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This article reports the study of the characteristic behavior of current in function of applied voltage for a double-barrier heterostructure
(DBH) of InAsAl/InAsN/InAsAl, considering low Nitrogen concentrations (< 1%) for different temperature values and with a magnetic
field applied parallel and/or perpendicular to the double barrier system. This work used the theory of non-equilibrium Green’s function
(NEGF). The current-voltage curves show new resonant states due to the incorporation of Nitrogen in the quantum well and the intensity of
these peaks diminishes with the increased temperature. In addition, our results show that the effect of the applied magnetic field perpendicular
to the current is stronger compared with the applied magnetic field parallel to the current, yielding a behavior similar to the experimental data
by Di Paola [Sci. Rep. 2016; 6, 32039].
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1. Introduction

Currently, the fabrication of semiconductor heterostructures
by materials from groups III and V of the periodic table
with low concentrations of Nitrogen N has been considered
of great interest. These systems have shown new resonant
states, creating new possibilities to develop optoelectronic
devices for use in detection or emission at mid-infrared wave-
lengths. These properties have been reported in diverse ex-
perimental [1-8] and theoretical [9,10] articles. Shihet al.,
[1] conducted a study on samples of InAsN block layers with
different N concentrations, with their results showing that
the absorption energy of InAsN is higher than that of InAs
and the bandgap energy of InAsN decreases as the N con-
centration increases, besides finding an increase in the effec-
tive mass of electrons in these InAsN alloys. Magnetoresis-
tance measurements and Hall effect studies on InAs1−xNx

layers, grown on a GaAs substrate, show that electron mo-
bility is in the order of6 × 103 cm2V−1s−1 at 300 K. Cy-
clotron resonance studies showed a systematic increase in
the cyclotron mass of electrons, with increased N concen-
tration [2, 3]. Hanget al., [4] investigated the Shubnikov-de
Haas oscillations of a two-dimensional electron gas in quan-
tum wells (QWs) of InAs1−xNx/InGaAs, with low N content
and an applied magnetic field, finding that the effective mass
of electrons increases and the carrier mobility is markedly
decreased when incorporating a small amount of N; this is
mainly due to the modification of the band structure induced
by nitrogen. Photoreflectance spectroscopy has been used to
study the energy gap and spin-orbit coupling in InAs1−xNx

alloys with 0 < x < 0.88 %. Kudrawiecet al., [5] indi-
cate in their result that incorporating approximately 1% N
in InAs reduces the energy gap around 60 meV. In photo-

luminescence (PL) spectrum studies in InAsN alloys, which
contain up to 1% N, localized states were observed within the
conduction band. In addition, the intensity of the PL emission
peaks of the samples containing N are higher than in the InAs
samples [6]. From the PL spectrum data, dependence on the
bandgap energy in function of N concentration is observed,
showing its decrease as N content increases [7]. Kurodaet
al., [8] conducted a study on InAsN films in block and single
quantum well (SQW) of InAsN/GaAs with high N concen-
trations. In their experimental results, they found that as N
concentration increased: i) the optical absorption spectrum is
blue-shifted due to the Burstein-Moss (BM) effect. This ef-
fect is dominant near the edge of the band in InAsN films;
ii) the PL spectrum shows a red-shift due to the bandgap nar-
rowing and the BM effect is negligible in the InAsN/GaAs
SQWs. Benaissaet al., [9] using ab-initio methods, calcu-
lated the lattice constant as a function of the N concentration
(0 < x < 0.14); a deviation from Vegard’s law is observed
in their results for the variation of the InAsN lattice constant.
The lattice parameter calculated in the order of 5.97Å agrees
with the experimental value of 6.0̊A at a concentration of
x = 0. In addition, they calculated the energy gap, finding
its decrease with increased aluminum concentration. Gued-
dim and Bouarissa [10] studied the electronic band structure
of ternary dilute InAs1−xNx alloys, using the pseudopoten-
tial method, they reported the dispersion relation for the sys-
tem, showing that it is a direct gap semiconductor material.
With respect to the electronic and optical properties, their re-
sults showed that the effective masses of electrons and heavy
holes, dielectric constants at high frequency and static vary
non-linearly with increasing N concentration.

