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Abstract—In this work, we present a method to increase the low
bias current in nitride-based tunnel junctions (TJ) for ultra-violet
(UV) LED applications. It is shown that piezoelectric charge
dominates the junction electrostatics, influencing the tunneling
window and the low-bias current. By exploiting this effect, we
reduced the predicted voltage drop across the junction by a factor
of ten (from 1.5 V to 0.15 V) at a current of 100 A/ em?, through
optimization of the interlayer and the p-layer of the junction.

I. INTRODUCTION

After the COVID-19 outbreak, surface sterilization became
increasingly important, highlighting the need for efficient UV-
C light sources. UV-C radiation has been shown to effectively
inactivate SARS-CoV-2 [1], [2] and is now widely used for
sterilizing medical equipment and disinfecting water. However,
some material-related issues make the realization of efficient
semiconductor-based light sources challenging. In particular,
the high activation energy of acceptors limits the performance
of p-type layers, which are critical for LED operation. Tunnel
junctions (TJs) offer a potential solution by enabling alter-
native current injection schemes. Nevertheless, the large band
gap of III-N materials and the high p-dopant activation energy
complicate the design of efficient TJs. Previous work [3]
demonstrated that spontaneous and piezoelectric polarization
charges at III-N interfaces can be exploited to enhance tunnel-
ing, giving rise to polarization-engineered TJs with improved
performance. In this work, we examine how these polarization
charges influence the tunneling window and, consequently,
the electrical characteristics of the TJ. Since TJs used as
LED contacts introduce additional series resistance, careful
structural optimization is necessary to minimize the voltage
drop across the junction.

II. MODELS

To calculate inter-band tunneling in the TJs, a multi-
band non-equilibrium Green’s function (NEGF) approach is
used. This framework includes the steady-state Dyson (la)
and Keldysh (1b) equations, which are solved using a finite
element method fashion [4]:

G™(E) = [EL~ Hypaa — SH(E)]

G5(E) = GR(E)S3(BE)GA(E),

(1a)
(1b)

Here, Hyp44 is the Hamiltonian of a multi-band 4 x 4 k- p
model, which describes the inter-band interactions between
the first conduction band and the heavy-hole, light-hole, and
split-off valence bands. The k- p parameters considered in
this work are presented in [5]. &(E) and Z%(E) are the
boundary self-energies obtained through the usual partitioning
of the simulation domain, where the contacts are treated
under quasi-equilibrium conditions [4]. GF and G< denote
the retarded and lesser Green’s functions, respectively. The
diagonal elements of these functions contain energy-resolved
microscopic quantities, such as the local density of states
(LDOS, A(E)) and the spectral carrier density, defined as:

A(E) =i(G"* = (G™))u, 2)
LGS (B)a 3)

Com

n(E) =

The structures investigated here exhibit a short tunneling
path and a tunneling window that remains open even at
low bias voltages. In this view, transport in the TJs can
be shown to be almost ballistic, which allows to neglect
scattering, leading to strong simplifications of the NEGF
calculations. To account for polarization charges, the well
established Bernardini—Fiorentini model [6] is used, which
relates the composition of the Al,GaN/In,GaN layer to the
polarization vector obtained as the sum of the spontaneous and
piezoelectric components.

III. OPTIMIZATION OF THE STRUCTURE

However, the large band gap and doping limitations typical
of these alloys lead to poor performance at low bias. There-
fore, careful design and materials engineering are critical to
improving TJ performance. In the literature, early attempts
to achieve better performance exploited heterostructures: for
example, a GaN interlayer, due to its lower band gap, can be
used to improve tunneling efficiency [7]. A similar structure
is used here as a starting point, consisting of an n-doped
Al 75Gag 25N layer doped with Si (Np = 5 x 10'°cm™3), an
8nm GaN interlayer n-doped with the same concentration, and
a p-doped Alg.75Gag 25N layer with Ny = 9x10%cm 3 (Mg).
The characteristic of this structure is plotted in Fig. 1 (blue
curve). To compare the different characteristics, we focus on a
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Fig. 1. Characteristic comparison of the three structures:
Alg.75Gag.25N/GaN/Alg.75Gag.25N in blue;
Alp.75Gag.25N/Ing.27Gag.63N/Alg.75Gag 25N in red;
Alp.75Gag.25N/Ing.27Gag.63N/Alp—0.5Ga1—50.5N in yellow.

In the red rectangle we have the spectral current (right) and the local density
of state (LDOS) for k = 0 (left) of the final structure at V. = 0.5 V

current density of 100A/cm?, a typical LED optical threshold,
for this starting structure, this threshold is reached at 1.5V.

A. Optimization of the interlayer

To increase the TJ current, we first investigate the optimiza-
tion of the interlayer geometry by performing a parametric
study on its geometrical parameters (composition and thick-
ness) and calculating the current at a bias of —1V. The results
are summarized in Fig. 2, where a current peak is observed
for Ly, = 5nm and In = 27% (black star). Indeed for this
alloy composition, the Bernardini—Fiorentini model predicts
a minimum polarization vector, which results in maximum
polarization charges at the interfaces with the adjacent layers,
maximizing the electric field across the interlayer. For the
thickness, a maximum is found at 5 nm, for larger thicknesses,
the electric field created by the polarization charges at the
interface is reduced, decreasing the current. For shorter layers,
the tunneling path is no longer determined solely by the
interlayer gap, but also by part of the p-layer, since the
reduced thickness prevents a direct alignment between the
conduction and valence band states. As a result, carriers must
tunnel through the p-side gap increasing the tunneling path.
The characteristic of this structure is plotted in Fig. 1 (red
curve). This optimization reduces the voltage required to reach
the optical LED threshold current density to 0.5V. We can
also consider deposition constraints, since the lattice constant
of InyGa;_,N varies with the indium concentration, this
variation can lead to layer thicknesses that are not feasible for
deposition. This issue can be addressed simply by discarding
the corresponding region in the map.

B. Optimization of the p-layer
Despite the large increase of maximum current, since the
p-layer is poorly doped we need further optimization for the
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Fig. 2. Current calculated (A/cm?) at V = -1 V of the TJ, by changing
the interlayer geometric parameters as the length of the layer and the
Indium percentage of the alloy. The black star represents the peak of current
corresponding to In = 27% and Lj;, =5, nm

low bias current. To further improve the electrostatics at low
bias, polarization doping can be exploited in the p-layer of
TJ. This consists of a linear increase in the Al molar fraction,
so that an almost linear increase in the polarization vector is
obtained. This generates a constant and spatial distributed net
negative polarization charge that push up the p-region opening
the Fermi window also at low bias. Therefore, we introduced
a grading of the aluminum molar fraction (z = 0 — 0.5) in
the p-doped layer, increasing the charge concentration. Our
optimization process of the TJ leads to the following struc-
ture: an Al 75Gag 25N n-doped layer, a 5nm Ing o7Gag 73N
interlayer n-doped with the same concentration, and a graded
polarization p-doped (PDp) layer Alp—(.5Gaj;—0.5N. The
characteristic and some spectral quantities of this structure are
plotted in Fig. 1 (yellow curve). It can be observed that the
design of the p-layer increases the current at low bias, reaching
the optical LED threshold current density at 0.15V.

IV. CONCLUSION

In this work, we have shown how polarization charges affect
the characteristics of nitride-based TJs and how engineering
the polarization charges of the layers can be exploited to obtain
high current at low bias, making TJs a suitable alternative to
address the p-contact issues of UV-C LEDs.
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