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During the period of this contract 20 manuscripts (abstracts and
reprints attached) were published or accepted for publication. Six manu-
scripts have been published or submitted for publication in the last period
(January 1983 - September 1983) of this contract. Since the manuscripts
are attached and the contract will be continued, only a short description

of the major scientific progress is given here.

1. Ballistic Transport:

We have performed Monte Carlo simulations of high energy transient
electronic trangport for GaAs, InAs and InP including the effects of con-
tacts and a realistic bandstructure. We found that ballistic transport and
high drift velocities are possible only over distances smaller thamn 1500 A.
Our results are currently used by many groups to design high speed field

effect and heterojunction bipolar devices.

2. Emission of Hot Electrons from Silicon into Silicon Dioxide

Our model calculations of this effect have shown that the emission
takes place because of collision broadening effects due to the electron-
phonon interaction. This means that the effect cannot be "scaled away"
and will be important also for voltages much below 3V (the band edge dis-
continuity). Our findings have been confirmed experimentally by Muller
and his group at Berkeley and will be important for the design of submicron

MOS transistors.

3. Hot Electron Shockley Equations

We have derived a set of equations which generalize Shockleys

Bquations and include in a straightforward fashion hot electron effects

(also diffusion).
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transfer application has also been written.
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4. Superlattices

We have developed a theory of superlattice bandstructure and
found (Report #4) that by using two indirect semiconductor materials and
zone folding it properly a direct superlattice material can be created.

This indirect-direct transition is now investigated by several groups in the
U.S.A.

A review on superlattice transport including some novel real space

5. Deformation Potentials
We have developed a theory of deformation potential scattering in

superlattices.

6. Random Superlattices
A theory of random superlattices has been developed together with

J. D. Dow.
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BAND-STRUCTURE DEPENDENY IMPACT IONIZATION IN SILICON AND GALLIUNM
ARSENIDE

J.Y. Tang, H. Shichijo, K. Hess and G.J. Iafrate

Coordinated Science Laboratory and Department of Electrical Engineering,Univer-
etty of Illinots at Urbana=C# ign, Urbana, Illinots, U.S.A. 81801
'U.g.fmgfucmnic‘ Technology and Device Laboratory, Ft. Mowmouth, New Jersey
U.S.A. 07708

. = Nous avons développé une simulation par la séthode de Monte Carlo pour du
silicium ot de 1'AsGa en inclusat une structure de bande réaliste. Les taux d'iomi-
sation par impact et les vitesses de dérive en régime continu sous forts champs £lec-
triques (>100 kV/cw) ont &té calculés 2 ditférentes températures.

Abstract. - We have performed a Monte Carlo simulation for GaAs and Si with the
realistic band structure included. Steady state impact ionizacion rates and drift
velocities under high alectric fields (> 100 kV/cm) were calculated at various
temperatures.

1. Introductiom. - Impact fonization is sn essencisl mechanism in the operation of
semiconductor devices such as avalanche photo-diodes or transit time devices. The
dependence of impact ionization on the crystallographic orientation has attracted

- substantial interest because of its relevance to noise and other phenomena in these
devices. This dependence, however, is not shown by any of the theories as given by
Wolff [1], Shockley [2], and ;Baraff (3], since none of them include s realistic
band structure.

We have developed a cowplete theory for impact ionization and genersally high
field trensport in semiconductors by combining a Monte Carlo simulacion with the
realistic band structure calculated by the empirical pseudopotential wmethod. We do
take inco account scattering by all possible phonon types, the change in the density
of states high in the bend, the exact velocity ve hl vkz(t) (no effective mass
spproximation), the collision brosdening of the electronic states, and the tempera-
ture effect.

Details of the model and the results for GaAs at 300 K can be found in two of
our previous papers [4,5]. In the case of Si, the first two conduction bands were
included. Besides the X-X scattering we also include the X ~-L scattering in Si.
In Section 2, we describe briefly our model and point out its differences from the
commonly used model. The effects of the inclusions of the second band and the
transitjon from X~ L in Si are discussed in Section 4.

2. Theoretical Model. - The model for Monte Carlo simulation has two main ingredi-
aents: (1) the band structure and (i1) the scattering rate. We describe briefly in
the following the different features that have been included in our model and the
advantages it has over other models.
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bcformatlon potentials of superlattices and interfaces

K. K. Mon

Cosndinased Scisnce Laboratory, University of Illinois at Urbana -Champaign, Urbana. Illinois 61801
K. Hess

Duepariment of Electrical Engineering and Coordinated Science Laboratory, University of lllinois at
Urbana-Chempaign, Urbana, Illinois 61801

J.D. Dow

. Loomis Loberatory of Physics and Marerials Research Laboratory, University of Illinois at Urbana-Champaign.
Urbane, Illinois 61801

(Raeceived 23 February 1981; accepted 20 April 1981)

We present a theory of deformation potential electron-phonon scattering in the bulk, in
superiattices, and at interfaces of semiconductors. Expressions for the acoustical deformation
potential constants are obtained in closed form for bulk semiconductors and for a monolayer
superiattice. Deformation poteitial constants are evaluated numerically for superlattices of
various thicknesses. The results are in good agreement with available experiments and provide a
detailed understanding of deformation potential scattering.

PACS numbers: 72.10. — d, 73.40. — ¢, 72.10.Di

One of the dominant scattering mechanisms of carriers in
semiconductors involves long wavelength acoustical phonons.
Tt was first pointed out by Bardeen and Shockley! that such
interactions can be described by a deformation potential. The
basic assmmption is that the local lattice deformation produced
by the phonons is equivalent to 2 homogeneous deformation
of the crystals. The strength of this coupling, the deformation
potential constant [Z, (k)] is then determined by the shifts in
the (nth) energy band (at momentum k) per unit of dilation
(& -6V/V)pmdneedbytheaooutial waves,

z,.(l:)-—-l!-sﬁ2 (1)

An understanding of deformation potential scattering is of

Despite
advances® in electronic band structure calculations, there have
been only a few calculations® of the deformation potential
constants for a few selected bulk semiconductors and none in
superlattices. The main difficulty is that the required absolute
shift of the band edge is beyond most empirical band structure
calculations where the relative band edges are fitted to agree
with experimental observations. (See Kleinman, Ref. 4.) As
a consequence, the deformation potential constants for the
bulk are usually deduced from transport and optical mea-
surements with various fitting schemes, often resulting in a
range of experimental estimates.’

In this paper we sumnlarize a theory for the deformation
potential scattering by long wavelength acoustical phonons
-in bulk semiconductors®; and we extend the theory to super-
lattices and interfaces. We show that the absolute shift of the
band edge can be obtained using an equilibrium sum rule.

are in very good agreement with experimental results. The
theory is applied to semiconductor superlattices and closed
form expressions for the deformation potential constants are
given for monolayer superlattices. Results for lattice-matched
AlAs/GaAs superlattices of various thickness are obtained
numerically. To our knowledge this is the first calculation of
deformation potential constants for interfaces and superlat-
tices using realistic models of band structure. We show that
for most practical cases the differences between superlattice
and bulk deformation potential constants are small. The dif-
ferences that do occur include a new “edge” scattering
mechanism and are caused by band-edge discontinuities.

