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The resonant tunnelling through parabolic quantum well structures under a uniform transverse magnetic field is

investigated by a simple numerical method. Numerical results of the transmission coefficient are obtained for several

GaAs—Al;Gaj_As parabolic well structures. It is found that the resonant peaks shift towards the higher energy region

as the magnetic field increases, and some new resonant peaks emerge when the magnetic field becomes stronger. The

J — V characteristics of a parabolic quantum well are discussed for the cyclotron centre located at different positions.

It is also found that the cyclotron centre located at the parabolic well centre is helpful to explain the experiment, and

the peak current densities decrease and shift to higher bias with the increase of magnetic field. The influence of mixed

crystal effect on the J — V' characteristic under a uniform transverse magnetic field is also investigated.
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1. Introduction

Since Tsu and Esakil!! investigated the electronic
resonant tunnelling through multiple barriers theoret-
ically and observed the negative differential conduc-
tance in experiment,® the tunnelling through lower-
dimensional heterostructures has attracted consider-
able interest and has been widely investigated both

theoretically and experimentally.[3—18]

During the past years, much attention has been
focused on the resonant tunnelling in rectangular

barrier heterostructures.3=7

Magneto-tunnelling has
been proven to be a powerful tool to study the dy-
The tun-

nelling through multi-layered structures of semicon-

namics of electrons in heterostructures.

ductors in the parallel electric and magnetic fields
along the growth direction has been studied by a num-

ber of authors.[8—16]

The regular field-induced features
or steps in the I(V) curve have been observed.®:] In
the parallel field case, the Hamiltonian of a system
can be separated into an “electric” part giving rise to

subbands and a “magnetic” part leading to the Lan-

dau levels. Otherwise, the tunnelling problems in a
transverse magnetic field normal to the growth direc-
tion are more complicated theoretically because of the
non-conservation of the transverse components for the
electronic momentum. Zaslavsky et all'!l and Davies
et all'?l experimentally observed that the transverse
magnetic field shifts the resonant current peaks in the
I(V') curve to higher bias positions. The phenomenon
is explained by invoking the magnetic-field-induced
change in the transverse momentum of the electrons

tunnelling into the well.

Ancilato['®! discussed the effect of a transverse
magnetic field on the tunnelling in a double-square-
barrier structure (DSBS) and gave a numerical solu-
tion of one-dimensional (1D) effective mass equation
by using the Wentzel-Kramers—Brillouin (WKB) ap-
proximation. Some authors investigated the quantum
magneto-transport of electrons in a double-barrier res-
onant structure.l'®! They solved the 1D effective mass
equation analytically by using Hermitian functions as
envelope functions, and calculated the transmission

coefficient (TC) for electron tunnelling by the transfer-
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matrix method. The calculated results affirmed that
the structure parameters of the systems strongly af-
fect the resonant tunnelling properties. In their cal-
culation the cyclotron centre was chosen fixed at the
incident edge of the DSBS. This assumption may not
match the experimental situation completely, and fur-
ther calculations by choosing different locations of the
cyclotron centre are needed to understand fully the
transverse magnetic field effects on the tunnelling.
At present, the parabolic quantum well (PQW)
has been widely investigated and some new properties
of electrons in this kind of system are obtained.[!9—21]
However, the magneto-tunnelling through PQWs un-
der a transverse magnetic field has not been discussed
sufficiently. In this paper, we study the resonant
tunnelling through a PQW structure under crossed
magnetic and electric fields. The one-dimensional
Schrodinger equation for this case is solved by using a
simple numerical method, which has been developed
to study the electronic tunnelling without a magnetic
field,[622] and to calculate the transmission coefficients
and wavefunctions of electrons with variable effective
mass across several GaAs—Al,Ga;_,As PQW struc-
tures. It is found that the resonant peaks shift to
higher energy region with the increase of magnetic
field for both zero and non-zero bias voltages, and
also some new resonant peaks emerge under a much
stronger transverse magnetic field. The J —V charac-
teristics are discussed for the cyclotron centre located
at the different positions. We also found that the cy-
clotron centre located at the centre of the parabolic
well instead of being fixed at other positions5:16] is
more helpful to explain the experiment. The current
peaks shift to higher bias and the peak current be-
comes weaker with increasing magnetic field. The in-
fluence of mixed crystal effect on the J —V character-
istic under a uniform transverse magnetic field is also

investigated.
2. Theoretical model

Consider a PQW tunnelling structure grown in
the z-direction, whose potential the electrons under-
gone can be divided into three regions: the region II
constructs a PQW of width [ with finite barriers, and
in the other regions of the space I (z2-1/2) and III
(221/2) the electrons are free and the potential is cho-
sen as zero. The solid line in Fig.1 schematically illus-
trates the parabolic-well potential profile without bias
and magnetic field. We assume a uniform magnetic
field is supplied in the z-direction, i.e. B = (B,0,0).

