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A thorough investigation of quantum-dots-in-a-well structures for infrared photodetector applications has
been performed employing different experimental techniques. The electronic structure of self-assembled InAs
quantum dots embedded in an Inj ;5Gag gsAs/GaAs quantum well (QW) was deduced from photoluminescence
(PL) and PL excitation (PLE) spectroscopy. From polarization-dependent PL it was revealed that the quantum
dots hold two electron energy levels and two heavy-hole levels. Tunnel capacitance spectroscopy confirmed an
electron energy level separation of about 50 meV, and additionally, that the conduction-band ground state and
excited state of the dots are twofold and fourfold degenerates, respectively. Intersubband photocurrent spec-
troscopy, combined with simultaneous interband pumping of the dots, revealed a dominant transition at 150
meV (8.5 um) between the ground state of the quantum dots and the excited state of the QW. Results from
detailed full three-dimensional calculations of the electronic structure, including effects of composition inter-
mixing and interdot interactions, confirm the experimentally unravelled energy level scheme of the dots and

well.
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I. INTRODUCTION

Quantum-dots-in-a-well infrared photodetectors (DWELL
IPs) are presently being considered as candidates for the next
generation of infrared photodetectors, primarily due to an
expected reduced dark current, which enables higher operat-
ing temperatures-? but also because of the tunability of the
detection wavelength and the possibility of dual color detec-
tion within each pixel.>> Several groups have studied the
DWELL IP experimentally,®~' as well as theoretically,!'~!3
showing possible detection in several different wavelength
regions; from the medium wavelength infrared (3—5 um)
region and the long-wavelength infrared (8—14 wm) region
to detection in the far-infrared region (>20 wum), utilizing
different intersubband transitions emanating from the quan-
tum dot (QD) ground state. However, the interpretations of
which final states are involved in the intersubband transitions
causing the main photocurrent peak, and the actual cause of
the tunability of the detection wavelength, diverge. Experi-
mentally it has been shown that the detection wavelength can
be tuned from 7 to 11 wum by changing the width of the
quantum well (QW) while the theoretically predicted shift of
the QW ground state is smaller.”-!"!? This indicates that it is
not necessarily the QW ground state, which is the final state
of the intersubband transition involved in the photocurrent.
Furthermore, the experimentally observed energy level
schemes differ significantly from the theoretically predicted
ones.!"'* Uncertainty concerning the exact energy level
structure hinders the full optimization and evaluation of the
DWELL IP.

In this paper, the energy level scheme of an
InAs/Ing 15Gaj gsAs/GaAs DWELL IP is investigated by
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means of several interband and intersubband measurement
techniques. Interband transitions are revealed using photolu-
minescence (PL) and PL excitation (PLE) spectroscopy from
which an approximate energy level scheme is deduced. A
distinction between transitions involving heavy hole (HH)
and light hole (LH) is made by investigation of the polariza-
tion dependence of the ground-state and excited-state inter-
band transitions. Complementary intersubband measurement
techniques are used to determine the energy level spacing in
the conduction band of the dots and the well. The level spac-
ing between the ground and excited states of the dots is con-
firmed using tunnel capacitance measurements. Photocurrent
spectroscopy is employed to confirm the level spacing be-
tween the ground state of the dots and the excited state of the
well and continuum, respectively. We have also combined
photocurrent spectroscopy with selective interband excitation
to study the effect of state filling on the photo response of the
DWELL IP. The state filling experiments offer an interesting
way of simulating the effects of varying the doping level.
Moreover, we have also done a full three-dimensional simu-
lation of the electronic structure of the DWELL IPs and
found a good agreement with the experimental results.

