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Systematic Design and Parametric Analysis of
GaN Vertical Trench MOS Barrier Schottky
Diode With p-GaN Shielding Rings

Sihao Chen

Abstract—We report GaN vertical trench MOS barrier
Schottky (TMBS) diodes with embedded p-GaN shielding
rings (SRs) and systematically investigate the impact of
different structural parameters of the p-GaN SRs on the
breakdown performance of the GaN-based vertical TMBS
diodes by numerical simulation. The charge coupling effect
by the embedded p-n junction at the bottom of the trench
homogenize the electric field at the trench corner and
alleviate the electric field crowding effect at the Schottky
contact region, which can effectively avoid the premature
breakdown and improve the reverse blocking capability of
the TMBS diodes. The p-GaN SRs can also broaden the over-
lapped depletion region and shift the pinch-off point into the
n—-GaN drift region, thus facilitating the 2-D depletion in the
n—-GaN drift layer and boosting the breakdown performance
of the conventional TMBS diodes. We found that the doping
concentration, thickness, and the width of the p-GaN SRs
are closely associated with the electric field distribution and
the reverse breakdown characteristics of the GaN-based
vertical TMBS diodes. The vertical TMBS diodes with opti-
mal p-GaN SR parameters featured a dramatic improvement
in the breakdown voltage from 907 to 1281 V, without an
obvious degradation in the on performance. The proposed
TMBS diodes with a p-GaN SR structure can pave the way
toward a high-performance GaN vertical power device for
high-power and high-efficiency power switch applications.

Index Terms— Breakdown voltage (BV), device design,
gallium nitride, specific on-resistance, vertical trench MOS
barrier Schottky (TMBS) diode.

I. INTRODUCTION

GaN—BASED power electronic devices have emerged as
one of the most prominent candidates for high-power
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and high-voltage applications, for example, fast charging,
mobile communication, data centers, and renewable energy.
Recent studies demonstrated lateral GaN power devices with
large breakdown voltage (BV) and low ON-resistance, thanks
to the high-density 2-D electron gas (2DEG) formed at the
AlGaN/GaN interface [1]-[5]. However, the footprint and
parasitic components of the lateral devices scale proportionally
with the BV, which can result in a limited switching frequency
of the devices for high-voltage (>650 V) and high-current
applications [6]-[8]. Moreover, the 2DEG channel of the lat-
eral device locates in the vicinity of the device surface, making
it extremely vulnerable to the surface states [9]. Fortunately,
GaN vertical devices are not plagued by these issues. A high
breakdown vertical device can be made possible by simply
increasing the vertical thickness of the drift layer, without
increasing the footprint of the devices. The ON-state current
flows through the bulk material instead of the near-surface
2DEG channels and thus a more reliable dynamic performance
can be achieved with a vertical device topology [10]-[15].

Schottky barrier diodes (SBDs) are one of the most impor-
tant components of modern power systems due to its low
voltage drop and fast switching capability [16]-[21]. Never-
theless, GaN-based diodes are not yet commercially available,
probably due to the dynamic and reliability issues related to
the lateral architectures. Given the unique advantages over
their lateral counterparts, GaN vertical SBDs are recognized as
promising alternatives for the next-generation power modules
and systems. However, suffering from the energy barrier
lowering effect induced by the image force, GaN vertical SBDs
are bedeviled by severe reverse leakage current at reverse bias
condition, which results in premature breakdown of the device
and undesirable power consumption of the power systems in
the OFF state [22].

Extensive research has been conducted to tackle the reverse
leakage and premature breakdown issue. A vertical junction
barrier Schottky (JBS) structure was proposed and proved to
be effective [23]-[25]. Another way to improve the reverse
characteristics is to employ a vertical trench MOS barrier
Schottky (TMBS) structure. The TMBS diode design adopts
a MOS structure to shield the electric field at the Schottky
interface. As a result, the reverse leakage current caused by
the image force can be alleviated [26]. However, a strong
electric field crowding effect is commonly observed at the
corner of the trench, which limits or even degrades the
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Fig. 1. Cross-sectional schematic of (a) conventional GaN-based TMBS
diodes and (b) GaN-based TMBS with p-GaN SRs.