The electronic energy bands of a system of ions and elec-
trons can be written as,

En(k) = E,35(k) + E°, @)

where E° is related to the ion-ion self-energy and is usually
chosen such that the zero of E, 5(k) is at the maximum of the
valence band. E, contains contributions involving ions and
electrons (see Kleinman, Ref. 5). It is density dependent and
is very difficult to evaluate in general. Under dilation or
changes in the lattice constants, a shift of the energy bands is

produced,

0E,(k) = 6E,85(k) + OE°. 3)

Although E° is difficult to calculate, small changes in E°
can be easily approximated by an extension of techniques used
by Chadi” in his ground state calculations involving total-
energy minimization of surface atomic structures. One con-
siders a sum over the occupied single particle states,

Expressions for the deformation potential constants are ob- Ew=Y EJ 85k
tained in closed form for bulk semiconductors and the results o = L EK) + NuaE, W
564 ) Vos. Sol. Technel., 19(3), Sept./Oct. 1981 0022-8385/81/030884-03301.00 9 1981 American Vacuum Seciety 884
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DEFORMATION POTENTIALS OF BULK SEMICONDUCTORS
K. Hess
Department of Electrical Engineering and Coordinated Science Laboratory, University of Illinois at
Urbana-Champaign, Urbana, IL 61801, US.A.
and
J.D. Dow

Loomis leontory of Physics and Coordinated Science Laboratory, University of [llinois at Urbana-Champaign,
Urbana, IL 61801, US.A.

(Received 12 May 1981 by J. Tauc)

A theory of deformation potential electron—phonon scattering coeffi-
clents is presented for elemental and compound semiconductors.
Expressions for the acoustical deformation potential constants at
symmetry poim are obtained in closed form for disect-gap bulk semi-
conductors. The ddomaﬁoupounmlvskispredwtedform

IN THIS PAPER we present a simple but succ.ssful
theory of dilational deformation poteatials for semi-
conductors, obtaining analytic expressions for bulk
deformation potential constants in terms of empirical
tight-binding energy band parameters.

. The idea of a deformation potential was first
enunciated by Bardeen and Schiockley [1), who pro-
-posed that long-wavelength acoustic phonons be simu-
Inted by homogeneous lattice deformations, permitting
one to calculate the electron-—phonon scattoring

= matrix elemeits or deformstion potential constants

Z,(X) by expanding the bead structure to first crder in
the change of Iattice conetant da.: |

B0 +day) = £, (k,01) + Z,(k)(3dey [ag).

- Thas the deformation potential conctant Z, (k) is pro-

portional to the derivative of the ensrgy band with
respect to the Isttice constant g . (Here, for clarity of
presentation, we have avoided the tensor charscter of
Z,(x) by considering only purely dilational strains:
§RdAV/V = 3dag /ey ; 2 complets discussion of the
tensor charscter will be published ssparately.)

As shown by Kleinman [2], the one main difficulty
in computing deformation potential constants arises
. becsuwe of a difficult-to-evaluate many-body seif-energy
conteibution [3]. We cicumvent the direct calculstion
of the menybody term by using a sam rule {3, 4]
expross it in terms of easily calcuiable one-body
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exzmph of the following one electron Hamiltonian:
H = p}2m + V(x;;R) + 5(z; R).

Here the crystal potential is V(r; R), the ion coordinates
are denoted R, and the seif-interactions are contained in
the self-energy S(r;; R). The band structure £,(k) can be
calculated for this model,

{p*/2m + Vit R) + S0 R} () = EpK)¥nu(r)-

or, a3 in the present case, determined by empirically
fitting data. Since S(St;; R) is unknown, E,,(k) is not
fully specified. Only €4(k) = £,(k)— S, is determined
by the usual bare band structure calculation. Homo-
goneous deformation of the lattice changes both the
crystal potentisl ¥V and the seif-energy S. However, the
changes of the sverage self-energy resuiting from defor-

.mation can be determined by the requirement that the

total energy be a minimum at equilibrium, as demon-
strated by Chadi [4].

dEmIdﬂL =0 = Zk' d!,,(k)/dﬂ; -lVdS/dﬂL,

or

dS/dg = N Z_ de, (k)/dt = U, /6.

whe>- e primed sums are restricted to the V occupied
B! 1states and we have made a crude approximation
to the total cnergy. Thus the deformation potential
constant is

n
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PHYSICAL REVIEW B

Random superitmctures

John D. Dow and Shang Yuan Ren*
Department of Physics and Coordinated Science Laboratory, University of lllinois
at Urbana-Champaign, Urbana, Illinois 61801

Karl Hess
Department of Electrical Engineering and Coordinated Science Laboratory, University of Illinois
at Urbana-Champaign, Urbana, Illinois 61801
(Received 6 July 1981)

Predictions of the densities of states are given for various forms of controlled random
disorder in artificial multilayered materials or superstructures.

L INTRODUCTION

With the development of techniques' for fabri-
cating artificial, muitilayered, periodic materials, it
is possible to study controlled randomness and its
effects on electronic states of matter. A hint of
the suitability of such superstructured materials for
randomness studies was contained in the early
work of Esaki and Tsu,? but since then the greatest
experimental effort has been to remove randomness
from superstructures and to make the interfaces
between layers abrupt and atomically smooth.

Superstructures with two types of randomness
can be grown: randomly varying layer thicknesses
and random layer compositions. Both metallic and
semiconductor superstructures have been grown,
and the ideas of this paper will be applicable to ei-
ther; however, for definiteness we confine our at-
tention to superstructures composed of layered -
semiconductors GaAs-Al,Gs,_,As, where the ran-
dom varisbles are the layer thicknesses 4 and alloy
compositions x. We envision that the stochastic
varisbles d and x are determined by a random
number generator during the superstructure growth
process and that these quantities are preserved for
the analyses of dsta taken from the superstructured
sample.

The resulting disorder is controlled, finite in ex-
tent, and essentially one dimensional. Its con-
trolled nature is a valuable aid to understanding
random systems, because few such systems have
been fabricated before. Moreover, controlled-
disorder superlattices offer the possibility of study-
ing heretofore unimagined combinations of order
and disorder, such as periodically stacked alternat-
ing ordered and disordered arrays. The finiteness
of the artificially produced disorder offers oppor-

P
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- tunities to directly determine the extent of |
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tion of states and to study the impending onset
Anderson localization® as a function of i
size. One dimensional random systems are com
paratively well understood theoretically; num
models have been solved exactly and even more
have been thoroughly studied.