II. MATERIAL GROWTH AND DEVICE DESIGN

The DWELL structure used in this study consists of a 500
nm n-doped (~1X 10" cm™) lower GaAs (001) contact
layer, a stacked QD active region and finally the structure is
terminated with a 300 nm n-doped (~1 X 107 ¢cm™) upper
GaAs contact layer. The active region in the DWELL struc-
ture is a ten-layer stack, where each period consists of an
undoped InAs QD layer embedded in an 8 nm Ing ;5Gag gsAs
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QW and a 33 nm GaAs barrier. The QD layer is inserted
asymmetrically in the 8 nm wide QW, with 2 nm
Ing 15Gag gsAs under and 6 nm Ing ;5GaggsAs above the QD
layer. The structures were grown by metal-organic vapor
phase epitaxy in a vertical Veeco reactor operating at 100
mbar using triethylgallium, trimethylindium, and arsine as
source materials. First, a 300 nm GaAs buffer layer and the
lower contact layer were grown at 710 °C. Thereafter the
temperature was lowered to 485 °C before the growth of the
Ing15GaggsAs QW and the QD Ilayer. The lower
Ing 15Gag gsAs QW was grown immediately before the QDs
at a growth rate of 0.67 nm/s. The InAs layer was grown at a
V/II ratio of 13, with a nominal thickness of 1.8 ML and a
growth rate of 0.14 nm/s following earlier optimization pro-
cedures for a high density and uniformity of QDs.!> The QDs
ripened during a subsequent growth interruption of 30 s with
all precursors switched off. The upper Inj;5GaggsAs QW
was grown at a growth rate of 0.18 nm/s. Before raising the
temperature to 600 °C, a 3 nm GaAs cap layer was grown at
485 °C to avoid desorption of the InGaAs layer. The struc-
ture was annealed for 5 min at 600 °C before capping with
30 nm GaAs at a growth rate of 0.15 nm/s. The upper contact
layer was grown at 600 °C. Similar structures were grown
for size and density characterization with atomic force mi-
croscopy (AFM). In the sample used for AFM measure-
ments, an uncapped QD layer was terminating the structure.
The measurement revealed a high dot density of approxi-
mately 9.3 X 10'° cm™ and an average QD width and height
of 16 nm and 3.5 nm, respectively. Complementary measure-
ments on the composition of QDs embedded in the InGaAs/
GaAs QWs were performed with cross-sectional scanning
tunneling microscopy (X-STM), revealing a uniform distri-
bution of Ga in the QDs (33%) due to intermixing.'® The
average width and height of the embedded QDs as studied by
X-STM were 14 nm and 4.5 nm, respectively, i.e., slightly
different from the surface QDs. This is expected since some
redistribution of material might occur during the cooldown
procedure for the uncapped surface QDs.

For the photocurrent measurements, vertical DWELL IP
structures were fabricated by standard optical lithography,
etching, and metallization techniques. The resulting single
pixel components had dimensions of 170 um X170 um
and 360 um X360 wum, respectively, with alloyed AuGe/
Ni/Au ohmic contacts.

For the capacitance measurements, a special sample was
grown containing one buried GaAs contact layer with a dop-
ing level of 2 X 10'® cm™, a 25 nm GaAs tunneling barrier,
a single layer of InAs QDs embedded in a 8 nm wide
Iny 15GaggsAs QW using the same growth conditions as de-
scribed above, and finally a 110 nm GaAs cap layer. Two
rows of AuGe/Ni contacts were fabricated on the surface of
the structure. The first row was annealed, enabling formation
of ohmic contacts to the buried contact layer while the sec-
ond contact row was not annealed, resulting in a Schottky
contact. The size of each contact pad is 330 um X330 um.

III. EXPERIMENTAL DETAILS

PL and PLE measurements were performed at 2 K using
an argon laser pumped Ti:sapphire (Ti:Sp) laser, tunable be-
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tween 700 and 1020 nm, as excitation source. The polariza-
tion dependence of the interband transitions was studied by
means of a diffraction limited micro-PL setup. The linearly
polarized light from the laser was rotated by a half-lambda
plate, enabling linear polarization of the laser beam in the
vertical or the lateral direction of the QD, respectively. The
laser was focused through a thin optical window of a con-
tinuous flow cryostat to a spot size of 2 um in diameter on
a cleaved edge of the sample with a microscope objective.
The luminescence was collected with the same objective
lens. A long-wavelength filter, suppressing all wavelengths
shorter than 980 nm was used in front of the monochromator
and the luminescence was detected by a liquid nitrogen
cooled InGaAs array detector.

The intersubband photocurrent measurements were per-
formed with a Bomem DAS Fourier transform spectrometer,
using a globar light source and a KBr beamsplitter, in com-
bination with a Keithley 427 current amplifier. The sample
was excited by unpolarized light at 45° incidence. In the
photocurrent measurements, a positive bias was applied to
the bottom contact of the DWELL IP. Two different laser
sources were used to increase the electron population in the
QDs during the photocurrent measurements with optical
pumping: a laser diode pumped solid-state laser with an
emission wavelength of 1064 nm (1165 meV) and a Ti:Sp
laser with emission at 1010 nm (1227 meV). The capacitance
measurements were recorded using an Agilent E4980A LCR
meter.