breakdown capability of the TMBS diodes [27]-[31]. Recently,
Zhang et al. [31] demonstrated improved breakdown character-
istics of GaN vertical TMBS diodes with argon (Ar) implanted
shielding rings (SRs) at the bottom of the trench. The improved
breakdown performance can be attributed to the redistribution
of the electric field by incorporating the SRs, whereas the
impact of the structural parameters of the SRs on the device
performance and the theoretical limit of the SR-TMBS diodes
remains to be explored. Moreover, an enhanced charge cou-
pling effect from the SRs can be anticipated by replacing the
Ar-doped GaN with Mg-doped p-type GaN, which can form an
embedded p-n junction and promote the 2-D depletion toward
the n~-GaN drift region. In this article, we report GaN-based
TMBS diodes with p-GaN SRs and systematically investigated
the impact of key structural parameters (e.g., the doping
concentration, thickness, and width) of the p-GaN SRs on the
forward and reverse characteristics of the GaN-based vertical
TMBS diodes. With optimum p-GaN SRs, the BV of the
TMBS diodes can be boosted from 907 to 1281 V, without
degrading the ON performance of the devices. These results
reveal great potential of GaN vertical SR-TMBS diodes for
high-efficiency and high-frequency power switch applications.

Il. DEVICE ARCHITECTURES AND PARAMETERS

Fig. 1(a) and (b) illustrate cross-sectional schematics for
the conventional TMBS (C-TMBS) diodes and proposed
TMBS diodes with p-GaN SRs (SR-TMBS), respectively. Both
devices consist of trench MOS structures with a 9-xm-thick
n~-GaN drift layer (Si = 2 x 10'® cm™®) on an n™-GaN
substrate (Si = 5 x 10'"® cm™3), except that p-GaN SRs
were incorporated beneath the trench of the SR-TMBS diodes.
As shown in Fig. 1(a), depletion region occurs underneath the
Schottky contact and along the vertical sidewall of the MOS
structures under the reverse bias condition. As the reverse
bias increases, an overlap of the depletion region by the
two adjacent MOS structures and the top Schottky contact
can be observed, resulting in a pinch off point, depicted
as point A in Fig. 1(a). The charge coupling effect by the
trench MOS structure can effectively reduce the electric field
underneath the Schottky contact and minimize the reverse
leakage current due to the energy barrier lowering effect.
However, the reduced electric field at the Schottky interface
is accompanied with a local electric field crowding at the

TABLE |
KEY DEVICE PARAMETERS FOR C-TMBS AND SR-TMBS DIODES

Parameters C-TMBS SR-TMBS
Width of trench (W) 4.0 um 4.0 um
Width of Mesa (W,) 2.0 pm 2.0 pm
Thickness of epilayer (7,,,) 9.0 um 9.0 um
Substrate doping (N,.,) 5x10' cm™ 5x10' cm™
Etch depth of trench (7)) 2.0 pm 2.0 pm
Thickness of Oxide (7,.) 0.2 um 0.2 um
Thickness of Substrate (7)) 2.0 pm 2.0 pm

Ni/Au/Ni Hard mask

©)] (b) (©)

Mg Implantation

Ni/Au Schottky Contact PECVD Oxide layer

\
p-GaN
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Fig. 2. Fabrication process of the GaN-based vertical TMBS diodes with
p-GaN SRs. (a) MOCVD epitaxial layer. (b) Form Hard mask. (c) Trench
etching. (d) Form p-GaN SRs. (e) Oxide deposition and patterning.
(f) Metal evaporation.

mesa edges, which may result in a premature breakdown of
the C-TMBS diodes. With p-GaN SRs, an additional coupling
effect by the embedded p-n junction is involved and thus the
pinch-off point is shifted downward from the original point
A to point B in the SR-TMBS diodes in Fig. 1(b), leading
to an enhanced 2-D depletion into the drift region. Detailed
parameters of the devices are listed in Table I.

