Advancing UV-C LEDs: NEGF-Guided Design of
Superlattice Electron-Blocking Layers

Francesco Mercinelli*, Lorenzo Miri*, Jesus Alberto Gonzalez Montoya*,
Michele Goano*T, Alberto Tibaldi*, Francesco Bertazzi*
*Department of Electronics and Telecommunications, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
TCNR-IEIIT, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
Email: francesco.mercinelli@polito.it

Abstract—AlGaN UV-C LEDs suffer from low efficiency due
to poor hole injection and electron leakage in high-Al-content
structures. Bulk EBLs reduce electron overflow but also hin-
der hole transport due to incomplete acceptor ionization. We
study superlattice EBLs (SL-EBLs) using Poisson—Schrodinger
drift-diffusion simulations to capture quantum effects such as
tunneling and miniband transport. By varying well thickness
and aluminum composition, we identify optimal SL-EBLs that
enhance hole injection while maintaining electron confinement,
enhancing internal quantum efficiency.

I. INTRODUCTION

Deep ultraviolet (UV-C) LEDs (200-280 nm) are promising
for sterilization, water purification, and medical diagnostics.
However, their widespread adoption is limited by low external
quantum efficiency (EQE) [1]. A key factor restricting effi-
ciency is poor hole injection, caused by the low ionization of
acceptor dopants [2]. This leads to a strong carrier imbalance
in the quantum wells, reducing radiative recombination and
causing electron leakage. Bulk AlGaN electron blocking layers
(EBLSs) suppress electron overflow but also impede hole trans-
port due to their low effective p-type doping, further exacerbat-
ing carrier imbalance. Studies have shown that replacing bulk
EBLs with superlattice (SL) structures can improve efficiency
in GaN-based blue LEDs [3] and similar approaches have been
proposed for deep UV LEDs [4]. In this work, we employ a
quantum-corrected drift-diffusion model capable of simulating
transport through superlattices to analyze the impact of SL-
EBLs on UV-C LEDs and optimize their design to enhance
device efficiency.

II. SIMULATION METHOD

Accurate simulation of UV-C LEDs with a superlattice
electron-blocking layer (SL-EBL) can be performed by means
of a quantum-corrected drift-diffusion approach to capture
both quantum confinement in the MQWs and tunneling trans-
port across the superlattice. Several methods exist to introduce
quantum corrections in a drift-diffusion framework, including
the density gradient approximation [5], the localization land-
scape formalism [6], and the Poisson—Schrédinger approach
[7]; the latter is employed in this work.

All of the aforementioned techniques are based on the
concept of an effective quantum potential that smooths the

band diagram to account for quantum effects. In the Pois-
son—Schrodinger approach, employed in this work, this po-
tential is obtained by solving the Schrédinger equation in
the effective mass approximation for electrons and holes
separately [7]:
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where m is the electron effective mass, E. the conduction

band, and zbg) are the stationary states wavefunctions. The
electron density is then computed as
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where Fy is the Fermi-Dirac integral of order zero. Inverting
the semiclassical 3D carrier density expression yields the
quantum effective potential E.(z):
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which is then used in the standard drift-diffusion frame-
work. Spontaneous and piezoelectric polarization charges are
included following the Bernardini—Fiorentini model [8]. Re-
combination processes are modeled using typical parameters:
Tory = 5 ns, B = 2x10~ " em3/s, and C = 2.7x1073! cmb/s
[9]. Dopant ionization is also considered, with acceptor activa-
tion energy /4 varying linearly with aluminum content from
140 meV to 600 meV for pure AIN [2].

Since in PSDD, transport remains semiclassical, while quan-
tum effects enter through the quantum LDOS. As a result,
some material parameters, such as the mobilities, must be
adjusted from their bulk values, since transport in superlattices
is governed by tunneling and miniband conduction. In this
work, effective mobilities in the SL are extracted from non-
equilibrium Green’s function (NEGF) simulations [10], which
provide a full quantum-kinetic description of transport across
the device. The NEGF-computed current is then fitted with
the drift—diffusion framework to obtain equivalent mobilities
to be used in PSDD.



