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Injection over ané through heterojunction barriers is becoming increasingly more important in
modern electronic devices. We consider the properties of graded Al, Ga, _, As hetercjunction
barriers using a self-consistent ensemble Monte Carlo method. In this paper, we consider
barriers with two doping levels, 1 X 10" em = and 1 X 10" cm ~ 3, and two barrier heights,
100 and 265 meV. The 100-meV barrier resulted in smalt rectification at room temperature
whereas the higher barrier exhibited considerable rectification. In both cases the structure with
the lower doped barrier has resulted in 2 smaller current in both forward and reverse regions
due to space-charge effects. The energy and momentum distribution functions deviate from a
Maxwellian distribution inside the barrier region and in general show two peaks: one is
comprised mainly of electrons near equilibrium and the second arises mainly from ballistic
electrons. The higher doped structure resulted in a faster electron relaxation toward
equilibrium as a function of position because the electric field decreases rapidly in the barrier

region.

L INTRODUCTION

Heterojunctions have been incorporated in many solid-
state devices to enhance the transport properties of electrons
and holes." The step in conduction band energy introduced
when different band-gap semiconductors are placed next to
each other provides a powerful tool for modifying the elec-
tron distribution function rapidly in time and space. In this
study the electron transport and the current density versus
voliage (J-¥) characteristics of a graded heterojunction will
be investigated using a self-consistent ensemble Monte Carlo
method. We consider the effect of barrier doping and barrier
height on the J-¥ characteristics. This study provides guide-
lines for the choice of heteroiunction structures that yield the
best results for a particular application. One of the applica-
tions toward which this study might be helpful is the incor-
poration of a heterojunction in the cathode of transferred
electron devices,? although many other applications are pos-
sible.

Al-Omar ef al.” have conducted studies of two terminal
hetercjunction diodes using the emsemble Monte Carlo
method. The present study elaborates on the characteriza-
tion and the properties of the heterojunction injector rather
than the diode that incorporates such an injector. Our results
correspond to the steady-state solution of the transport
across the structure. The simulation time is much longer
than the previous work and is terminated only when the
variation in the current density as a functicn of position is
smaller than 1%. In addition, we investigate the effect of
barrier doping and barrier height on the current density ver-
sus voltage characteristics. In Eef. 3, a “graded barrier di-

“ode” which is similar to our structure was only characterized
at a single barrier height and doping level. We will show that
the transport across the barrier and the resulting J- ¥ charac-
teristics are dependent on the barrier doping and height.

The paper is organized as follows. In Sec. Il we present a
description of the structure and the transport model. In Sec.
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IIT we present the simulated current-voltage characteristics
for two cases of barrier height and two cases of barrier dop-
ing. We also compare qualitatively these curves with the
thermionic emission theory and identify the structure that
yields J- ¥ characteristics approaching those of a metal-semi-
conductor Schottky barrier. The electron transport and the
evolution of the momentum and energy distribution func-
tions along the barrier are described in Sec. III. Finally in
Sec. IV we summarize our results and provide some conclu-
sions.

H. STRUCTURE AND TRANSPORT MODEL

The structures considered in this study are shown in
Fig. 1. They consist of a graded AlGaAs region sandwiched
between two ™ contact regions which are doped at
2.0% 10" cm~*. The AlGaAs region is n doped at either
1.0X 10" cm =2 or 1.0 10" cm ™ *. The thickness of the
barrier region (0.1 gm) is chosen so that the transport across
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FIG. 1. Aluminum composition and doping profile as a function of position.
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the structure will be mainly due to thermionic emission pro-
cesses, Space-charge effects may reduce the potential barrier
thickness at electron energies near the maximum barrier
height and tunneling may become significant. The effect on
the J-¥ characteristics is equivalent to a reduction of the
barrier height. The incorporation of quantum-mechanical
tunneling is presently being included in the computer code.

The electron transport model is based on a self-consis-
tent ensemble Monte Carlo method which is an extension of
the one-particle Monte Carlo version.* We consider a two-
valley model consisting of the I and the L valleys in the two
semiconductor materials.