IV. THEORETICAL DETAILS

The energy level structure of the dots was calculated us-
ing a full three-dimensional simulation. First, the strain ten-
sor elements were computed using linear elasticity theory.!”
The numerical problem was solved on a 160X 160X 160
grid, giving a physical box size of 130 nmX 130 nm
X 130 nm, using open boundary conditions. The use of open
boundary conditions is necessary since the periodic boundary
conditions are not well founded if the system is strained.
Using the so obtained strain tensor elements as input to an
eight-band k-p model'® the local band edges were deter-
mined and the remaining parameters were obtained from
Ref. 19. The confined electron energy levels were then found
by a one-band envelope function approximation in which the
strain modified effective mass was used. Supported by the
X-STM measurements, a uniform alloy of Gay 33Ing ¢;As was
assumed for the QDs. The QDs were furthermore assumed to
have the shape of a half ellipsoid with the dimensions de-
duced from the X-STM measurements. Due to the very high
dot density, interdot interactions were taken into account by
including five laterally coupled dots separated by 35 nm. The
QD centers were positioned at (0, 0), (35, 0), (=35, 0), (0,
35), and (0, —35) in the (x,y) plane.

V. RESULTS AND DISCUSSION

The lowest interband transition energy of the DWELL
structure is investigated by a combination of interband mea-
surement techniques, i.e., PL and photocurrent measurements
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FIG. 1. (a) PLE measurements of the DWELL structure for four
different detection energy intervals. The center of each detection
interval is marked with dashed lines accompanied by one of the
letters (a)—(d) in the PL spectrum (upper inset). The lower inset
shows which interband transitions are responsible for the observed
PLE peaks. (b) Interband photocurrent spectrum at an applied bias
of 3 V and temperature of 77 K.

(Fig. 1). The high QD density enables tunneling between the
QDs and electrons and holes will redistribute to the lowest
energy levels before recombination. This will cause a Stokes
shift of the PL emission peak compared to the absorption
peak recorded in the photocurrent measurements. In order to
reveal the magnitude of this Stokes shift, a comparison be-
tween the interband photocurrent peak and the PL peak is
performed. In the photocurrent measurement a broad shoul-
der corresponding to the QD ground-state transitions appears
at 1200 meV [Fig. 1(b)] while the PL emission peaks at 1170
meV. The emission is consequently Stokes shifted by ap-
proximately 30 meV compared to the photocurrent peak.
Energy levels higher than the QD ground states are typi-
cally not filled at moderate excitation power in the PL mea-
surements. Instead, excited states in the QDs, as well as in
the QWs, were revealed by PLE measurements. Four differ-
ent detection intervals corresponding to different QD en-
sembles were chosen. Peak I shifts with the detection energy
(with a constant energy separation of 58 meV) while peaks II
and III remain at the same energy position in the PLE mea-
surements [Fig. 1(a)]. Based on these facts, one can conclude
that peak I is related to the energy levels in the QDs while
peaks II and III are related to the energy levels in the QW.
Peak IV corresponds to the GaAs band-edge transition at

PHYSICAL REVIEW B 82, 035314 (2010)

@ GaAs
matrix 147
Qw

67

194 [meV]

Elf—d---oom- 40

® 175

[meV]

between QDs

p-state
-
-

through the center of the QD

FIG. 2. (Color online) (a) Experimentally obtained conduction-
band energy level scheme of the DWELL structure investigated,
deduced from the interband measurements shown in Fig. 1. (b) The
theoretically predicted conduction-band energy level scheme of the
DWELL structure. The conduction-band minimum in the structure
through the center of the dot is illustrated by a red trace. The blue
trace is the conduction-band minimum between the dots. The short
black traces are the energy levels of the structure. The insets display
the ground-state wave function and the first excited-state wave
function, respectively.