In the emitter and collector regions (|z| 2 1/2), the
coherence of the Landau motion is destroyed by the
ionized impurity scattering so that the magnetic-field
effect is small enough to be ignored. Thus the vec-
tor potential can be chosen as A= (0, —Bz,0) in the
system and A = 0 out of the system in the Landau

gauge.

—1/2 0 1/2

Fig.1. Schematic illustration of PQW resonant tun-
nelling structure. The solid line is for B = 0, the
dashed line, the dotted line and the dot-dashed line
are for B # 0 and zg = —1/2,0, and 1/2, respectively.

2.1. Transmission coefficients T (E, V, B, z)

The Schrédinger equation for an electronic mo-

tion in the system is then written as

P21 1 1 By
[2m* (z2) 2" “m*(2) P 2m*(z) (Py Bz)
+ U (2) —er] U(7) = E¥(F). 1)

In Eq.(1), U(z2) is the potential and can be written as

or z >

N | o~

(2)
where [ is the width of the well. m*(z) is the vari-
able effective mass of the electron. F is the electric
field strength, and F is the total energy of the elec-
trons. Considering the transverse symmetry in the
z—y plane, we choose the wavefunction ¥(7) in Eq.(1)

in the following form:

U (7) = ¢ (z) exp (ikzz + ikyy), 3)

where ¢(z) is the wavefunction describing the elec-

tron tunnelling along the parabolic well of z-direction.
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Substituting Eq.(3) into Eq.(1), we obtain
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4|3 @) - +U ) - o] o2

27,2
_e_ hok2
2m* (z2)

where zg = l%ky is the so-called “cyclotron centre”

} o (2). (1)

in the z-direction related to the wavevector compo-
nent k, of the electronic transverse motion, and the
parameter I = (7‘1/63)1/2 depends on the magnetic
field. The cyclotron frequency is determined by

eB

—yml (5)

we (2) =
Defining an effective potential

1
U (2 B) = gm* () (2) (= — 2)* + U (&) — eFz,
(6)
and neglecting the thermal motion of the electron in
the z-direction by choosing k,= 0, the Schrodinger

equation can be reduced to

Ty @ () 4z ° e Bk B) o () = Be 2).
(M)

The electronic wavefunctions ¢(z) in regions I, IT and

III can be written respectively as(®l

p1(z) = Ajelfr? 4 Bre iRz, (8)
p2(2) = A2f(2) + B2g(2), 9)
p3(z) = Age'™s?, (10)

where

h:%V%ﬂ@w—mdam)u:L;n

According to the continuity of ¢;(z) and
(1/m*(2))dy; (2)/dz at every boundary, the coeffi-
cients in Eqs.(8)—(10) should satisfy the following re-

lation:

Ay |t tie Az (1)

By to1  t22 0
The transmission coefficient T' is determined by

1

2 ks
111

. (12)

The functions f(z) and g(z) in Eq.(9) can be
solved numerically by the well-known Runge—Kutta
method.

2.2. Current density-voltage characteristic of

PQWs

The scattering due to phonons and impurities can
be neglected as an approximation since we focus our
attention on the electron tunnelling and the influ-
ence of bias voltage V and magnetic field B for a
GaAs—Al,Ga; ,As system. Furthermore, we ignore
any inter-band tunnelling which may occur for a high
bias voltage, when the quasi-Fermi level of the collec-
tor is located below the valence-band maximum of the
bulk emitter. Within the single-electron approxima-
tion, the equation of tunnelling current density from

emitter to collector is written asl!]

e o0 o0 N
=—° [ 4. [ 4aF
7 43R /(; /(; /1

X [femitter (E, V) - fcol]ector (E; O)]

« T (E.,v,B) 2F

akz ? (]‘3)

where f(E,V) = 1/(1+ e(E~Eet+eV)/ksT) is the Fermi
function. Equation (13) can be simplified to

=BT / dE.T(E.,V,B)
27I'2h 0
1+e(Ef7Ez)/kBT )