In order to describe phenomena that are not homoge-
neous in space, the structure is subdivided inte cells of equal
length where the different atiributes of the electron states are
defined and assumed to be constant within each cell. The
simulation algorithm consists of monitoring the evolution in
real and momentum spaces of an ensemble of electrons. The
simulation time is partitioned into time steps each terminat-
ed by a call to a Poisson solver in order to update the field. In
each time step every electron is submitted to successive free
flights terminated by a scattering process which is sefected
using a random number generator. The scattering mecha-
nisms included are polar optical phonon scattering, acoustic
phonon scattering, ionized impurity scattering, intervalley
and intravalley phonon scattering, and alloy scatiering.
Electrons crossing cell boundaries are temporarily stepped
at the boundary and then the flight is resumed with the elec-
tric field in the new cell. An analogous procedure is followed
when it is time to update the electric field and the electron is
in the middle of a free flight. In this case the remaining flight
time is stored, and the flight is resumed when all other elec-
trons are simulated for one time step and the electric field is
updated. To obtain the current density as a function of the
applied voltage, the above procedure is repeated at each vol-
tage point until the variation in the current with time and
position is less than a certain tolerance.

The electrons are initially distributed in space according
to the doping profile using the following mapping between
the doping concentration and the actual simulated number
of electrons.’

_ 6N, (x)dx
T N X Ax

where, #; = carrier concentration in the ith cell, ¥, = dop-
ing concentration, Ny = total number of electrons simulat-
ed, Ax = space step, Ny = number of electrons in the ith
cell, and L = total length of the structure. When an electron
leaves the structure it is injected with a drifted Maxwellian
distribution at either of the contacts depending on the sign of
the momentum component along the electric field direction.
An initial k vector is chosen from a Maxwellian distribution,
then the component along the field (z direction) is modified
according to the field at the boundaries.

Nes (1)

pE,  if kzy, >0
“E,
where kzy,, = momentum along the field obtained from a
Maxwellian distribution, kz = momenturn along the field

kz = kzpy,, + g (2)

otherwise,
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with which the electron will be injected, 4 = electron mobil-
ityinthen ™ regions,and £,, E, = magnitudes of the elec-
tric field at contact 4 and contact B respectively. For positive
k, values, the clectron is injected from contact 4, otherwise
it is injected from contact B.

The graded barrier region is modeled by an electric field
which is added to the solution of Poisson’s equation. The
magnitade of this field is given by ®

barrier height
{electron charge) (barrier width)
for 0.1 pm<x<0.2 pm
0 otherwise.

Eadd (X) = (3)

In describing the transport through a2 compositionally
graded region, Al-Omar and Krusius® have included the de-
tails of the band structure via overlap integrals derived from
I' and L point conduction band wavefunctions for all the
scattering mechanisms. They have also taken into account
the position dependent effective mass which has been shown
to give rise to a quasi-diffusion term in the current density
equation.” In our model, the scattering rates, the effective
mass, and the material parameters correspond to an average
aluminum fraction in the barrier. In order to investigate the
effects of the above simplifications, we have performed simu-
lations of the barrier structure with position-dependent scai-
tering rates and material parameters and an additional com-
ponent due to the change in the effective mass was added to
the equation of motion. We found that this additional force is
opposite to the electric field when the structure is reverse
biased and along the field when it is forward biased. This
resuited in smaller currents in the reverse bias regions and
larger currents in the forward bias regions compared with
the results in this paper. The larger the ratic of the average
energy to the average electric field, the bigger the difference
in the current obtained. The maximum change in the current
is about 10% in the reverse bias region and 20% in the for-
ward bias region.

Now we consider the left and right edges of the AlGaAs
region, for electrons that cross the right edge we change the
scattering rates and the material parameters to correspond
to the material to which the electron has crossed into. At the
left edge, the electrons are allowed to cross from Gads to
AlGaAs if their energy in the z direction is higher than the
band discontinuity energy step AE,. Their energy is then
reduced by an amount equivalent to AE_ . Electrons that do
not meet this condition are reflected back elastically. Elec-
trons crossing the left edge from the AlGaAs region to the
GaAs region are always allowed to do so and their energy is
increased by AE_. Transfer between a given valley in GaAs
(or AlGaAs) and a different valley in AlGaAs (GaAs) at
the abrupt interface is not allowed. This is referred to as the
“inhibit case”® and the restriction is based on the finding that
the transmission probability is much smaller in this case
than the one corresponding to a similar valley transfer.®

