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Abstract—This work presents a novel approach to per-
form trustworthy three-dimensional (3D) wide-area Technology
Computer-Aided Design (TCAD) simulations of avalanche break-
down at the device edge termination of an insulated gate bipolar
transistor (IGBT). By i) skipping computationally-demanding 3D
process simulations, ii) introducing suitable approximations in
the trench-gate (TG) and source contact (SC) geometry, and iii)
properly shaping the simulation domain, the proposed approach
allows to accurately address all aspects of device breakdown with
affordable computational burdens. That makes the approach a
powerful solution for predictive analyses supporting the design
of next-generation IGBT technologies.

Index Terms—3D TCAD Simulations, Breakdown Voltage,
Device Edge Termination, IGBT, Reliability

I. INTRODUCTION

The trench-gate field-stop (TGFS) insulated gate bipolar
transistor (IGBT) [1], [2] is among the most popular power
semiconductor devices for electric vehicles, wind farms and
photovoltaic power applications [3]–[5]. One of the most
critical requirements that the device must fulfill is the ca-
pability to withstand a high source-to-collector voltage of
the order of many hundreds of Volt or few kiloVolt in the
OFF state [6], [7]. To achieve this fulfillment, in the design
stage of the device special attention must be paid to the
avalanche breakdown phenomenology. This does not mean
just that the breakdown voltage (BV) of the device must be
accurately predicted as a function of its design parameters.
It also means that electrostatic nonuniformities, spots of high
carrier generation by impact ionization, and current crowding
effects must be carefully assessed and controlled to assure
proper and reliable device operation. From the standpoint
of avalanche breakdown, device edge termination represents
the most critical region for modern IGBTs [8]. Due to the
intrinsically 3D nature of this region, Technology Computer-
Aided Design (TCAD) simulations based on 2D approaches
[9], [10] do not allow to catch the essential physics for the
accurate assessment of the device breakdown phenomenology.
3D approaches, instead, typically introduce unaffordable com-
putational burdens, which could be relieved only by neglecting
small geometric features or missing the careful description of
carrier transport [11]–[13].

In this work, we propose a new 3D wide-area TCAD
approach with workable computational load to investigate
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Fig. 1. (a) Schematic top view of the IGBT (the source pad has been softened
at the top of the device to highlight the regions under it). (b) Magnified top
view of device corner. (c) Side view of the edge termination.

avalanche breakdown at IGBT edge termination. The approach
allows to capture in detail all the aspects involved in the
breakdown phenomenology, from the value of the breakdown
voltage (BV) to the nonuniformities in the spatial profile of the
electric field, of the impact ionization rate, and of the current
flow. The approach, implemented by using a commercial
tool [14], represents a powerful solution for accurate yet
affordable TCAD-assisted design of next-generation IGBT
technologies.

II. DEVICE STRUCTURE

State-of-the-art TGFS-IGBTs feature a complex edge ter-
mination, as shown in Fig. 1. This termination features three
main elements: a Deep p-well, a junction termination extension
(JTE) and a local oxidation of silicon (LOCOS) region. The
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Fig. 2. TCAD simulation approach for avalanche breakdown at IGBT edge
termination proposed in this work.

p-well wraps the upper and lower end of all the micrometer-
sized polysilicon trench gates (TGs) and micro-trench source
contacts (SCs) and the entire length of some lateral dummy
TGs and SCs (dummy TGs and SCs lack the n+ source
region). The JTE and LOCOS regions lie at the side of the
p-well. This termination scheme aims to mitigate electric field
intensification at the edge of the active area of the device,
increasing its BV. However, to achieve that outcome, a proper
design of all of its regions is mandatory [15].

III. NEW 3D TCAD SIMULATION APPROACH

While a 3D simulation approach is mandatory to accurately
reproduce the phenomenology of avalanche breakdown at the
device edge termination, the adoption of such an approach
is constrained by the computational burdens introduced by
the fine geometry of TGs and SCs. Resolving this geometry
structure through a proper simulation mesh, in fact, not only
requires a number of nodes that is hardly manageable with
ordinary computational resources but also raises severe issues
from the standpoint of the numerical convergence of the
simulations. To solve this conundrum, we developed the 3D
simulation approach schematically depicted in Fig. 2.

The approach requires, first, a 2D process simulation to
reproduce the geometry and doping profiles over a vertical
cross-section of the device close to its edge termination and
orthogonal to the TGs (the process flow and masks of a
state-of-the-art IGBT technology were used in this work).
Fig. 3 shows the resulting 2D device structure. A breakdown
simulation is, then, carried out on the resulting 2D device
structure for a preliminary inspection of device behavior. This
simulation consists of the quasi-stationary solution of the
coupled Poisson and continuity equations for electrons and
holes for increasing collector voltage (V ) up to the BV, with
all the other contacts grounded. The latter voltage was easily
identified as the voltage leading to a steep rise of the collector
current (I). In the simulation, drift-diffusion transport was
assumed for electrons and holes along with Shockley-Read-
Hall generation/recombination and avalanche generation by
impact ionization. Fig. 3 shows a colormap reproducing the
resulting impact ionization rate in the 2D device structure very
close to the BV. As expected, the device edge termination
represents the most relevant region for avalanche breakdown,
with a peak in the impact ionization rate appearing at the outer
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Fig. 3. (a) 2D device structure resulting from the scheme of Fig. 2 and
simulation results for impact ionization at the onset of avalanche breakdown.
(b) Magnified view of the region of the TGs, showing the negligible role
played by its central part from the standpoint of impact ionization.

corner of the p-well. A minor role, instead, is played by the
region of the TGs and SCs far from it.

