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Simulating semiconductor heterostructures is a formidable
challenge. Depending on the scale, the simulation time and
resources vary vastly, ranging from minutes on a desktop
computer to months on computational clusters. Ironically,
as the physical scale decreases, the required computational
time and resources often increase. Ab-initio simulation at the
nanoscale, concerning tens or hundreds of atoms, relying on
DFT or Monte Carlo methods, may be actually much more
resource-hungry than simulations of heterostructures in micro-
scale with the drift-diffusion method.

From the mathematical standpoint, the drift-diffusion
method is formulated as the van Roosbroeck system of equa-
tions:
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where the electrostatic potential, electron quasi-Fermi level
and hole quasi-Fermi level (¢, I}, F},) are the unknown func-
tions. Although it appears to be a standard system of elliptic
differential equations, it is actually highly nonlinear, especially
due to the dependence of electron and hole concentrations on
the potentials:
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where the Fermi integral of 1/2 order is defined as:
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Analytical approximations for F by elementary functions are
available, but since it behaves like e® for negative z, n,p
coefficients may span a wide range of magnitudes. The ionized
impurity concentrations NV +. N, are also nonlinear terms,
although not as much. Also, the recombination term R is
nonlinear, as it depends on n, p, and its exact form depends on
the recombination mechanisms included. In its simplest form,

it may be defined as:
R(N)= AN + BN? + CN?,

where N is the minority carrier concentration (often N = p
in GaN-based structures). Thus, the seemingly simple system
becomes numerically challenging to solve accurately, even if
it is used for a one-dimensional case.

We will focus on several problems which are significant
from a numerical standpoint and are important for simulations
of contemporary luminescent devices. A fundamental numer-
ical challenge arises from the continuity equation coefficients
(tnn, pipp), which in wide-bandgap bipolar devices like GaN
or AlGaN LEDs can span numerous orders of magnitude
(e.g., 10720 to 10?°), exceeding standard 64-bit floating-
point precision. Consequently, decoupled linear schemes like
Picard iteration converge poorly, except in minuscule domains.
Conversely, nonlinear solvers minimize residuals, but these
vary wildly due to n and p fluctuations, independent of true
solution accuracy. Therefore, while Picard linearization per-
forms poorly on its own, alternative metrics like Banach-Picard
estimators must be employed to accurately gauge convergence
and solution quality [1].

But there is another problem specific to GaN-based de-
vices: polarization charges. Polarization doping is a recent
theme, especially in deep-UV AlGaN devices. Although the
development of such devices poses many problems on its
own (see e.g., [2]-[6]), the phenomenon is actually straight-
forward to simulate with drift-diffusion method—this is just
an additional term V - P, in the Poisson equation in (1),
which is independent of the unknown functions; the necessary
parameters may be calculated e.g. by ab-initio methods [7],



[8]. More problematic are abrupt changes of the polarization
values on the interfaces between layers made of different
materials (e.g., GaN/Al; gy, Gaggy, N), resulting in distributional
derivatives. While they may be simulated by, for example,
using Composite Discontinuous Galerkin schemes [9], [10],
there is another fundamental problem: the interfacial charges
present on the interfaces attract mobile charges of the opposite
type, possibly locally changing the majority mobile charge
type. This is not necessarily a wanted property, as for example,
an interface between an n-AlzgyGasgyN cladding and an
n-Alygo, Gagoy, N waveguide could introduce a local p-type
region located within an n-type region.

While this phenomenon may not necessarily be a significant
problem from the standpoint of the operation of real devices,
it poses a significant hurdle in numerical simulations, as
thyristor-like I-V characteristics emerge. As such, standard
Dirichlet boundary conditions, which are based on bias, be-
come insufficient, as the solution is no longer unique with
respect to the voltage—in certain ranges, 2 or 3 solutions
are present, which differ by the current and mobile charge
distribution. While one might work around this by carefully
navigating between multiple solutions using standard boundary
conditions, this approach is unreliable since some solutions are
closely spaced. A superior solution is to impose a different
type of boundary condition related to current, which leads to
unique solutions in this case. By implementing current-linked
boundary conditions, we achieve convergence in regimes
where standard Dirichlet bias conditions fail, allowing for
the accurate simulation of complex GaN-based light-emitting
structures.
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Fig. 1. Simulated I-V characteristic of an InGaN laser diode. Orange marker
indicates point corresponding to figures 2 and 3.
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Fig. 2. Simulated band diagram for an InGaN laser diode.
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Fig. 3. Simulated carrier concentrations for an InGaN laser diode. Mobile
carriers attracted by interfacial polarization charges are indicated by circular
markers.
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