The above treatment of the transport across the abrupt
interface is equivalent to assuming a classical behavior for
electrons impinging on a potential barrier. Quantum-me-
chanical behavior can be easily incorporated by having an
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additional scattering mechanism for electrons that reach the
abrupt interface. The probability of this scattering is de-
scribed by a transmission or a reflection coefficient which
can be obtained analytically using for example the WKB
methed or the tight binding approximation. Glisson et al.™°
have compared the classical and the quantum mechanical
transmission models when used in describing the transport
across a GaAs-Al,Ga, ,As heterostructure. Within the
statistical error of the simulation no substantial differences
in the results were observed between the two models if the
quantum-mechanical transmission coefficient described by
Wu and Yand!' is used.

The space step is 0.005 gm which is less than the Debye
length for the doping levels in our structure. The time step to
update the electric fiekd is 5< 10 '* s. The number of elec-
trons simulated is 20 000. Most of the material parameters
are taken from Adachi’s review article.””

. J-V CHARACTERISTICS

In this section we present the J-V characteristics of the
structure shown in Fig. 1 as obtained from the ensemble
Monte Carlo simulation. We consider two barrier heights:
the first has 2 maximum aluminum composition of 0.0975
which corresponds to a barrier height of 100 meV; the sec-
ond barrier has 2 maximum aluminum composition of 0.25

which corresponds to a barrier height of 265 meV. In ea.chE
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FIG. 2. Current density as a function of the applied voltage for the 100-meV
barrier structure.
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case we consider two barrier doping levels (10" em * and
10" ecm™*). The following abbreviations are employed
throughout this paper: LDLB = low-doped low barrier
{(100-meV barrier doped at 10> e¢m~*), LDHB = low-
doped high barrier (265-meV barrier doped at 10" ¢cm 3 ),
HDLB = high-doped low barrier (100-meV barrier doped
at 10" cm *), and HDHB = high-doped high barrier
{265-meV barrier doped at 10" cm ~? ). By analogy with a
metal-semiconductor Schottky barrier,” we adopt the con-
venttion that forward bias corresponds to contact 4 at a high-
er potential than contact B. The opposite case corresponds to
a reverse bias configuration,

The current density at a given time and position along
the structure is evaluated by keeping track of the number of
electrons that cross each cell boundary and the direction of
the crossing. In mathematical notation the current density
may be expressed as

EN,(x)dx

J(x,t) =q< EEP(x)) : o (4)
i=1j=0 M (!“fo) Nsﬁ:

where J{x,f) = current density at time ¢ and position x,
t = starting time for the counting process, NC;, = number
of times the /th electron has crossed position x in the period
{2521, and P, (x) = the direction of the jth crossing of posi-
tion x by the ith electron and is defined as

if the jth crossing of position x by the / th electron is from left to right,
if the jth crossing of position x by the / th electron is from right to left, (5)

