, largely spent on electron.'; within the populated 
low-field region rather than on the few interesting ones in the MOSFET 
channel. 

In our case, this problem has been solved by considering the pres­
ence of each carrier in the device active region as a rare event to be 
treated as briefly described in the previous point [8]. 

c) Self-consistency of potential and earner concentration MC sim­
ulation of charge transport directly provides the carrier space distri­
bution to use in Poisson equation. The iterative procedure needed to 
obtain consistent carrier and potential distributions requires extremely 
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I«fge CPU time. Furthermore, serious problems arise from the noise 
»MOciated with the MC calculation that can seriously threaten the con­
vergence of the whole process. 

Wc have developed an original, non linear scheme to couple MC 
transport .niid Poissoii equation that provides very robust convergence 
(81. 

d) Efficient use of CPU resources As MC simulations are very de­
manding, special attention must be paid to the problem of computalion 
efficiency. Our effort was directed toward: 1) efficient mapping onto vec­
tor and/or parallel machine architectures; 2) development of algorithms 
to increase computation efTiciency (rare events, self-consistency, calcula­
tion of carrier free flight duration [6], ...)• A global CPU tune reduction 
of several orders of magnitude was achieved with complete simulations 
of MOSFET transistors in a; 2/i of a single processor CRAY-YMP ma­
chine (see Table 1). 

e) AccuraU microscopic modeling. In order to consider carrier en­
ergies up to few eV the traditional, single energy-band models are in­
adequate. The alternative is the use of the full silicon band structure 
which has a dramatic impact on CPU tune [9] We have developed 
an original, simplified model of the energy-momentum relationship that 
provides a good trade-off between accuracy and efficiency [lOj. This 
model has been recently improved including a consistent and accurate 
impact ionization model (!!] . 

r v . Relevaj i t a p p l i c a t i o n s of t ho M C s imula to r 

The first example presented here concerns the calculation of macro-
tcopic device characteristics (terminal currents, capacitances, intrinsic 
velocity, . . .) , while the second deals with the crucial problem of hot 
electrons in scaled sub-micron devices. 

For the former case, deep submicron MOS transistors with gate 
length (/: ,„, ,) varying from 0 IS^im to 0.75/jm (effective lengths of 0 . 1 -
O.lfjm) have been analyzed with the self-consistent MC simulator as 
well as with an advanced DD program in order to compare the effective 
capabihties of the two approaches. 

Table 2 summarizes a relevant set of calculated device parame-
ters. Comparing device perform.ince obtained with MC and DD sim­
ulations, it can be seen that the transconductance (g„) differs signifi-
C2uitly only for gate lengths below 0 25^m, due to non negligible velocity 
overshoot throughout the channel (in good agreement with experiments 
PD- The electron velocity averaged over all carriers (v) obtained from 
MC and DD simulations are shown (together with the MC average en­
ergy) as a function of position along the channel in Fig. 1 for the cases 
^»<iic = 0.75pm, 0 25/jm and 0 15pm, respectively. From these dis­
tributions, the velocity V averaged also over the whole channel can be 
easily computed (Table 2). As can be seen, at 0.75/jm (Fig. 1(a)). v^c 
is substantially higher than VDD only in a very small high-field region 
near the drain. In the 0 25pm device, instead, v^c > VDD throughout 
a much higher portion of the channel (Fig. 1(b)); because, however, MC 
and DD velocities are nearly the same at the source end of the channel, 
SmMc ^ g,nDD Finally at 0 15pm (Fig. 1(c)), f,«c > vpo for the 
whole channel, consequently ffm.wc > 9'nDD 

Another interesting aspect of the MC calculation is that the in­
version charge is significantly smaller than for the DD case, so is also 
the MC gate capacitance (Cc) Since, as alre,ady discussed, ?,n.Mc 
> 9mDD, MC simulation predicts significantly higher velocity perfor­
mance than the DD model, as indicated by the calculated cutoff fre­
quency ( / j . = j „ /2 ) rC ' c ) As expected, the MC and DD fj's are nearly 
identical for relatively long devices, but differ significantly with decreas­
ing gate length Finally, Fig. 2 shows the difi'erence in output character­
istics of the 0 15/jm device calculated by the MC and DD approaches 