For electronic states in semiconductor super-
structures three theoretical regimes present them
selves: the regime of localized deep-trap-like
states,” the mixed regime of localized and ext:
states, and the regime of extended states descri
by effective-mass theory.’ The most interesting.i
the one-band effective-mass theory of carrier
motion, which we shall consider. This regime
two subregimes: the quantum well limit® in which
the effective-mass electron’s de Broglie wavelen
is comparable with or larger than typical super- .
structure dimensions, and the classical limit in
which the electronic spectrum is characteristic of
ciassical particle colliding with barriers. In this
paper we shall restrict our attention to the quan-
tum well limit.”$ '

The standard theoretical questions to be
answered by any theory of disorder are as follows:
(i) What is the ensemble-sveraged deansity of states
for the random system? (ii) Are the band gaps of
the ordered structure preserved in spite of the dis-
order or annihilated by it? (iii) Can selected types
of disorder introduce gaps into a spectrum that
would otherwise be continuous? (iv) To what ex-
tent does the disorder produce localized states, is
diffusion possible, and what is the transmission
coefficient for an electron in a random superstruc-
tuce? (v) What are the effects of “many body" in-
teractions between electrons confined to adjacent
layers and can they produce one-dimensional

©1982 The American Physical Society
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Printed io Geoat Britain.

0038-1101/82/101017-05503.08/0
Pergamon Press Lid,

HOT ELECTRON DIFFUSION IN FINE LINE
SEMICONDUCTOR DEVICES

W. T. JonEs and K. HESS
Department of Electrical Engineering and the CoordimteldJ Science Laboratory, University of lilinois, Urbana,
IL 61801, U.S.A.

and

G. J. [aAFRATE
U.S. Army Electronics Technology and Devices Laboratory, Fort Monmouth, NJ 07703, U.S.A.

(Received 23 October 1981; in revised form 12 January 1982)

Abstract—We present a simple formalism to include hot electron diffusion into device modeling programs. The
effectiveness of this method is illustrated for a DMOS-structure and the permeable base transistor. However, the
formalism is general and can be applied to any semiconductor device.

' 1. INTRODUCTION

It is well known that the drift velocity of electrons
saturates at high electric fields. This is a consequence of
the high carrier energies and increased scattering rates.
Stratton[1] derived a simple formalism to0 include also
the changes of the diffusivity D in high electric fields. He
showed that if a Maxwellian distribution with a small
drift term is assumed, the diffusivity is

D’EkL (l)

q

which is formally identical to the Einstein relation. Here

& is the mobility, k is Boltzmann's constant and T is the
carrier temperature, not the temperature of the crystal
lattice. Stratton derived (1) with the assumption that the
scattering rate depends on the spatial coordinate only
through the carrier temperature. His assumptions also
exclude anisotropies in the diffusion constant as well as
nonlocal effects introduced for example by time depen-
dent friction. These complications will be discussed at
the end of the paper where some important references to
more exact treatments are given,

The main purpose of the paper is to present a method
which maximizes the physical input in the treatment of
electronic diffusion in device modelling, while simul-
taneously minimizing the necessary additional com-
putational effort.

Although the method we present is more general, it is
meant for application to silicon devices with
dimensions #0.25x 10™*cm and for time scales®
$x 107" sec.

The key point to note in (1) is that T, is an increasing
function of F - j while y is a decreasing function of F - j.
F is the electric field and § is the current density. In many
device models the assumption has been made that the
carrier temperature. T, is equal to the lattice tem-
perature, T,. This has often given the impression that
diffusion currents are unimportant{2-6}. However, for
high electric fields and large charge density gradients this
assumption causes considerable error in the calculated

current densities. Below we demonstrate the effect of
properly including the carrier temperature and mobility u
as function of j-F and show the significance of this
effect for both the diffusion current and the hot electron
mobility in devices. The Permeable Base Transistor
(PBT) and the Double-Diffused MOS transistor (DMOS)
will serve as examples because they exhibit both high
electric fields and substantial charge gradients. No .
attempt was made to precisely determine the diffusion
constant. Thus these analyses are qualitative rather than
quantitative in nature and the results should not be
considered exact. The advantage of our model is that
computation time in device modelling programs shouid
not greatly increase when our procedure is used.

2. ANALYTICAL CONSIDERATIONS v

Part of the following treatment of high field diffusion
in devices has been suggested before for CCD's(7]. We
outline the approach here in more detail and emphasize
the generality. It is important 1o notice that the mobility
and diffusion constant are not single valued functions of
the electric field F. The reason is that the carrier energy,
which ultimately determines u and D, is a function of
] - F, the power input per unit volume as mentioned in the
introduction.

For carrier concentrations n» 10" cm™* an electron
temperature T, can be defined and the mobility, as well
as the diffusion constant, becomes a function of T.. For
n<107c¢m™ an electron temperature T. cannot be
defined as the carrier distribution function becomes non-
Maxwellian. However, one still can define an average
electron energy and the considerations below still apply
except for the appearance of statistic factors which leave
the treatment qualitatively but not quantitatively valid.
Let's assume for the moment that T, can be defined. The
characteristic functional dependence of the mobility on
T. in silicon is then(8]

u=uoVITJT,). ()

Here, T, is the temperature of the crystal lattice; eqn (2)
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Investigation of Transient Electronic Transport
in GaAs Following High Energy Injection

JEFFREY YUH-FONG TANG AND KARL HESS, MEMBER, IEEE

Abstract-We present Monte Carlo simulstions of the transient be-
havior of electrons injected into GaAs at high energies and accelerated
(decsletated) by constant electric fiedds. Our calculations differ from
previous cslculations due to the inclusion of a realistic band structure
(empirical pssudopotential) and the injection of electroms at high
energies (e.g., via a heterobarrier). The results show that a sarrow
“collision-free window ** (CFW) exists with respect to parameters such
88 the external electric field, the injection energy, the external voltages,
snd the semiconductor dimensions. Within this window average elec-
tron velocities of ~8 X 107 cm/s can be achieved over distances of
1075 cm in emitter (source)- and base-like structures. Voltage (field)
parameters typical for the collector (drain) are far outside the CFW and
allow only for much reduced (by a factor of ~10) electron velocities.
We also discuss thermal noise in “ballistic devices” and show that the
noise equivalent temperature can be excesdingly high.

I. INTRODUCTION

INCE THE FIRST calculation of transient electron trans-

port in short-channel FET's by Ruch (1], overshoot phe-
nomena of the electron velocity on very short time and length
scales have attracted considerable attention [2]-[S). Shur
{3] and Shur and Eastman (5] added features of space charge
limited conditions to the velocity overshoot. They investigated
the initial transient and called it the *“‘near ballistic™ regime.
The term “ballistic” is difficult to define and is currently
applied to a wide range of device parameters and dimensions.
Investigations in {3] and {S] indicate that “‘near ballistic”
transport over larger distances (C>1000 A), is achievable, necessi-
tates injection of electrons at higher energy. High energy
injection was also discussed by Hess [6] for low temperature
transport free of scattering events over extremely large distances
L > 10™* cm (for electron energies below 0.036 eV).

