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Abstract—We present the design principle and
experimental demonstrations of GaN trench junction-
barrier-Schottky-diodes (trench JBSDs), where the Schottky
contact within the patterned trenches is at the same plane
as the adjacent p-n junctions. Assisted by the TCAD
simulations, the leakage current reduction mechanism is
identified as the reduced surface field (RESURF) effect due
to the barrier-height difference between the p-n junction
and Schottky junction. Design space for the width of
stripe-shaped trenches is found to be <0.5 um for a drift
layer doping level of 10'5~101® cm—3, while for circular
trenches, the size requirement is relaxed. In the fabricated
devices with 1-4 um diameter circular trenches, about
20 times reduction in the reverse leakage is observed
with a characteristic shift in the turn-on voltage, which
are signatures of the trench JBSD with desired RESURF.
The experimental observations are in excellent agreement
with the simulation results. This JBSD design shows
promising potential in further improving the performance
of Schottky-based GaN power devices without the need for
ion-implantation or material regrowth.

Index Terms—GaN, junction barrier Schottky, power
electronics, reduced surface field (RESURF) effect, Schot-
tky barrier diode (SBD), trench junction-barrier-Schottky-
diode (trench JBSD), trench.

I. INTRODUCTION
AN holds great promises as a strong material for
power electronics due to its superior Baliga’s figure-
of-merit (BV2/Roy) than SiC and Si. High power and high
speed GaN lateral devices taking advantages of the high
mobility 2-D electron gas in A1GaN/GaN heterostructure have
seen rapid advancement in the past two decades [1]-[3],
without the need for high quality bulk substrate. With the
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availability of low-dislocation-density bulk GaN substrates in
recent years, vertical GaN power rectifiers with record high
performance have been demonstrated in recent years [4]-[9],
further showing the immense potential of GaN in the vertical
device topology.

Among different types of GaN power rectifiers, GaN Schot-
tky barrier diodes (SBDs) are shown to have the highest power
efficiency in the breakdown voltage (BV) <1 kV range [10].
Although attractive, present GaN SBDs face the challenge
in suppressing reverse leakage current, which is generally
much higher than the GaN p-n diode (PND) and prevents the
achievement of high BV. The device leakage can be dominated
by point defects in the material. For example, carbon con-
centration is related to the leakage current in GaN SBDs and
hopping transport of electrons assisted by carbon-related point
defect states is hypothesized [11]. Another important source of
the leakage inherent in the SBD structure is thermionic field
emission through the thinned Schottky barrier at high field,
which is shown to match well with the theoretical model [12].

In order to tackle the leakage current, improving mate-
rial quality is the first step. In addition, ingenious device
engineering can be employed. It is demonstrated that the
incoorporation of a AlGaN tunneling layer on top of the SBD
GaN drift layer could lower the reverse leakage while further
reducing the turn-ON voltage [13]. Traditionally, junction-
barrier-Schottky-diode (JBSD) structure proposed in [14] is
widely used to reduce the reverse leakage. It combines the
large BV of PNDs and the low turn-ON voltage of SBDs,
enabling improved tradeoff between BV and Ron. Success-
ful demonstration of reliable and high blocking capability
JBSDs have been reported in 4H-SiC [15], thanks to its
mature ion implantation technology. Realization of conven-
tional JBSDs in GaN, however, has been hindered by the
difficulties in ion implantation and regrowth technologies,
either of which can create the lateral p-n junction required
in the JBSDs for reduced surface field (RESURF) under the
Schottky contact [16]. In order to circumvent the issue, one can
instead design trench patterns in p-GaN of a high-BV vertical
PND [4]-[8], subsequently making Schottky contacts on the
exposed n-GaN surface. In this JBSD structure, the Schottky
contact surface is at the same plane as the p-n junction.
Very recently, superior BV and simultaneously low Ron were
reported using a similar trench JBSD concept with designed
edge terminations [17]. However, the RESURF effect could
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Fig. 1. Structures designed for simulation. Structure A (top) consists
of stripe-shaped trenches with different widths. Shown in the schematic
are trenches with width ranging from 0.5 um to 50 nm. Trenches are
separated by p-n junction area with much larger width than the trenches.
Structure B (bottom) has alternating p-n and Schottky areas with a
constant ratio of 1:1, while the trench size is varied from 1 um to 50 nm.

