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Abstract; To understand the dependence of the quasi-bound level energies E, and the tunneling lifetime on the mag-

netic fields B, resonant tunneling in the triple-barrier structure was investigated by using the transfer matrix method.

Transmission probability characteristics and the tunneling lifetime in the triple-barrier structure are investigated,

respectively. The results showed that the first quasi-bound energy levels E,. increase, while the second quasi-bound

energy levels E, decrease with the increasing of the middle barrier thickness L. The lifetime 7 of £, and E,_ is shor-

tened with increasing of B and Landau quantum number n, and the effect of L on 7 is weak for B =15 and n =15.
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1 Introduction

The resonant tunneling transmission properties
in semiconductor multi-barrier structures have been
extensively investigated for increasing interest in
quantum physics mechanism and the potential applica-
tion of high-speed and high-frequency devices''”
since the pioneering work of Tsu and Esaki*’. The
tunneling lifetime plays a decisive role in these de-
vices to implement the perfect performance. Various
theoretical methods have been developed to calculate
the tunneling lifetime. Tsuchiya et al investigated a
tunneling escape rate of electrons from a single
quantum well through the thin barriers, and firstly
predicted that the lifetime can be obtained from the
energy width of the resonance transmission'*'. After

l[5]

that, Arsenault et al”', Zou et al'®’ and Peng et

al'” studied the resonant-tunneling lifetime of the

double-barrier structure, respectively. Xu et al'®
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had given out a simple analytical expression for the
lifetime in an one-dimensional symmetrical double-
barrier structure by solving the time-independent
Schridinger equation and using the energy uncer-
tainty condition. Fisher et al'®' and Guo et al''
investigated that the resonant tunneling energy level
and width of a quasi-bound state in a double-barrier
structure in an external electric field, respectively.
Gong et al'"" studied the tunneling time of electrons
through a parabolic quantum well structure theoreti-
cally, and found that the resonant tunneling lifetime
through the parabolic quantum well is longer than
that through the rectangular one in some cases. In
the above methods, the tunneling lifetime was deter-
mined by measuring the full width at half maximum
(FWHM) of the transmission coefficients, and then
calculated by the energy uncertainty condition,
which is a very simple and efficient method.

Recently, there has been increased interest in
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studying the effect of an external magnetic field on
the resonant energy levels and the tunneling lifetimes
of quasi-bound energy level in the low dimensional
semiconductor structures due to the demand to un-
derstand the physics during the electron transport
process and to develop the excellent performance de-

. [12,13
VICC[ ]

Obviously, some important parameters,
including quasi-bound energy levels and tunneling
lifetime can be influenced by an external magnetic
field'"*). Although Wang et al presented an investi-
gation about electrons tunneling through a double-
barrier structure under an external magnetic field, it
is necessary to further understand the effect of an ex-
ternal magnetic field on the tunneling lifetime in the
triple-barrier structure.

Very recently, quantum rings ( QRs) have at-
tracted a lot of attention due to the occurrence of the
Aharonov-Bohm effect and highly uniform in size
distribution. In our previous study, high density and
uniform QRs can be obtained by the postgrowth tech-

B Li et al investigated the transmission

nique
probability of a single electron transmission through
a QR device based on the single-band effective mass
approximation method. It is that the electron tunne-
ling resonance peaks split when the electron trans-
mits through a double QR''™*'. The similar transmis-
sion properties can be observed in the triple-barrier
structure,, which excited us to investigate the trans-
mission properties in the triple-barrier structure
again. Furthermore, a complete revealing of this
physics process of electron tunneling through the tri-
ple-barrier structure can be very important to the de-
signing of high performance quantum computing and
high-speed semiconductor device. In addition, it
should be pointed out that the coupling between the
energy levels in the different confining potentials and
the different energy levels in the same confining po-
tential plays crucial role in transmission properties of
electron.