In the last decade, Zener tunneling has been observed due
to the transport of electrons from the valence band to the con-
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duction band and new properties appearing in III-V semicon-
ductors when N atoms are incorporated, propitiating possible
new applications in optoelectronic devices [11,12]. Di Paola
et al., [11] conducted the study on InAsAl/InAsN/InAsAl
double-barrier resonant tunneling diodes (RTDs); in their re-
port of the characteristic current vs. voltage curves, a peak
is observed at a voltageV ≈ 0.06 V, originated by the in-
corporation of N in the QW; new states, created by the pres-
ence of Nitrogen, these states permit the resonant tunneling
of electrons that cross the potential barrier in the RTD giving
rise to a negative differential resistance. Transport studies
in organic Zener diodes [12] show that the tunneling current
depends on the thickness of the intrinsic interlayer and the
doping concentration of the electron and hole transport lay-
ers. In the current vs. voltage curves it was observed that
for positive voltage values, the current behaves similar to a
diode. Instead, a significant effect on the current appears as
the reverse breakdown voltage changes−3 to −15 V with
increasing thickness of the devices intrinsic interlayer.

A. Tibaldi, et al. [13], performed numerical simulations
on a resonant tunnel diode (RTD) consisting of a 5 nm
In0.53Ga0.47As quantum well sandwiched between 1.5 nm
thick AlAs barriers. Using non-equilibrium Green’s func-
tions, they calculated the steady-state current as a function
of the voltage with and without scattering mechanisms for
different temperatures. The I-V curves show a reduction in
the peak current intensity with increasing temperature; this
can be almost entirely attributed to carrier phonon scattering
and resonant states broadening.Żak et al. [14], studied the
resistivity for tunnel junctions in a (In,Ga)N quantum well
(QW) sandwiched between In0.02Ga0.98N barriers, the quan-
tum well is doped with Silicon and Magnesium;this work
show a diminishing in the voltage with increasing the dop-
ing for both Silicon and Magnesium, increasing the tunnel-
ing current across the junction. Masanori Nagase [15] per-
formed a theoretical study of the peak-to-valley current rela-
tionship (PVCR) in GaN/AlN resonant tunnel diodes (RTDs);
this results for the I-V characteristic curves show two peaks
associated with the three-dimensional and two-dimensional
(3D-2D) and 2D-2D resonant tunnel currents; 2D-2D reso-
nant tunneling peaks are sharper than the 3D-2D resonant
tunneling peaks, author considered that this behavior is as-
sociated to the changed phase coherence length of electrons,
This, in turn, it was associated to the probability of electronic
phase relaxation or electronic scattering in the quantum well.

In this article we report a theoretical study of reso-
nant interband tunneling, using the general approach of non-
equilibrium Green’s function of current as a function of volt-
age, temperature, and parallel and perpendicular magnetic
field in an InAsAl/InAsN/InAsAl DBH. Our results are simi-
lar to previous works, especially with the experimental work
reported in Ref. [11].

2. Theory

To describe the characteristic current vs voltage for a DBH,
the study followed the theoretical model proposed by R.
Golizadeh-Mojarad and S. Datta [16]. Current through the
DBH is given by:

I =
e

~

∫ +∞

−∞
T (E)(fL(E)− fR(E))dE , (1)

wheref(L,R)(E) is the Fermi function of the contacts to the
left (L) and right (R) of the structure andT (E) is the effec-
tive transmission function that in the NEGF method is give
by

T (E) = Trace[Γ1GΓ2G
+], (2)

whereG is the Green function matrix for the system give by

G(E) = [EI −H − Σ1 − Σ2]−1, (3)

and
Γ1,2 = ı(Σ1,2 − Σ+

1,2), (4)

whereI is the identity matrix,H is Hamiltonian matrix of
the isolated device region andΣ1,2 are the matrix that repre-
sent the lead effect. The Hamiltonian matrix of the system is
described through Eq. (5) [17].

