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Abstract— The performance of a novel diode with
characteristic trench shape is predicted by TCAD simulation. A
novel 600 V vertical PiN diode with hole pockets by the Bosch
deep trench process is proposed for a better trade-off curve
between reverse recovery loss and forward voltage. The reverse
recovery loss is reduced to a half. In addition, the active chip size
of the novel diode is reduced to two-thirds that of the
conventional PiN diode in the same forward voltage. The novel
diode structure is a strong candidate when the simple fabrication
process under development is established.
Keywords— diode; vertical; trench; Bosch; hole; reverse
recovery loss

I.

Introduction: Requirement
for novel vertical diode

Efficiency improvement and the prevalence of high
efficiency power electronics apparatus are key factors for
efficient energy usage in our more electric-oriented society [1].
For these key factors, reverse recovery loss reduction (fast
reverse recovery) at certain forward voltage and low cost are
required for diodes in the power electronics apparatus.

Fig. 1. Simulated trade-off curves between reverse recovery loss and
forward voltage of lateral PiN diode and conventional diode without
oscillation waveform.

To meet these demands, diodes have made remarkable
progress in recent decades and many technologies have been
continuously studied to enable next-generation power
electronics.
Silicon diodes are superior to wide-bandgap diodes in the
aspect of low cost (mass production technology). On the other
hand, it was believed that the physical properties of silicon
make it difficult to reduce reverse recovery loss any lower. To
overcome the limitations of this silicon device, many
researchers have endeavored to reduce reverse recovery loss
by novel diode structure with hole pockets or deep trench [212]. However, there is no simple and fast fabrication process
for the diodes at present.
We previously proposed a lateral SOI PiN diode with hole
pockets as a novel diode structure to revise recovery loss
reduction [13, 14]. Thanks to the waveform oscillation
suppression with hole pockets, the diode successfully reduces
reverse recovery loss to a half by the short current path (see
Fig. 1). On the other hand, the cost of the lateral diode is
predicted to be high because the diode with the thin Si layer

Fig. 2. Simulated trade-off curves between active chip size and forward
voltage of lateral PiN diode and conventional diode without oscillation
waveform.

requires a large chip size at a certain forward voltage (see Fig.
2). It is about three times larger than conventional vertical
diodes. Therefore, a vertical PiN diode with hole pockets is
proposed with novel technology of the Bosch deep trench
process [15].

II.

Hole pocket shape by Bosch
deep trench process

The Bosch deep trench process enables high aspect ratio
etching by the alternation of passivation and etching cycles. In
each cycle a chemically inert polymer layer is uniformly
deposited. This passivation layer prevents the sidewalls from
being attacked in the subsequent etching step. By feeding high
frequency plasma with etching gases, the passivation layer at
the bottom of the trench is rapidly removed. After that, the
silicon substrate is chemically etched.
In the passivation and etching cycles of the Bosch process,
the characteristic convexo-concave shape called scallop is
naturally shaped. The scallop shape can be controlled by the
etching process. Basically, a larger scallop is formed by the
larger amount of silicon etching per 1 cycle with longer
etching time. And the etching speed is comparatively high. For
example, the process time is around 4 minutes per 40 μm deep

Fig. 4. Sidewall AFM image of as-etched silicon substrate with
continuous scallop in the back by the Bosch process deep trench.

trench with a sufficiently larger scallop (see Fig. 3). Therefore,
the Bosch process is utilized to create the hole pocket rapidly.
We made deep trenches of 5 μm, 10 μm, 20 μm and 40 μm
line and space (L/S) on a trial basis. The difference in the level
of the scallops was successfully shaped for all L/S deep
trenches. The difference was about 0.5 μm regardless of the
L/S size and continues in the back (see Fig. 4). The crystal
defects in the sidewall are not observed by TEM analysis.
Another process for thickening the SiO2 layer and electrode in
the deep trench will be developed next.

Performance prediction of
novel diode by TCAD simulation
III.

The as-etched trench shape of the Bosch process was
revealed by trial silicon etching in Chapter 2. The features of
the trench shape are as follows (see Fig. 5).

Fig. 3. Cross-section SEM image of as-etched silicon substrate with
scallop by Bosch deep trench process.



The bottom shape has roundness.



The sidewall shape is a saw blade.



The pitch of the saw blade shape is about 2 μm.



The difference in the level of the saw blade shape is
about 0.5 μm.

Fig. 5. Simulated novel diode structure with hole pockets.

The performance of the novel diode with the characteristic
trench shape is predicted by TCAD simulation. The novel
diode has a higher doping concentration of the N- layer. The

Fig. 6. Simulated trade-off curves between reverse recovery loss and
forward voltage of novel vertical PiN diode and conventional diode
without oscillation waveform.

trench and the higher doping concentration equalize the
electric field to maintain high blocking voltage in the off state
and eventually the requisite thinner N-(base) layer thickness.
The simulation results indicate a better trade-off curve of
reverse recovery loss and chip size. Thanks to the waveform
oscillation suppression with hole pockets, the diode with the
thin N-base layer successfully reduces the reverse recovery
loss to a half (see Fig. 6). Furthermore, the active chip size of
the novel diode is reduced to two-thirds that of the
conventional PiN diode at the certain forward voltage (see Fig.
7).
The surge voltage with noise is dramatically suppressed by
the novel structure compared with the waveform of
conventional punch-through structure and the simple deep
trench diode without hole pockets (see Fig. 8). After reverse
recovery, the stored carrier is swept out from the N-base layer.
In this reverse recovery process, when the stored carrier is
wsept out rapidly, the surge voltage and noise are generated
intensely [16, 17]. The stored carrier of the novel diode
successfully remained for a long time after reverse recovery
because the hole pockets lose hole drift velocity (see Fig. 9
and Fig. 10).
Conventional and proposed applicable diode structures for
the PiN diode are non punch-through, punch-through,
superjunction, and lateral PiN diode with hole pockets [18]
(see Fig. 11). In the three subjects of the reverse recovery loss
and active chip size at a certain forward voltage, and surge
voltage with noise during reverse recovery, no diode structure
satisfies the three subjects. The novel vertical PiN diode
structure with hole pockets is a strong candidate for when the
simple fabrication process is established.
The diode structure and fabrication process can be applied
to all bipolar devices such as PiN diode and IGBT.

IV.

Fig. 7. Simulated trade-off curves between active chip size and forward
voltage of novel vertical PiN diode and conventional diode without
oscillation waveform.

Conclusion

The performance of the novel diode with the characteristic
trench shape is predicted by TCAD simulation. A novel 600 V
vertical PiN diode with hole pockets by the Bosch deep trench
process was proposed for a better trade-off curve between
reverse recovery loss and forward voltage. The reverse
recovery loss is reduced to a half. In addition, the active chip
size of the novel diode is reduced to two-thirds that of the
conventional PiN diode. The novel diode structure is a strong
candidate for when the simple fabrication process under
development is established. The diode structure and
fabrication process can be applied to all bipolar devices such
as PiN diode and IGBT.
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Fig. 9. Hole density during reverse recovery (The thickness of all structures is 50 um).
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Fig. 10. Hole drift velocity during reverse recovery.
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Fig. 11. Conventional and applicable structures for high voltage diode with merit and drawback.

