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The results of investigations of the electric and magnetic transport phenomena of charge car-
riers in the heterostructures with quantum wells and impurity delta-layers in adjacent barri-
ers are reviewed and analyzed. The positive magnetoresistance observed at low temperatures
(𝑇 < 20 K) and the dependence of the charge carrier mobility on the impurity concentration in
the delta layers are related to the transport of carriers via two parallel channels with different
mobilities, which are the channels formed by the structural and delta-layer quantum wells. The
non-linear dependence of the current on the applied electric field strength is explained by the
field-induced redistribution of charge carriers between these channels.
K e yw o r d s: heterostructures, quantum wells, lateral conduction, magnetoresistance, delta
doping.

1. Introduction

The increase of the average kinetic energy of the free
charge carriers in the semiconductor heterostructures
due to heating them by the applied lateral (directed
along the layers) electric field or due to increasing
temperature leads to redistribution of carriers among
adjacent layers [1, 2]. The difference of the mobili-
ties in layers is usually achieved due to the selective
doping, which leads to the additional scattering by
impurities, or different thicknesses of layers, which
determines the roughness scattering intensity at het-
erointerfaces.

The phenomenon of the real-space transfer of char-
ge carriers was observed in various kinds of hetero-
structures: the single-kind quantum wells (QW) with
selectively doped barriers; the non-doped tunnel-
coupled quantum wells (TCQW) of different widths;
the tunnel-coupled quantum wells with doping in one
of them; and the quantum well tunnel-coupled with
a fragment of the short-period superlattice (see, e.g.,
[3–6]). A great number of effects caused by the real-
space transfer was found: the current saturation or
negative differential conductivity (NDC) (see, e.g.,
[7]), variations of the absorption coefficient and the
refractive index in the course of intersubband transi-
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tions of carriers [4], the decrease of the emission in-
tensity by hot carriers [8], etc. A lot of them are use-
ful for applied purposes. Mainly this is NDC which is
used for the generation of HF current oscillations.

The present paper is devoted to reviewing our in-
vestigations of the transport phenomena of charge
carriers in the electric and magnetic fields in the het-
erostructures, which contain the impurity delta-like
layers in the barriers nearby to the edges of quan-
tum wells, and the impurity concentration has such
a value that the impurity well for charge carriers is
formed, which is tunnel-coupled with the main (struc-
tural) QW. A number of their properties is discussed,
which gives the evidence of the efficient redistribution
of charge carriers between the structural and impu-
rity quantum wells.

The investigations have been carried out with the
samples of the Al𝑥Ga1−𝑥As/GaAs/Al𝑥Ga1−𝑥As het-
erostructures, 𝑥 = 0.15. The structures were grown
by the MOVPE method on the semiinsulating sub-
strates of GaAs (100) in the N.-Novgorod State Uni-
versity (Russia). They consist of 10 periods (repeti-
tions), each of which containing the 80 Å wide quan-
tum well and is doped in the barrier by the delta-
layer of the Si donor impurity with concentration in
the range from 4×1011 cm−2 to 2.5×1012 cm−2. The
impurity layer has the effective width of ∼20 Å and is
formed at the 100 Å distance from the well edge. The
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Fig. 1. Energy band spectra of the structures with 2 impurity
concentrations, 𝑁Si: 4.75×1011 cm−2 (а) and 1.4×1012 cm−2

(b). 𝐸C – the conduction band bottom profile, 𝐸1, 𝐸2, 𝐸3 –
size quantization levels and squared envelope wave functions of
electrons, 𝐸F – the Fermi level

background impurity concentration all over the struc-
ture is about 5× 1015 cm−3.

2. The Potential Profile of the Conduction
Band Bottom and Electron Energy Spectrum
in the Structures under Study

Calculations of the conduction band bottom potential
profile, energy spectrum, and wave functions of free
electrons in the structures under study were carried
out by the numerical method of the self-consistent
solution of the system of the one-dimensional (along
the structure growth direction) Schrödinger and Pois-
son equations with the electroneutrality condition for
a one period of the structure. In this approach, the
structure is considered as an infinite chain of iden-
tical periods with cyclic boundary conditions. The
procedure of calculations is described in detail else-
where [9].

Shown in Fig. 1 are the results of calculations
for two concentrations of the doping impurity at
𝑇 = 4.2 K.

Figure 1 shows that, in the plane of the 𝛿-do-
ping layer, a V-shaped impurity potential well, which
arises as a consequence of the Coulomb interaction
of free electrons and impurity ions, exists. The dis-
tance between the impurity and structural wells is
about the Bohr radius of electrons at the impurity
ions. Therefore, the wells are tunnel-coupled, and the

spectrum of free electrons is the system of size quan-
tization subbands, which is common for both wells.