To demonstrate the fabrication feasibility of the proposed
SR-TMBS structure, an assumed schematic process flow is
presented in Fig. 2. To start with, a 9-um-thick n™-GaN drift
layer is epitaxially grown on freestanding n™-GaN substrates.
A Ni/Au/Ni hard mask is then selectively deposited to define
the etching and implanting region. The trench structure is
obtained by dry etching, followed by a self-aligned Mg
implantation to form the p-type SRs at the bottom of the
trench. After removal of the metal mask, a SiO, layer is
deposited and openings are created on top of the mesa by
dry etching. A Ni/Au metal stack is deposited to form the
Schottky contact. Finally, the bottom Ohmic contact can be
formed by e-beam deposition of Ti/Al stack. Similar structures
have been demonstrated in [31]-[34], confirming the viability
of the proposed fabrication process.

The doping, thickness, and width of the p-GaN SRs were
varied to explore the optimal design parameters. Advanced
Physical Models of Semiconductor Devices (APSYS) soft-
ware [35] was used for numerical investigations. The key
physical models used in the simulation include continuity and
Poisson’s equations, carrier generation—recombination model,
intraband tunneling model, and drift-diffusion model. The
breakdown process was determined by the impact ionization
model, in which the impact ionization coefficients for GaN
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Fig. 3. (a) BV as a function of the p-GaN doping concentration for

SR-TMBS diodes at an n-GaN drift doping concentration of 8e15, 2e16,
and 5e16 cm—3, respectively. (b) Electric field profiles along the oxide
sidewall for the SR-TMBS diodes with different p-GaN doping concen-
trations at a reverse bias of 600 V (n~-GaN drift doping concentration:
2e16 cm—3). (c) Lateral electric field profiles at the metal/oxide interface
for the SR-TMBS diodes with different p-GaN doping concentrations
(n-GaN drift doping concentration: 2e16 cm~3). (d) Electric field profiles
along the mesa midline for the SR-TMBS diodes with different p-GaN
doping concentrations at a reverse bias of 600 V (n~-GaN drift doping
concentration: 2e16 cm—3).

were calculated by the following Chynoweth’s equations (1)
and (2) [29], [36]:

—3.4X 7 'cm
oy = 2.9 % 10° cm—! x o(ZEF) (1)

2)

where E is defined as the magnitude of the electric field in
the drift region of the devices at the reverse bias condition.

g -1 (—2403><]()7 V/cm)
ap =134 x10°cm™ x e £

[1l. RESULT AND DISCUSSIONS

A. Impact of the p-GaN Doping Concentration on the
Electrical Properties for GaN-Based SR-TMBS Diodes

Fig. 3(a) shows the influence of the p-GaN doping con-
centration on the breakdown characteristics of the SR-TMBS
diodes with different background doping levels in the drift
region. The BV was extracted when the reverse leakage current
density reached 0.01 A/cm?. The BV of the SR-TMBS diodes
is reversely proportional to the background concentration in
the drift region, mainly due to the reduced depletion width
in the drift region at the reverse bias condition. The doping
concentration of the p-GaN SRs has a significant impact on
the breakdown characteristics of the SR-TMBS diodes. Note
that the doping concentration refers to the concentration of the
Mg dopant. The BV of the SR-TMBS diodes first increases
and then decreases with increased doping concentration of
the p-GaN SRs. A peak BV of 1281 V was recorded at
a p-GaN doping concentration of 1 x 10'® cm™ for the
SR-TMBS diodes with a drift doping concentration of 2 x
10'® cm™3. Further increase of the p-doping concentration
to above 1 x 10! cm™3 results in a BV even lower than

that of the C-TMBS diodes. In addition, the optimal p-doping
concentration that leads to the highest BV is positively cor-
related with the background doping level in the drift region.
More specifically, the peak value of the BV is obtained at a
p-doping concentration of 8 x 10" cm™3, 1 x 10" cm™3,
and 1.2 x 10" ¢cm™3, with a drift doping concentration of
8 x 10 ecm™3, 2 x 10" cm™3, and 5 x 10 cm™3,
respectively.