H(i, j) =





zt + U(i, j) + ~ωi ; i = j

−t̃i,j ; i 6= j, nearest neighbors

0 ; other cases

,

(5)
wheret = ~2/2ma2, m is the effective mass of the electron,
a is the lattice constant,z represents the number of nearest
neighbors (z = 2 for the 1D model), andU represents the
potential profile of the DBH (Fig. 1). The effect of the ap-
plied magnetic field perpendicular to the current is taken into
account through Eq. (6) [18].

t̃i,j = t exp
[
ı e A

(
r i + r j

2

)
· (r i − r j) a

]
, (6)

FIGURE 1. Conduction band profile for a DBH with a V bias
applied, 10-nm wide for the InAsN QW and 10-nm wide for the
InAsAl barriers. Barrier heights between InAs/(InAl)As of 0.12 eV
and In(AsN)/(InAl)As of 0.16 eV, respectively.
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with A being the described potential vector , in coordinates
(x, y, z), A = Bz ex (B = B ey). r i and r jare the posi-
tion vectors for sites i and j of the nearest neighbor atoms,
at all lattice positions. The applied magnetic field parallel
B = Bez to the direction of the current is taken into account
in the diagonal term at the Eq. (5) asεi = (n + [1/2]) ~ωi ,
[19] wheren corresponds to Landau Level andωi is the cy-
clotron frequency given by

ωi =
eB

mi c
, (7)

andmi is the electronic effective mass on thex-y plane,e is
the electron charge,B is the applied magnetic field, andc is
the speed of light.

3. Results and discussion

To study resonant interband tunneling in an InAsAl/InAs
N/InAsAl DBH connected to two identical InAs contacts to
the left (L) and right (R) of the system, we have considered an
electron concentration ofn = 2 × 1017 cm−3 in the emitter,
corresponding to a Fermi energy of 49.8 meV. It is deemed
that the height of the potential between contact L of InAs
to the (InAl)As barrier as 0.12 eV, with 10% Al content and
10-nm barrier width; the height of the potential between the
In(AsN) QW to the (InAl)As barrier is 0.16 eV, with 1% N
content and 10-nm QW width, as seen in Fig. 1.

The resonant tunneling process under study consisted of
light holes (we did not consider heavy-hole tunneling) tunnel-
ing from the emitter to the collector through resonant states
created in the quantum well by the N atoms; the parameters
used in this work are effective mass of the light hole in the
InAs, mlh = 0.027 m0 [19], the effective mass and constant
lattice of the contact L (R) of InAs aremL(R) = 0.025 m0

[11] andaL(R) = 6.058Å [20], the effective mass and the
lattice constant at the (InAl)As barriers,mb = 0.039 m0 [11]
andab = 5, 97 Å [21], the effective mass and lattice constant

FIGURE 2. I vs. V characteristic for a double-barrier system as
function of temperature of 2, 60, 160, and 300 K without applied
magnetic field.

in the In(AsN) wellmw = 0.026 m0 [11] andaw = 5.96 Å
[9], andm0 is the mass of the free electron, respectively.

Current I as a function of applied voltageV for an
InAsAl/InAsN/InAsAl DBH with different temperature val-
ues and zero magnetic field is shown in Fig. 2, an increase
and diminish in current is observe when the voltage applied
to the system is increase. In this figure it can be observe
that the current reaches a first peak at 0.059 V and then it
drops (a region of negative differential resistance) with in-
creased voltage; as voltage continues to increase, a second
peak of magnitude slightly smaller than the first is noted at
0.19 V. The first peak is associated to the incorporation of
the Nitrogen in small concentrations ( 1%) into the InAs, as
reported by Di Paolaet al., [11] causing the decrease in the
bandgap energy creating resonant levels, which allows the
tunneling of electrons through the states located in the en-
ergy gap of the InAsN layer [11,22]. The second peak is due
to the resonant states in the InAsN quantum well as applied
voltage increases. Further, it is observed in Fig. 2 that cur-
rent peaks diminish as temperature increases. As reported by
Di Paolaet al., [11] the contacts between which the double-
barrier structure is found are n-type and p-type, on the left
and right of the system, respectively, allowing charge carriers
to tunnel through states in these zones favoring conduction.
These are also affected by effects of temperature and applied
voltage. To model this, it may be considered that the chemi-
cal potential of the contacts in our double-barrier system are
misaligned, with the one on the right being higher than the
one on the left, as applied voltage increases. The effect of
temperature causes a redistribution of the charge, making the
states associated with the contacts to contribute fewer car-
riers through recombination than can occur with the n-type
and p-type layers of the system. In this study we are obtained
qualitative results similar to those reported by the experimen-
tal work by Di Paolaet al., [11].