In the case of weakly doped structures (𝑁Si ≤ 6.5×
×1011 cm−2), the impurity QW is shallower than the
structural one. The Fermi level is below the second
size quantization subband. Therefore, at the temper-
ature under consideration, all the carriers are in the
first subband and, as is seen from Fig. 1, they are
located within the structural QW. With increasing
the doping concentration, the impurity well is deep-
ening. At 𝑁Si = 1.4× 1012 cm−2, its depth becomes
close to that of the structural one. Along with that,
the electron densities become approximately equal
in both coupled wells. Figure 2, a depicts the cal-
culated dependence of the carrier concentrations in
both wells on the doping level of the structure at
𝑇 = 4.2 K. Figure 2, b depicts the dependences of
the concentration in both wells on the temperature
for two impurity concentrations.

One can see from Fig. 2, a that increasing the do-
ping concentration above 𝑁Si = 5× 1011 cm−2 leads
only to increasing the electron concentration in the
impurity QW, while the concentration in the struc-
tural well remains about constant. It is caused by
the fact that, at such carrier concentrations, the Fer-
mi energy exceeds the bottom of the second size
quantization subband. As the temperature increases,
the electrons are redistributed between coupled wells
(Fig. 2, b).

3. Lateral Transport
of Electrons under Weak Electric Fields

Let us consider now features of the charge carrier lat-
eral transport in such structures under a weak (non-
heating) electric field, which are caused by the possi-
bility for carriers in two coupled wells to participate
in it. Depicted in Fig. 3 are the electron mobility vs
temperature dependences in the structures with dif-
ferent 𝛿-doping levels. These dependences are derived
from the experimental temperature dependences of
the Hall coefficient and resistivity as 𝜇Hall = 𝑅Hall/𝜌.

One can see from Fig. 3 that the measured mobil-
ity of electrons in the heterostructures with different
doping levels at high temperatures is almost the same
for all samples and is about 3000 cm2/V·s. In this
case, the conduction goes both via the structural and
impurity wells, the dominating scattering mechanism
being the scattering by optical phonons. As a conse-
quence, the measured common mobility of electrons
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Fig. 2. Dependences of the electron concentrations in the structural (1 ) and impurity (2 ) quantum wells on the doping level at
𝑇 = 4.2 K (a) and on the temperature (b) for 𝑁Si = 4.7× 1011 cm−2 (solid lines) and 𝑁Si = 1.1× 1012 cm−2 (dash lines)

is in fact independent of the doping concentration. At
low temperatures (𝑇 ≤ 20 K), the measured mobil-
ity begins to decrease strongly with increasing the
doping concentration above ∼5× 1011 cm−2. This is
caused by an increase of the charge carrier concen-
tration in the impurity QW (Fig. 2) where their mo-
bility is considerably less as compared to the struc-
tural wells due to the scattering by impurities. One
should notice that, with increasing the total concen-
tration of charge carriers (impurities), the Fermi level
and the average energy of carriers increase. Hence,
the scattering of carriers by the ionized impurity be-
comes weaker. This explains a slower decrease of the
mobility with growing the concentration observed for
the most heavily doped structures.

4. Influence of Conduction via the Impurity
𝛿-layer on the Magneto-Quantum Effects

Conduction via the impurity wells (in addition to the
structural QW) causes also features of the magneto-
transport of charge carriers in such structures [10].
Shown in Fig. 4 is the dependence of the longitudinal
magnetoresistivity on the magnetic field for the struc-
tures with the small and large doping concentrations
at 𝑇 = 4.2 K. The typical feature for all structures is
the negative magnetoresistance in the region of weak
(less than 1 T) magnetic fields, which is caused, as
is well known, by the effect of weak localization of
charge carriers.

With a further increase of the magnetic field, the
magnetoresistance of the weakly doped structures
tends to saturate, while that of the heavily doped
ones changes its sign. At the higher magnetic fields,

Fig. 3. Temperature dependences of the Hall mobility of elec-
trons in the structures with different doping concentrations 𝑁S,
1011 cm−2: 1 – 5.4; 2 – 17.5; 3 – 22

Fig. 4. Dependence of the longitudinal magnetoresistivity
on the magnetic field for the structures with 𝑁Si = 5.4×
×1011 cm−2 (1 ) and 17×1011 cm−2 (2 ). Inset: magnetoresis-
tance of the structure with 𝑁Si = 22×1011 cm−2 in the region
of weak fields. Lines – the result of calculations [10]

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 7 723



V.V. Vainberg, A.S. Pylypchuk, V.N. Poroshin et al.

Fig. 5. Current-voltage characteristics of the structure with
𝑁Si = 5.4× 1011 cm−2 at 𝑇 = 4.2 K (1 ) and 66 K (2 )

Fig. 6. Dependence of the electron mobility on the temper-
ature under a weak electric field and on the electric field at
𝑇 = 4.2 K for the sample with 𝑁Si = 5.4× 1011 cm−2

one also observes the Shubnikov–de Haas oscillations
of the magnetoresistance. The FFT analysis of the
oscillations shows that the magnetotransport in the
weakly doped structures is caused by a single kind
of carriers, whose concentration is close to the doping
concentration 𝑛 = 5.4×1011 cm−2; while, in the heav-
ily doped structures, it is caused by two kinds of car-
riers with the concentrations 𝑛1 = 7.55 × 1011 cm−2

and 𝑛2 = 1.45 × 1012 cm−2. This reflects the fact
that, in the first case, the free charge carriers fill only
the first size quantization subband, and, hence, they
move only via the structural wells. While, in the case
of large doping concentrations, not only the carriers
in the structural wells participate in the magneto-
transport, but also the carriers in the impurity wells

contribute into it considerably. The presence of two
kinds of charge carriers causes also the appearance of
the positive magnetoresistance.

