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Monte Carlo study of dc and ac vertical electron transport in a single-barrier heterostructure
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Steady-state dc and large-signal ac vertical electron transport in a single barrier
In0.53Ga0.47As/AlAs/In0.53Ga0.47As structure is investigated by ensemble Monte Carlo simulations self-
consistently coupled with the Poisson equation. The comparison of the calculated steady-state current-voltage
characteristic with the experimental data indicates the strong influence ofG-X-G resonant tunneling on the dc
current-voltage characteristic of the In0.53Ga0.47As/AlAs/In0.53Ga0.47As structure. The Monte Carlo technique is
applied for an evaluation of the capacitance-voltage characteristic of this structure. The calculated capacitance-
voltage characteristic is compared with the corresponding experimental results. Frequency-dependent harmonic
amplitudes are also evaluated from the calculated large-signal ac response.
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I. INTRODUCTION

The vertical transport of charge carriers in semiconduc
heterostructures has attracted much interest over the
years.1–8 Investigations of vertical transport in heterostru
tures is of great importance for understanding the phys
processes occurring in various advanced semicondu
structures. The most appropriate method for a theoret
study of nonequilibrium carrier transport in semiconduc
structures is the ensemble Monte Carlo method. Since
pioneering work of Lebwohl and Price,9 ensemble Monte
Carlo simulations, self-consistently coupled with the Poiss
equation, have been widely used for the calculation of
current-voltage (I -V) characteristic of various semicondu
tor structures and devices. In this study, steady-state dc
large-signal ac vertical electron transport in a single-bar
heterostructure is investigated using the Monte Ca
method.

Parallel with the I -V characteristic, the capacitanc
voltage (C-V) relationship is the fundamental characteris
of any structure. The capacitance is often estimated fro
change of the space chargeDQ in a certain region of the
structure, such change being induced by a change of
corresponding bias voltageDV. Such a method for the evalu
ation of theC-V characteristic is complicated, however, a
care must be used to define the domain over which
change of the space charge is specified. In this study, a d
Monte Carlo method is applied for a calculation of theC-V
characteristic of a single-barrier heterostructure.

II. MODEL

Single-barrier heterostructures are devices used for the
ficient frequency multiplication of microwave radiation in
the submillimeter frequency range.10–13 Experimental
investigations14 of a single-barrier structure designed fro
In0.53Ga0.47As/AlAs/In0.53Ga0.47As heterojunctions indicated
that it has an excellent capacitance modulation cha
teristic for frequency multiplication. Therefore, th
0163-1829/2001/63~15!/155301~7!/$20.00 63 1553
r
ast

al
or
al
r
he

n
e

nd
r

o

a

he

e
ct

f-

c-

In0.53Ga0.47As/AlAs/In0.53Ga0.47As structure was chosen for
comparison of the present Monte Carlo simulations with
experimental results set out in Ref. 14.

The simulated structure corresponds to that experim
tally studied.14 It consists of five layers:~1! In0.53Ga0.47As
~300 nm,Nd51.231017 cm23); ~2! undoped In0.53Ga0.47As
~5 nm!; ~3! AlAs ~5 nm!; ~4! a repeat of~2!; and finally,~5!
a repeat of~1!. The heavily doped contact layers of the e
perimentally investigated structure14 are replaced in the
simulations by thermally injecting contacts with the corr
sponding electron density 2.231019 cm23. It is assumed
that the electrons are in thermal equilibrium with the latti
in the contacts. The electrons are injected from both cont
with the equilibrium Maxwellian distribution. The probabi
ity distribution of the random wave vector components, n
mal to the contact surfacekz and the parallel componentskx
andky of the injected electron, is given by

P~kx ,ky ,kz!5Anz~k!3exp@2E~k!/2kBT#, kz.0,
~1!

whereA is the normalizing constant,nz is the normal to the
contact surface velocity component,E is the electron kinetic
energy,kB is the Boltzmann constant, andT is the lattice
temperature. Electron injection is taken into account b
from the cathode and the anode. The average rate of elec
injection from the contact is expressed as

G5
dN

dt
5Sn1A kBT

2pm
, ~2!

whereS is the cross-section area of the structure,n1 is the
electron concentration in the contact, andm is the electron
effective mass. The injection event of each individual ele
tron is independent of the injection events of the other el
trons. Therefore, the injection process is a stocha
Poissonian process. The number of injected electronsN dur-
ing time stepDt obeys the Poissonian distribution
©2001 The American Physical Society01-1
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PN~Dt !5
~GDt !

