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Abstract

An efficient technique has been developed and applied to incorporate the spa-
tially dependent influence of the Pauli exclusion principle in modeling the scat-
tering processes in a two-dimensional Monte Carlo Device Simulator. The de-
generacy effects on the performance of highly doped InP-based High Electron
Mobility Transistors are investigated. It is found that degeneracy significantly
affects the behavior of carriers not only in the channel but also in the con-
tact regions what strongly influences device characteristics like I-V curves and
transconductance.

1. Introduction

Modern high electron mobility transistors (HEMT) for high frequency signal gene-
ration or amplification exhibit complex material compositions and very high doping
levels with large spatial variations in free carrier density. The transport physics is
influenced by the so-called Pauli exclusion principle what in turn leads to spatially
dependent degeneracy effects in the different regions of the inner and outer transis-
tor. In the last years, the Monte Carlo (MC) simulation has gained much importance
for the design of new device structures as it allows to reduce costs and time of the
experimental development due to its high simulation accuracy. In the MC method,
the scattering of carriers is modeled from first principles so that direct. incorpora-
tion of the Pauli exclusion principle is possible and has alrcady been worked out for
the homogencous bulk situation by Lugli and Ferry [1]. Due to the large computer
memory consumption to store the particle distribution in the three-dimensional wave
vector space with high accuracy which is invelved in [1], a far too high consumption of
_computcr memory is required if additional high resolution of the spatial dependencies
in device simulation has to be modeled. In the following, we present an accurate and
very efficient technique to overcome these difficultics.

2. The method

As proposed in [1], the limited number of electron states per volume of wave vector
space according to the Pauli exclusion principle is accounted for by the rejection of
scattering events using the occupation probability of final states which is given by the
filstrlbution function in wave vector space. Tabulating the number of electrons n(k)
in a volume element Ak, Ak, Ak, of wave vector space gives the distribution function

F(k) via n(k) = 2V/(27)® f(k) Ak Ak, Ak,
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Instead of discretising the three-dimensional wave vector space directly, it is useful to
incorporate possible symmetries of the distribution function and to align the numerical
description to the center of the physical distribution function. As shown in Fig. 1
the center in wave vector space is given by kg .. Further the physical distribution
function is approximately constant in wave vector space for fixed values of |k — Karise
as already pointed out in [2). Therefore we tabulate the number of electrons n(|k —
K4ripi|) in a spherical shell of volume 47|k — kgpise® Alk — kgripe| and calculate the
distribution function according to

Vv
n(lk = kaript]) =2 P T Uk = kgrige) Amlk = Raripe]® Alk — Karigel.
The obtained distribution function f*
Kan(X.Y) is related to the ’real’ distribution func-

tion f by a translation with —Karise
and an averaging along the angles in
wave vector space (thus any radial
variations of f are intentionally ave-
raged). The rejection of scattering
events uses the stored distribution f*
which is numerically addressed using
|K finat — Rarise] with ke representing
the final state of particles after scatte-
ring. For two-dimensional device simu-
lation the previously five-dimensional
distribution function f (with parame-
ters kg, ky, ki 2,y) is replaced by the
three-dimensional distribution f* (with
parameters |k — Rgpipe); 2,y). For mo-
deling of spatially varying degeneracy
f as well as kg are tabulated on
an underlying mesh in direct space (sce

k,
Figure 1: Schematic projection of the
physical distribution function f in wave
vector space (with equi-energy lines, top)
to f* (see text) (with equi-occupation
lines. bottom).

Fig. 4). In total, a reduction of com-
puter memory by approximately three
orders of magnitude is achieved com-
pared to the exact method of [1] with-
out any significant loss of simulation ac-
curacy, as will be discussed in detail in

the next section.

3. Results

Using the new method, different important transport characteristics have been cal-
culated for a homogencous GaAs bulk sample and compared with results calculated
with the exact method of [1]. As shown in Fig. 2 and 3 the correct drift velocity, ener-
gy distribution function as well as the distribution in wave vector space are nicely
reproduced by the new method. In Fig, 2 also the calculated drift velocity for the case
of using a pure energy distribution (as it is often suggested in the literature and which
corresponds to the case of kyrzr = 0 in our method) is presented. Obviously, a too
high drift velocity results if the asymmetry of the physical distribution function with
respect to the origin in wave vector space is ignored by averaging along equi-energy
lines.

In Fig. 3 the energy distribution and the population in wave vector space have been
calculated for both cases of including and ignoring the Pauli principle. Due to the
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limited number of states per volume of wave vector space the Pauli principle lez%ds to
a spread out of the population towards higher energy and wave vectors respectively.