not be explicitly confirmed, since the characteristic shift of the
turn-ON voltage was not observed and the leakage behavior of
the diodes was not reported. In this paper, we use simulations
and experiments to present the design principle and leakage
reduction mechanism in trench JBSDs.

Il. SIMULATION

The device simulation is carried out using TCAD Sentaurus
on two structures shown in Fig. 1. Structure A consists
of stripe-shaped trenches of different widths ranging from
50 nm to 3 um. The trenches are separated by p-n junctions
with 8-um width, which is designed to be much wider
than the trenches, for the purpose of examining the possible
RESUREF effect under the Schottky contact within the trenches
individually without interference from nearby trenches. Ohmic
contacts are specified to the p-GaN top surface, which are
electrically isolated from the Schottky contacts specified on
the n-GaN surface within the trenches with a barrier height
of 1 eV. The purpose of structure A is to investigate the critical
dimension required for clear manifestation of the RESURF
effect, which is enabled by the barrier height difference
between Schottky junction inside the trench (~1 eV) and the
p-n junction adjacent to the trench (~3 eV). Structure B
consists of alternating p-n and Schottky junctions with a
constant areal ratio of 1:1, while the width of the stripe-shaped
trenches is varied from 50 nm to 0.5 x#m in different simulation
runs. With the 1:1 Schottky to p-n area ratio, the RESURF
effect can be identified by comparing the average leakage
current at reverse bias in devices with different trench widths.
A “half-Schottky half-p-n” diode is also constructed as ref-
erence, whose current density is an average between a pure
SBD and a pure PND. If a reduction of the average leakage
current is observed for the structure B compared with the
“half-Schottky half-p-n” diode, it would be due to the inter-
action between the Schottky junction and p-n junction. This
interaction leads to the RESUREF effect, as will be illustrated
and explained in more details in Section IV. The nonlocal
tunneling model in Sentaurus based on [18] is used to capture
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Fig. 2. (a) Schematic device top view and cross section of the fabricated
trench JBSD. Circular trenches have a diameter of 1, 2, 3, and 4
um. The total Schottky (trench) area is designed to be the same for
each trench diameter. (b) Carrier concentration in the n-GaN drift layer
extracted by the C—V measurement at 1 MHz. (c) Representative TLM
|-V characteristics of the Pd-based ohmic contact on p-GaN. A low
specific contact resistivity of 3.9 x 107> 2 - cm? and p-GaN sheet
resistance of 55 k(2/sq. is extracted.

the dominant leakage mechanism through the Schottky barrier.
In the nonlocal tunneling model, the tunneling probability is
calculated self-consistently from the conduction band profile
of the tunneling barrier using Wentzel-Kramers—Brillouin
approximation.

[1l. EXPERIMENTS

As shown in Fig. 2(a), the trench JBSD epistructure is sim-
ilar to our previous high-BV PNDs grown by Metal-Organic
Chemical Vapour Deposition on freestanding GaN substrates
with a threading dislocation density of ~2 x 10® cm~2 [19].
A net doping concentration of ~1 x 10 cm™ in the
drift layer is extracted by the capacitance-voltage (C-V)
measurement [Fig. 2(b)]. Trench JBSDs are designed to have
circular trench patterns with a diameter of 1, 2, 3, and 4 yum.
For a better comparison between the trench JBSDs with
different trench sizes, the total trench (i.e., Schottky) area in
each diode is designed to be the same.