N!
exp~2GDt !. ~3!

Probability distribution~3! is taken into consideration for
simulation of temporal electron injection. The numberN of
electrons injected from each contact during each time s
Dt is chosen randomly in accordance with Eq.~3!. The com-
ponents of the wave vector of each injected electron are
lected as random quantities, which satisfy the probability d
tribution given by Eq.~1!.

We have also considered the injection process, taking
account a Fermi-Dirac distribution of thermally equilibriu
electrons in the contacts. In this case, the electron injec
rate is changed to

G5
dN

dt
5Sn1AkBT

8m

F1~EF /kBT!

F1/2~EF /kBT!
, ~4!

whereF1 andF1/2 are the Fermi integrals of order 1 and 1/
respectively, andEF is the energy of the Fermi level. Th
valueEF50.6175 eV is obtained from a numerical solutio
of the equationn152@2pmkBT/(2p\)2#3/2F1/2(EF /kBT).
The probability distribution of the random wave-vector co
ponents of injected electrons is also changed, taking
account the Fermi-Dirac statistics. The calculations ofI -V,
C-V, relationships and ac response of the single-bar
structure are performed for both models of carrier injecti
It is found that the difference between the results obtained
using Maxwell-Boltzmann and Fermi-Dirac statistics of ca
rier injection does not exceed 1–2 %.

The energy-band structure of the materials composing
structure includesG, L, and X nonparabolic valleys. Pola
optical, deformation acoustic, ionized impurity, and all inte
valley scattering processes are considered. The materia
rameters for In0.53Ga0.47As and for AlAs are taken from Refs

FIG. 1. The transmission probability of electron tunneli
through an In0.53Ga0.47As/AlAs/In0.53Ga0.47As barrier of 50-nm
thickness as a function of incident energy. The transmission p
ability via the G-G-G channel was obtained from Eq.~A5! of the
present study for an electric field in the barrierF5100 kV/cm. The
transmission probability via theG-X-G channel was calculated from
Eq. ~15! of Ref. 26. The results were obtained for the wave-vec
component parallel to heterointerfacekII 50.
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15 and 16, respectively. The band offset between theG val-
leys of AlAs and In0.53Ga0.47As is accepted as 1.2 eV~Refs.
17 and 18!. The self-consistent potential distribution is d
rived from the solution of the Poisson equation at each ti
step. A small time step of 1-fs duration was chosen in or
to avoid the numerical instabilities. The Poisson equat
was solved on a uniform spatial mesh with 1000 nodes. T
calculations were carried out for 100 000 simulated partic

Heterojunctions were treated as abrupt interfaces. E
tron tunneling and thermionic emission through the hete
interfaces was taken into account. The triangular and tr
ezoidal shapes of the potential barriers were considered
electron tunneling according to the energy of the imping
electron: trapezoidal for the low-energy values and triangu
for the high-energy values, respectively. The transmiss
probability for tunneling through the triangular barrier,19

which takes into account the electron effective mass disc
tinuity at the heterointerfaces, was used in the present ca
lations.

Most electrons tunnel through the trapezoidal barrier d
to the largeG-G band offset between theG valleys of the
considered structure. The transmission probability throu
the trapezoidal barrier via theG-G-G channel was derived by
solving the Schro¨dinger equation, and by taking into accou
the discontinuity of the effective mass at the heterointerfa
~see the Appendix!.

As is seen from the energy-band diagram presented in
insert of Fig. 2, resonant tunneling via theG-X-G
channel20–25may play a significant part in the tunneling pro
cess through the AlAs barrier in th
In0.53Ga0.47As/AlAs/In0.53Ga0.47As structure. In the presen
study, the tunneling through theG-X-G channel is taken into
account by assuming a rectangular potential barrier, and
using theG-X-G transmission probability derived in Ref. 26
The assumption of a rectangular barrier is reasonable,
cause the energy range over which the bound states exi
AlAs layer is between E2.E.E1, where E15EGG

2EGX(AlAs)50.3 eV, and E25EGX(InxGa12xAs)50.67 eV.

b-

r

FIG. 2. Potential profile, i.e.,G valley edge~solid curve! and
distribution of electron kinetic energy~points! for a bias voltage of
3 V. The inset shows the energy-band diagram of the structure
1-2
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MONTE CARLO STUDY OF dc AND ac VERTICAL . . . PHYSICAL REVIEW B 63 155301
Thus, the electron can suffer resonantG-X-G tunneling in an
energy range essentially below theG-G band offsetEGG

51.2 eV. The value of the adjustable parametert ~Ref. 26!,
which represents the extent of theG-X mixing in theG-X-G
tunneling, is estimated from a comparison of the calcula
and experimentalI -V characteristics of the structure. Th
dependence of the transmission probability on the incid
electron energy is shown in Fig. 1.