The criteria for designing devices and choosing materials such
that high transient speeds can be advantageously achieved using
high energy injection are the key issue of this paper. We
approach the problem by a Monte Carlo simulation which
includes the details of the band structure as calculated by the
empirical pseudopotential method. The electron is started at
higher energy values (not at the bottom of the band as done

Manuscript received March 15, 1982; revised July 26, 1982. Financial
support for this work was provided by the U.S. Army Research Office
and the Electronics Technology and Devices Laboratory, Fort Mon-
mouth, R,

J. Y.-I. Tang was with thc Department of Electrical Engincering and
the Coordinated Scicnce Laboratory, University of illinois, Urbana, IL
61801. He is now with Thomas J. Watson Research Laboratory, York-
town Heights, NY 10598,

K. Hess is with the Department of Electrical Enginecring and the

s?::)dimted Svience Laboratory, University of Iilinois, Urbana, IL
l.

by Ruch) to simulate injection over a (hetero)barrier. The
electric field is chosen to be constant over the whole distance
of the simulation, in contrast to the choice of the seif-consis-
tent field by Shur [3]. The reason for this is the following:
Within the CFW, the electron velocity does not vary strongly
over the device length ‘-2cause the electrons are already injected
at high velocities (in contrast to the cases considered by Shur).
Therefore, the carrier concentration is rather constant and the
electric field induced by the carriers is of minor importance.
In all other respects our calculation is standard. We do not
include the intracollisional field effect [7] because it would
greatly complicate the computations. In the CFW it also
would make only minor contributions since the electric fields
in this window are small.

With respect to device applications, the result of the calcula-
tions can be summarized as follows: On a length scale of 1000
A, emitter (source)- and base-like structures may show effects
typical for collision-free transport (if carefully designed);
collector(drain)-like structures will not.

{I. PHYsicCAL MODEL AND METHOD OF COMPUTATION

As discussed above, we consider high energy electrons injected
into GaAs (e.g, from Al Ga,_ As or &-like electric fields
created by space-charge layers). The transition is assumed to
be abrupt, i.c., the electron gains the kinetic energy AE and a
forward momentum AK when transferring to the GaAs with-
out any energy losses.

As illustrated below, the calculations of the self-consistent
field resuiting from external voltages and electron redistribu-
tion in the GaAs is a difficult problem and depends on many
details, most importantly:

i) the boundary conditions of the injection,
ii) the statistics of electrons and impurities in the GaAs,
iii) the level of injection, and
iv) the velocity distribution and the injection energy.

Let us assume that our device is short in the x-direction but
rather wide in the y-direction. We then can still define average
quantities such as the density of electrons in a meaningful way
and use a continuum picture as follows: If the distribution
function is denoted by f we define electron density

2 L ‘e
”""’(Er)’—t.fo dyf“_ dEf )

or the current density as

0018-9383/82/1200-1906800.75 © 1982 IEEE
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ELECTRONIC BAND STRUCTURE OF (001) GaAs—AlAs SUPERLATTICES
KK Mon*
Coordinated Science Laboratory, University of Mllinois, Urbana, IL 61801, U.S.A.
(Received 15 October 1981 by F. Bassani)

We present the results of a theory of electronic energy bands of super-
lattices using an application of a recent novel empirical tight binding
method. The theory is applied to GaAs—AlAs (001) superlattices with very
good agreements with available experimental resuits for both the direct

and indirect energy gaps.

SEMICONDUCTOR SUPERLATTICES of alternating
layers of GaAs and AlAs have been the subject of exten-
sive investigation [1)]. These superiattices provide a
means of studying properties of electrons confined to
two dimension as well as new materials with properties
very much different than their bulk constituents. Some
of the experimental resuits [2] can be explained on the
basis of a one dimensional Kronig—Penny model where
the AlAs layers are assumed to form potential barriers
confining the electrons and holes of GaAs. The barrier
heights are obtained from the band edge discontinuity.
For a more detailed understanding of the electronic
structure of these superlattices, two calculations 3, 4]
using empirical pseudopotentisl (EP) and one caleu.
lation 5] using empirical tight-binding (ETB) have been
reported, These calculations have been recently dis-
cussed (6] and compared to experimental resuits. The
authors [6] noted that only one of these calculations
(4] gives results in reasonable agreement with exper-
imental data. In this communication, we present the
results of a tight-binding theory for superiattice using
an application of a recent novel empirical tightbinding
method. Resuits for the direct and indirect band gaps
of a range of monolayer of AlAs and m layers of GeAs
superiattices [(GaAs)(AlAs),] form=1,2 3 and 8
are compared to experimental results. The theory pro-
vides a good description of the energy gaps over the
entire range of these superiattices.

The tight-binding methods as applied to super-
lattices with alternating layers of GaAs and AlAs have
been discussed in detail by Schulman and McGill (SM)
(S]. Their methods employ an enlarged unit cell which
then describes the superiattice periodicity in the (001)
direction. The atoms -in each layer are described by
tight binding parameters of the bulk using a Sp? basis

* Present address: Department of Physics, Carnegie-
Mellon University, Schenley Park, Pittsburgh, PA
15213, US.A.
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with nearest and second nearest neighbor interactions.
The band edge discontinuity is incorporated by subtract-
ing the valence band discontinuity from the AlAs
diagonal bulk parameters. The second nearest neighbor
interactions were used to improve the shape of the bulk
conduction band.

We have used a method similar to that of SM with
some exceptions. We used a recent novel empirical tight.
binding method (7] which is able to provide good
description of the conduction bands as well as the
valence bands of bulk semiconductors by introducing an
excited § state into the Sp* minimum basis with nearest
neighbor interactions. This method provides a2 conveni-
ent and reasonably accurate representation of the bulk
band structure for a wide range of semiconductors {7].
As in SM, the valence band edge discontinuity {2] is
taken to be 15% of the direct gap differences of GaAs

-and AlAs and is subtracted from the AlAs disgonal bulk
_parameters. The resulting matrix of dimension
(n + m) x 10 [for (GaAs),,(AlAs), superiattices] is
diagonalized numerically to obtain the electronic energy
band structure. The available experimental data on the
direct and indirect band gaps are very few. To test our
theory, we have performed calculations on the ssries of
monolayer superiattices (CaAs),(AlAs), for which very
good experimental results have been explicitly given (8]
(form=1 2,3, and 8) including the indirect band gap
for the m = | case. See Fig. 1. Given the theoretical and
experimental uncertainty (such as accuracy in descrip-
tion of the bulk band structure. band edge discontinunty
and layer thickness fluctuation), the rather ¢ >od agree-
ment for the m = | case (both the measured direct.and
indirect gaps are close to the calculated vaives) may be
fortuitous. The overall agreement over the wide range
of m=1,2,3,and 8, however, indicares that vur theory
indeed can provide a good description of the superlattice
energy bands within the Slater—Koster [9] interpolating
scheme. As was noted in (6], theiz EP calculations {4]
differ from the experimental res lts by about 60 meV
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Electronic Band Structure of a Model Al1P-GaP
- Superlattice: Indirect to Direct Transition

K. K, Mon .

5 - Department of Physics 1
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Abstract

!