1519 meV. From the results of the selective PL (SPL) mea-
surements below, it will be shown that the PLE peaks related
to QD interband transitions are in fact not Stokes shifted.
Therefore, the energy separation of 58 meV, deduced from
PLE measurements is the true separation between the exci-
tonic ground states of the QDs and their excited states. The
peaks observed in the interband measurements are all exci-
tonic peaks and exciton binding energies in InAs QDs and
InGaAs QWs of 30 meV and 10 meV, respectively,?*->> must
therefore be taken into account to accurately deduce an en-
ergy level scheme from PL, PLE, and photocurrent measure-
ments.

The conduction-band energy level separations are esti-
mated as 67% (Ref. 23) of the energy difference between the
GaAs band edge and the energy values of the PL and PLE
peaks of the QD and QW interband transitions, compensated
for the Stokes shift and the excitonic effects. The resulting
conduction-band energy level scheme is shown in Fig. 2(a).

From theoretical calculations of the single-particle
conduction-band energy levels of the DWELL structure, four
electron energy levels were obtained [Fig. 2(b)]. The lowest
two levels are confined in the dot, where the envelope func-
tion of the lowest level is s like and the second level is p like
[see insets in Fig. 2(b)]. The third and fourth levels are de-
localized in the QW but the shape of the wave function is
strongly affected by the dot. The fourth level is very close to
the conduction-band edge of the GaAs barrier and an adjust-
ment of the valence-band offset by 0.02 eV was necessary in
order to get a second confined state in the well, as observed
in the experiments. The strain field from the QDs strongly
modifies the conduction band of the surrounding QW as well
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FIG. 3. Photoluminescence from a DWELL structure excited
with an unpolarized source (wavelength—720 nm), detecting the
luminescence with two different linear polarizations; parallel to the
plane of the QD (marked lateral PL) and perpendicular to the plane
of the QD (marked vertical PL), respectively. The insets show the
orientation of the E field of the measured luminescence with respect
to the QD.

as the GaAs barrier. In fact, the conduction-band energy of
the QW is shifted by about 100 meV toward higher energy
due to the strain effects from the dot. Also the QW potential
between the dots is affected by the strain effects from the
QDs induced by the short peak-to-peak distance between the
QDs (on average 35 nm). When taking these effects into
account a reasonable correlation was obtained between the
experimentally determined [Fig. 2(a)] and the theoretically
calculated [Fig. 2(b)] energy level schemes.

In order to achieve additional information about the QD
hole states involved, the polarization dependence of the in-
terband transitions were studied. According to the interband
selection rules of quantum structures,”* the strongest cou-
pling to light holes occurs when the polarization vector is
oriented vertically, i.e., perpendicular to the base plane of the
QD (see Fig. 3). Coupling to heavy holes occurs for a polar-
ization vector oriented laterally, i.e., parallel to the base
plane. From the polarization dependence of the ground-state
luminescence (Fig. 3), it is readily observed that the intensity
of the laterally polarized luminescence is approximately six
times larger than the vertically polarized luminescence. This
indicates that the hole ground state mainly exhibit HH char-
acter [HHO in the inset in Fig. 4]. This is expected since LH
states are shifted toward higher energy by the inherent strain
in the QDs.2

Correspondingly, the character of the holes involved in
the interband transitions associated with excited states of the
QDs (peak I in Fig. 1) was investigated using SPL. Here,
excited states of different QD ensembles were excited reso-
nantly with narrow bandwidth, linearly polarized infrared
light (inset, Fig. 4). Broad luminescence spectra are observed
and in addition, resonant luminescence peaks (marked with
dotted arrows in Fig. 4) appear shifted from the selected
excitation energies (marked with solid arrows in Fig. 4) by
58 meV, which is consistent with the interband energy sepa-
ration deduced from the PLE experiments. These resonant
luminescence peaks actually constitutes the detection in the
PLE measurements since they deviate from the broad lumi-
nescence spectra, which are similar for all excitation energies
on the high energy side [Figs. 4(b)-4(d)]. The presence of
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FIG. 4. Selective PL using a linearly polarized excitation source
with the polarization direction parallel to the lateral or vertical di-
rection of the QDs (the insets indicate the direction of the E field
with respect to the QD). The excitation energies at (a) 1215 meV,
(b) 1252 meV, (c) 1262 meV, and (d) 1274 meV induce resonant
luminescence peaks (marked with arrows) separated from the re-
spective excitation energy by 58 meV. The sharp lines correspond to
phonon resonances, with energy separations of 36 meV (one GaAs
LO phonon) and 72 meV (two GaAs LO phonons) from the exci-
tation energies. The inset shows the interpretation of the hole states
(HHO, HH1) and the electron states (EO, E1) involved in the inter-
band transitions, deduced from the measurement results in (a)—(d).

the broad luminescence peak is attributed to tunneling of
photoexcited carriers between the densely packed QDs. Only
when the excitation energy is resonant with QDs with low
excited-state energies [Fig. 4(a)], does the resonant PL peak
dominate the luminescence spectrum since the possibility of
interdot tunneling decreases.