In the second example, we investigated the effects of different scal­
ing rules on electron heating and intrinsic device performance in deep 
submicron MOSFETs. To this purpose, the technological parameters 
of a reference 1pm process {i,;j - 0.75pm) have been scaled down 
to L,;j = 0 25pm according with the conventional rules [12], shorter 
devices, with L,,, down to 0.075pm, have also been simulated with the 
same technological parameters as the 0.25pm process Two different 

voltage scaling strategies have been investigated: the traditional ap­
proach [12] (Fa„ scaling) which makes the average lateral electric field 
(F«„ = SOitV/cm) in the channel independent of device dimensions, and 
a different one (F,„a,) designed to keep the same value of the maximum 
lateral electric field at the Si - SiOi interface (F„,a, = 390tV7cm). 
In the latter case the voltages must be scaled less than the dimensions 
beeau.sc of the different shape of the potential along the channel and 
the scaling rule must be obtained empirically because of the lack of 
analytical relationship between F^^i and applied voltages 

Figs. 3,4 illustrate the calculated electron heating and device per­
formance obtained with the F^^i scaling rules. Fig. 3 indicates that a 
drastic reduction in hot carriers is expected for ultra short MOSFETs, 
though without any abrupt threshold, in particular the presence of few 
electrons at energies above qVj, (see curves D and E) and their low 
T, agrees with experiments on low voltage hot electrons exhibiting en­
hanced dependence on V^, [13]. Fig. 4 shows the transistor current as 
predicted by MC and DD models as a function of channel length, the 
f^mar Scaling leads to increased current capability for smaller devices 
In addition, at the shortest /..,/;, velocity overshoot becomes important 
and the DD model significantly underestimates the achievable perfor­
mance. The same analysis described above performed with the F^^ (i e 
hncar) voltage scaling clearly shows (Fig 5) that hot electron effects 
are drastically reduced (mainly because F„at decreases for the shortest 
device), but the current capability is badly affected (Fig 6) and so is 
the device dynamic performance. 

The results briefly illustrated above clearly indicate that linear volt­
age scaling is too conservative for future deep submicron technologies, 
at least from the point of view of electron heating. In fact, supply re­
ductions designed for constant maximum lateral electric field provide 
better device performance with no increase of hot electron effects. 
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Device 

N* - N - N* 

0 25/jm MOSFET 

0 IS/im MOSFET 

0.075/im MOSFET 

MC-Poisson loops 

3 

10 

10 

10 

CPU time 
is] 

135 

7,680 

6,9C0 

6,200 

Vector speed-up 

4 5 

4 

4 

4 

Scattering events/sec 

45,000 

16.000 

20,000 

22,000 

Table 1 Timing results for ^ single processor CRAY-YMP 

^mask 
ifim) 

0.75 (DD) 
0.75 (MC) 

0.50 (DD) 
0.50 (MC) 

0.25 (DD) 
0.25 (MC) 

0.15 (DD) 
0 15 (MC) 

Table 2. Intrinsic device characteristics as given by DD and MC models. 
Vcs = 1.5V, VDS = 2.0V, T = 300/C 

0 2 0* 0 6 d ^ 
DISTANCE i/iitil 

0 1 02 0 3 
DISTANCE (/j.m) 0 05 010 015 0 20 0 25 0 

DISTANCE (fjjn) 

Fig. 1. Average electron velocity in the MC (solid) and DD (dashed) 
sinnulaUons and surface electron energy in the MC solution (dashed-
dotted) or Vcs = 1.5V, V^s = 2 OV and L,,„ = 0.75,.m (a), i , , „ = 
0 25/im (b), and £,,„,. = 0 15/-m (c). ' 
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Fig 2 Output cliaractfristics for » MOSFET with L,oic = O.lS/im 
obtained with the DD (•) or the MC (x) model 
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Fig. 4. Drain current and average electron velocity in scaled MOS Fig. 3. Electron energy distribution (at the point of maximum carrier 
transistors with applied voltages reduced so as to maintain the same heating) calculated in scaled MOS transistors with applied voltages re 
vaJue of the maximum electric field in the channel, calculated with the 
MC and DD model (solid and dotted hne, respectively) 

duced so as to maintain the same value of the maximum electric field 
in the channel. The curves represent the cases of L,ji = 0.75 (B), 0 25 
(C), 0 15 (D) and 0.075 ;ini(E), respectively. The case (A) of a constant 
field is also illustrated for comparison. 

0.2 0« 0 0 

CHANNEL LENGTH (,,m) 

Fig. 5. Electron energy distribution (at the point of maximum carrier 
heating) calculated in scaled MOS transistors with applied voltages re­
duced so as to maintain the same value of the average electric field in 
the channel. The curves shown here represent the cases of L,J; — 0.75 
(A), 0.25 (B), 0.15 (C) and 0.075 pm (D), respectively. 

Fig. 6. Drain current and average electron velocity in scaled MOS 
transistors with applied voltages reduced so as to maintain the same 
value of the average electric field in the channel, calculated with the 
MC and DD model (solid and dotted line, respectively) 


