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Abstract Numerical analysis of the transmission coef-
ficient, local density of states, and density of states in
superlattice nanostructures of cubic Al,Gaj_,N/GaN res-
onant tunneling modulation-doped field-effect transistors
(MODFETs) using nextnano’ software and the contact block
reduction method is presented. This method is a variant
of non-equilibrium Green’s function formalism, which has
been integrated into the nextnano? software package. Using
this formalism in order to model any quantum devices and
estimate their charge profiles by computing transmission
coefficient, local density of states (LDOS) and density of
states (DOS). This formalism can also be used to describe
the quantum transport limit in ballistic devices very effi-
ciently. In particular, we investigated the influences of the
aluminum mole fraction and the thickness and width of
the cubic Al,Ga;_,N on the transmission coefficient. The
results of this work show that, for narrow width of 5nm and
low Al mole fraction of x = 20 % of barrier layers, cubic
Al,Gaj_,N/GaN superlattice nanostructures with very high
density of states of 407eV~! at the resonance energy are
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preferred to achieve the maximum transmission coefficient.
We also calculated the local density of states of superlat-
tice nanostructures of cubic Al,Ga;_,N/GaN to resolve the
apparent contradiction between the structure and manufac-
turability of new-generation resonant tunneling MODFET
devices for terahertz and high-power applications.
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1 Introduction

In modern physics, the most important field of research
is dimensionality reduction for electronic devices such
as modulation-doped field-effect transistors (MODFETsS),
which may enable higher transfer rates in data communi-
cation systems [1]. Recently, research interest in group III
nitrides has greatly increased, especially in the fields of THz
devices, fast modulators, photodetectors [2], and transistors
(MODFETsS), being the most suitable for use in high-power
and high-frequency devices [3]. However, MODFETSs with
Al,Ga;_,N/GaN in metastable cubic phase represent an
alternative to devices based on stable hexagonal III-N nitrides
for such applications. Due to the absence of spontaneous and
piezoelectric fields, cubic Al,Gaj_xN/GaN facilitates fabri-
cation of field-effect transistors with both normally-on and
normally-off characteristics [4]. Al,Gaj_N/GaN structures
are limited by a combination of effects such as dislocations
and the presence of many structural defects in the bulk, sur-
face, and interface of materials, thus degrading the electric
performance of such transistors [5].

Moreover, growth of heterostructures results in forma-
tion of a two-dimensional electron gas (2DEG) at the
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heterointerface. This feature allows for ultrafast, high-
efficiency electron and data transport. These outstanding
electronic features are attributed to the characteristic den-
sity of states in such low-dimensional systems. On the other
hand, Al,Ga;_,N/GaN MODFETs have recently attracted
major interest for use in electronic devices, particularly for
high-power and high-frequency amplifiers. This is motivated
by their potential for use in military and commercial appli-
cations, e.g., in communication systems, wireless stations,
radar systems, high-temperature electronics, and high-power
solid-state switching. Currently, state-of-the-art MODFETSs
are fabricated on c-plane wurtzite Al,Ga;_,N/GaN het-
erostructures. Their inherent polarization fields produce
extraordinarily large sheet carrier concentrations at the
Al,Gaj_,N/GaN heterointerface, which are advantageous
for normally-on-type transistors [6-8].

The contact block reduction (CBR) method aims to find
the related Green’s function for ballistic quantum transport
in the device; it has been integrated into the nextnano® pack-
age [9]. It can be used to calculate the electronic proprieties
of open quantum systems, such as the transmission coeffi-
cient and local density of states. The increasing demands
for high-performance computing from end-users are con-
stantly driving improvements in device technology in terms
of speed and power. Over the past few decades, scaling of
device dimensions has proven to be an effective strategy
to decrease power consumption. There is a terminal device
making use of resonant tunneling, which has generated con-
siderable interest because of its potential applications in high-
speed/frequency, high-power applications, and for novel
logic circuits. The current transport in all of these devices is
controlled by the resonant tunneling transport phenomenon.
The basic approach for realization of such devices involves
use of superlattice nanostructures in one of the terminals of a
MODFET. It is very difficult to carry out accurate theoretical
analysis of such devices to predict their performance. Pre-
liminary results on a field-effect transistor (FET) or unipolar
transistor were published by Haddad et al. [10-16].