In this letter we bresenc the first detailed calculation
of the electronic band structure of a model (001) A1P-GaP

superlattice. The results of the model calculations indicate

that a superlattice comprised of indirect AlP and GaP may be-
come & direct semiconductor with a wide band gap (~ 2.3 ev).

Similar transition for other indirect semiconductors are also

predicted.
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HIGH ENERGY DIFFUSION EQUATION FOR POLAR SEMICONDUCTORS

J. P. Leburton and K. Hess

Department of Electrical Engineering and
. Coordinated Science Laboratorvy
Universitv of [llinols at Urbana=-Champaign
Urbana, fllinois, U.S.\. 61801

We present a novel method to explicitly solve the Boltzmann equaticn for highlv ener-
etic electrons interacting with polar optical phonons and scattering mainly in for-
ward direction. Uur approach reduces the collision intezrai of the Boltzmann cquation
into a differential operator which is much easier to manipulate than the integral form
aad does not require a relaxation time gpproximation. The spatial diffusion ot highly
energetiv electrons is caleulated and discussed in context with high speed velocity
transiencs ("balllistic transport"). Explicit results compare favorably with sophisti-
cated Monte Carlo simulations and avre well suited to treat cumplex transport probiems
in submicron [Il-V devices. As an example we calculuate the current voltage character=
istic of a "camel-back diode”.

In polar semiconductors and for highly energetic -

processes, the scattering of the charge carriers § ﬁ

by polar cvptical piwnons (P.0.P.) is mainlv (n 3 3

the furward direction, i.e., with conservativn ) 1

of the electron momentum directivn. ‘Under chese b

circumstances, the collision integral of the t-] J

Boltzmann equativn is reduced to a dirfferential -

operator (1,2 ;: _J

.= [h SERP RS —-:] (1 * 1
.0.P. I3 . .- |
2L S 3 10 i1 3
which is much easier to manipulate than the . /hw
inteyral form. Here ¢ is the carrier energy, Figure 1: Spatial evolution distribution at

1/- is the spontaneous P.0.P. emission rate, f=300K, The starting distribucfon function

g bv t! i
. 13 the P.0.P. frequency, and [ 18 a factor ( t"f‘ﬁ:"") {' rgpr:::ntedrevr:;e vereteal tine
depending on the temperature T, given by : sEee

-z v% / - = 0.25,2,%, and ¢ respectivelv.

1 - e

-2 @ Solid line: equilibrium distribution given by
1+e Eq. (3)
with z = ho/k T. Docted line: Maxwell-Bultzmann distribution

The differential nature of the collision opera-
tue, which 1s of Fokker-Planck type, is well
adapted to treat the stochastic processes of
nonecquilidrium phenomena. Moreover, the \
sulutiun of the Boltzmann equation does not N e me . e L h 1,;3~ o .
require the relaxation time approximation, and vavesy space s clven by —7Y'7 And represents
mere genertl svlutions can casily be derived.

under the influence of the P.O.P. scattering,
mainly emission, it drirts toward low energy
and is broadened. The "drift coevficient” in

the spontancuus P.0.P. vmission. [t is i{nde-
pendent ot the temperature. The broadening

N specitic applivation of vur thevry (s the factor of the D.F. Is pruportl\nll to distance

importint case (bailiseic transpurt) of steadve
state and fivld=rrec spatlal ditfusion of Jﬁ“l__

Garee inlected ai lch enereve  a Fle. 1. th and s givea by < It is an in=
}TT,;”t‘..”ﬁ,‘ dﬁ.‘ h‘.:,ttrﬂ‘dl trtlk" v credsing function of the temperature. o is
A an meaveneradt fo * .mtu.m seen that atter an infinite distance rrem the
tuetion D, F) Loproxdmated by a4 =function at

the e Eal" sosition % ® 0 {x siown for a origin, the D.F. reaches its equilibrium prorile.
N o N ¢ oshw U ‘rom Eq. ! the . i 7 D.F. is civen by
parabelic band,  Tvpleallv, tie vvolution or zhe From £q. 1 the cquilibriom D.F. s cive ’

Jebe it oe describoed as toliowss  nfelallv,

the o8 {a serongly peaked at 2, then Coomp.t ™" €9

0 3783303 K3 (000 0000:503.00 © 1983 North-Hotlund
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Energy-diffusion equation for an electron gas interacting with polar optical phonons

J. P. Leburton and K. Hess
Department of Electrical Engineering, University of Illinois, Urbana, 1llinois 61801
and Coordinated Science Laboratory, University of Illinois, Urbana, Iilinois 61801
(Received 14 May 1982)

We present a novel method to solve explicitly the Boltzmann equation for highly energet-
ic electrons interacting with polar optical phonons and scattering mainly in the forward
direction. In this approach, the collision integral of the Boltzmann equation is reduced to a
differential operator which is much easier to manipulate than the integral form and does
not require a relaxation-time approximation. The relaxation of the distribution function
with time as well as the spatial evolution of highly energetic electrons are calculated and
closed-form expreasions for the distribution function are given. In both cases the behavior
of the electron distribution is characterized by two fundamental parameters: 2 drift factor
which represents the net rate of phonon emission, and a broadening factor which is propor-

tional to the iatter and also to time and distance.

1. INTRODUCTION

The theory of high-field transport in semicon-
ductors is closely related to the solution of the
Boltzmann equation for high carrier energies.! Ow-
ing to its complexity (integro-differential equation),
the Boltzmann equation cannot be solved explicitly.
In the past two general methods of approximation
have been proposed. The first relies on the concept
of electron temperature and assumes a Maxwellian
form of the isotropic part of the electron distri
tion function.>® Unfortunately, this analytical
method applies only to the case of very high elec- °
tron densities. The other methods use numerical
techniques (iterative and Monte Carlo) to solve the
Boltzmann equation.*’ These methods are more
exact but are rather time consuming and costly and
therefore not easily applicable to semiconductor de-
vice models.

Recently, transient transport phenomena at high
energies have been the subject of considerable in-
terest’ in connection with “ballistic transport” in
very short devices.® The idea is that for small de-
vice dimensions (of the order of the mean free path)
the charge carriers suffer only a few collisions and
gain extremely high speeds. In the calculations
semiempirical (Newton) equations such as the fol-
lowing are often used’:

d mvg
4a =gk ~—— , (1a)
7 myy; =gE

d €—¢€g
@ e=qusE — el (1b)

where € and €, are the average and the zero-field
energy, respectively, vy is the drift velocity, E the
electric field, m the effective mass, and 7, and 7,
are the empirical momentum and energy reiaxation
times.