The BV is mainly determined by the electric field profiles
and the depletion region width at reverse bias condition.
Fig. 3(b) plots the vertical electric field profiles along the
oxide/GaN interface, as shown by the dashed line in the inset.
While the traditional C-TMBS diodes featured a single electric
field peak adjacent to the mesa edges, two electric field peaks
can be observed for the SR-TMBS diodes, which corresponds
to the electric field crowding at the corner of the trench and the
edge of the embedded p-GaN SRs, respectively. With a low
doping concentration of 1 x 10'® cm~ in the p-GaN SRs, only
a negligible proportion of the electric field was coupled from
the corner of the trench to the edge of the p-GaN SRs. As a
result, the premature breakdown still takes place at the mesa
edges and the BV remains nearly the same as the C-TMBS
diodes. By increasing the p-type doping concentration to 1 x
10" ¢cm™3, an uniformly distributed 2-D electric field profile
can be observed, resulting in a peak BV of 1281 V in the
SR-TMBS diodes. However, when we further increase the
p-doping concentration to 3 x 10" ¢cm™ in the embedded
SRs, the electric field at the SR edge exceeds the critical
field of GaN material and results in the breakdown of the
device, which explains the even lower BV than that of the
C-TMBS diodes. The lateral electric field profiles in Fig. 3(c)
also indicate that as the concentration of p-GaN increases,
the electric field at the metal/oxide interface in the vicinity of
the trench corner decreases accordingly, which agrees with the
increased electric field peak at the trench corner with increased
p-GaN doping level in Fig. 3(b). Note that the peak value of
the electric field at the metal/oxide interface in Fig. 3(c) is ten
times the value at the oxide/GaN interface in Fig. 3(b), indicat-
ing that the electric field peaks at the oxide/GaN interface is
inducted from the metal/oxide interface. Fig. 3(d) illustrates
the electric field profiles along the midline of the mesa for
the C-TMBS diodes and the SR-TMBS diodes with different
p-GaN doping concentration. As the doping concentration of
p-GaN increases, the peak position of the electric field profile
moves from the Schottky interface into the bulk n™-GaN drift
region and the surface electric field underneath the Schottky
contact decreases, leading to a reduced reverse leakage cur-
rent density of the SR-TMBS diodes. In addition, thanks to
the charge coupling effect, an increased depletion width is
observed with a larger p-doping concentration, which can also
contribute to an improved breakdown capability.

B. Impact of p-GaN Thickness on the Electrical
Properties for GaN-Based SR-TMBS Diodes

As has been discussed earlier, the doping concentration
of the p-GaN SRs affects the BV of the SR-TMBS diodes
via the electric field distribution. The basic principle toward
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. . . . Fig. 5. 2-D electric field distribution of devices A2, B2, and B5 in the
Fig. 4. (a) BV as a function of the p-GaN thickness and doping vicinity of the p-GaN SRs at a reverse bias of 900 V.

concentration in the SR-TMBS diodes. (b) Electric field profiles along the
oxide sidewall for the SR-TMBS diodes with different p-GaN thicknesses
at a reverse bias of 600 V. (c) Electric field profiles at the metal/oxide
interface for the SR-TMBS diodes with different p-GaN thicknesses at a
reverse bias of 600 V. (d) Electric field profiles along the mesa midline for
the SR-TMBS diodes with different p-GaN thicknesses at a reverse bias
of 800 V. The doping concentration of the n—-GaN drift layeris 2e16 cm—3.

an improved BV is to achieve a uniform distribution of
the electric field at reverse bias. In addition to the doping
concentration, the thickness of the p-GaN SRs also plays a
crucial role in the electric field distribution. The relationship
between the thickness of the p-GaN SRs and the BV of the
SR-TMBS diodes is shown in Fig. 4(a). Subject to different
p-GaN doping concentration, the impact of the p-GaN thick-
ness on the BV varies. At a p-GaN doping level exceeding
1 x 10" cm™3, the BV of the device decreases monotonously
with the thickness. When the p-GaN doping concentration is
set to 1 x 10'8 cm™3, the BV first increases to a peak value
(1281 V for device A2) at a thickness of 200 nm and then
decreases with increased p-GaN thickness. As the p-doping
concentration reduces to 1 x 107 cm™3, the BV increased
monotonously with the p-GaN thickness and the highest BV
of ~1400 V was obtained for device B5 at a p-GaN thickness
of 1.5 um. Further decrease in the p-doping concentration
to 1 x 10'® cm™3 leads to an overall reduction in the BV,
which has been discussed in Fig. 3. Now that both the doping
concentration and the thickness of the p-GaN SRs poses a
significant impact on the BV, a simultaneous optimization of
the two adjunct parameters is highly desired to achieve the
optimal device performance.