Figure 3 presents the characteristicI vs. V curves for
different magnetic fields perpendicular (a) and parallel (b) to
the direction of the current for temperatureT = 2.0 K. For
the perpendicular field, a decrease in the current intensity is
observed with the increased applied field; the first peak tend-
ing to disappear at a value of 3.0 T. With the magnetic field
parallel to the current, the decrease of the peaks is negligible
compared with the intensity of the peaks with perpendicular
field; furthermore, the peak in the case of the parallel field
undergoes a shift at higher energy values, with the applied
bias. This could be associated with the additional confine-
ment introduced by the magnetic field in the charge carriers.

Figure 4 shows theI vs. V curves for different tempera-
tures with a 1 T magnetic field parallel (left) and perpendicu-
lar (right) to the current. Note the presence of two peaks, one
due to the presence of the low N concentration that creates
levels in the gap and permits electron tunneling and the other
peak due to resonant states in the QW, as described in Fig. 2.
As temperature increases, the intensity of both peaks dimin-
ishes. It is observed that the intensity of the second peak is
greater than that of the first; this is best observed in the case
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FIGURE 3. I vs. V for a double-barrier system in the presence of a magnetic field perpendicular a) and parallel b) to the direction of the
current for different values ofB (B = 0, 1.0, 2.0, 3.0 T) at temperatureT = 2 K.

FIGURE 4. I vs. V for a double-barrier system in presence of a parallel (B‖) and perpendicular (B⊥) magnetic field ofB = 1 T, for different
temperaturesT = 2, 30, 100, and 300 K.

of the perpendicular field. The first peak is associated with
more localized wave functions and the second peak with
wave functions more extended in the direction perpendicular
to the growth of the structure. This could cause greater over-
lap of the wave functions of the carriers. Also, it can be noted
that the second peak is more intense than the first peak, given
that the magnetic field introduces additional confinement of
the charge carriers and this effect is not seen in Fig. 2, which
is without applied magnetic field.

In the above figures, the appearance of the first peak
coincides with the level of energy obtained by solving
Schrodinger’s equation of the steady state for a quantum
well structure of InAs/InAs0.9Al0.1 and well structure of
InAs(N)/InAs0.9Al0.1, finding a single level without applied
magnetic field. The value obtained of the energy of the level,

taking into account the differences of effective masses among
the carriers in the well and the barrier, are shown in Table I.

As seen in Table I, the second column corresponds to the
solution of the Schrodinger’s equation by means of the odeint
method in scipy library [23] from python [24], the value ob-
tained for the well level is closer to the value at which the first
peak is observed in theI vs. V curves, both for this work as
for that reported by Di Paolaet al., [11]; hence, it is clear
that the first peak observed in theI vs. V curves is associ-
ated with the Nitrogen impurity in the InAs well. The third
column corresponds to the values obtained by applying the
boundary conditions on the quantum well structure, consid-
ering the differences in electron masses between the well and
the potential barrier [25]; the fourth column in the table cor-
responds to the solution of Schrodinger’s equation by using
the finite differences method [26].

TABLE I. Quantum well level energy values. TheVb values correspond to the barrier height for electrons in the quantum well

Well/barrier structure SciPy ODEINT Transcendental equation Finite differences

InAs/InAs0.9Al0.1 (Vb = 0.12 eV) 54.1 (meV) 41.9 (meV) 42.2 (meV)

InAs(N)/InAs0.9Al0.1 (Vb = 0.16 eV) 59.6 (meV) 47.3 (meV) 47.6 (meV)

Rev. Mex. Fis.72030504
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4. Conclusions

This theoretical work studied current vs. voltage and repro-
duced well the position of the first peak associated with the
incorporation of Nitrogen in small concentrations (1%) into
InAs and showed a decrease in current as temperature de-
creased, compared with the experimental report [11]. More-
over, it is noted in curvesI vs. V a weak effect of the ap-
plied magnetic field parallel to the current, compared with
the applied magnetic field perpendicular to the current. With
the incorporation of nitrogen in these devices, new resonant

states and a region of negative differential resistance that is
weakly affected by temperature have been observed, these
states would make the possibility for the development of op-
toelectronic devices.
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