Although easier to simulate than the computationally expen-
sive circular trench, the stripe-shaped trench requires sub-
micrometer width for prominent RESURF effect (as will be
shown in the later sections), thus is challenging to realize
experimentally. On the other hand, the circular trench has
a more uniform field profile along the trench periphery and
is expected to have a relaxed size requirement due to the
3-D nature of its RESUREF effect. Due to these considerations,
we choose the more readily achievable circular trench design
experimentally and compare the experimental results with the
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Fig. 3. Simulated electric field distribution at —200 V: (left) in

a conventional Schottky diode and (right) in a trench JBSD with
50-nm trench width. The magnitude of the vertical electric field £y is
represented by color, while the direction of the field is shown by gray
arrows at representative grid points. The reduction in the vertical surface
field (the RESURF effect) is clearly observed within the trench.

simulation using stripe-shaped trenches on the overall behavior
and trend.

The trench JBSDs are fabricated by dry-etch first to form
trenches and reveal the n-GaN surface, followed by deposition
of circular Pd-based anodes. Pd forms an ohmic contact to
p-GaN and a Schottky contact to n-GaN in the trench. Fig. 2(c)
shows the representative transmission line method /-V char-
acteristics of the ohmic contact on p-GaN. An excellent
specific contact resistivity of 3.9 x 107> Q- cm? is extracted.
Conventional SBDs are made on the etched n-GaN surface.
No additional field plate (FP) structures are used for edge
termination, since the additional leakage often associated with
the FP process [6] might mask the trend in the leakage current
of trench JBSDs designed with varied trench sizes.

IV. RESULTS AND DISCUSSION

In Fig. 3, the simulated electric field distribution at a reverse
bias of —200 V is plotted for the 50-nm trench in Structure
A, in comparison with a conventional SBD on the left. The
magnitude of the vertical electric field Ey is represented by
color while the direction of the field is shown by gray arrows
at representative grid points. It is clear from the color contrast
that the vertical surface field within the trench is much reduced
compared with the vertical surface field in the conventional
SBD. Further inspection of the electric field direction reveals
that the RESUREF effect is due to the presence of the p-GaN
at the edge of the trench. When forming contact with n-type
GaN, the p-GaN has a higher barrier height (~3 eV) than the
Schottky contact metal (~1 eV), thus part of the electrons
in n-GaN under the Schottky contact metal are depleted by
the adjacent p-GaN due to fringing effects. Consequently,
the surface electric field arising from the resultant net positive
charge under the Schottky contact terminates at the depletion
region in the p-GaN instead of the Schottky contact, thus
reducing the vertical component of the total surface field.
In principle, this mechanism is the same as in the conventional
JBSD, although the RESUREF effect is weaker in the trench
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Fig. 4. Simulation results of structure A. (a) Conduction band
edge distribution along the vertical x-cutlines (see Fig. 1) at —200 V.
The inset shows the corresponding vertical electric field magnitude.
(b) Reverse |-V characteristics of the Schottky trenches with different
widths. Current is normalized by the corresponding Schottky contact
area. (c) Electron current density distribution near the trench opening
at a reverse voltage of 200 V.

JBSD devices due to the fact that the redirection of the electric
field only happens near the device surface.

Fig. 4 shows the simulation results of structure A,
which consists of stripe-shaped trenches of different widths.
Fig. 4(a) (top) shows the conduction band profile at —200 V
along the vertical cutlines centered in the stripe-shaped
trenches (see Fig. 1). As the trench width reduces, the slope
of the conduction band edge reduces, which corresponds to a
reduced vertical surface electric field as shown in the inset.
Compared with the 3-um large trench where the RESURF
effect is negligible at the center of the trench, the 50-nm
small trench has ~42% reduction in the vertical surface field.
This reduction leads to a dramatic decrease in leakage current
density due to the exponential dependence on the vertical
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surface field as manifested in this simplified expression of the
thermionic field emission process [12], [20]