¥

A, 100-me¥ barrier structure

We first examine the case where the barrier doping is
varied while the barrier height is kept constant at 100 meV.
Figure 2 shows the current density as a function of the ap-
plied voltage at the two doping levels. We observe that the
LDLB structure exhibits a fower current density than the
HDLB structure in both forward and reverse directions. In
the forward direction, the current in the HDLR siructure
increases rapidly whereas the LDLB structure exhibits a
smaller current and a higher turn on voltage. This behavior
can be explained by considering the space-charge effects. At
forward voltages below the barrier height, the charge distri-
butions in the LDLB and the HDL B structures are different.
The LDLB structure has a depletion region in contact 4 near
the abrupt interface and an accumulation region in the bar-
rier followed by a depletion region near the interface be-
tween the barrier and contact B. On the other hand, the
HDLB structure has a depletion region inside the AlGaAs
barrier near the abrupt interface, followed by an accumula-
tion then a depletion region inside Contact B. Moreover the
size of the depletion region at the interface between contact
B and the barrier is much larger in the LDLB structore than
the corresponding depletion in the HDLB structure. This is
due to the larger diffusion of electrons from the contact B
region into the barrier region in the former structure. This
explains why the current in the LDLB structure is smaller
than the current in the HDLB structure since a larger deple-
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tion region results in a stronger opposition fo the flow of
electrons from contact B to contact 4. These space-charge
effects manifest themselves in the potential energy diagram
as a higher potential barrier in the AlGaAs region of the
LDLB structure. Figure 3{a) compares the potential energy
diagram and Fig. 3(b) the change in the equilibrium elec-
tron density (2 — N, ) in the two structures at a forward bias
of 3.O075 V.
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FIG. 3. Comparison of the potential energy diagram (a), and excess elec-
tron density (b) between the LDLB and the HDLB structures. The appiied
forward voltage is 0.075 V in both structures.
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In the reverse direction there is a significant current
flow in both the HDLB and the LDLB structures and the
current increases almost linearly with voltage at large re-
verse biases. These observations are in agreement qualita-
tively with the theoretical and experimental work conducted
by Chang'* on Ge-GaAs, _, P, n-n hetercjunctions. The in-
crease of the current at reverse biases is due to the voltage
drop in the n* contact 4 region which has the effect of
increasing the electron energy prior to the abrupt interface.
This voltage drop increases as the doping in the barrier is
made higher while the doping at the contacts is kept con-
stant. This explains why the HDLB structure has higher
current levels compared to those of the LDLB structure. A
metal-semiconductor Schottky junction with a similar bar-
rier height would exhibit much more rectification as a resuit
of the much smaller voltage drop in the metal region.

B. 265-meV barrier structure

Increasing the barrier height to 265-meV results in the
J-V characteristics shown in Fig. 4. In the forward direction
we observe a behavior similar to the 100-meV barrier case
except that the turn on voltage is larger, as expected. How-
ever, in the reverse direction the current is very small for
voltages up to — 1 V. The current is probably underestimat-
ed because field emission (tunneling) and image force low-
ering of the barrier are neglected. The turn on voltage is
shifted toward higher values by a much larger amount in the
reverse direction compared to the forward direction because
of the asymmetry of the structure. In the forward direction
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the injection of electrons is from contact B to contact 4. The
energy band edge of contact B and the graded section of the
barrier are shifted upwards resuiting in a reduction of the
effective barrier height. However, in the reverse direction the
electron injection is from contact 4 to contact B and the
electrons see an energy barrier that changes slowly with vol-
tage due to the abrupt barrier interface between contact 4
and the AlGaAs region. The asymmetry in our structure
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FIG. 5. (a) Electron density, (b} electric field, (¢), average velocity, (d)
f;raction of electrons in the L valley, and (e) the potential energy as a func-
tion of position for the HDLB structure. The applied reverse voltage is 0.3

refers to the energy-band diagram, however asymmetry of
the J-Vcharacteristics can also be obtained when the contact
regions have different doping levels."?

In summary, the J-¥ characteristics of graded hetero-
jonction barriers can be modified by changing the barrier
doping, the contact region doping, the barrier height, and
the barrier thickness. These characteristics are close to those
of a metal-semiconductor Schottky barrier when the contact
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tobarrier doping ratio is small and the barrier height is large.
The small contact-to-barrier doping ratio results in a higher
space-charge limited saturation current in the forward direc-
tion, hence the exponential behavior is observed up to higher
voltages. The high barrier results in a large increase in the
reverse turn on voltage and conseguently more rectification,

V. TRANSPORT PROPERTIES ACROSS GRADED
HETEROJUNCTIONS

In this section we describe in more detail the electron
transport in the different structures and the effect of barrier
doping. We consider the low barrier structure biased in the
reverse region where the electric field reaches much higher
values than in the forward direction.

A. Transport in the HDLEB structure

Figure § shows the electron density, electric field, aver-
age velocity, fraction of electrons in £ valley, and the poten-
tial energy as a function of position with an applied reverse
voltage of 0.3 V. There is a narrow accumulation region just
before the left heterointerface and a depletion region in most
of the barrier region [Fig. 5(a)]. As a result, the electric
field peaks at the left interface and decreases rapidly in the
depletion region [Fig. 5(b}]. The average velocity of the
two valleys decreases prior to the abrupt interface due to
electron refiections, then overshoots to 4.5 X 107 cm/s with-
in 0.02 gm instde the barrier {Fig. 5(c)]. The rapid decrease
in the average velocity as a function of distance is the result
of scattering effects and the transfer of electrons to the L
valley. Figure 5(d) shows the fraction of electrons in the L
valley which has a peak of 25% halfway into the barrier. The
voltage drop in the GaAs region prior to the barrier repre-
sents 24% of the total applied voltage {Fig. 5(e)].