The tunneling transport phenomenon in quantum devices
offers picosecond switching speeds and hence the possibility
of designing very high-speed circuits. Based on the con-
tinuing improvements in process technology for resonant
tunneling devices and the integration of such devices with
conventional devices [16—18], it is possible that new devices
such as the resonant tunneling MODFET based on cubic
AlyGaj—xN/GaN superlattice nanostructures might establish
a niche as next-generation devices for use in terahertz (THz)
and high-power applications.

We present herein an investigation of the effect of the
width of the barrier layers in superlattice nanostructures. The
transmission coefficient was determined for different alu-
minum mole fractions in the cubic Al,Ga;_, N barrier layers
in superlattice nanostructures of cubic Al Gaj_,N/GaN with
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barrier layer width of 5 nm and without bias, and we also cal-
culated the local density of states of cubic Al,Ga;_,N/GaN
superlattice nanostructures. All results presented in the fig-
ures herein can be reproduced using the nextnano® software,
which is provided as an online resource.

2 Theoretical analysis

The standard Schrodinger equation for each of the superlat-
tice nanostructures can be written as follows [19]:
In the barrier cubic Al,Ga;_,N, we have

02y (x)/0x> + (8m*n2/h2) (E—V)y (x) =0. (1
In the well cubic GaN, we have
920 (x)/0x> + (8m*n2/h2) Ev (x) = 0. )

For proper confinement of the electrons in the well, the elec-
tron energy E must be less than the barrier potential V. The
cubic Al,Gaj_,N/GaN superlattice nanostructure resonant
tunneling MODFET with three wells considered in the the-
oretical analysis is shown in Fig. 1. The general solutions of
the Schrodinger equation that we consider for this superlat-
tice nanostructure are as follows:

¥ (x) = Arexp (kx) + Brexp (—kx), 0<x <uxj.
¥ (x) = Azsin(gx) + Bacos (—gx), x1 < X2.
¥ (x) = Azexp (kx) + Bzexp (—kx), x < X3.
¥ (x) = Agsin(gx) + Bgcos (—gx), x3<x < x4
¥ (x) = Asexp (kx) + Bsexp (—kx), x4 <x <xs.
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Fig. 1 Superlattice nanostructures of cubic Al,Ga;_,N/GaN consist-
ing of three wells for resonant tunneling MODFETs with solutions
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¥ (x) = Agsin (gx) + Bg cos (—gx),
Y (x) = Ayexp (kx) + Byexp (—kx),

X5 =X = X¢.

x6 <x <x7. (3)

Here, k and g are the wavevectors in barrier region and quan-
tum well, respectively, also being defined as

K= (Sm*nz/hz) (E—V) and ¢> = (Sm*nz/hz) E.

Using the transfer matrix technique (TMT), the final equation
for the superlattice nanostructure can be expressed as

A ~1 -3 -5 -7
(B) =M, M>yM; " MsMg~MeM,

- - K
MsMy” MioM," M1 ( . ) @)

or (;})zMs(f) 5)

where (A, B) and (K, L) are the coefficients of the matri-
ces for the wavefunction profiles of the respective layers of
contact, and Mg is known as the system matrix.

Equation (5) can be written as

()22
B Moy Mp L)

The transmission coefficient can be expressed as the ratio
between the flux incident from the left side of the barrier
layer cubic Al,Ga;_,N and the flux transmitted to the right
side, in the absence of any incident wave from the left.

We assume that there are no further nanostructures to the
right of the structure, so that no further reflections can occur
and the wavefunction beyond the structure can only have
a traveling wave component moving to the right; i.e., the
coefficient L must be zero. Thus, Eq. (4) can be modified to

(1))

Hence, the transmission coefficient can be obtained from the
following expression:

T (E) = ®)

M My

where M is the first matrix element, which is taken from
the system matrix Mg, and M7, is the conjugate of M.

To study electron tunneling through the superlattice
nanostructure, the transmission coefficient is required. The
transmission coefficient is considered an important quantity,
as it provides most of the relevant information regarding the

transport process in superlattice nanostructures and is char-
acterized by a series of resonance peaks at specific incidence
energies.