These transmission probabilities were then used in
Monte Carlo simulations according to the energy of the i
pinging electron. Both tunneling channels,G-G-G and
G-X-G, were taken into account for the electron energy ran
between 0.3 and 0.67 eV~see Fig. 2!. Tunneling via the
G-G-G channel was only considered for the electron ene
outside this range. The shape of the potential barrier
updated each time step from the solution of the Pois
equation. The transmission probabilities for theG-G-G and
G-X-G channels were calculated for each electron imping
the barrier. The tunneling process was then treated in
Monte Carlo simulation as a scattering event. A rand
numberr, uniformly distributed between 0 and 1, was ge
erated. The electron was allowed to tunnel if the inequa
D,r was satisfied. Otherwise, the electron was reflec
from the barrier, i.e., its wave vector componentkz , normal
to the heterointerface was changed to2kz .

III. I -V CHARACTERISTIC

The steady-state potential profile and electron distribut
in the In0.53Ga0.47As/AlAs/In0.53Ga0.47As structure are pre
sented in Fig. 2. The majority of electrons are located in
InxGa12xAs layer adjacent to the emitter. The electric field
low in this layer. Therefore, all electrons are distributed
the lowestG valley of the conduction band of this layer. Th
tunneling current through the AlAs barrier is dominant f
the bias voltages below 10 V. A thermionic current over t
barrier was not observed in this range of bias voltage.

For the ensemble Monte Carlo simulations, the curr
density j is usually evaluated in accordance with Shockle
Ramo theorem as27

j 5
s

L (
i 51

N

nz~k i !, ~5!

wheres is the particle charge per unit area,L is the length of
the structure,N is the number of simulated particles,nz is the
velocity of the particle in thez direction, andk i is the wave
vector of thei th particle. Serious difficulties exist, howeve
in the evaluation of the steady-state current from Eq.~5!
when electron tunneling controls the current. The level of
fluctuations in the current density obtained from the Mo
Carlo simulations may essentially exceed the exact valuej 0,
even though an extremely large number of particles
simulated. Such a situation occurs when the average tr
mission probability of the electron tunneling is below un
by several orders of magnitude. In such a case, most of
particles impinging on the barrier are reflected, and onl
few of them are tunneling and making a contribution to t
current. Due to this, Eq.~5! is not appropriate for an evalu
15530
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ation of the steady state current for structures in which
tunneling current is predominant. This is evident from t
following considerations:

The accuracy of the current density evaluated from
Monte Carlo simulations by using Eq.~5! can be estimated
as follows: Assume for simplicity that the intercarrier inte
action is negligible, and that electrons are moving in a s
consistent and non-fluctuating electric field. Let us also
glect the fluctuations in a number of simulated particl
which are caused by random particle injection from the c
tacts. Under these conditions the statistical fluctuations of
calculated current density can be estimated by introduc
the momentum distribution function

F~k!5

E
0

L

f ~k,z!dz

E
0

LE f ~k,z!dkdz

, ~6!

normalized to unity, wheref (k,z) is the electron distribution
function normalized to the local electron concentrationn(z).
The distribution functionF(k) corresponds to the momen
tum distribution of all the electrons in the structure. T
variance var(j ) of the calculated current densityj, i.e., the
mean value of the square of current fluctuations^d j 2&, can
be obtained from Eq.~15! of Ref. 28. The resulting expres
sion for the variance var(j ) of the calculated current densit
is given by

^d j &2

j 0
2

5
1

N H E nz
2~k!F~k!dk

F E nz~k!F~k!dkG2 21J , ~7!

where j 0 is the exact value of the current density, andN is
the number of simulated particles. Equation~7! is valid for
the estimation of the accuracy of Monte Carlo simulatio
for any two terminal structures.