X ln<1 T o(Bi—E.—eV)/ksT

(14)

where my, is the effective mass in the emitter, Ef and
kp are the Fermi energy and Boltzmann constant re-

spectively.
3. Numerical calculation and dis-

cussion

The numerical calculations have been carried out
for three types of parabolic wells consisting of GaAs—
Al,Ga;_,As system. The well of type A has a narrow
width [ of 10nm and Up=0.9587eV. For type B the well
width is 22nm and Uy=0.3eV. For type C, we choose
l= 16nm and Uy=0.4655eV. The conduction band off-
set Uy and the effective mass m*(z) in the parabolic
wells are determined as functions of aluminium con-

tent z by the following equation:

U 0.75z eV (0 <z <0.45),
°7) 0.75¢ + 0.69(z — 0.45)% eV (0.45 < z < 1),
(15)
m*(z) = 0.067+0.083z (0<z<1). (16)

The calculated transmission coefficients (TCs) as
functions of electronic energy in the zero bias case for

types A and B are shown in Figs.2 and 3 respectively,
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where the cyclotron centre is located at the incident
edge of the parabolic wells. It is clearly seen that the
resonant peaks shift toward the higher energy region
with the increase of magnetic field. It is also found
from Figs.2 and 3 that the maximum of TC almost
equals unity for type A, whose well potential is nar-
row and high in a stronger magnetic field. Otherwise,
the maximum of TC is much lower than unity as the
magnetic field increases for type B. The magnetic field
influences the TC in two respects. First, the trans-
verse magnetic field heightens the potential barriers
so that the electron energy levels rise up. Second, it
breaks the symmetric property of the effective poten-
tials in tunnelling structures if the cyclotron centre is
not located at the well centre. Since 29 = I3k, the cy-
clotron centre is determined from the electronic trans-
verse wavevector k,. The degree of broken symme-
try is determined by the magnetic field strength and
the structure parameters. This is the reason why the
asymmetric property is more remarkable in the PQW
tunnelling structure for Fig.3 than that for Fig.2. As a
result, the increase of magnetic field will decrease the
maximum of TC. However, if the electronic transverse
motion makes the cyclotron centre be located at the
centre of parabolic well, the transverse magnetic field
will no longer break the symmetry of the structures, so
that the maximum of resonant peaks is always equal
to unity. The detailed result is given in Fig.4, which
shows the TC as a function of electron energy for type
B structure with the cyclotron centre located at the
centre of the parabolic well. It is found that the max-
imum of TC still remains unity with the increase of

magnetic field.
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Fig.2. Transmission coefficient T" as a function of elec-
tron energy F in type A structure without a bias. The
cyclotron centre is located at the incident edge of the
effective potential.
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Fig.3. Transmission coefficient T as a function of elec-
tron energy F in type B structure without a bias. The
cyclotron centre is located at the incident edge of the

effective potential.
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Fig.4. Transmission coefficient T' as a function of elec-
tron energy F in type B structure without a bias. The
cyclotron centre is located at the centre of the effective
potential.

The 3D plot of TC as a function of magnetic
field B and electron energy E with a bias voltage
F = 2.5 x 10%kV/cm is shown in Fig.5 for type C
structure. A novel result is obtained that the reso-
nant peaks shift towards the higher energy region with
increasing magnetic field B. Furthermore, some new
resonant peaks emerge when the magnetic field be-
comes much stronger. It is easily comprehended since
the magnetic field lifts the electronic energy levels in
the well, and some energy levels below the conduction

band will emerge with the increase of magnetic field.
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1gT

Fig.5. Transmission coefficient T" as a function of elec-
tron energy E and transverse magnetic field B in type
C structure with the bias voltage F' = 2.5x 102kV /cm.

The J — V characteristics of resonant tunnelling
in a PQW for type C structure under different trans-
verse magnetic fields are calculated and the results are
presented in Fig.6. For understanding the transverse
magnetic effect on the tunnelling in the system clearly,
we have chosen the cyclotron centre at three different
positions, the incident edge, the centre and the col-
lector edge of the PQW tunnelling structure. In the

(16] the cyclotron

previous calculations for the DSBS,
centre was chosen located at the incident edge of the
system. The results affirmed that the peaks of tun-
nel current shift to higher voltage and the tunnelling
currents are weakened with increasing transverse mag-
netic field in a square well system. Different from
Ref.[16], our calculated results for the same situation
show in Fig.6(a) that the resonant peaks also shift to
higher voltages, but the current densities are raised in-
stead of reduced with increasing magnetic field. Oth-
erwise, when the cyclotron centre is located at the col-
lector edge of PQW structure (zp = [/2), the resonant
peaks shift to higher bias and the currents are reduced
rapidly with the increase of the transverse magnetic
field (see Fig.6(c)). It is understood that the trans-
verse magnetic field supplies an added potential to
Uer and raises the barriers of the PQW (see Fig.1),
so that the energy of the resonant state rises and then
the resonant peaks shift to the higher biases. Figure 1
shows the magnetic contributions to U.g for the cases
of zo = —1/2,1/2 and 0 without the bias. The mag-
netic field raises the barriers of the emitter edge for
zo = —l/2, the collector edge for zy; = 1/2 and both
for zp= 0 respectively. When a bias is added, the ef-
fective potential is no longer symmetric and the peak
of the transmission probability is no longer 1 even for
B=0. However, in zg = —I/2 case for B # 0, the
magnetic field raises the collector barrier and makes