To explore the mechanism behind these phenomena,
we extracted the electric field profiles from the SR-TMBS
diodes along selected cutlines at a reverse bias of 600 V.
Fig. 4(b) plots the vertical electric field profiles along the
oxide/GaN interface for the SR-TMBS diodes with a p-doping
concentration of 1 x 10'® cm™3 in the embedded SRs. With
increased p-GaN thickness, the electric field is gradually
redistributed from the trench corners to the edge of the p-GaN
SR structure. Most uniform distributions can be achieved

with a p-GaN thickness of 200 nm (device A2). Smaller or
larger p-GaN thickness will result in a premature breakdown
either at the trench corners or the p-GaN SR edges due
to electric field crowding. The redistribution of the electric
field with different p-GaN thickness can also be confirmed
from Fig. 4(c), in which a substantial decrease in the peak
electric field at the metal/oxide interface close to the trench
corner can be observed with increased p-GaN thickness. The
thickness of the embedded p-GaN SRs is also closely related
to the electric field value at the surface and the depletion
depth, as is shown in Fig. 4(d). An increased p-GaN thickness
can result in a reduced electric field at the Schottky surface
and an increased depletion width, which can be correlated
with an alleviated reverse leakage current of the SR-TMBS
diodes.

For the purpose of demonstrating the redistribution process
of the electric field with embedded p-GaN SRs, we compare
the 2-D electric field of the SR-TMBS diodes with different
p-GaN doping concentration and thickness in Fig. 5. Devices
A2 and B2 are designed with the same p-GaN thickness
but different doping concentrations (1 x 10' cm™ and
1 x 10" cm™3, respectively). It can be seen that the electric
field peak is successfully transferred from the trench corners
(device B2) to the edges of the p-GaN SRs (device A2),
which agrees well with the 1-D electric field distribution in
Fig. 4(b) and (c). Devices B2 and B5 consist of the same
p-GaN doping concentration but different thicknesses (200 nm
and 1.5 um, respectively). With a larger p-GaN thickness in
device BS, the electric field crowding at the trench corners
(device B2) can be effectively alleviated. In the meantime,
a uniformly distributed electric field can be recorded across
the embedded thick p-GaN SRs. As a result, the commonly
observed electric field crowding at the SRs is also negligible
for device B5, which leads to an enhanced BV, compared
to device A2. From the discussion above, we can draw
the conclusion that both the p-GaN concentration and the
thickness can influence the electric field distribution at reverse
bias.
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Fig. 6. (a) and (b) BV as a function of the width of p-GaN SRs in
the SR-TMBS diodes. (c) Electric field profiles along the oxide sidewall
for the SR-TMBS diodes with different p-GaN widths at a reverse bias
of 600 V. (d) Electric field profiles at the bottom of the p-GaN SRs for the
SR-TMBS diodes with different p-GaN widths at a reverse bias of 600 V.
(e) Electric field profiles along the mesa midline for the SR-TMBS diodes
with different p-GaN widths at a reverse bias of 600 V. The doping
concentration of the n—-GaN drift layer is 2e16 cm~3.

C. Impact of p-GaN Width on the Electrical Properties for
GaN-Based SR-TMBS Diodes

After addressing the impact of the p-GaN concentration and
thickness on the breakdown performance of the SR-TMBS
diodes, we then look into how the p-GaN width affects the
electric field distribution and the BV of the SR-TMBS diodes.
As is shown in Fig. 6(a) and (b), two groups of SR-TMBS
structures are designed to elucidate the relationship between
the width of p-GaN SRs and the charge coupling effect.
In more detail, group A consists of p-GaN SRs that extends
from the edge of the device to the corner of the trench, while
group B features p-GaN SRs that fills the region from the
trench corner to the edge of the devices. The lateral width of
the embedded p-GaN SRs for groups A and B is 1, 2, 3, and
4 um, respectively. Fig. 6(a) and (b) illustrates the influence of
the p-GaN width on the BV in groups A and B, respectively.
With increased p-GaN width toward the trench corners in
group A, the BV improves moderately from 907 V for the
C-TMBS diodes to 960 V for the SR-TMBS diodes with a
3-um-wide SR, until an abrupt increase to 1272 V occurred
in the SR-TMBS diodes with a lateral SR width of 4 xm (the
same width as the trench). In terms of group B in Fig. 6(b),
only a marginal improvement in the BV can be observed with
increased SR width, from which a conclusion can be drawn
that the p-GaN SRs adjacent to the mesa edges plays a more
pivotal role than that close to the edge of the device.

