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ABSTRACT

A resonant-tunneling conductivity was experimentally registered in doped heterostruc-
ture with a single quantum well using admittance spectroscopy. Earlier this effect was only re-
alized in artificially created resonant tunneling structures, having four heterojunctions. A het-
erostructure with Ino3Gao7As/GaAs quantum well was examined in temperature range 10—
300 K. In admittance spectra a competition of thermionic and tunneling escape mechanisms
was noticed with non-exponential Arrhenius plot. By means of numerical self-consistent simu-
lations in a quantum box we have shown the role of a quasi-bound level in resonant tunneling
of electrons; in addition the energies and wave functions of the quasi-bound state were derived
in dependence on applied bias. The modification of transparency coefficient for two-barrier
Hartree potential as a function of quantum well width and in dependence on applied bias was
also calculated. The resonant state took place only at symmetric barriers and disappeared, when
the electric field tilted the barriers. The results can be used to develop a new type of resonant
tunneling diodes, and as a method for diagnostics of tunnel effect in semiconductors.

A resonant-tunneling conductivity in a doped heterostructure with a single quantum well
(QW) was experimentally observed by admittance spectroscopy. Before, this effect was only realized
in specially designed resonant tunneling structures, where the movement of electrons with positive
energy through tunnel-transparent composite barriers was implemented.'= In our experiment, it ap-
pears as strong increasing ac conductance at a certain QW width and near zero applied bias. This
effect occurs when the energy of the quasi-bound level in the quantum well, which is pushed out to
the continuous spectrum, coincides with the eigenenergies of a “resonator”, formed by doped layers
of the double heterostructure around the QW. The observation conditions are low temperature, iden-
tical doping of the QW adjacent layers and a relatively large energy band offset.

We study a heterostructure with an elastically-strained InxGai-xAs/GaAs (x=0.3) quantum

well. 43

Previously, the considered effect was not detected in experiments, since the detailed studies,
as well as modeling in these quantum wells were typically limited to In-content x = 0.15 — 0.25, tra-
ditionally used in optoelectronic devices in this heterosystem.

Certainly, numerous theoretical simulations have been devoted to energy states in a single

quantum well heterostructure, starting with the classical early works,*'”

and including a number of
specialized free-ware solvers developed in recent decades by various universities (e.g.'"'?). Add here

the computing resources of nanoHUB simulation gateway and TCAD Synopsys software. As a rule,
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the implemented models consider separately bound states in QW and the continuous energy spectrum
above it. Within the separate solution of these problems it is not possible to correctly determine the
energy of a quasi-bound state at £ > 0 and its behaviors upon the external conditions change.

The article starts with presenting original experimental results that demonstrates the tunnel-
resonance conductivity in a doped heterostructure with only two heterojunctions, rather than four, as
in a conventional resonant tunneling diode (RTD). Next, a numerical self-consistent calculation of
energy and wave functions of the bound (E < 0) and quasi-bound (E > 0) states in the quantum well
is performed, as well as their modification against the bias applied to the structure. The third part is
devoted to modeling the transparency coefficient of the two-barrier structure. The conditions of ef-
fective resonant tunneling for electrons are also analyzed here.

The equipment used for this study includes LCR-meter Agilent E4980A, Janis CCR-10 cryo-
genic probe station, and LakeShore temperature controller.'® The available temperature range is 10 —
450 K. Heterostructures with a single GaAs/InxGai-xAs/GaAs QW in the composition range x=
0.15...0.30 were grown by metalorganic vapor phase epitaxy (MOVPE) on n-GaAs substrates. Care
was taken to have the same doping level in the barrier layers on both sides. For this study a sample
with quantum well of x=0.3 and width w=6.8 nm was selected, Fig. 1(a). High-resolution X-ray dif-
fraction was applied to determine layer thickness w and indium content x in QW by comparing the
measured rocking curves to simulated ones. We estimate the error in thickness w as less than 0.25 nm
and the composition error as Ax = £0.0025 for QWs investigated in the work (x = 0.20 ... 0.30).*

The thickness of the cap-layer over the quantum well was > 300 nm, so the electric field did
not penetrate the QW region until -2.2 V bias was applied to the contacts, Fig. 1(b).
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Fig. 1. (a) A sketch of the sample structure. (b) C-V characteristics of GaAs/Ino3Gao.7As/GaAs QW
(w = 6.8 nm) at different temperatures. Test signal frequency f= 1 MHz.