A*TehE [ &
X
k 2muykT

1 (ehE)?
X exp [_k_T (¢B - 24m,,(kT)2)]

where A* is the effective Richardson constant and m,, is
the electron effective mass in GaN. E is the vertical surface
electric field at the metal-semiconductor interface. Note that
this analytical expression is only valid in 1-D case thus not
used in our simulation. Instead, a nonlocal tunneling model
is employed as mentioned previously, which takes into count
multiple tunneling paths and arbitrary barrier profile in the
2-D simulation. The reduction in leakage current density is
identified in Fig. 4(b) where the current is normalized by the
corresponding trench area. Close to two-orders of magnitude
reduction in leakage current density is observe for the 50-nm
trench width in comparison with the 3-um trench width.

Fig. 4(c) shows the reverse current density distribution at
—200 V near the trenches. As expected, the leakage current
is primarily located near the trench region and arises from
tunneling through the Schottky barrier. For trench widthes
less than 0.5 um, the leakage current density reduces dra-
matically. Again, close to two orders of magnitude reduction
in the reverse current density through the Schottky barrier
is observed for the 50-nm trench. The optimum design
space for the stripe-shaped trench width is identified from
Fig. 4(b) and (c) to be smaller than 0.5 ¢m for a doping level
of 10'® cm™3, in order to obtain a significant reduction in
leakage current (>two times). A similar critical dimension of
0.5 um is also observed for lower doping level of 1013 cm™3.
For circular trenches as employed in our experiments, the crit-
ical size is expected to be larger due to the 3-D nature of the
RESUREF effect in circular trenches.

Fig. 5 shows the simulated /-V characteristics of structure
B, where a constant areal ratio of 1:1 is kept for the alternating
p-n and Schottky junctions and only the trench size varies
between different simulation runs. The average current density
is calculated from dividing the total current by the total device
area. Fig. 5(a) shows the forward /-V characteristics of the
trench JBSDs in log scale, with conventional p-n and Schottky
diodes included for comparison. As the trench width decreases,
a shift of turn-ON voltage to a higher value is observed, which
is also shown in the linear plot in Fig. 5(b). This shifting
behavior of the turn-ON voltage is the characteristic of these
JBSD-type devices and have been previously observed in con-
ventional JBSDs [21], [22]. Fig. 5(c) shows the reverse current
density. As expected, the PND has very low leakage current
close to the precision limit of the simulation, and appears to
be noisy. This is due to the absence of any nonideal leakage
mechanisms in the simulation. On the contrary, conventional
SBDs have much higher leakage current due to tunneling,
reaching 1 uA/cm? at —200 V. The trench JBSDs have lower
leakage than the SBDs. Compared with the reference “half-
Schottky half-p-n” diode which averages the leakage current of
PND and SBD, a reduction in the leakage current is observed
for the trench JBSDs which gets more pronounced as the
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Fig. 5. Simulation results of structure B. (a)and (b) Forward and (c)
reverse /-V characteristics. Currents flowing through the Schottky and
PND area within the trench JBSDs are separately extracted. Average
current density is calculated by normalizing the total current with the
entire device area. Trench width varies from 1 to 0.1 um while keeping a
constant p-n and Schottky area ratio of 1:1. Conventional Schottky and
PNDs are simulated for comparison, and the average of the two (half
Schottky half p-n) is also shown in dashed line in (c).

trench width reduces. Around approximately ten times leakage
reduction is observed for the 0.1-um case. Since the p-n and
Schottky areas are the same, the reduction in the leakage
current is due to the aforementioned interaction between the
p-n junction and the Schottky junction, further confirming the
RESUREF effect in trench JBSDs.