In a case where the tunneling current is dominant over
thermionic one, most of the electrons are accumulated in
region where the electric field is low, as seen from Fig.
The electrons are in a state close to the thermal equilibr
in this region. Assuming that the electrons are in therm
equilibrium in the whole structure~the high-field region on
the collector side of the structure is depleted of electrons;
Fig. 2!, from Eq. ~7! we obtain the variancêd j 2& of the
calculated current density. The result is given by

^d j 2&

j 0
2

5
1

N

^n th
2 &2^nd&

2

^nd&
2

, ~8!

where^n th
2 & is the squared mean velocity of all the electron

and ^nd& is the electron drift velocity averaged over th
whole structure. In accordance with Eq.~8!, an extremely
large number of particles should be simulated in order
obtain a reasonably accurate calculated current density w
the transmission probability of the electron tunnelingD is
significantly less than unity. For example, assume that
transmission probability isD51024 for the electrons at ther
1-3
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A. REKLAITIS AND G. GRIGALIŪNAITĖ PHYSICAL REVIEW B 63 155301
mal equilibrium ~Fig. 1!. The average drift velocity can b
estimated aŝ nd&5n thD. From Eq. ~8! we obtain that
^d j 2&/ j 0

25(ND)21; i.e., in order to achieve an accuracy
10% for the calculated current, the required number of sim
lated particles isN5108.

This problem can be resolved by using an alternative
timator for the evaluation of the steady state current. C
sider thei th Monte Carlo particle incident on a barrier. Th
charge per unit area of the particle iss. The transmission
probability D of the particle is dependent on its wave vec
k i . For this particle, the fraction of the tunneling charge
sD(k i). By collecting all the particles impinging the barrie
from the left and the right during the time stepDt, we obtain
the current density, which is given by

j 5
s

Dt (
i 51

M1

D~k i !2
s

Dt (
j 51

M2

D~k j !, ~9!

whereM 1 and M 2 are the numbers of particles impingin
on the barrier from the left and right, respectively, during t
time stepDt. The accuracy of the current density obtain
from Eq. ~9! can be evaluated as follows. Consider a stre
of Monte Carlo particles incident on a barrier from the le
The stream is a stochastic Poissonian process.8 Assume, for
simplicity, that the transmission probability is constant, i.
independent of the energy of the incident electron. The
sulting current fluctuations are caused by the Poissonian
poral fluctuations in the number of particles impinging t
barrier. The variance of the calculated current density
given by

^d j 2&5S sD

Dt D 2

^dM 12&5S sD

Dt D 2

M 1. ~10!

Thus the accuracy of the calculated current can be estim
as

FIG. 3. Comparison of the calculated steady stateI -V charac-
teristic ~solid curves! with the experimental results~Ref. 14!
~dashed curve!. The calculations were carried out considering on
the G-G-G tunneling channel and considering both theG-G-G and
G-X-G tunneling channels for two values ofG-X mixing parameters
t50.5 and 0.3.
15530
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^d j 2&

j 0
2

5
1

M 1
. ~11!

The value of the current fluctuations^d j 2& given by Eq.~11!
is lower by several orders than the corresponding value
tained from Eq.~8!. It should be noted that Eq.~9! is valid
only for the calculation of current under steady-state con
tions. The current should be evaluated from Eq.~5! when the
electron distribution is time dependent.

A comparison of the calculated steady-stateI -V charac-
teristic of the In0.53Ga0.47As/AlAs/In0.53Ga0.47As structure
with the experimental results14 is shown in Fig. 3. The cal-
culatedI -V characteristic is approximately two orders belo
the experimental results when only tunneling via theG-G-G
channel is considered, and theG-X-G channel is disregarded
The I -V characteristic obtained taking into account t
G-G-G and G-X-G channels for the value ofG-X mix-
ing t50.5 (t50.5 was accepted in Ref. 26 for th
GaAs/AlAs/GaAs heterostructure! overestimates the exper
mental results. The best agreement of the calculatedI -V
characteristic of the In0.53Ga0.47As/AlAs/In0.53Ga0.47As struc-
ture with the experimental data14 is obtained fort50.3 ~Fig.
3!.