In this paper, we discuss the dependence of the
quasi-bound energy levels and lifetime in triple-bar-
rier structure on the structure and longitudinal mag-
netic fields This paper is organized as follows. In

section 2, we introduce the structure parameters of

the triple-barrier structure and transfer matrix method.
In section 3, transmission probability characteristics
in the triple-barrier structure are investigated; then
numerical calculations are carried out to reveal the
elaborate dependence of the quasi-bound energy
level lifetime on structure parameters using the ener-
gy uncertainty condition. At the same time, the
effect of the longitudinal magnetic fields and Landau
quantum number on the lifetime of quasi-bound

energy level is analyzed. In section 4, the results of

this work are summarized.

2 Theory

The schematic energy diagram of the triple-bar-
rier structure under investigation is shown in Fig. 1.
A single electron propagating with energy E from left
to right is simulated by the transfer matrix method
and takes effective mass approximation into account.
Here, L,, L,, and L, are the thickness of the bar-
riers, b,, and b, the width of wells, U,, U,, and
U, are the barrier heights of the triple-barrier struc-
ture. It was assumed for all simulation that the struc-
tures consist of Al Ga,_,, As barriers and GaAs
wells. The effective electron mass in Al Ga , _, As
is expressed as (0.067 +0.083 )m,(0<x<1),
m, is electron mass in vacuum. The effective elec-

tron mass in GaAs well is 0. 067m,,.

B U, U, Us

L, b, L, b, L,

Fig.1  Potential energy diagram of the triple-barrier struc-
ture, and the definition of the symbols. L, L,, and
L, are the barrier thickness, b, and b, are the well
width, and U,, U,, and U, are the barrier heights.

B is the magnetic field intensity.

The theoretical model is mainly described when
a longitudinal magnetic field was considered. An ex-
ternal homogeneous longitudinal magnetic field B is
applied perpendicular to interfaces along this growth
axis. The symmetric gauge for the vector potential

can be described as
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1 h
A = —B x 1 = — 6
LB xr, (1) e (6)

The Hamiltonian of the electron in the effective-mass
nonparabolic conduction-band model can be given as

follows "’ :

ﬂ%L

N 1.
> n)hw(z) + 7P

z#ﬁﬁmn,
(2)

where w (z) = eB/m(z) is the position-dependent
cyclotron-frequency of the electron, U(z) is the po-
tential function, f is the reduced Planck constant, n
is the occupation number operator of the harmonic
oscillator. As the effective mass is considered, the
Landau levels E are no longer conservative as a re-
sult of [n,H] =0, which prevents the separation of
the total energy into transverse and longitudinal com-
ponents.

Taking the conservation of n into account, so
we can separate the 3D wave function of the electron
as;

V(r) = 0,(x,y)P(z2), (3)
where @, (x,y) is the harmonic oscillator eigenfunc-
tion with the Landau-level indices n =0,1,2,3---.
(3) into the
then the longitudinal wave @ (z)

Substituting the wave function
eigenequation ,
satisfies the following modified one-dimensional

Schrodinger equation

Ad 1 _
AL ) U ()06 = B0,
(4)
where E) = E - (%+ n)ha)w is the longitudinal

energy of the electron in the well regions, and U (z)
is the effective potential function. Thus, the effec-
tive barrier height is quantized by magnetic field due

to magneto-coupling effect, and can be given by

k2
Uy - (1 -y B s

w

U(n,B) =

where y =m,/m,, kX (B) = (2eB/h)(%+n), and

m,, m, the effective mass in quantum well and

w2
barrier, respectively.

The lifetime of quasi-bound energy levels was

calculated by the energy uncertainty condition ™' .

AFE is the half-width of the resonant peak at half-
maximum of the resonant peak around the resonance
energy E . The half-width AE is obtained from the
graph of the transmission coefficient versus incident
energy. The transmission coefficient through the tri-
ple-barrier structure can be determined by transfer
matrix method. The detailed method can be found in

many articles with the relation to resonant tunneling.