In Fig. 4, an InP-based HEMT structure is shown, which has been invespigated as
an example for spatially dependent modeling of degeneracy. For each region of the
whole simulated device the distribution functions f* are tabulated and usc_d for the
rejection of scattering events. In order to check convergence f.urther cglculatxons have
been performed using a higher spatial resolution, but no significant differences to the
following results have been found.

The calculated energy distribution functions for the cases of incorporating or ignoring
the Pauli exclusion principle are depicted for the source contact regions in Fig. 5. For
comparison we also calculated an analytic Fermi-Dirac function, as_shown by the
dotted line, where the chemical potential has been calculftted in the high degeneracy
limit by using the electron concentration. As shown ir} Fig. 5_a very good .agreemtlznt
of the simulated particle distribution with the anal'ytxc Fermi-Dirac function (wluc_h
is a very good approximation for warm electrons in the shown case of low electric
field) is obtained.

Fig. 5 shows that the electrons on average are shifted to h.igher energy due to the P.aull
principle, what lecads to an increased geometrical diffusion fro§n the coptact regions
into the channel. The inclusion of the Pauli principle hz'ts m_amly two influences on
the free carrier density in the channel: The Pauli princxple in the chanflel leac!s to
an increased out-diffusion of electrons from the channel to the .surrounfllng regions,
whereas the Pauli principle in the contact regions competes to this behavior. In_Flg. 6
it is shown that the Pauli principle effectively increases the channel density in the
investigated device structure and operation point. This is the reason also for the
increased drain-source current as shown in Fig. 7.

4. Conclusions

An efficient technique has been developed which allows to 1pcorpo§'atc and resolv.e
the influence of the Pauli exclusion principle in many partial regions of a multi-
dimensional MC device simulation by using low memory resources. It is found th'at
spatially varying degeneracy can have an important influence on th‘e transport pl_lysncs
and on the electrical device characteristics and must hence be incorporated in an
accurate MC-simulation of highly doped devices.

Acknowledgement _ [ caasn=1"10"cp 300K
The authors gratefully acknowledge the %1'0__ .4 I
Deutsche Forschungsgemeinschaft for fi- © ¢ 2

nancial support. 206r

>
'80.3 * = method of Lugli and Ferry
References 3 ° *  new method ’
-

(1] P. Lugl. D. K. Ferry, "Degeneracy in & | = ====- Pauli principle switched off
the Ensemble Monte Carlo Method for © 04k no transtation in k-space
High-Field Transport in Semiconduc- R SRR B B W .
tors,” IEEE Transactions on Electron 0.6 1.0 3.0 60100 30.0
Devices, vol. 32, pp. 2431-2437, 1985. electric field E [kV/cm)

D) » . N acy ] . '

2 ?;1 }\/,?:llli((}_nt’,a1.11(\)403(}3]1&1115“3:g(ff"%i‘:c)_ Figure 2: Calculated steady-state drift
tron Transport in GaAs,” Electronics velocity incorporating the Pauli exclu-
Letters, vol. 27, pp. 679-680, 1991. sion principle using different approaches.



0.17pm
Source

regions

172

1.0E~._ GaAs
3 n=1*10" cm®
— 0.1 3 * .
W F E=3kviem
0.01k method of Lugli & Ferry ™~~.:
E ¢ * ¢ new method
LT Pauli principle switched off
0.001 bt
0.0 0.05 0.1 0.15
energy [eV)

0.2

3 GaAs E= 3kV/cm
[ n=1*10"cm® 7y
500
- 00T 300k 1o
< A
g L
=250}
=250 + new method >
r 7 = = - no Pauli principle =
s - method of Lugli & Ferry
FU DU SN AU SO VR NN NPT UK TS WA R V.

0 1

-2.5 0.0 2.5

k. [10°m")

Figure 3: Calculated distribution functions in energy space (a) and in wave vector
space in drift-direction (b) for a fixed clectric field.
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Figure 4: The investigated device struc-
ture.and geometrical discretization of the
spatially resolved distribution functions.

o
tn

no Pauli principle
I~ Wwith Pauli principle

&
E
(5]
B -
025 :
2 |1 )
% | Vps = 1.0V D i
o Vqs =-08v 7 R
0.0 S VN S PR 1 L , L 1
500 1000

X-position [nm]

Figure 6: Calculated free carrier density

in the channel region.

Figure 5: Calculated energy distribution
functions in the source contact regions.
For comparison, an analytical Fermi-Dirac
function is shown by the dotted line.
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Figure 7: Calculated I-V characteristics of
the investigated HEMT,