To further investigate the influence of the p-GaN width and
location on the breakdown characteristics of the SR-TMBS
diodes, we plotted the electric field profiles from the devices
in group A. Fig. 6(c) presents the electric field distribution
along the oxide/GaN sidewall for the SR-TMBS diodes with
different p-GaN width. The SR-TMBS diodes with a p-GaN
width from 1 to 3 um featured almost the same electric field

Fig. 7. Forward current density and specific ON-resistance as a function
of forward voltage for the C-TMBS diodes and optimized SR-TMBS
diodes (device A2).

profiles as that of the C-TMBS diodes, which explains the
negligible breakdown improvement with 1 #m to 3 xm p-GaN
SRs in Fig. 6(a). On the other hand, an obvious redistribution
of the electric field toward a uniform profile can be observed
for the SR-TMBS diodes with a 4 um p-GaN SR, leading
to a dramatic enhancement in the BV. Fig. 6(d) shows the
lateral electric field profiles extracted from the p-GaN/n™-
GaN interface of the SR-TMBS diodes with different p-GaN
widths. The peak position of the electric field profiles locates
at the edges of the embedded SRs and shifts to the corner of
the trench with increased p-GaN width. The highest electric
field can be observed for SR-TMBS diodes with a p-GaN
width of 4 um, indicating an effective redistribution of the
electric field from the trench corner to the p-GaN edges.
Afterward, the vertical electric field profiles along the mesa
midline for the SR-TMBS diodes with different p-GaN widths
are represented in Fig. 6(e). The surface electric field under the
Schottky contact can be reduced and the depletion width is also
increased, which is related to the enhanced charge coupling
effect with wider p-GaN SRs toward the trench corner.

D. on-Resistance and Baliga’s Figure of Merit (FOM) for
GaN-Based SR-TMBS Diodes

Based on the optimization above, we achieved an optimal
SR-TMBS diode (device A2) with a BV of 1281 V, which
features a 41% enhancement in the BV, when compared to
the C-TMBS diodes (907 V). Despite a larger BV obtained for
device B35, it is challenging to fabricate the SR-TMBS diodes
with a 1.5-um-thick p-GaN SR by ion implantation. The key
design parameters for device A2 include a p-GaN thickness
of 200 nm, a p-GaN width of 4 ym, a p-doping concentration
of 1 x 10'"® cm™3, and a background doping level of 2 x
10'® cm™3, which are experimentally achievable and feasible.
The forward I-V characteristics and specific ON-resistance
for device A2 and the C-TMBS diodes are shown in Fig. 7.
A turn-on voltage of ~0.7 V is obtained for both devices,
indicating similar Schottky barrier height for the C-TMBS
and SR-TMBS diodes. The forward current was normalized

Authorized licensed use limited to: SHANDONG UNIVERSITY. Downloaded on March 03,2022 at 07:17:43 UTC from IEEE Xplore. Restrictions apply.



5712

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 11, NOVEMBER 2021

3.5x10°| T r =
(@) [(b) Mesa N'-Drift Region
ol Loeed b . |
E 10°1} 1P-Gan P-GaN E 3.0x10° '
g g |
< ; 2.5x10°
;’ T-MPS SR-TMBS ~
< 10° -5 2.0x10°
g 2
‘5 L 1.5x10°
(9] 2
- = 1.0x10%|
9 ]
€ == T-MPS 2 5 0100 Vo ;
8 m— SR-TMBS w H | Tames | sTMBs
200 400 600 800 1000 1200 1400 o (1] 1 2 3 4 5 6
Reverse Voltage(V) Relative Position (um)