IV. C-V CHARACTERISTIC

The C-V characteristic of the structure is evaluated
rectly from the simulated current response to the linea
increasing bias voltage. The response of the current den
j (t) to the slowly varying bias voltageU(t) can be ex-
pressed as

j ~ t !5 j 0~U !1C~U !
dU

dt
, ~12!

where j 0(U) is the steady-state current density for bias vo
ageU, andC(U) is the capacitance per unit area caused
the displacement of the space charge in the structure. O

FIG. 4. Calculated current response~solid curves! to the ramp of
the bias voltage. The calculations were carried for two ra
dU/dt50.025 and 0.05 V/ps of the increase in the bias volta
The voltage was linearly increased from 0 to 5 V. The dashed cu
shows the steady-stateI -V characteristic.
1-4
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MONTE CARLO STUDY OF dc AND ac VERTICAL . . . PHYSICAL REVIEW B 63 155301
the steady-stateI -V characteristicj 0(U) is calculated, the
current response to the linearly increasing bias voltage
simulated. The current density is estimated from Eq.~5!,
which is valid for the steady state as well as for time dep
dent transport. TheC-V characteristic is evaluated from Eq
~12!. The ratedU/dt of the bias voltage increase should
taken as sufficiently small in order to ensure stationary e
tron distribution in real and momentum space during
simulation of the current response.

The current response to the linearly increasing bias v
age fromU50 to U55 V is shown in Fig. 4. The curren
response is calculated for two different ratesdU/dt of volt-
age increase. It was obtained that the current respons
linearly proportional to the ratedU/dt. As seen from Fig. 4,
the displacement current significantly exceeds the stea
state current densityj 0. Hence the steady-state current can
neglected in an evaluation of the capacitance of the struct
Figure 5 shows theC-V characteristic obtained from the re
sults presented in Fig. 4. As seen from Fig. 5, the calcula
C-V characteristic is in very good agreement with the exp
mental data.14

FIG. 5. C-V characteristic~circles and crosses! of the structure
obtained from the current response presented in the Fig. 4.
solid curve shows experimental results of Ref. 14.

FIG. 6. Current response~solid curve! to the sinusoidal excita-
tion of 50-GHz frequency and 5-V amplitude~dashed curve!.
15530
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V. LARGE-SIGNAL AC RESPONSE

The large-signal ac current response was calculated
the evaluation of the efficiency of the structure for frequen
multiplication. The current response to a 50-GHz sinusoi
bias voltage is presented in Fig. 6. Odd harmonics are o
generated during the frequency multiplication because of
even symmetry of theC-V characteristic of the symmetrica
single-barrier structure. The amplitudes of the first, third, a
fifth harmonics ~Fig. 7! were obtained from the Fourie
transform of the large-signal ac response of the current.

The current response to sinusoidal excitation is de
mined by the steady stateC-V characteristic at low excita
tion frequencies below 50 GHz. In this frequency range,
harmonic amplitudes are linearly proportional to the exci
tion frequencyf ~Fig. 7!. The response of the electron distr
bution in real and momentum space is stationary in this
quency range; i.e., the electron distribution is close to

he

FIG. 7. First- (j 1), third- (j 3), and fifth- (j 5) harmonic ampli-
tudes of the current response vs the excitation frequency. The
plitude of the sinusoidal excitation is 5 V.

FIG. 8. Current-voltage phase portraits for the 20-~solid curve!
and 200-GHz~dashed and dotted curves! sinusoidal excitation fre-
quencies. The amplitude of the excitation isU055 V. The current
density is normalized to the excitation frequency. The dashed cu
is obtained when neglecting theX andL valleys, the dotted curve is
obtained when including theX andL valleys.
1-5
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A. REKLAITIS AND G. GRIGALIŪNAITĖ PHYSICAL REVIEW B 63 155301
steady state during the ac period. At a low excitation f
quency, the amplitude of thenth harmonic is defined as

j n52p f U0E
0

2p

C~U0 sinv!cosv cosnvdv, ~13!

whereC(U0 sinv) is the steady stateC-V characteristic of
the structure.

The efficiency of the frequency multiplication is reduc
at excitation frequencies above 50 GHz, as is evident fr
the results presented in Fig. 7. The inertia of the elect
redistribution in real and momentum space is responsible
the reduction of the efficiency at high excitation frequenci
This is evident from thej -U phase portraits presented in Fi
8. As seen from Fig. 8, the current is determined by
steady-stateC-V characteristic at an excitation frequency
20 GHz. Contrary to this, the shape of the current respons
substantially different from the one determined by t
steady-stateC-V characteristic at an excitation frequency
200 GHz.

