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Abstract—ChargeTransport.jl is a modern open-source
physics-preserving drift-diffusion simulation tool for optoelec-
tronic devices written in the Julia programming language. The
multi-dimensional software includes flexibly extendable models,
advanced device physics and is built on a modern scientific
computing stack within a rich ecosystem.
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tion, carrier transport, finite volume method

I. SOFTWARE DESIGN

Here we present an open-source software package
ChargeTransport.jl [1]. It is a drift-diffusion solver
written in the Julia programming language. Julia addresses the
well-known two-language problem in scientific computing:
Researchers often prototype algorithms in high-level languages
(e.g., Python or MATLAB) but must later re-implement
performance-critical parts in low-level languages such as C
or C++. Julia [2] combines high-level expressiveness with
near-native performance, allowing both rapid development
and efficient execution within a single language. In addition,
Julia is part of a rapidly growing scientific ecosystem.
Julia code can be constructed in a modular way: Numerous
packages for numerical analysis, differential equations, opti-
mization, and scientific machine learning can be integrated
seamlessly. This makes it particularly well-suited for the
collaborative development and extension of research software
such as ChargeTransport.jl, which is part of WIAS’
ecosystem, WIAS-PDELib, for the solution of nonlinear
systems of coupled PDEs enabling various applications in
semiconductors, see Fig. 1.
ChargeTransport.jl’s open-source nature aligns with

open science principles, which aim to make scientific research
accessible to all levels of society by avoiding intransparent
black box code. Here, open-source software plays a crucial
role ensuring transparency while enabling the reproducibility
and reuse of results. For example, research-related data such
as simulation input files can be stored in a linked repository
(e.g., as demonstrated in [3]). Additionally, Julia’s integrated
package management system is designed from the ground
up for reproducibility and reduces the "works only on my
machine" problem significantly.
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Fig. 1. WIAS-PDELib ecosystem for the solution of nonlinear systems
of partial differential equations including ChargeTransport.jl enabling
various applications in semiconductor physics.

II. MODEL

ChargeTransport.jl discretizes the van Roosbroeck
system of equations for electrons (ρn), holes (ρp) and an
arbitrary number of ionic species and trap levels (ρx):
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Equation (1) is Poisson’s equation where ε is the dielectric
constant, ψ is the electrostatic potential, q is the elementary
charge, zc and zx are the charge numbers of the dopants
(C) and the ionic or trap species x. The carrier densities
are determined by the state equation, ρi = NiFi (ηi), where
Ni is the effective density of states or maximum species
density, ηi =

zi(Ei−qψ+qφi)
kBT

, Ei is the band energy or intrinsic
energy, φi is the quasi-Fermi potential and Fi(ηi) is the state
function which can be treated with a variety of statistics (e.g.,
Boltzmann, Fermi-Dirac, Gauss-Fermi).

Equations (2) to (4) are the continuity equations for each
species. Gi is the generation of species i and Rij is a recom-



Fig. 2. Left: Discretized dual of the finite volume mesh of textured
perovskite solar cell. Center: Generation rate within patterned solar cell. Right:
Electric field strength computed using ChargeTransport.jl. Reproduced
from [3] under CC-BY-NC 3.0 / Figures cropped from original.

bination process between species i and species j respectively
(e.g., radiative, Schockley-Read-Hall, Auger-Meitner). ji is the
flux of the species given by

ji = −z2i qµini∇φi

where µi is the species mobility. The flux can be discretized
with a number of thermodynamically consistent schemes.

The simulation domain can be in 1-, 2- or 3-dimensions,
which is meshed using a boundary-conforming-Delaunay tri-
angulation which is dual to the Voronoï diagram (see 2-D
example in Fig. 2 (left)). Transient and stationary problems
can be solved via a spatial finite volume discretization and
an adaptive implicit Euler time-stepping scheme, implemented
in VoronoiFVM.jl [4], [5]. The equations are solved
in terms of the electrostatic and quasi-Fermi potentials,
{ψ,φn, φp, {φx}}. This formalism ensures densities are pos-
itive, and that fluxes are conserved. The discretized equations
are solved using Newton’s method and the Jacobian is assem-
bled using automatic differentiation using dual numbers as
implemented in ForwardDiff.jl [6].

III. USAGE AND APPLICATIONS

ChargeTransport.jl simulates a varietey of different
semiconductor structures such as solar cells, p-i-n diodes,
lasers and 2-D materials. Example files for a selection of
structures can be found in the ChargeTransport.jl
repository. Sample usage shown below:
Installation can be done in one line:
using Pkg; Pkg.add("ChargeTransport")

Running an example:
include("Ex103_PSC_IVMeasurement.jl");

Ex103_PSC_IVMeasurement.main()

Numerical fluxes are set as follows:
data.fluxApproximation=[ScharfetterGummel]

Scanning protocols are passed to the boundary conditions:
contactVoltageFunction = [0*V,protocol]

Next, we briefly highlight the application to perovskite solar
cells [3] where electrons, holes and mobile ions contribute
to the electronic properties. The impact of patterning of the
surface on power conversion efficiency was studied. The
position-dependent generation of carriers (e.g., Fig. 2 (center))
was computed using JCMsuite [7].
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Fig. 3. Laser-beam-induced current for each laser position in
a domain with a doping contrast between the center and the
edges. Data generated from ChargeTransport.jl example
Ex203_LBIC_NonDimensional.jl.

Figure 2 (right) shows the electric field strength for a
nanotextured solar cell. The pattern height leads to an in-
homogeneous electric field not found in a planar cell. This
leads to imbalanced electron and hole distributions and reduces
detrimental Shockley–Read–Hall recombination.

Finally, we demonstrate how ChargeTransport.jl can
be used to understand the laser-beam-induced-current (LBIC)
technique, used to detect inhomogeneities in optoelectronic
devices. Figure 3 shows the generated current when a laser
beam is applied to different positions in the simulation domain.
The current maximum and minimum are at the depletion
region between p- and n-doped regions. This example is
carried out in a non-dimensionalized setting to study the
mathematical aspects of the problem [8].

IV. CONCLUSION

We presented a Julia-based open-source drift-diffusion sim-
ulation tool, which has wide-ranging applications for under-
standing optoelectronic devices, and can aid studying the
underlying numerics and mathematics.
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