We now consider the evolution of the electron energy
and momentum distributions across the barrier. The average
energy distribution function at four different positions is
shown in Fig. 6(a). At 0.105 pm from the left contact {(or
0.005 pm from the left edge of the barrier), the distribution
function is approximately drifted Maxwellian as a result of
the electron heating by the large electric field. At 0.14 gm,
the distribution function develops two peaks of approxi-
mately equal amplitudes. The first peak centered around 15
meV corresponds to electrons that are being scattered effec-
tively and their energy is relaxing toward thermal equilibri-
um. The second peak centered around 160 meV corresponds
to electrons that have experienced few or no inelastic scatter-
ings and little randomizing of the momentum in the direc-
tion of the electric field. These electrons are the so-called
ballistic electrons. At 0.18 um, the second peak becomes
much smaller than the first neak which implies that the ener-
gv and momenturs scattering events have reduced the num-
ber of ballistic electrons and most of the electrons are return-
ing to thermal equifibrium. Finally at 0.22 gem (or 0.02 gm
after the right edge of the barrier), the distribution function
is again approximately Maxwellian. This rapid energy relax-
ation toward equilibrium in space is due to the fast decrease
of the electric field.

A similar plot of the energy distribution function of the

1119 J. Appl. Phys., Vol. 88, No. 3, 1 August 1990

6.030

average energy distribution function

energy @V)
0.036
&
9.080
I C.1upum
.8 O:18um
Q.22,
é 0.026 ] Q22pm
=
c
e
E 0030+ [i
s
ks
2 o.ora
o
5
%\ c.er9d
>
= poun]
°2.208
.
0 000 . M\?}gmm -
.00 0.05 019 L5
energy (@V)
€.0850
0.105m ©

0.048 5
O.O‘OJ
0.038 4

0.0%8¢ 4

average momentun distribution function

mormentur (107 ™

FIG. 6. Energy and momentum distribution functions in the HDLB struc-
ture at four barrier positions; (a) corresponds to the average energy distri-
bution in the two valleys, and (b) corresponds to the L valley energy distri-
bution function; (c¢) corresponds to the average momentum distribution
function along the field.

Kamoua, East, and Haddad 118




electrons residing in the L valley is shown in Fig. 6(b). The  bution function. Simple calculations show that the average

distribution at the first position near the abrupt interface is momentum of this peak corresponds to a momentum gained
not shown because there are very few electrons in the L val- by an average electric field over .04 um assuming no colli-
ley. We observe that the distribution function. remains Max-  sions which justifies describing these electrons as ballistic.
wellian at the three different positions which is a resuit of the

higher effective mass and the larger scattering rates in the L .

valley. This shows that the ballistic electrons are [' valley B. Transport in the LDLB structure

electrons because once they scatter to the L valley they expe- We now consider the LDLB structure and show in Fig.
rience momentum randomization. 7 plots similar to Fig. 5, however the applied reverse voltage
The average momentum distribution function along the  is now 0.6 V which yields close to half the current density
electric field is shown in Fig, 6(c) at the same four positions.  level compared with the previous structure. The accumula-
At0.14 yum, we observe a narrow and large peak inthe distri-  tion of electrons prior to the interface is smaller than in the
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HDLB structure, however there is now an accumulation of
electrons in the barrier region [Fig. 7(a)]. As a result, the
electric field peaks at the end of the AlGaAs region [Fig.
7¢{b) 1. Although the maximum electric field is lower in this
structure, the peak velocity is higher (6.0X 107 cm/s) as
shown in Fig. 7(c) because the electric field remains large
for a longer distance inside the AlGaAs region. The fraction
of electrons in the L valley reaches values close to 70% [ Fig.
7(d)]. The voltage drop in the n ™ contact 4 region repre-
gents 8.5% of the total applied voltage compared with 24%
in the HDLB structure [Fig. 7(2)]. As discussed in Sec. I1,
the smaller voltage drop in contact 4 results in a lower cur-
rent density in the LDLB structure for the same applied
voltage.