A dominant luminescence is observed when the excitation
light is laterally polarized. The ratio between the lumines-
cence magnitudes for lateral and vertical polarizations, re-
spectively, varies between 2.7 and 4.2 at the different exci-
tation energies. From the polarized SPL spectra, it is evident
that peak I in Fig. 1 is a transition involving heavy-holelike
states. Considering that the interband transitions between
quantized energy levels with the same quantum number (n)
are the most probable, peak I is assigned to a transition from
the first excited heavy-hole level (HH1 in the inset, Fig. 4) to
the first excited electron level (El in the inset, Fig. 4).

Further investigations of the electron levels of the QDs
were made using tunneling capacitance spectroscopy.?>=%’
From measurements of the capacitance between the top
Schottky contact and the buried contact layer, two broad
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FIG. 5. (a) Tunneling capacitance versus bias for a sample struc-
ture depicted in (b) at 7=4.2 K and a frequency and amplitude of
the ac bias of 10 kHz and 10 mV, respectively. At biases
<-0.2 V the Fermi level is situated below the energy levels of the
QDs and the measured capacitance reflects the geometric capaci-
tance of the Schottky contact. Loading of electrons into the ground
state of the dots starts at the threshold voltage V,,=—0.2 V. The
C-V curve in (a) is deconvoluted into Gaussian curves related to
filling of the twofold degenerate s, p,, and p, states in the QDs.

resonances were observed at 0.2 V and 0.83 V, respectively
(Fig. 5). The resonances correspond to tunneling from the
buried contact layer through the 25 nm undoped GaAs layer
into the discrete conduction-band energy states of the QDs.
The integrated area under each resonance (compensated by
the lever arm, z,/z,=143/27) [Fig. 5(b)] (Ref. 26) corre-
sponds to the amount of charge, which has tunneled into the
QDs located under the Schottky contact. Since the density of
QDs is known from the AFM measurements, the average
number of electrons filling each QD can be calculated. From
the area (compensated by the lever arm) between the CV
curve and a reference line corresponding to the geometric
capacitance of the Schottky contact, it was found that in total
six electrons can occupy each QD. The first resonance at 0.2
V corresponds to loading of two electrons into the ground
level EO of the dots. The resonance centered at about 0.83 V
is due to filling of the excited E1 level with four electrons. In
our model, the ground state is s-like with a twofold degen-
eracy, whereas the p-like excited states (p, and p).) have a
degeneracy of four. The observed capacitance traces are rela-
tively broad which prevents the observation of single elec-
trons tunneling into the s and p states. The broadening stems
from the size distribution of the dots (inhomogeneous broad-
ening). Nevertheless, from the bias separation between the
two broad resonances, the single-particle energy separation
between EO and E1 can be estimated by considering the geo-
metrical position of the QD layer and the additional charging
energy (caused by the Coulomb interaction between the elec-
trons) required to load electrons into the QDs. The charging
energy, E ., approximately varies with the number of injected
electrons (N) as
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1 2
Ec(N) = (N——) A
2} Cop

where ¢ is the electronic charge and Cgp is the self-
capacitance of the QD.??* Cgy, is approximated by the ca-
pacitance of a disk with diameter d, given by Cop=4&gd,
where ¢ is the relative static dielectric constant of the sur-
rounding GaAs matrix.”’” The resulting Coulomb charging
energy between the two electrons in the ground state of an
average sized dot with a diameter of 14 nm is approximately
26 meV. The difference in applied bias AV for the two broad
resonances observed in Fig. 5(a) (with peak values at 0.2 V
and 0.83 V, respectively) transforms into a difference in
Fermi-level position AE at the spatial location of the dots
according to AE=gAV/ i—f [Fig. 5(b)]. Taking the estimate of
the charging energy discussed above into account, we deduce
a separation between the ground state, E, and the excited
state, £, of about 50 meV in reasonable agreement with the
intersubband energy separation obtained from the optical
data [Fig. 2(a)]. The discrepancy is attributed to the uncer-
tainty in the values of the charging energies involved and to
the inhomogenous broadening which prevents a more accu-
rate determination of the peak positions of the different
states.