the effective potential nearer symmetric and the trans-

mission easy. Therefore, the current density is also
enhanced compared with that in B=0 case. The in-
cident barrier rises and the collector barrier falls so
that the peaks of the tunnelling current drops with
the cyclotron centre moving from —!/2, to 1/2. In
fact, the position of the cyclotron centre depends on
the y-component of the electron wave-vector, which
should be considered to be varying between the values
corresponding to zop = —I/2 and 2y = /2 in the calcu-
lation of the tunnelling current. So the calculation of
the tunnelling current by fixing the cyclotron centre
at either zg = —I/2 (the incident edge) or zy = /2
(the collector edge) may not give a correct result. A
reasonable choice is to fix the cyclotron centre at the
average position, i.e. the centre of the PQW structure
(20=0). This calculation presents an average effect,
The results

shown in Fig.6(b) are in qualitative agreement with

which can be observed in experiment.

the magnetic-field effects observed in experiment for
a square quantum well.'1=14 Tt is found that the cur-
rent peaks shift to the higher bias, the resonant peaks
are broadened, and the peak currents are a little weak-

ened.

Current density/(A-cm™2)
—
)
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Fig.6. Current density versus applied voltage at
T=4.2K for (a) the cyclotron centre located at the in-
cident edge of parabolic well; (b) the cyclotron centre
located at the centre of parabolic well; (c) the cyclotron
centre located at the collector edge of parabolic well.
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Fig.7. Current densities versus applied voltage for a
parabolic well under a magnetic field B=10T corre-

sponding to aluminium content =0.25, 0.3, 0.35, 0.4.
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Fig.8. The distance between the first and the sec-
ond current peak positions versus aluminium content
under a magnetic field B=10T.

The ternary mixed crystal effect on the tunnelling
characteristic is shown in Figs.7 and 8. The J -V
curves under a magnetic field B=10T are plotted in
Fig.7 corresponding to different aluminium content of
ternary mixed crystals Al,Ga; ., As at the edge of tun-
nelling structure with z=0.25, 0.3, 0.35, 0.4. It is
found that the current peaks are rapidly weakened and
shift to higher bias with the increase of z and the bar-
rier height reduces. Finally, we consider the influence
of mixed crystal effect on the position of current peaks.
For this purpose, we plot the distance between the first
and the second current peak positions as a function of
z under the magnetic field B=10T in Fig.8. It is seen

that the distance increases obviously with increasing

z. The results in Figs.7 and 8 can be easily under-
stood from the fact that the shape of parabolic well
can be adjusted by changing the aluminium content in
the ternary mixed crystal Al,Ga,_,As. With increas-
ing x, the shape of the parabolic potential becomes
cliff-like and the barriers are heightened to block the

penetration of electrons.

4. Conclusions

We have investigated the effect of crossed uniform
transverse magnetic and electron fields on the reso-
nant tunnelling in GaAs-Al,Ga;_,As parabolic well
structures by using a simple numerical method. It
is found that the transverse magnetic field supplies
an additional potential and raises the barriers of the
PQW (see Fig.1), so that the resonant peaks shift to
higher biases. Different localizations of the centre of
the cyclotron motion built by the applied transverse
magnetic field produce different qualitative results for
the transmission coefficient and tunnelling current.
An average choice to locate the cyclotron centre at
the centre of the parabolic well is reasonable to do the
calculations and explain experimental result correctly.
The resonant peaks shift to higher energies when the
bias is applied. Furthermore, some new peaks emerge
when the magnetic field becomes much stronger. It
is indicated that the effects of electron transverse mo-
tion and structure parameters cannot be neglected;
the role of magnetic and electric fields is important
for resonant tunnelling. The J — V characteristics of
resonant tunnelling under different magnetic fields are
investigated. It is shown that the current peaks shift
to the higher bias and become weaker with increas-
ing magnetic field. Meanwhile the influence of mixed
crystal effect on current density is also significant so
that the peak currents are rapidly weakened with the
increase of Al content. This result is useful in the

application of PQW structure.
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