3 Results and Discussion

Fig. 2 shows the variation of the transmission
coefficient versus the incident longitudinal energy E,
for different middle barrier thickness L, at the mag-
netic field intensity B = 10 Tesla and Landau quan-
tum number n = 10. Tt can be seen that the split of
resonance peaks strongly depends on L,. It’s well
known that the split resulted from the coupling between
the localized states, and the separation reflects the
degree of the coupling between quasi-bound energy
levels, and strongly depends on L,. As L, increases,
the separation between the first quasi-bound energy
level and the second one decrease due to the
coupling becoming weaker, which is similar with the
results without taking magnetic field and Landau

[16]

quantum number into account” ' . More important,

1.0
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0.10 0.15 0.20 0.25 0.30
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Fig.2  Tunneling probability as a function of longitudinal
electron energy E. at the magnetic field intensity B =
10 Tesla and Landau quantum number n =10 for the
middle barrier thickness L, =1.5, 2.0, 2.5, 3.0,
3.5,4.0 and 4.5 nm in a triple-barrier structure.
The structure parameters are set to be b, =b, =2.0
=L,=3.0nnm, U, = U,=0.3 eV, m =
and m; =0.067m,.

nm, L,

0.100 2m, ,
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it is clear that the energy width of transmission pro-
bability peak has been greatly changed with increa-
sing of L,.

In order to further analyze the effect of L,, the
magnetic field intensity B and Landau quantum num-
ber n on the quasi-bound energy levels, the depen-
dence of the quasi-bound energy levels on L, in tri-
ple-barrier structure with different B and n is shown

in Fig. 3. As L, increases, E| shifts to the higher

12
energy regions quickly, while E,. to the lower energy
regions. The resonant peaks shift to the low energy
region under the influence of magnetic field, which
can be ascribed to the decreasing of the effective
barrier height, while the changing of £, , originating
from the coupling between energy levels in two sepa-
ration wells, and can be weakened due to the in-
crease of L,. As well known, the quasi-bound states
in the well of the multi-barrier structure are formed
by the multiple coherent reflections of the electronic
wave function at the boundaries of the barrier scat-
tering potential. The Landau quantum number and
the magnetic field intensity influence on the height of
the barrier potential, which can further influence on
the coupling between the quasi-bound energy levels.
That is to say, the resonant energy levels and tunne-
ling time not only are related to the Landau quantum
number and the magnetic field intensity, but also to
the coupling between energy levels.

It is very different from the result of the triple-

barrier structure under a bias voltage. When a bias

0.35
= )
:..l 0.30r E,. +B;l5

—e- B=5
& 0.25+ —~ B=10
5} —+ B=15
£ 0.20F
E 0.15-
2
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£ o100 /‘/W
E\.
0.05 | | ! I | I
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Middle barrier thickness/nm

Fig.3  Variation of the first and the second resonant quasi-
bound energy level as a function of the middle barrier
thickness at the different magnetic field intensity B
and Landau quantum number n. The structure

parameters correspond to that in Fig. 2.

voltage is applied to a triple-barrier structure, resul-
ting in the barrier tilted, the transmission probability
can be reduced due to the breakdown of the symme-