This method has been subject to controversy since
the boundary conditions have been oversimplified
and spatial inhomogeneities and the statistical na-
ture of the charge transport have been neglect-
ed.*~'" Moreover, the criteria that define the mean
free path are often based on the low-field and
steady-state values of the physical parameters,
whereas the calculations are applied to high-field
and transient phenomena. The numerical methods,
Monte Carlo, etc., also have their limitations. In
addition to their high cost, they cannot easily be ap-
plied to complicated device structures.

In this paper we present a new derivation of the
Boltzmann equation for fast electrons scattered by
polar optical phonons (POP). This approach can be
used to obtain closed-form integrations of the
Boltzmann equation even for sophisticated device
structures, provided the electrons are injected at
high energies and the electric fields away from the
injecting barrier can be treated as perturbation. In-
jection of electrons over barriers was proposed re-
cently'! to achieve extremely high electron veloci-
ties over large distances. It is important in many
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ENERGY DIFFUSION EQUATION FOR AN ELECTRON GAS INTERACTING WITH POLAR OPTICAL
PHONONS: NON-PARABOLIC CASE

J.P. Leburton, J. Tang and K. Hess
Coordinated Science Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL 61801, U.S.A.
(Received 19 August 1982 by J. Tauc)

A novel method previously presented to explicitly solve the Boltzmann
equation for highly energetic electrons interacting with polar optical
phonons is improved in order to take into account the non-parabolicity of
the conduction band. For the case of field free spatial diffusion, the carrier
velocity is compared with Monte Carlo simulations. For GaAs the agree-
ment between the analytical and the numerical method is quite good at

77 and 300 K. Also, the results derived for a parabolic band structure show
a strong overestimation of the carrier velocity.

IN A PREVIOUS PAPER {1}, we presented a novel
method to explicitly solve the Boltzmann equation for
highly energetic electrons interacting with polar optical
phonons (POP). This approach is based on the consider-
ation of forward scattering — i.e., with conservation of
the electron momentum direction — due to the electron—
POP interaction at high energy. The collision integral of
the Boltzmann equation is reduced to a differential
operator which is much easier to manipulate than the
integral form. and does not require a relaxation time
approximation.

In the past similar methods have been applied for
both polar (2, 3] and non-polar optical scattering [4,
5] These phenomenological approaches are restricted to
energy space and the distribution function obtained by
these methods is only a function of the carrier energy, -
not of the carrier momentum. Qur present method is
more general because the differential operator for the
POP scattering is directly derived from the Boltzmann
equation at high energy. Hence we do not introduce any
assumption on the form of the distribution function
which contains more information on the transport
properties (the streaming effect for example) than a
distribution defined in energy space only.

The differential nature of the collision operator.
which is similar to a Fokker—-Planck equation. is well
adapted to treat the stochastic processes of non-
equilibrium phenomena {6]. In this respect, this method
appears to be a better approximation than previous
theories which exclude statistical considerations as well
as realistic boundary conditions (ballistic transport
theory) [7]. On the other hand. it is less costly than
aumerical simulations and therefore is easily applicable
to semiconductor device models.

The basic derivation has been presented hetore [1]

0038-1098/83/06051 7-03SO3.00£
Pergamon Press Lt

We restrict our considerations to scattering pro-
cesses in the central ["-valley and assume that the con-
duction band is isotropic. omitting any consideration
of the satellite valleys. This approximation is reasonable
for energies below approximately 0.3 eV in GaAs.

The non-parabolicity of the band is taken into
account through the relationship between the electron
wavevector k and its energy €

hik3

S s el + xe) (1)
where in agreement with Ehrenreich’s theory [3)

1 m "
x= & (l ’"o) ©

Here ¢, is the energy gap and m and m, are the effective
mass and the free electron mass. respectively. In non-
degenerate statistics, the collision integral for electron—
POP interaction takes the form

a ()2 [ dk'fKD
CPOPf' ﬂ(l _7):2’")‘(2 'k-k'Fla(e -G—hw)
' - 3 dk'
+v8(¢' —e + hw)| f(k)j = KT

x [G(e'-—e+hw)+76(e'-e—hw\|] (N

where ‘
= ex (_ hw)
V=P T kT

Here a is Frohlich’s electron--phonon coupling con-
stant and w is the POP frequency [9]. In the forward
scattering approximation (1], we obtain

assuming 3 parabolic band, The importance of including bte’ ZeFhD) o (em(cos @ — 115(E =€ T o) (4)
the nonparabolicity for high energy processes is obvious, ik -k
517
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Investigation of Transient Electronic Transport
in GaAs Following High Energy Injection

JEFFREY YUH-FONG TANG AND KARL HESS, MEMBER, 1EEE

Abstract—We preseat Monte Casio simulations of the transieat be-
havior of electrons injected into GaAs at high energies and accelerated
(decelerated) by comstant electric fields. Our calculations differ from
previous calculations dwe to the inclusion of s realistic band structure
(empirical peswdopotential) and the injection of electroms at high
enecgies (e.g., via 3 heterobarrier). The resuits show that 3 narrow
“collision-fres window ™ (CFW) exists with respect t0 parameters such
28 the external eloctric fleld, the injection energy, the external voltages,
and the semiconductor dimensions, Within this wintdlow average elec-
tron velocities of ~8 X 107 cm/s can be achisved over distances of
1073 cm in emitter (source)- and bese-tike structures. Voltage (field)
parameters typical foe the collector (drain) are far outside the CFW aad
allow only for much reduced (by a factoe of ~10) electron velocities.
We also discuss thermal noise in “bellistic devices” and show that the
noiss equivalent temperature can be exceedingly high.

I. INTRODUCTION

SPII:CE THE FIRST calculation of transient electron trans.
rt in short-channel FET’s by Ruch (1], overshoot phe-
nomena of the electron velocity on very short time and length
scales have attracted considerable attention [2]-{S]. Shur
[3] and Shur and Eastman [S] added features of space charge
limited conditions to the velocity overshoot. They investigated
the initial transient and called it the “near ballistic™ regime.
The term “ballistic” is difficult to define and is currently
applied to a wide range of device parameters and dimensions.
Investigations in (3] and (5] indicate that “near ballistic”
transport over larger distances C>1000 A), is achievable, necessi-
tates injection of electrons at higher energy. High energy
injection was also discussed by Hess (6] for low temperature
transport free of scattering events over extremely large distances
L > 10™* cm (for electron energies below 0.036 V).

The criteria for designing devices and choosing materials such
that high transient speeds can be advantageously achieved using
high energy injection are the key issue of this paper. We
spproach the problem by a Monte Carlo simulation which
includes the details of the band structure as calculated by the
empirical pseudopotential method. The electron is started at
higher energy values (not at the bottom of the band as done

Manuscript recsived March 15, 1982; revised July 26, 1982. Financial
support for this work was provided by the US. Army Ressarch Office
and ::cmshetm Technology aad Devices Laboratory, Fort Moe-
mouth, RI.
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by Ruch) to simulate injection over a (hetero)barrier. The
electric field is chosen to be constant over the whole distance
of the simulation, in contrast to the choice of the self-consis-
tent field by Shur [3]. The reason for this is the following:
Within the CFW, the electron velocity does not vary strongly
over the device length because the electrons are already injected
at high velocities (in contrast to the cases considered by Shur).
Therefore, the carrier concentration is rather constant and the
electric field induced by the carriers is of minor importance.
In all other respects our calculation is standard. We do not
include the intracollisional field effect [7] because it would
greatly complicate the computations. In the CFW it also
would make only minor contributions since the electric fields
in this window are small.