III. NUMERICAL RESULTS

Let us start by analyzing a simple UV-C LED structure
where a 2 nm Alg g5Gag.osN / 2 nm Aly g5Gag.g5N superlat-
tice is used as an electron blocking layer (SL-EBL), similar
to the one proposed by Liu et al. [4]. The quantum-corrected
band diagram LDOS and charge density profiles at 5.40 V are
shown in Fig. 1.
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Fig. 1. (a) Band diagram (blue and red lines) with quantum potentials (green
and purple) and local density of states (k=0). (b) Carrier density profiles of
the initial SL-EBL UV-C LED at 5.40 V (solid lines) vs. a Alg.95Gag.o5N
bulk EBL LED (dashed lines), showing ionized dopants (magenta/cyan) and
polarization charges (+/-).

A high electron density in the p-type region is observed with
respect to a 30 nm Alg g95Gag.osN bulk EBL, indicating an
increased electron leakage through the SL miniband, modeled
by the quantum potential (blue dashed line) in Fig. 1, which
follows the miniband of the LDOS. At the same time, the hole
concentration in the active region is enhanced with respect to
the bulk EBL due to the polarization charges at the superlattice
interfaces, which act as effective doping and improve hole
injection into the EBL. Despite this improved hole transport,
which allows the device to reach its peak IQE at a lower
voltage (5 V) compared to a bulk EBL (5.6 V), the initial
structure exhibits a low peak internal quantum efficiency of
approximately 5% due to dominant electron leakage.

To increase the IQE, the superlattice geometry was sys-
tematically varied. Well thickness and aluminum composition
were adjusted while keeping the period fixed at 3 nm. As
shown in Fig. 2, thicker wells (thinner barriers) enhance
hole injection but increase electron leakage due to stronger
tunneling and lower miniband energy. Conversely, increasing
the Al content in the SL wells reduces polarization-induced
doping, slightly lowering hole injection, but increases the
miniband energy, improving electron confinement. Therefore,
a careful trade-off between these parameters is necessary. To
further suppress leakage, a single thicker final barrier near the
MQWSs can be added, which slightly reduces hole injection
but significantly limits electron overflow, improving the IQE.

Based on this analysis, an optimized SL-EBL was designed
with 8 periods of 1 nm wells and 2 nm barriers, followed
by a 6 nm final barrier near the MQWs to suppress electron
leakage while maintaining enhanced hole injection, reaching
an IQE of 56%. The band diagram and charge density of the
optimized structure at 5.40 V are shown in Fig. 3.

These results demonstrate that SL-EBLs can simultane-
ously enhance hole injection and provide sufficient electron
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Fig. 2. Peak internal quantum efficiency (IQE) versus well thickness and Al
molar fraction in the SL-EBL, with barrier composition fixed at 95% Al and
a 3 nm period. The red “X” marks the maximum IQE.
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Fig. 3. (a) Band diagram (blue and red lines) with quantum potentials (green
and purple) and local density of states (k=0). (b) Carrier density profiles of the
optimized SL-EBL UV-C LED at 5.40 V (solid lines) vs. equivalent bulk EBL
LED (dashed lines), showing ionized dopants (magenta/cyan) and polarization
charges (+/-).

confinement when carefully engineered. The combination of
quantum-corrected drift-diffusion simulations and parametric
optimization enables the design of high-efficiency AlIGaN UV-
C LEDs with improved carrier balance in the MQWs.

IV. CONCLUSION

Superlattice electron-blocking layers in AlGaN UV-C LEDs
can enhance hole injection while maintaining electron confine-
ment. Quantum-corrected Poisson—Schrodinger drift-diffusion
simulations show that optimizing well and barrier thickness
and aluminum composition enables a tunable trade-off be-
tween hole injection and electron leakage. The optimized SL-
EBL increases the internal quantum efficiency to 56% vs. 40%
for bulk EBLs, highlighting SL-EBLs as a viable strategy to
overcome efficiency limits in UV-C LEDs.
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