191 The magnetic

try of the corresponding structure
field can’t make the barrier tilt, thus the transmis-
sion probability isn’t influenced, only make the reso-
nant peak shift. In addition, the changing of £, and
E,. are fast followed by slow with the increase of L, ,
and as the middle barrier was thinned to a certain
degree, the second quasi-bound state vanishes,
which can be ascribed to the coupling between wave
functions in the two separation wells. The coupling
of the wave functions increases with the decrease of
the middle barrier thickness due to the strong de-
pendence of energy shift on L,, the changing of
energy levels is fast. At the same time, it is shown
that the K, changes much faster than K, with the
increasing of L,, which implies the second quasi-
bound states are sensitive to the middle barrier
thickness caused by the coupling between energy
levels. Furthermore, it also shows that when L, =5
nm, the first energy levels will intersect with the
second one, and the convergent point markedly shift
to the low energy region with the increasing of B and
n, which further indicated that B and n can impor-
tantly influence on the effective barrier height and
the coupling between the different energy levels.
Fig. 4 presents the tunneling lifetime of the first
and the second quasi-bound states as a function of L,
under the different magnetic field intensity B and
Landau quantum number n. It is clearly seen that
the tunneling lifetime 7, of the first quasi-bound en-
ergy level decreases as the increasing of L, in the
fixed magnetic field intensity B and Landau quantum
number n, while having an inversion effect on 7,. It
can also be noticed that the further increase of B and
n results in further 7, shorten. Much higher B and
n, for example, B =15 and n =15, lead to drasti-
cally decrease of 7,. It is worth notice that for B =
15 and n =15, effect of L, on 7, is very small, only
0. 02 ps variation. As for the tunneling lifetime of
the second quasi-bound energy level, the same be-
havior of 7, for three different B and n values can be

found. The tendency of the tunneling lifetime chan-
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ging with the increasing of L, for different B and n
originates from the changing of the effective barrier
height. It is widely believed that the effective barrier
height and the coupling between the quasi-bound
energy levels contribute to variation of the tunneling
lifetime. It is very difficult to exactly know which
contributes more and which less. At the same time,
we observed that the electrons in the second
quasibound energy levels could have shorter tunne-
ling lifetime than that in the first quasi-bound energy
levels do. The thinner the middle barrier is, the
stronger the coupling strength between quasi-bound
energy levels, the larger the minimum separation,

resulting in a faster tunneling time through the

& B=5n=5
0.21F E. 74 — B=10,n=10
0.18F B
0.15-

£ o012f
=
0.09-
0.06-
0.03F 4/4//‘/‘
0 | Tz | | | L

0 1 2 3 4 5
Middle barrier thickness/nm

Fig.4 Variation of tunneling time of the first and the second
resonant quasi-bound energy level as a function of the
middle barrier thickness at the different magnetic
field intensity B and Landau quantum number n. The
structure parameters correspond to that in Fig. 2.
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Fig.5 The dependence of the resonant tunneling energy le-
vels on the magnetic field intensity B at the Landau
quantum number n =5, 10, 15. E, and E, corre-
spond to the first and the second quasi-bound energy
level, respectively. The structure parameters are set
tobeb, =b,=2.0nm, L, =L, =L, =3.0 nm, U, =
U,=0.3 eV, mi/ =0. 100 2m,, and m, =
0.067m,.
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Fig. 6 The dependence of the resonant tunneling time on the
Landau quantum number n at the magnetic field in-
tensity B=5, 10, 15. 7, correspond to the first qua-
si-bound energy level, and 7, to the second one. The

structure parameters correspond to the Fig. 5.

barrier.

Fig.5 and Fig. 6 show the dependence of the
resonant energy levels and the tunneling time on the
magnetic field intensity B at the Landau quantum
number n =5, 10, and 15, respectively. In Fig.5,
with the B increasing, resonant energy levels £, and
E,. shifted to the lower energy region. The larger n
is, the rapider reduction of the resonant energy is.
That is due to lowering the effective potential barrier
when the magneto-coupling effect is taken into ac-
count. In Fig. 6, we can see that the magneto-cou-
pling effect results in the tunneling time shortening

rapidly.
4 Conclusion

In this paper, we have investigated the influence
of the structure parameters and magneto coupling on
the resonant energy level and tunneling lifetime in
the triple-barrier structure by using the effective
mass approximation and transfer matrix theory in de-
tail. The effect of the middle barrier thickness on the
quasi-bound energy levels and the tunneling lifetime
has been simulated and analyzed. The result shows
that the energy levels and lifetime are insensitive to
the thickness of the middle barrier for the strong
magnetic field and high Landau quantum number. In
generally, the tunneling lifetime can be shortened
with increasing of the B and n due to the magneto-

coupling effect.
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