Fig. 8. (a) Reverse characteristics and device structure diagrams of the
SR-TMBS diodes and the T-MPS diodes. (b) Electric field profiles along
the oxide sidewall for the SR-TMBS diodes and the T-MPS diodes at a
reverse bias of 800 V.

by the effective area of each device. The forward current path
of the SR-TMBS diodes is narrower than the C-TMBS diodes
due to embedded p-n junction. Therefore, the specific ON-
resistance of device A2 (0.78 mQ-cm?) is slightly larger than
that of the C-TMBS diodes (0.58 mQ-cm?). In order to discuss
the application potential of the SR-TMBS diodes in power
systems, we compare Baliga’s figure of merit (FOM) of the
C-TMBS diodes and SR-TMBS diodes. Thanks to the largely
improved BV, the FOM of the SR-TMBS diodes is calculated
to be 2.1 GW/cm?2, which is 50% higher than C-TMBS diodes
(1.4 GW/cm?). The FOM of the SR-TMBS diodes can be
further improved by optimizing the design of the channel
region [32]-[34], which can compensate the increased ON-
resistance due to the embedded p-GaN SRs without degrading
the breakdown performance.

E. Further Structural Optimization of the SR-TMBS
Diodes Toward Avalanche Capability

While the proposed SR-TMBS diodes feature a dramatic
enhancement in Baliga’s FOM, one pivotal challenge remains
to be tackled. With the oxide layer sandwiched between the
embedded p-GaN and the anode metal, the holes cannot
be effectively removed during the avalanche process, which
deprives the devices of the avalanche capability to withstand
the transient overcurrent under the circumstances of current
overshoot or oscillation [37], [38]. By removing the oxide
spacer layer and forming an Ohmic contact with the p-GaN
SRs, the minority carrier injection can be made possible,
and the avalanche capability can be achieved in the vertical
GaN power devices, allowing for the superior device reliabil-
ity [39]-[42].

To investigate the influence of the oxide spacer layer on
the device performance, we established trench merged p-i-n
Schottky (T-MPS) diode structures and compared their reverse
characteristics with the SR-TMBS diodes (device A2). The
schematic structures and reverse /-V curves can be found in
Fig. 8(a). For a fair comparison, the key parameters for the two
structures are kept identical, except that the oxide spacers are
removed for the T-MPS diodes. At a reverse leakage current
density of 0.01 A/cm?, a minor degradation in the BV can be
observed from 1281 V in the SR-TMBS diodes to 1050 V in
the T-MPS diodes.

For the purpose of clarifying the mechanism behind the infe-
rior breakdown characteristics in the T-MPS diodes, we plotted

the electric field profiles along the vertical sidewall of the
mesa, as shown by the dashed lines in the inset of Fig. 8(b).
Under a reverse bias of 800 V, a single peak can be observed
in the electric field profile of the T-MPS diodes, with the
peak value exceeding the critical field of the GaN materials
(~3 MV/cm), which results in a premature breakdown of the
devices. On the other hand, the SR-TMBS diodes feature a
more uniform double-peak electric field profile, thanks to the
joint depletion effects from the oxide and p-GaN SRs. As a
result, the T-MPS diodes feature a marginally lower BV than
that of the SR-TMBS diodes. Therefore, the proposed SR-
TMBS structure can be further optimized to achieve avalanche
capability at a small price of a slightly lower BV, which can
mark a major step forward for GaN vertical power Schottky
diodes toward high-voltage, high-power, and high-reliability
power system applications.

IV. CONCLUSION

In summary, we report GaN trench MOS SBDs with embed-
ded p-GaN SRs and implement systematic parametric analysis
of the devices by numerical simulation. The incorporation of
the p-GaN SRs can lead to enhanced charge coupling effect
and thus an uniformly redistributed electric field profile at
revers bias. As a result, the BV of conventional TMBS can
be enhanced by 41% to 1281 V, subject to an optimal set of
parameters for the embedded p-GaN SRs. In the meantime,
only a minor increase in the specific ON-resistance can be
observed for the SR-TMBS diodes. The results are very
promising for the future adoption of GaN vertical Schottky
didoes toward an all-GaN power electronic systems for high-
speed, high-voltage, and high-power applications.
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