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The tunneling probability in double barrier heterostructures can be affected by various effects. One of the most significant is presence of the accumulation layer placed before the structure. The presented time-dependent
results show that charge trapped in the accumulation region oscillates in the
triangular quantum well and tunnels sequentially through the double barrier
structure resulting in periodical changes of the charge density right to the
heterostructure.
PACS numbers: 03.65.—w, 73.40.Gk

Tunneling phenomena in superlattices take big attention both in theoretical
and experimental aspects because of fundamental interest as well as possible applications. Because of complicated descriptions of tunneling most of the theoretical
works is limited to the ideal heterostructures with sharp step-like potential edges.
This assumptions may not be satisfied in real semiconductor devices according to
the technology requirements. The additional effect can be caused dynamically by
the changes in the electron density near the structure which changes band structure
of the system [1]. Another source of modification of the electronic structure can be
introduced, but presence of charge accumulation layer in the region near energy
barrier is the most common effect which can affect operations of heterostructures
devices [2].
In this paper the tunneling phenomena in ZnSe—ZnTe double barrier heterostructure are investigated using time-dependent quantum mechanics of wave
packet as well as classical planar wave approach. As it has been shown previously
those methods allow accurate and detailed description of the tunneling phenomena
for various heterostructures [3, 4].
The double barrier resonant tunneling structure is formed by n-type ZnSe
layer of width dw = 47.6 A (quantum well) surrounded by p-type ZnTe layers of
width dB = 26.4 (barrier region). The height of the barrier is V0 = 0.59 eV.
*This work is supported in part by the State Committee for Scientific Research (Republic of
Poland) under grant No. 2 P302 019 05.
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The tunneling probability can be calculated assuming plane wave as the asymptotic
shape of the wave function in the region outside the double barrier heterostructure
and the linear combination of the Bessel functions inside the triangular well [4].
The time-dependent and stationary tunneling probability was calculated for
different parameters of the accumulation layer and compared to one obtained for
the unmodified structure (referred as structure A). The width of the accumulation
layer dA = 79.4 A (case B and C), 132.3 A (case D) is larger than width of the
initial electron wave function and depth VA = 0.136 eV (B and D), 0.272 eV (C)
is smaller than the barrier height.
The tunneling probability calculated with both time-dependent and stationary approach exhibits a single resonant peak at the voltage Vp = 0.78 V. As is
presented in Fig. la, with presence of the accumulation layer small additional
maxima at higher voltage are observed on the time-dependent tunneling probability characteristics. With the increase in the width and depth of the accumulation
layer the amplitude of the additional peaks decreases. This process is associated
with the small increase in the amplitude of the main resonant peak shifted slightly
(by 0.02 V) to the higher voltage compared to the position with absence of the
accumulation region. The additional maxima are equally spaced and can be clearly
interpreted as the result of presence of the accumulation layer. This feature, however, is not observed in the tunneling probability calculated with the stationary
method (Fig. lb). The very small contribution to the tunneling probability is observed due to presence of the discrete energy levels originating from triangular
well, but hidden in the continuum of the energy accessible in the region left to the
structure.
The presented results can be explained by the presence of the quantized
energy levels in the triangular quantum well directly before double barrier heterostructure. The incoming wave packet scatters from the first barrier and starts
to occupy discrete levels in the accumulation layer region and the resonant tunneling conditions are satisfied not only for the initial energy of the wave function
(main resonant peak) but also for the energy levels in the accumulation layer. The
energy of these levels is lower than initial energy and additional peaks for higher
applied voltages are obtained. Because of absence of the dissipation processes the
occupancy of the levels in the triangular quantum well is low which indicates observed small amplitude of the additional peaks. In the stationary approach the
wave function is described as planar wave of the accessible energy and the levels in the triangular quantum well do not contribute to the tunneling probability
indicating absence of the additional peaks.
The total probability of finding electron in the different spatial regions versus
time with (B) and without (A) accumulation layer is presented in Fig. 2a. As it can
be detected from the time-dependent tunneling probability the total probability
of finding electron right to the barrier is higher with presence of the accumulation layer and starts to increase 0.02 ps faster than without accumulation layer.
Paradoxically due to the effective tunneling the probability of finding electron in
the accumulation layer is smaller than in the same region but without triangular
quantum well and the scattering process is faster. Slightly smaller slope of the
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decay of the total probability in the accumulation layer indicates trapping of the
outgoing wave function in the triangular well.
In a result the wave function transmitted through the double barrier resonant structure can be decomposed to the few overlapping wave packets separated
in time by 0.2 ps. As it is shown in Fig. 2b for the case B the highest probability is
associated with the second wave packet transmitted. This depends on the parameters of the accumulation layer and highest value of the first probability maximum
is obtained for the higher depth of the accumulation layer (case D). The sequential
tunneling is simple consequence of the periodic oscillations of the wave function
in the triangular quantum well left to the double barrier structure.
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