The explanation of the magnetoresistance behav-
ior by taking the weak localization into account [11]
and the presence of two conduction channels (see,
for details, [10]) enabled one to determine the mo-
bility of charge carriers in both kinds of QW. The
electron mobility in the impurity QW occurred to
be very small: only ∼1000 cm2/V·s for the weakly
doped structures and about 700 cm2/V·s for the heav-
ier doped ones. The reason for this, from our point of
view, lies in the strong scattering by impurity ions,
when the larger portion of charge carriers available
in the system is transferred from the impurity to the
structural wells.

5. Non-Linearity of the Lateral
Transport under Strong Electric Fields

Investigations of the strong field lateral electric trans-
port were carried out at temperatures of 4.2 and 66 K
and included measurements of the current-voltage
characteristics (CVC) and the mobility vs electric
field dependences. The measurements were carried
out in the pulsed electric fields with a pulse duration
of 0.4 𝜇s and a repetition period of 1 s that enabled us
to avoid the Joule heating of samples and the forma-
tion of acoustoelectric domains [12]. Shown in Fig. 5
are CVC of the structure with the doping concentra-
tion 𝑁Si = 5.4×1011 cm−2 at different temperatures.

One can see from Fig. 5 that, at low temperatu-
res, a strong non-linearity of CVC is observed alrea-
dy at relatively small (∼40 V/cm) fields. At the hi-
gher temperature (66 K), the current increases non-
linearly with the electric field. However, the non-li-
nearity is considerably less expressed. At the given
doping concentration, the practically all charge car-
riers at 4.2 K are in the lowest size quantization sub-
band. Thus, they are concentrated in the structural
wells. When they are heated-up by the electric field,
they transfer into the impurity well, where their mo-
bility considerably decreases due to the impurity scat-
tering. This leads to a strong decrease of the cur-
rent. At the higher temperatures, the non-linearity
is less expressed because the charge carriers initially
are in both quantum wells.

The validity of such explanation is confirmed by
the mobility vs electric field dependence observed in
such structures. This dependence is shown in Fig. 6

724 ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 7



Effects of the Real-Space Transfer of Charge Carriers

for the sample with the doping concentration 𝑁S =
= 5.4 × 1011 cm−2 in which all the electrons at 𝑇 =
= 4.2 K and weak fields are in the structural well. For
the sake of comparison, this picture contains also the
mobility vs temperature dependence under a weak
electric field.

As one can see from Fig. 6, the mobility in the fields
above 40 V/cm begins to decrease sharply, which co-
incides with a decrease of the CVC slope. However, in
the region of strong fields (𝐸 > 300 V/cm), it changes
slowly and is about 15000–20000 cm2/V·s, which ex-
ceeds by several times the value in a weak field at the
high temperatures (200–300 K), where the mobility is
determined by the phonon scattering. In general, the
value of mobility decreases with increasing the elec-
tric field by more than 3 times. The only reason for
such a decrease may be only the transfer of a con-
siderable portion of electrons from the structural well
into the impurity one, since the considerable restric-
tion of the hot electron mobility in the structural well
due to the scattering by optical phonons is achieved
in the fields more than 300 V/cm.

Finally, we should note that the non-linearity of
CVC in the studied heterostructures arises at consid-
erably less electric fields than in other kinds of struc-
tures with the real-space transfer of hot charge carri-
ers. By optimizing the structure parameters, one can
implement the 𝑁 -type CVC which is needed for the
generation of HF current oscillations.
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ЕФЕКТИ ПРОСТОРОВОГО ПЕРЕНОСУ НОСIЇВ
ЗАРЯДУ В ГЕТЕРОСТРУКТУРАХ 𝑛-AlGaAs/GaAs
З ДЕЛЬТА-ШАРАМИ ДОМIШКИ В БАР’ЄРАХ

Р е з ю м е

Приведено та проаналiзовано результати дослiдження еле-
ктричного на магнiтного транспорту носiїв заряду в гете-
роструктурах з квантовими ямами i домiшковими дельта-
шарами в прилеглих бар’єрах. Додатний магнiтоопiр i ви-
гляд залежностi рухливостi носiїв вiд концентрацiї домiшки
в дельта шарах, при низьких температурах (𝑇 < 20 K),
пов’язуються з транспортом носiїв по двох паралельних ка-
налах з рiзною рухливiстю носiїв: структурним i утворени-
ми дельта-шарами домiшки квантовим ямам. Нелiнiйна за-
лежнiсть струму вiд величини прикладеного електричного
поля пояснюється зумовленим полем перерозподiлом носiїв
мiж цими каналами.
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