Starting from the 2D device structure and simulation results,
a 3D version of the device is built by avoiding computa-
tionally expensive 3D process simulations and relying on
a simplified emulation procedure. As shown in Fig. 2, this
procedure involves i) combining the vertical structure of the
device obtained from 2D process simulations with the planar
morphology information provided by the process masks; ii)
merging all the TGs in the central region of the active area
into a unique polysilicon plate, removing all the materials in-
between them; iii) properly shaping the boundary of the central
region of the active area to minimize the simulation domain. It
is important to point out that, to correctly reproduce the current
paths in the device, a patterned geometry was preserved for
the end of the TGs and SCs and for the entire lateral dummy
TGs and SCs. Fig. 4 shows the 3D device structure resulting
from this scheme. On it, breakdown simulations are, finally,
carried out as previously done on the 2D device structure.

IV. RESULTS AND DISCUSSION

Fig. 5 shows a comparison of the I-V curves obtained from
2D and 3D simulations carried out on the device structure
of Fig. 3 and Fig. 4, respectively. Results reveal that the
BV predicted by 3D simulations is lower than that predicted
by 2D simulations and more in agreement with the value
obtained from experimental measurements on the state-of-
the-art IGBT technology whose process flow is reproduced
through the simulation scheme of Fig. 2. 3D simulations,
indeed, offer a more correct description of the phenomenology
of avalanche breakdown at the outer edge of the p-well
than 2D simulations, correctly catching the change of field
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Fig. 4. (a) 3D device structure resulting from the simulation approach of Fig. 2. (b) and (c) are magnified views of the device, highlighting the transition
from the merged TG area to the patterned TGs.

intensification and impact ionization along the curvature of
that edge.

The change of the impact ionization rate along the curved
edge of the p-well at the onset of breakdown resulting from
3D simulations is highlighted in Fig. 6. This change, of course,
cannot be reproduced by 2D simulations, which therefore miss
an important aspect of the breakdown phenomenology.

3D simulations not only provide a more accurate assessment
of the device BV and of the spots where impact ionization is
magnified with respect to 2D simulations. They also provide
a more comprehensive view of the current flows through the
device when the breakdown condition is approached. In this
regard, Fig. 7 shows that reproducing the fine 3D array of TGs
and SCs is mandatory to correctly catch the spatial profile of
the current density and how the total current splits among the
SCs.

Neglecting the patterned TGs, for instance, does not allow
to reproduce the very strong current crowding towards the
outermost dummy SC that appears when accounting for them
(compare parts (a)-(b) with parts (c)-(d) of Fig. 7). The
extreme SC, in fact, can be reached through a lower resistive
path from the point of maximum carrier generation by impact
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Fig. 5. Simulation results for the collector current vs. voltage near the BV,
as resulting from 2D and 3D simulations. The collector voltage has been
normalized to the experimental BV of the IGBT devices on which process
simulations have been calibrated.
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Fig. 6. (a) 3D simulation results for impact ionization at the onset of
breakdown. (b) Magnified view of part (a) highlighting nonuniformities in
impact ionization along the perimeter of the p-well.

ionization at the edge of the p-well region, with respect to
the inner SCs, because it is not surrounded by TGs. As a
consequence of that, it gathers most of the holes generated by
impact ionization at the outer edge of the p-well region. That
strong current crowding can be truly appreciated and optimized
only through 3D simulations.

Finally, although including the patterned structure of TGs
and SCs worsens the 3D simulation burden, Fig. 8 proves
that such can be relieved to an affordable level by properly
shaping the boundary of the central region of the active area.
In particular, by looking at cases D1, D2, and D3 in Fig. 8, it
appears clearly evident that removing a larger portion of the
merged TG region allows to halve the time needed for the
breakdown simulation on the 3D device structure thanks to
a corresponding decrease in the number of simulation nodes
(see part (b) of the figure). This reduced simulation burden
does not involve any change in the assessment of the BV
voltage and, more in general, in the accuracy of the simulation
results (see part (c) of the figure). An excessive removal of
the merged TG region, however, inevitably leads to failures
in reaching convergence with the simulations (see case D4 in
Fig. 8). This is due to an improper description of the device
structure between the outermost TGs and p-well.
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Fig. 7. Avalanche current density at the onset of breakdown when (a) missing
and (c) including the TGs in the device structure. (b) and (d) are magnified
view of parts (a) and (c) close to the lateral dummy SCs.
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Fig. 8. (a) Different shaping of the simulation domain, resulting in increasing
removal of the central part of the device from 1 to 4. (b) CPU time to carry out
breakdown simulations and number of mesh nodes for the explored domains.
(c) Simulated collector current vs. voltage for the explored domains.

V. CONCLUSIONS

We introduced a new approach to perform 3D large-area
TCAD simulations of avalanche breakdown at the device edge
termination of IGBTs. The approach is based on sensible
approximations adopted to build the 3D device structure
and allows to fully catch all the aspects of the breakdown
phenomenology. By properly reproducing not only the BV but
also the percolative current paths in the device, the approach

represents a valuable solution to support the development of
next-generation IGBT technologies.
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