The evolution of the energy and momentum distribu-
tion functions are shown in Figs. 8(a) and 8(b) respectively.
Comparing the distribution at 0.04 ym into the barrier
(curve labeled 0.14 um) between the LDLB and HDLB
structures, we observe that in the LDLB structure the sec-
ond peak has an amplitude almost three times the first peak
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FIG. 8. Energy and momentum distribution functions in the LDLB struc-
ture at four barrier positions and a reverse bias of 0.6 V; (a) corresponds to
the average energy distribution in the two vatleys and (b) corresponds to
the average momentum distribution function along the field.
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whereas in the HDLB structure the two peaks have similar
probability amplitudes. We also observe a slower energy re-
laxation toward equilibrium as a function of position. These
differences between the two structures are due to the electric
field profile in the barrier region. In the HDLB structure the
field is maximum at the left interface and decreases rapidly
in the barrier region whereas in the LDLB structure the elec-
tric field peaks at the end of the barrier region which results
in electrons being hot for a longer distance.

In Ref. 3, the ballistic peak in the momentum distribu-
tion function 25 nm downstrearm from the heterojunction is
approximately equal to the peak at zero momentum for a
forward-biased injector at 300 K, From the results of the
LDLB structure {Fig. 8(b) ], we observe that when the in-
jector is reverse biased, the ballistic peak 40 nm downstream
is much larger than the peak at zero momentum. This en-
hancement in the ballistic peak is due to the larger electric
field in the reverse biased structure compared with a forward
biased structure. In Ref 3, the electric field downstream
from the hetercjunction is initially opposing the movement
of electrons as can be seen from the conduction-band edge.

It has been suggested that a heterojunction placed in the
cathode region of a transferred electron device would de-
crease the inactive region that is necessary for electrons to
start transferring to upper valleys efficiently. The ballistic
launcher’ has resulted in a small increase of the fraction of
electrons in the L valley compared with a structure without a
launcher. From our results, the fraction of electrons in the L
valley reached values close to 70% in the LDLB structure
when reverse biased even though the barrier height is 100
meV compared to more than 200 meV in Ref. 3. This sug-
gests that the energy gained by the electrons comes mainly
from the large electric field rather than converting the band
discontinuity to kinetic energy.

V. CONCLUSIONS

The J-V characteristics of graded GaAs-AlGaAs-GaAs
structures have been explored using a self-consistent ensem-
ble Monte Carlo method. Two barrier heights, 100 and 265
meV and two barrier doping levels, 1.0 X 10" and 1.0 10"7
cm ™' were considered. The lower barrier structure has
shown little rectification at room temperature at both dop-
ing levels. Space-charge effects resulted in an accumulation
in the barrier region when doped at 1.0 10" cm ™ and 2
depletion region near the abrupt interface when doped at
1.0X 16" cm ~?. The accurmulation region persisted even at
large reverse voitages. In the forward direction, the lower
doped barrier structure has shown a deviation from the ex-
ponential behavior occurring at lower voltages compared
with the high doped structure.

When the barrier height is increased to 265 meV, the
turn on voltage in the reverse direction is increased much
more than the turn on voltage in the forward direction. This
is related to the asymmetry of the energy band in the struc-
ture and particularly the abrupt heterojunction interface.
Significant rectification is observed at room temperature for
both barrier doping levels.

Investigations of the energy and momentum distribu-
tion functions along the barrier have shown that the assump-
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tion of drifted Maxwellian distribution used in energy-mo-
mentum models is not justified for I" valley electrons. This
non-Maxwellian behavior is stronger when the heterojunc-
tion barrier is reverse biased. The energy-momentum maodels
based on the assumption that the distribution function is
drifted Maxwellian'® may be inadequate to describe the
transport across hetercjunctions. An alternative to this defi-
ciency is to couple a more accurate model {such as the en-
semble Monte Cario) with the energy momentum. This is
presently being carried out.
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