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This paper explores the application of Parallel-in-Time (PinT) algorithm for transient semiconductor device simulations. We used
the Multigrid Reduction in Time (MGRIT) algorithm to address the inefficiencies of conventional sequential time-stepping methods.
Experiments on the mixed-mode device-circuit co-simulation of a 2D PiN diode’s forward and reverse recovery processes demonstrate
gains in computational speed and scalability through temporal parallelism across multiple cores, highlighting the potential of PinT
algorithm in semiconductor device simulations. Limitations of the PinT algorithm and potential improvements are also discussed.
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I. INTRODUCTION

SEMICONDUCTOR device simulations play a vital role in
modern electronics, enabling the design and optimization

of devices ranging from diodes to complex integrated circuits.
These simulations provide detailed insights of carrier dynam-
ics, device performance, and reliability, which are critical for
semiconductor device analysis [1], [2].

However, the computational cost of device transient sim-
ulation remains a significant bottleneck. Conventional time-
stepping methods such as backward Euler (BE) or second-
order backward differentiation formula (BDF2), process each
time step sequentially, leading to inefficiencies, particularly for
large-scale simulations with fine temporal resolution. These
inefficiencies are complicated by the need to capture intricate
multi-scale phenomena inherent to semiconductor devices.

Parallel-in-Time (PinT) algorithms [3] have demonstrated
potential in domains like magnetic field [4] and power system
analysis [5] by enabling simultaneous computation of multiple
time steps to accelerate simulations. However, their application
to semiconductor device simulations remains unexplored. This
study aims to address this gap by employing the PinT algo-
rithms to overcome the inefficiencies in transient semiconduc-
tor analysis.

II. MATHEMATICAL MODEL OF SEMICONDUCTOR DEVICE
DYNAMICS

To model the carrier dynamics of semiconductor devices,
the electrostatic potential ψ and densities of electrons and
holes n, p are solved by Poisson’s equation coupled with two
continuity equations:
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where q is the elementary charge and ε is the semiconductor
dielectric constant; N denotes the given net doping concentra-
tion; Gn, Gp, Rn, Rp denote the generation and recombination
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Fig. 1. Illustration of the MGRIT algorithm with 2 levels.

rates of electrons and holes, respectively; the current densities
Jn,Jp are modeled by drift and diffusion terms

Jn = −qµnn∇ (ψ + VT ln (nie)) + qDn∇n
Jp = −qµpp∇ (ψ − VT ln (nie))− qDp∇p

(2)

where µn, µp and Dn, Dp denote mobility and diffusion coef-
ficients of electrons and holes; VT denotes thermal voltage and
nie denotes effective intrinsic density. Details on these physical
models can be found in [1].

Existing numerical solvers typically discretize these equa-
tions using finite volume or stabilized finite element methods
[6] for spatial terms and BE or BDF2 for time. Transient
simulations rely on serial time-stepping, where each time step
is solved sequentially using Newton’s method. Parallelization
in these methods is generally limited to matrix assembly and
linear solvers [7], failing to utilize temporal parallelism.

III. THE MULTIGRID REDUCTION IN TIME ALGORITHM

The Multigrid Reduction in Time (MGRIT) [3] is a PinT
algorithm that extends the principles of spatial multigrid to
time domain, enabling parallel computations by coarsening
time grids and iteratively refining solutions. As illustrated in
Fig. 1, MGRIT operates on a hierarchy of temporal grids with
fine-grid points (F-points, in black) representing all time steps,
and coarse-grid points (C-points, in red) forming a subset with
reduced resolution. This hierarchy allows for iterative updates
that alternate between local relaxation and global corrections.



The core operations of MGRIT are F- and C-relaxations,
shown by the blue and green arrows in Fig.1. In F-relaxation, F-
points are updated by the original time-stepping scheme (e.g.,
BE or BDF2), with Newton’s method solving equation(1). C-
relaxation restricts the fine time grid solution to the coarse grid,
where a reduced system is solved. The coarse grid corrections
are then interpolated back to refine the fine-grid solution and
achieve global convergence.

The core MGRIT iteration can be expressed as:

u
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F = u

(k)
F + IC→F
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F
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(3)

where u is the solution, k is iteration number, temporal restric-
tion operator RF→C restricts the fine time grid solution to the
coarser time grid, and interpolation operator IC→F interpolates
the coarse time grid correction back to the fine time grid.

Algorithm 1 MGRIT
1: Repeat
2: Relax the solution with F- and C-relaxation in parallel in Fig. 1
3: Compute the residual on the coarse grid u

(k+1)
C − RF→Cu

(k)
F

4: Solve the coarse-grid correction problem sequentially
5: Correct the solution at C-points
6: Update the solution at the F-points with F-relaxation in Fig. 1
7: until norm of residual is small enough

The MGRIT efficiently parallelizes steps 2, 5, and 6 in
Algorithm 1. Both F- and C-relaxations can be conducted
concurrently, enabling parallel updates for local solutions and
coarse-grid corrections. This enhances efficiency over sequen-
tial time-stepping and makes MGRIT particularly suitable for
large-scale simulations requiring fine temporal resolution.

IV. NUMERICAL EXPERIMENTS

To validate the PinT algorithm, transient simulations were
performed on a PiN diode coupled with external circuit.
The diode’s doping profile, computational mesh, and external
voltage source are shown in Fig. 2. Using a mesh of 2432
triangular cells, the simulation computed the transient behavior
of 10 microseconds, divided into 16384 uniform time steps.
The forward and reverse recovery processes of the diode, driven
by carrier dynamics, were captured in Fig. 3.
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Fig. 2. The V-R-L-D test circuit with a PDE-modeled PiN diode.

Strong scaling tests were conducted to evaluate performance.
Using the same spatial mesh, Fig. 4 demonstrates the efficiency
of MGRIT compared to conventional serial time-stepping
methods. The backward Euler method, combined with multi-
threaded parallel matrix assembly and parallel PARDISO direct
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Fig. 3. Transient simulation result of the PiN diode.

solver, exhibited limited scalability. Speedup saturated at 4
CPU cores due to thread-switching overheads, with perfor-
mance declining as more cores were added.
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Fig. 4. Parallel speedup comparison between PinT and conventional method.

In contrast, the MGRIT demonstrated better scalability,
efficiently utilizing up to 64 cores. This scalability highlights
its advantage in simulations requiring high temporal resolution.

V. SUMMARY

This work marks the first step in employing PinT method
in semiconductor device modeling. By exploiting temporal
parallelization, MGRIT algorithm accelerates devices’ transient
simulations, although the parallel efficiency is not optimal.
Future work will explore adaptive time-stepping and better
multigrid relaxation techniques to improve parallel efficiency.
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