In the temperature conductance spectra G/o—T, taken at different frequencies, we have ob-
served a combined signal that experienced strong modification with applied bias (Fig. 2). First of all,
there was a thermionic contribution of conductance, resembling a Gaussian-like curve; the specific
feature of this component is the frequency dependence of the temperature peak (Fig. 2(b), bias -2.3
V). In addition, on the low temperature side, a slightly temperature-dependent tunneling component
of conductance was observed. With the increase of reverse bias from zero, the amplitude of the tun-
nel plateau experiences a sharp drop, in the region of -2.3 V (at the maximum of thermionic conduct-
ance) it reaches a minimum, and then the plateau slightly rises again. We suppose that on top of
thermally activated emission, two types of charge carrier tunneling from the quantum well there pre-
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sent: 1) ordinary tunnel escape through a single triangular barrier at large reverse bias (Fig. 2(c)), and
2) resonant tunneling via two symmetric potential barriers (Fig. 2(a)) at near zero biases.
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Fig. 2. Experimental spectra G/o—T at biases: (a) 0.3 V, (b) —2.3 V, (c) —4.3 V. Red open circles —
modeled spectra at frequency 1 MHz.

This assumption is confirmed by measurements of frequency-dependent conductance of the
structure against the applied bias (G/0—-U), Fig. 3(a). At first (small reverse biases), there is two-
barrier resonant tunneling, then (starting at about -1.7 V) the symmetry of the barriers begins to
break, and the amplitude of the resonant-tunneling component drops sharply, compared with the am-
plitude of the thermionic emission. The peak at -4.7 V at the end of the plateau relates to incoherent
thermally activated tunneling through a single triangular barrier.'*
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Fig. 3. (a) Active conductance at 32 K as function of applied bias. (b) Arrhenius plots constructed on
conductance spectra Fig. 2.

Analysis of the experimental spectra allows estimating the activation energy Ea of the process
and its velocity via building the Arrhenius plot in coordinates ® (or, more correctly,
o/T""?) vs. 1000/T. At this, for the maximum of the spectrum the condition is fulfilled"

w=¢,, (1)
where e, is the thermal emission rate for charge carriers from the size quantization level in the
well: 10

_ 1/2
e, =AT"'“exp(—E5/kT), 2)

with A as a pre-exponential factor.!’
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Arrhenius plots (Fig. 3(b)) showed significant deviation from classical representations and
were curvilinear due to strong contribution of the tunneling. In this regard, the method of deriving

E 4 from the slope of the Arrhenius plot turns out to be incorrect, giving only the rough estimation.

It is more correct to determine the emission rates and the parameters E4 and A in (2) by sim-

ulation of the conductance spectra and fitting to the experiment. The spectra of Fig. 2 are formed
from two components: the tunnel component prevails in the left, low-temperature part, and the ther-
mionic component prevails on the right. Implying the tunneling emission rate of charge carriers from
a quantum well is weakly dependent on temperature,'® we consider it constant for a fixed bias. The
thermal activation component can be calculated using the standard expression for a deep center con-
ductance at frequency o'

n (T) o’

Gy (T)=K s 3)
ra (7) 2 (T)+o?

where factor K contains information about the concentration of recharged centers, the capacitance of
the structure, etc. The activation energy Ea, determined from the Arrhenius graph, is used as zero
approximation for the calculations.

With the competition between two channels, the total electron emission rate from the QW can

be represented as the sum of the thermal activation eZA and tunneling eﬁ,"" emission rates:

TA tun

e, =e, te, . (4)

Calculated spectra are represented in Figs. 2 by open circles. They match well the experi-
mental ones. Starting from 45 K the thermionic component (3) dominates over the tunnel emission.
Fitting by (4) demonstrates the 2.5 times drop of ewn With increasing the applied bias from -0.3 V to
-2.3 V.