Recently, modulation-doped cubic Al,Ga;_,N/GaN
superlattice nanostructures or quantum wells, with mean free
paths and phase-relaxation lengths of several micrometers,
have been investigated. The current in any device can be
calculated via the transmission function as long as the prop-
agation of electrons through the device is coherent. Coherent
propagation means that there are no phase-breaking scatter-
ing processes involved. Elastic scattering processes can be
taken into account within the contact block reduction (CBR)
method if they can be directly included in the Hamiltonian
HO of the closed system. In this work, we performed cal-
culations of the transmission coefficient and local density
of states for resonant tunneling superlattice nanostructures
using the CBR method [20] and nextnano>.

2.1 Contact block reduction (CBR) method

CBR is an efficient method that uses a limited set of eigen-
states of the decoupled device and a few propagating lead
modes to calculate the retarded Green’s function of the device
coupled to external contacts. From this Green’s function, the
density and current are obtained in the ballistic limit using
Landauer’s formula with fixed Fermi levels for the leads
[21,22].

The CBR method was first suggested by Mamaluy et al.
and has received great attention in recent years due to its
ability to compute the retarded Green’s function for open
systems. The CBR method has been integrated into the
nextnano® software package. It has also been extended to
more sophisticated band-structure models, such as the k - p
method, to describe hole transport in quantum wires and to
tight-binding methods [23]. It can be used to calculate the
electronic properties of open quantum systems such as the
transmission coefficient and local density of states for correct
modeling of nanoscale device behavior [24].

3 Device simulation results

We carried out detailed analysis of superlattice nanostruc-
tures with thickness of the barrier layers and well width on the
order of nanometers. In this work, we used the CBR method
to calculate the transmission coefficient and local density of
states as functions of barrier layer width and aluminum mole
fraction, as well as to calculate the density of states D (E) for
different barrier layer widths of superlattice nanostructures

with cubic Al,Gaj_,N/GaN using nextnano’.
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Fig. 2 Transmission coefficient as function of energy for different Al
mole fractions of superlattice nanostructure of cubic Al,Gaj_,N/GaN

3.1 Results and discussion

The tunneling effect can be analyzed through the transmis-
sion coefficient. Determination of the transmission coeffi-
cient for eigenstates through the Schrodinger equation for a
range of energy permits one to reduce the region of search.
Hence, we analyzed the transmission coefficient for different
Al mole fractions and barrier widths. The transmission coef-
ficient for different Al mole fractions is depicted in Fig. 2.

3.1.1 Transmission coefficient as function of cubic
AlyGaj—xN/GaN superlattice nanostructure

Figure 2 shows the transmission coefficient profile versus
electron energy for varying Al mole fraction in the cubic
Al Gaj_N barrier layers for 5nm width, without bias, and
for a specified dimension. With increasing Al mole fraction,
the barrier height increases and the mismatch between the
effective masses of the superlattice nanostructures becomes
more pronounced. This reduces the tunneling probability, as
expected. As the Al mole fraction is decreased from 0.35
to 0.2 in steps of 0.05, the probability of electron trans-
mission from the cubic GaN layer through the barrier cubic
AlyGaj—_xN increases. The maximum tunneling probability
occurs when the Al mole fraction in the barrier layers of the
cubic Al,Ga;_,N/GaN superlattice nanostructure assumes
a value of x = 0.2.

Figure 3 presents the transmission coefficient calculated as
a function of energy for superlattice nanostructures consist-
ing of three wells with varying barrier width of 2, 5, and 10 nm
of the cubic Al,Ga;_,N layers (barrier height 250 meV, bar-
rier separation 10nm, grid spacing 0.5nm, device length
50nm). At 25meV, there is a peak where the double super-
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Fig. 3 Calculated transmission coefficient 7' (E) as function of energy
for superlattice nanostructure with varying barrier layer widths of 2, 5,
and 10nm of cubic Al,Ga;_,N layers (barrier height 250 meV, barrier
separation 10nm)

lattice nanostructure becomes transparent, i.e., T(E) = 1.
This is exactly the energy that matches the resonant state in
the wells. The inset shows the conduction band edge profile
and probability density of this quasi-band resonant state for
the case of 10-nm barrier width, where the resonant state
becomes hardly coupled to the two leads. Figure 3 shows
the transmission coefficient 7'(E) calculated as a function of
energy for this potential profile.