With respect to device applications, the result of the calcula-
tions can be summarized as follows: On a length scale of 1000
A, emitter (source)- and base-like structures may show effects
typical for collision-free transport (if carefully designed);
collector(drain)-like structures will not.

II. PuysicAL 'MODEL AND METHOD OF COMPUTATION

As discussed above, we consider high energy electrons injected
into GaAs (e.g., from Al Ga,_.As or §-like electric fields
created by space-charge layers). The transition is assumed to
be abrupt, i.c., the electron gains the kinetic energy AE and a
forward momentum AX when transferring to the GaAs with-
out any energy losses,

As illustrated below, the calculations of the self-consistent
field resulting from external voltages and electrdn redistribu-
tion in the GaAs is a difficult problem and depends on many
detsils, most importantly:

i) the boundary conditions of the injection,
ii) the statistics of electrons and impurities in the GaAs,
iii) the level of injection, and
iv) the velocity distribution and the injection energy.

Let us assume that our device is short in the x-direction but
rather wide in the y-direction. We then can still define average
quantities such as the density of electrons in 2 meaningful way
and use 2 continuum picture as follows: If the distribution
function is denoted by f/ we define electron density

2t -
n(x)-(:—')-,-[f. dyf“_ dEf 0

or the cucrrent density as

0018-9383/82/1200-1906300.75 © 1982 IEEE
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: * A Ist-Stzess Solution for the Curreat
in Plasar-Doped-Barriec Devices

T. Yang, J. P. Leburton, snd Karl Hess

;% _ Department of Electrical Engineering and
i : Coordinated Science Laboratory
éf University of Illinois at Urbana—-Champaign

Urbans, IL 61801
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) ABSTRACT
. As saalytical model of hot electrom trsmsport over planar—doped-barriers
i% is irosontod. For long diodes the electromic curreat is of slow diffusion-like
¥ asture ({ 0.2 um). For short diodes a “jet-stresm solution” for the current
. Aas bDeen obtained bi solving the Boltzmann transport equatiom explicitly. Our
i% model is directly applicadle to GaAs for-b.;:ior heights below the L valleys
:? and confirms the possibility of speed enhancement of such diodes in a limited

raage of bdias~voltage amd barrier gecmetry.
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Zallium arsenide electronic devices with
:ransit lenagths in the submicron and ultrasub-
~icron regions are coming to fruition due to the
advent of MBELSZ and MOCVD.3 The intention of
this study is to describe a variety of transient
transport characteristics pertinent to gallium
arsenide, such as high-speed transport resulting
from high-energy electron injection, and the dy-
namics of transferred electron behavior.

The transport properties described herein
are obtained by means of a Monte Carlo simula-
tion, The Monte Carlo method utilized in this
sdoer is unique in that it includes a realistic
Sand-structure as derived from an empirical
Pseudopotential method. In this simulation, the
“<L-X valleys are implicitly coupled, thereby
sermitting the study of transferred electron ef-
\ ‘ects in a natural way.

. It 1s found that the transient velocities
" Xhievable in gallium arsenide can be quite
‘iree (2410 X 107 em/sec); however, achievement
-* ¢uch high velocities is shown to depend sen-
-*tivnly upon the electric field, the injection
“Treav, and the transit distance. For devices,
i they are currently understood, we show that
‘e <reerls can be achieved only in base-
,urce emitter-) like structures; it is noted
"it in collector- (drain-) 1ike structures the
T=erenreqent hinh-voltage drops do not permit
"~ ~anffagtation of high-velocity (above satu-
“linn.velocity) transport.
Y150, we discuss in detail the r-X-L inter.
:May sinceron transfer characteristics showina,
v 'me first tice, the dynamical interplay be-

%3 Solid Scate Communications, Vol.45,No.3, pp.255-258, 1983,

0038-1098/83/030255-04$03.00/0
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TRANSIENT TRANSPORT AND TRANSFERRED ELECTRON BEHAVIOR IN GALLIUM ARSENIDE
UNDER THE CONDITION OF HIGH-ENERGY ELECTRON INJECTION

G. J. lafrate and R. J. Malik
US Army Electronics Technolcay and Devices Laboratory (ERADCOM)
Fort Honmoutn, New Jersey 07703

and

J. Y. Tang and K. Hess
Department of Electrical Engineering
and the Coordinated Science Laboratory
University of I1linois
Urbana, I1linois 61301

(Received 17 August 1982 by A. A, Maradudin)

The dynamics of transient transport and transferred electron behavior
are studied under the condition of high-enerav electron injection. This
study makes use of a Monte Carlo simulation with the unique inclusion of
realistic band-strurture as derived from an empirical pseudopotential method.
The T-L-X valleys are implicitly coupled, thereby permitting the study of
transferred electron behavior in a natural way. The details of the r-L-X
intervalley electron transfer characteristics are presented showing, for the
first time, the dynamical interplay between the X and L valleys. It is
readily seen from our resuits that electron transport in gallium arsenide
reguires a multivalley descriotion; in addition, the onset of intervalley
electron transfer is snown to depend strongly upon the electron injection

tween the X and L valleys. 1t is readily seen
from our results that electron transport in gal-
1ium arsenide generally requires a multivalley
description; in addition, the intervalley elec-
tron transfer is also shown to be strongly depen-
dent upon the electron injection energy.

The transport properties described herein
were obtafined by means of a Monte Carlo simula-
tion. The details of the calculations, to with-
in a few minor adjustments, have been discussed
elsewhere;4:5,6 therefore, an in-depth discussion
of the simulation is omitted here. In general,
the calculation makes use of the following as-
sumptions:

(1) The electrons propagate between scat-

tering events in accordance with the equations
of motion

hE » eE (1)
and

3. ‘1;3 (k) . (2)
Here E, the applied electric field, is constant
in space and time, and is assumed to be turned
on instantaneously; also, c(x) is the enerqy-
band dispersion relation calculated by the em-
pirical pseudopotential method,/ but with prod-
erly adjusted r-L-X intervalley spacings (0.33eV
and 0.52eV, respectively).