The quasi-bound state of electrons in the quantum well plays the core role in the resonant
tunneling passing of electrons through the barrier.! This is its fundamental difference from the pure
bound state (E < 0), which forms the equilibrium concentration of electrons in the QW. To determine
the bound and quasi-bound state energies, we used a numerical simulation, including the calculation
of spatial distribution of electrostatic Hartree potential, wave functions and electron concentration in
corresponding subbands of the quantum well.

The calculation procedure consists in self-consistent numerical solution of Poisson and
Schrodinger equations in the effective mass approximation. The details of the simulation are de-
scribed in articles.!”?° Its principal feature is that a "quantum box" is used to calculate the entire con-
centration of charge carriers (both bound and free) in the quantum well region. The quantum box
represents a region with infinitely high barriers?! that includes the quantum well and some area
around it, where bound and free states are calculated in one way. Just its use makes it possible to
correctly account for states in the region of curved barriers at £ > 0 and study the effects related to
the quasi-bound state.?>?* Otherwise, under the assumption of an abrupt 2D — bulk crossover the
agreement between experiment and theory get worst at low fields, as shown in work.>

The calculations show that, in contrast to a rectangular potential, in doped heterostructure the
second quantization level locates at a positive energy, but below the top of the potential barriers, and
its wave function is mostly concentrated in the quantum well. This level becomes quasi-bound (or
quasi-stationary, since it has a finite lifetime®). Far beyond the induced barriers, its wave function
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behaves as for a free state. Note that such states, falling into the continuous spectrum of a semicon-
ductor free band, are also called quasi-resonant states.

Next, we will monitor the quasi-bound state. Fig. 4 shows the Hartree potential distribution
qo(x) for the structure; it also shows the bound and quasi-bound levels and wave functions of the
quasi-bound level for composition x = 0.3 at different applied biases. The size of the quantum box
L=13xw, with the QW is placed in the center.
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Fig. 4. Potential distribution in Ino.3Gao.7As/GaAs heterostructure at biases U: (a) -0.3 V, (b) -4.3 V.
The positions at 70 K are shown of the bound Ei and quasi-bound E» level and the square of the
wave function for the latter one.

While |U| < 2 V (case a), the self-consistent potential of the doped heterostructure forms two
symmetrical potential barriers at £ > 0. The wave function for the quasi-bound state is also symmet-
rical. In case (b) the QW potential is distorted by the applied field, and a triangular potential barrier
is formed. Here the wave function becomes essentially asymmetric, penetrating into the region with
lowered potential barrier.

Further we calculate the tunnel transparency of the two-sided potential barrier, formed by the
doped heterostructure around the quantum well. The simulations were performed using the method
of numerical solution for an inner problem.?® The essence of the method is to determine the charac-
teristics of electron scattering at the barrier via its wave function in the inner region of the quantum
box (0<x< L), which was taken as before. If the internal problem is solved, the reflection and
transmission coefficients can be found. Crucially, the transmission calculations use the Hartree po-
tential, obtained in the above self-consistent calculations.

As aresult, there are two different cases.

1. There is no electric field in the quantum well (up to -2.2 V). Here a two-barrier symmetric
potential is formed around the QW. Under these conditions, the resonant electron tunneling takes

place with participation of the quasi-bound level.?’

The narrow transparency channel in Fig. 5(a) is
located at about 118 meV. Importantly, if there is different impurity concentration in the barriers and
the symmetry of the barriers is broken, then resonant tunneling is not observed.