The processes responsible for the deviation of the h
frequency current response from the low-frequency respo
can be understood from the electron and potential distr
tions presented in Fig. 9. At low excitation frequencies,
distribution of the electron concentration in the structure c
responds to the steady-state distribution during the ac pe
@Fig. 9~a!#. At high excitation frequencies, as seen from
comparison of the electron distributions presented in F
9~a! and 9~b!, the electrons have no time to completely co
pensate for the space charge in the regions near the ba
Due to this, the effective capacitance of the structure is
nificantly reduced. As a consequence, the peak value of
current is essentially lowered, as seen from Fig. 8.

At a high excitation frequency, the electrons are ess
tially heated in theG valley of the InxGa12xAs layers when
the upperL and X valleys are disregarded@Fig. 9~b!#. As a
result, theG valley electrons in the InxGa12xAs layers are
transferred to the upperL and X valleys when intervalley
scattering is taken into account@Fig. 9~c!#. This intervalley
transfer essentially reduces the electron drift velocity in
InxGa12xAs layers. Moreover, the electrons, which occu
the L andX valleys in the InxGa12xAs layer, may surmoun
the InxGa12xAs/AlAs heterointerface thermionically, as
evident from the energy band diagram shown in the inse
Fig. 2. After the emission of optical phonons, the electrons
the X valleys of the AlAs layer are cooled and confined
the barrier@Fig. 9~c!#. The cooled electrons are able to lea
the AlAs barrier only by means of tunneling. As a result
significant space charge is accumulated in the barrier. T
accumulated space charge causes an addition reduction i
peak value of the current, as seen from Fig. 8.

VI. CONCLUSIONS

Steady-state dc and time-dependent large signal ac e
tron transport in a single-barrier structure was investiga
by Monte Carlo simulations. A comparison of the calculat
I -V characteristic of the structure with the experimental d
indicates that resonantG-X-G channel is the dominan
15530
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tunneling mechanism of the dc transport in t
In0.53Ga0.47As/AlAs/In0.53Ga0.47As heterostructure. The
capacitance-voltage characteristic of the structure was
tained from direct Monte Carlo simulations. The efficien
of microwave frequency multiplication by a single-barri
structure was investigated.
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FIG. 9. Potential profile~solid curves! and distribution of elec-
tron kinetic energy~points! at the time t510/f for and ac bias
voltage U(t)5U0 sin(2pft), U055 V. ~a! f 520 GHz. ~b! f
5200 GHz, andL andX valleys are disregarded.~c! f 5200 GHz,
andL andX valleys are considered.
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APPENDIX

The three layers composing the potential barrier w
characterized by indexes 1~layer of incident electron!, 2
~barrier layer!, and 3 ~the final layer after tunneling!. The
following matching conditions for the electron wave functio
c(z) at the heterointerfaces were used:

c1~0!5c2~0!, ~A1!

1

m1

dc1~0!

dz
5

1

m2

dc2~0!

dz
, ~A2!

c2~d!5c3~d!, ~A3!

1

m2

dc2~d!

dz
5

1

m3

dc3~d!

dz
, ~A4!

whered is the barrier width; andm1 , m2, and m3 are the
effective masses in the initial layer, the barrier and the fi
layer, respectively. The obtained transmission probability
a trapezoidal barrier is given by

D5
4m1k3z

p2m3k1z

1

Q2
, ~A5!

wherek1z and k3z are the transverse to the heterointerfa
wave-vector components, the incident component, and
final component, respectively:
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Q25H @Ai~h0!Bi8~hd!2Ai8~hd!Bi~h0!#

1
m1k3z

m3k1z
@Ai~hd!Bi8~h0!2Ai8~h0!Bi~hd!#J 2

1H m1kF

m2k1z
@Ai8~h0!Bi8~ha!2Ai8~hd!Bi8~h0!#

1
m2k3z

m3kF
@Ai~h0!Bi~hd!2Ai~hd!Bi~h0!#J 2

.

~A6!

Ai andBi are Airy functions, andAi8 andBi8 are their deriva-
tives:

kF5~2m2eF/\2!1/3, ~A7!

h05kF~U02E2z!/eF, ~A8!

hd5kF~U02E2z2eFd!/eFd, ~A9!

E2z5E12\2kII
2 /2m2 . ~A10!

e is the electron charge,\ is the Planck constant,U0 is the
barrier height,F is the electric-field strength in the barrier,d
is the barrier width,E1 is the energy of the incident carrie
andkII is the wave-vector component parallel to the hete
interface.
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