(t1) Polar optical scattering, acoustic de-
formation potential scattering, and intervalley
scattering rechanismg are taken into account;
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ABSTRACT

tittsicnt tzaasport of slectrons im IaP is studied under the conditiom of
high-enezgy electron injection. This study makes use of a Monte Carlo
simulation with the unique inmclusion of realistic band-structure as derived
from an empirical psendopotential method. The results obtained herein for IaP
are qualitatively similar to those previously obtained by the authors for
GaAs. Quantitatively, it is found that ultrahigh electrom drift velocities
(= 10’ om/sec) persist for much higher electric fields and over much longer

distance of electron traversal im IaP as compared to Gals.
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5 Monte Carlo Simulation of n-n* Comtact Behavior
% . ' K. Brennan and k. Hess

. Department of Electrical Engineering and

Coordinated Science Laboratory
University of Illinois at Urbana-Champaign
Urbana, IL 61801

| G. J. Iafrate
:% U. 8. Aray Electronics Technology
o and Devices Laboratory
Fort Monmouth., NJ 07703

i We present s lonte Carlo simulation of the behavior of a collecting —
contact im InP. Electrons are injected at high energy into the IaP and are
sccelerated by an applied electric field over a lingth of ~ 1000 X. At the
collecting contact they encouater a possible reflection back into the device.
The reflection coefficient at the contact is chosea to vary between O and
0.70. The results show that the average electrom drift velocity is greatly
lowered at low fields throughout the entire device by the reflection at the

contact.
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ABSTRACT

Calculations of the steady state and tramsient electrom drift velocities

 sad impact iomization rate are presented for Gais, InP, and InAs based on a

Monte Carlo simunlation using a realistic band strocture derived from an

‘ cspi:icil pseudopotential. The impact iomization results are obtained using

collision broadening of the initial state and are found to fit the
sxperimental data well through s wide range of applied fiolds. In IaP the

impact iomization rate is =much lower than in GaAs and no appreciable

anisotropy has been observed. This is due in part to the larger demsity of

states in IoP and the cotsttpoiding higher electron—phomon scattering rate.

The trassieat drift velocities are calculated under the coanditiom of high
energy isjection. The :oiulta for InP showv that higher velocities caa be
obtained over 1000 - 1500 x device 1lengths for a much larger range of
1aunching ensrgies and applied electric fields than in GaAs. For the case of
IsAs, due to the large impact jonization rate, high drift velocities can be
obtained simce the iomization acts to limit the tramsfer of electroms to the
satellite minima. In ithe abeence of impact ionization, the electrons show the

usual runaway effect and transfer readily ocours, thus lowering the drift

velocity substantially.
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*" " "Theory of hot electron er-ission from silicon into silicon dioxide

J.Y. Tang® and Karl Hess
Department of Electrical Engineering and Coordinated Science Laboratory, University of lllinois at Urbana-
Champaign, Urbana, Illinois 61801

(Received 4 April 1983; accepted for publication 1 June 1983)

We present Monte Carlo simulations of the hot electron emission from silicon into the oxide of
metal oxide silicon transistors. The calculations include the pseudopotential band structure and
quantum effects such as collision broadening due to the electron—-phonon interaction. As a result,
we present a set of transport parameters which well describes all hot electron effects in silicon
(including saturation velocity and impact ionization). We also show that the collision broadening
effect leads to an effective barrier lowering and may require that voitages be scaled down far below
the interface barrier height of ~ 3.1 V in order to avoid hot electron emission.

PACS numbers: 72.20.Ht, 72.10.Bg, 85.30.Tv, 73.40.Qv

1. INTRODUCTION

Electronic transport in the Si/SiO, system has been
studied extensively because of its important role in silicon
device technology. One of the most intriguing problems of
hot carrier transport at the Si/SiO, interface has been the
emission of hot electrons or holes from silicon into SiO,.'*

Various experiments have been performed to study this ef- -

fect. From our viewpoint, Ning's experimental setup is the
most interesting. Ning et al.’® measured the absolute emis-
sion probability of electrons which were optically generated
in the silicon depletion layer and accelerated toward the Si-
Si0, interface. Past models explaining the emission process
involved many simplifying assumptions, for example, an en-
ergy independent mean free path and a parabolic band struc-
ture. At energies of 3.0 eV above the conduction band edge,
the band structure is, of course, highly nonparfabolic. Trans-
port at energies at which the emission takes place must also
consider different valley types (X,L ) and more than one con-
duction band.” Moreover, impact ionization definitely plays
an important role. ‘

It is the purpose of this paper to present a Monte Carlo
simulation of the hot electron emission process which in-
cludes a realistic band structure and quantum effects such as
collision broadening. It will be shown that the collision broa-
dening effect introduces an effective barrier lowering which
is important for considerations of “scaling away” the hot
electron effect.

il. SUMMARY OF EXPERIMENTAL RESULTS

The devices used by Ning et a/.* were n<channel polysi-
licon-SiO,~8i fleld-effect transistors. Electrons are optically
generated and injected into SiO, as illustrated in Figs. 1(a)
and 1(b). Source and drain were grounded, a negative bias
was applied to the substrate, and a positive bias was applied
to the gate. The advantage of this arrangement is that the
gate voltage and the substrate voltage can be varied indepen-
dently. Optically-generated electrons which diffuse into the
depletion region are accelerated toward the Si-SiO, inter-

* Prosent Address: IBM Research Center, Yorktown Heights, New York
10598,

8148 J. Appl. Phys. 34 (9), September 1083
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face. The majority of carriers that do not overcome the inter-
face barrier are collected and give rise to source and drain
currents /,,. The carriers that overcome the berrier contri-
bute to-the gate current /,; if they are not trapped in the
silicon dioxide layer. By measuring the gate, the source, and
the drain currents, the absolute emission probability can be
obtained from

P= -.Ii.z.l_a , (1 )
fow 2p
where /,,,,, ~2I, is the total current from the substrate.
The doping profile in the silicon substrate can be ap-
proximated by a Gaussian distribution

Nofx) =Ny +Cy exp( - z—’:_-) , @)
where x is the distance from the Si~SiO, interface, N, is the

e

so1J -

f Vo (Q)

Light =AAN - =
/é "Vu
4% “
Si0p
Pol—_ysiiieon / P-Substrote
Gate (b)

FIQ. 1. Experimental arrangement (a) and schematic band-structure dia-
gram (b} defining the hot electron emission from silicon into silicon dioxide.
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ABSTRACT

e O TR

We present s Nomte Carlo simmlation of electromic traasport in new forms

é of GaAs-GaAlAs heterostructures designed for achieving high drift velocities,
j Average electron speeds of ~ 5.02107 cm/sec through an entire structure length
y of 0.5 um have been calculasted. This represents a marked improvement in speed
é over a single barrier emitter structure. The basic physical primciple is the
fé following: the electrons are confined to the gamma valley by losing excess
; kinotié energy gained from an overlaid accelerating field. The mechanism for
% the omergy 1loss is a series of ascending potential steps. In this way
2% transfer to the subsidiary minima is avoided and very high velocities arze
% v possible. Paradoxically, this means that because the electrons lose kinetic
‘% . energy their velocity remains high or actually increases.
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Melion University, Scheanley Park, Pittsburgh, PA scheme. As was noted in [6), theiz EP calculations [4]
15213, US.A. differ from the experimental resaits by about 60 meV
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