2. At reverse bias > 2.3 V, the field penetrates into the QW. As the electric field increases, the

symmetry of the barriers is broken, and a single triangular potential barrier is formed along with the
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gradual disappearance of the peak of resonant tunneling (the gray curve in Fig. 5(a)). In this case
there is a simple tunneling of electrons from the well through the second quantization subband. '8
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Fig. 5. (a) Calculated transparency coefficient for two-barrier potential of the doped heterostructure
with QW at biases -0.3 V (green line) and -3.3 V (gray line). The red line is the position of the poten-
tial barrier top (~130 meV). (b) Dependence of the quasi-bound level (blue circles) and the
eigenenergies for the barrier resonator (green squares) on the QW width. The calculations are made
for 70 K and -0.3 V bias. Red circle represents sample under study.

The performed calculations demonstrate the periodicity of the observed resonance pattern: the
appearance, shift, smearing and disappearance of the resonant peak with decrease of the QW width.
Its position is shown by green squares in Fig. 5(b). So, the eigenenergy for the resonator is a periodic
function of the QW width, experiencing an abrupt change at certain values. The period of the mode
jump is 1.7 nm.

In contrast, the quasi-bound level always exists down to w~1.7 nm, and its energy monoton-
ically decreases with the expansion of the well, Fig. 5(b). When its energy coincides with the resona-
tor eigenenergy (at w=7 nm), an extremely thin tunneling transparency peak does appear. The peak is
expanding rapidly upon the well narrowing from 7.0 to 6.6 nm, moves and then disappears. The next
peak arises after 1.7 nm.

As can be seen from Fig. 5(b), for the studied sample with QW width of 6.8 nm, the quasi-
bound level is close to the transparency channel of the two-barrier potential. This means that in this
sample there are conditions for high-efficiency resonant tunneling conductivity.

Analyzing the FWHW (or AE) for the resonant peaks, one can estimate the tunneling time
constant, basing on the uncertainty relation AExAt=h. The corresponding time constant is varied
from 0.084 ps (at w = 6.6 nm) up to 457 ps at 7.2 nm.

Important, the resonance conditions disappear if the impurity concentrations in the barriers
differ by more than ~10%. Besides, at In content x<0.27 a small band offsets form weak barriers, and
the thermionic escape dominates.

Resonant electron tunneling is usually compared to the phenomenon of resonant transparency
of optical Fabry—Perot interferometer, which occurs when the distance between mirrors is equal to an
integer number of half-waves. In resonant tunneling structure, this is analogous to the equality of the
distance between the barriers to an integer number of de Broglie half-waves. And this, in turn,

corresponds to the occurrence of a quasi-stationary state for electronic waves.?
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Thus, one can directly determine the de Broglie wavelength of an electron from the experi-
ment. It turns out to be equal to the half of the observed period, i.e. 0.85 nm.

The discovered effect is principally different from the known implementations of resonant
tunneling diodes (RTD). The traditional RTD is a nanostructure comprised of four heterojunctions,
where a “quantum well” is enclosed between two tunneling-transparent barrier regions 1.5-5 nm
thick. In this paper, in contrast, we do observe the resonant-tunneling effect in a structure having
only two heterojunctions, without specially grown thin barrier layers. Here the symmetric two-barrier
electrostatic potential is self-formed in the doped regions adjacent to the well. The ability to detect
and analyze this effect in detail is provided by low-temperature measurements of admittance spectra
and corresponding numerical simulations of quantum-sized structure.

Thus, the effect of resonant-tunneling conductivity was detected experimentally by methods
of admittance spectroscopy and confirmed theoretically. The results of numerical simulation fill the
gap between discrete and continuous spectra and give the tool to observe the field dependent modifi-
cation of the quasiresonance state. They characterize in detail the resonant-tunneling mechanism of
ac conductivity in a doped heterostructure with a single quantum well and the conditions for its ob-
servation.

The resonant tunneling structure on heterostructure with two heterojunctions will possess
simpler technology with the only requirement of the identity of impurity concentration in QW barri-
ers. Due to the strong dependence of its characteristics on the barrier symmetry, the proposed reso-
nant tunneling structure can be used where high sensitivity is required, rather than high power.

The results of the study can be used also as a method for diagnostics of tunnel effect in semi-
conductor quantum wells by admittance spectroscopy.
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