The red line shows 7' (E) for barrier height of conduction-
band offset (CBO) = 0.25¢eV.

3.1.2 Local density of states p (z, E) for superlattice
nanostructures of cubic Al,Gay—xN/GaN

Figure 4 shows the local density of states (LDOS) p (z, E)
calculated for superlattice nanostructures as a function of
position and energy for the 2- and 5-nm cases. Red (blue)
color indicates high (low) density of states. This is in con-
trast to the situation for the 10-nm barriers (not shown), where
due to the large barrier width, the resonance state is quasi-
bound, i.e., with very sharp and high density of states at
the resonance energy, because of the very weak coupling
to the contacts. The reason why we used an energy grid
spacing of 0.5meV is that, if the energy grid is not fine
enough, very sharp resonances may be missed in the numer-
ical calculations. However, this grid spacing is still not fine
enough to obtain a perfect transmission coefficient (T = 1)
for the first peak of the superlattice nanostructure with cubic
Al,Gaj_,N/GaN with width of 5nm. Only if the energy grid
point exactly matches the resonance energy will the peak be
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Fig. 4 Calculated local density
of states p (z, E) for superlattice
nanostructures of cubic
Al,Gaj_,N/GaN resonant
tunneling MODFETs as
function of position and energy
for the a 2-nm. b 5-nm, and ¢
10-nm cases. Red (blue) color
indicates high (low) density of
state values (Color figure online)
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Fig. 5 Density of states D (E) calculated for superlattice nanostruc-
tures of cubic Al,Gaj_,N/GaN resonant tunneling MODFETs as
function of energy

well resolved. This is exactly the energy that matches the
resonant state in the wells of the superlattice nanostructure
of cubic Al,Ga;_,N/GaN. The LDOS around the resonant
state broadens, leading to broadening of the peaks in the
transmission coefficient.

3.1.3 Density of states D (E) for superlattice
nanostructures of cubic Al,Gai—xN/GaN

The calculated values of the density of states (DOS) for
different barrier widths of 2, 5, and 10nm for superlattice
nanostructures of cubic Al,Gaj_,N/GaN resonant tunneling
MODFETs are shown in Fig. 5. In Fig. 5, one observes that,
for the 5- and 10-nm barrier widths of cubic Al,Ga;_,N, the
peak values in the density of states reach 407 and 400eV !,
respectively, at Al mole fractions of x = 0.28 and 0.23,
respectively. The DOS corresponds to the LDOS integrated
over position. The 5-nm case differs substantially from the

Calculated local density of states}

Calculated local density of states|

Position [nm]

other two structures because it is extremely sharp and high.
It is actually much higher than the figure suggests, because
its maximum is not included on this scale. The third peak in
the density of states at 407 eV~! asindicated with red color
in Fig. 5 with very high density of states at the resonance
energy due to the first confined well state, is only visible for
the 5-nm barrier layer width of the cubic Al,Gaj_,N nanos-
tructure. This is consistent with the transmission coefficient
showing a sharp maximum only for the 5-nm barrier layer
width of the cubic Al,Ga;_,N nanostructure.

4 Conclusions

We present a numerical analysis of the transmission coeffi-
cient and local density of states in cubic Al,Gaj_,N/GaN
superlattice nanostructures, calculated using the contact
block reduction (CBR) method. The effects of the alu-
minum mole fraction and barrier width of the superlattice
nanostructure were simulated using nextnano? software. The
results illustrate that, for thin width of 5nm and low Al
mole fraction of x = 20 %, the superlattice nanostructure
with cubic Al,Ga;_,N/GaN, having a very high density
of states of 407eV~! at the resonance energy, is preferred
to achieve the maximum transmission coefficient, as also
deduced by considering the tunneling effect. This analy-
sis is very useful for studying the performance of cubic
AlyGaj—xN/GaN superlattice nanostructure resonant tunnel-
ing MODFETs, promising a viable means of dramatically
improving the performance and density of states of future
devices, especially for use in the fields of THz and high-
power applications. Based on ongoing improvements in
process technology for resonant tunneling MODFETSs and
integration of such devices with conventional devices, it is
possible that these novel devices might establish a niche in
commercial and military applications, even before the scaling
limits of conventional complementary metal-oxide semicon-
ductor (CMOS) technology are reached.
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