Photocurrent measurements were performed on the
DWELL samples in order to investigate the energy separa-
tions between the QD and QW energy levels. Two different
photocurrent peaks at 120 and 148 meV clearly dominate the
spectra [Figs. 6(a) and 6(b)]. The initial states involved in
these intersubband transitions are identified by using optical
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pumping to selectively fill different energy levels of the QDs
[Figs. 6(c) and 6(d)]. When increasing the electron popula-
tion in the QD ground states (E0) by resonant interband
pumping, there is a major increase of 148 meV peak [Fig.
6(a)]. Increasing the electron population in the excited states
(E1) of the QDs by selective excitation has a strong influence
also on the peak at 120 meV [Fig. 6(b)]. We thus attribute the
initial states of 148 and 120 meV photocurrent peaks to EO
and El, respectively. The final states of the intersubband
transitions involved in the photocurrent peaks are identified
by comparing the energies of the photocurrent peaks with the
energy separations revealed from the interband measure-
ments [Fig. 2(a)]. The energy separation between the ground
state (EO) of the QDs and the ground state of the QW is too
small to match the measured photocurrent peaks at 120 meV
and 148 meV, respectively. Furthermore, the ground state of
the QW is situated approximately 127 meV below the GaAs
conduction-band edge, which is energetically too deep to
provide an efficient escape route from this level and the elec-
tron energy separation between EQ and the QW excited level
is accordingly closer to the measured photocurrent peak. The
energy position of the QW excited level with respect to the
GaAs conduction-band edge is still rather deep (~47 meV
below the band edge). The strong electric field due to the
applied bias, however, effectively decreases the tunnel bar-
rier between the QW and the matrix.!” Using similar analysis
based on the interband data from Fig. 2(a), supported by the
energy spacings between EO and El of the QDs deduced
from tunneling capacitance spectroscopy, we conclude that
the 120 meV peak observed in the photocurrent spectra cor-
responds to transitions from El to the excited state of the
QW.

The energy separation between the ground state (E0) of
the QDs and the GaAs conduction-band edge deduced from
the interband measurements is around 194 meV. At low ap-
plied biases, the photocurrent spectra reveal a broad peak
with an onset at approximately 190 meV (Fig. 7), which is
well correlated with the results from the interband measure-
ments. In addition, when adding electrons (and holes) to the
ground states of the QDs through optical pumping, an in-
crease in the magnitude of this broad peak is observed, si-
multaneously with an increase of 148 meV peak. These ob-
servations strongly support the interpretation of the broad
photocurrent peak in terms of transitions from the ground
state of the QDs to the continuum states in the GaAs matrix.
The experimental results discussed above are consistent with
the energy level scheme of the DWELL structure shown in
Fig. 2(a) with two bound energy levels in the QD and two
energy levels in the QW. The discrepancy between the evalu-
ated transition energies and the peaks of the photocurrent
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FIG. 7. Photocurrent spectra at an applied bias of 1.5 V with
simultaneous optical pumping of the ground levels of the QDs
(1165 meV). The temperature during the measurements was 77 K.

spectra can be due to the widths of the optical bands, i.e., the
inhomogeneous size distribution of the QDs observed and
the uncertainty in the factor used to extract the conduction-
band energy separation.

VI. CONCLUSIONS

In summary, we have carried out a comprehensive study
of DWELL photodetector structures using a variety of opti-
cal interband and intersubband techniques. Polarization sen-
sitive measurements provide additional information on the
character of the hole states. Complementary tunnel capaci-
tance measurements support the electronic structure obtained
from the optical measurements. A detailed energy level
scheme of the conduction band in the DWELL has been
obtained from the optical experiments and supported by the
tunnel capacitance measurements. The DWELL electronic
structure as evaluated from the experimental findings is cor-
relating well with the theoretical predictions. The presented
work show the importance of combining different electrical
and optical techniques to obtain a consistent model of com-
plicated quantum structures which is crucial for the develop-
ment of future nanoelectronic devices.
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