Fig. 6 shows the measured /-V characteristics of the fab-
ricated trench JBSDs. An ideal Schottky turn-ON behavior is
observed for both trench JBSDs and the SBD at ~1 V with
an ideality factor of ~1.00-1.05. A clear shift in the turn-ON
voltage is observed in the log plot in Fig. 6(a) and highlighted
in the inset, which agrees well with the simulation results
[Fig. 5(a)]. The linear-scale I-V curves in Fig. 6(b) show
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JBS diodes. A clear trend of shifting in turn-on voltage is observed
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simulation results [see Fig. 5(a)]. (b) Forward /-V in linear scale showing
a characteristic two-step turn-on. (c) Reverse /-V in log scale. A clear
trend of reduction in the reverse leakage is observed for the trench JBSDs
over the range of 0~—200 V. The leakage in the PNDs seems to limit the
leakage floor in this experiment, and the absolute value of leakage from
experiments and simulations need to be further scrutinized.

a two-step turn-ON for the trench JBSDs, similar to [17].
The second turn-ON is due to the forward turn-ON of the
p-n junction portion of the JBSDs. This is not captured in
the simulated /-V curved in Fig. 5(b), mainly due to the
much larger p-n to Schottky area ratio in the experimental
devices as oppose to the 1:1 ratio in the simulation structure.
The reverse I-V characteristics in Fig. 6(c) show a clear
reduction of the leakage current density as the trench size
decreases from 4 to 1 um. Up to 20 times reduction in leakage
current is achieved in the 1-xm trench JBSDs compared with
conventional SBDs, reaching the PND leakage level. As the
total trench area is designed to have the same total area,
the reduction in leakage current is due to the RESURF effect
arising from the trench JBSD design. In this particular batch of
samples, the p-n junction leakage appears to be the limiting
factor in further reducing the JBSD leakage, which can be
improved in future work.

Fig. 7 shows the measured BV and the reverse current
density at —150 V for various types of diodes. Since no
FP is employed for the devices in this paper, the measured
device BV is expected to be determined by the device edge
termination. Optical microscope examination of the broken
devices indeed confirms edge breakdown. As expected, the BV
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Fig. 7. (a) BV distribution and (b) reverse current density at —150 V for

each type of measured devices. There are six devices for each type. Inset
in (a) shows a representative /-V characteristic of the JBSDs, including
the hard breakdown. The BV of all devices is determined by the device
edge termination thus largely comparable. Given BV is not suitable to
elucidate the RESURF effect in JBSDs, we scrutinize the trend in the
reverse current density at lower voltages (b). The leakage is observed
to reduce as the JBSD trench diameter reduces, which agrees well with
the simulation [Fig. 5(c)].

is comparable between as-grown PNDs and trench JBSDs,
which all have mesa isolation. The BV for the SBD is a
bit lower, possibly due to the severe edge field crowding
at the anode metal edge. In this sense, the measured BV
does not reflect the intrinsic BV achievable with optimized
edge termination. On the other hand, it is observed from
Fig. 7(b) that the leakage current density reduces as the trench
JBSD trench size reduces, despite some scatter in the data,
therefore the RESURF effect in the trench JBSD is confirmed.
In addition, these experimental results corroborate with our
expectation that the requirement on the trench size for circular
pattern is relaxed compared with the case of stripe pattern
adopted in the simulation (<0.5 gm). In GaN SBD devices
with proper edge termination, the measured breakdown will
largely be soft breakdown, which is determined by the leakage
current and a pre-set current compliance. Thus, a reduction in
leakage current of trench JBSD devices is expected to translate
to higher achievable BV.

Finally, the benchmark plot of Ron-BV is shown in Fig. 8.
All the specific Ron is calculated at Iopy = 100 A/cmz,
in order to include the diode turn-ON effect. Along with
the trench JBSD and the SBD obtained in this paper,
the best-performing GaN SBDs in each category reported
in [9], [23], and [24] are included. The figure-of-merit of
the SBD and trench JBSD in this paper is comparable to
that of the best SBD reported without FP. With FP structure,
the recently reported trench JBSD out-performed the the best
SBD with FP. However, the width of the reported stripe-
shaped trench JBSD [17] is ~2 um, which is larger than the
requirement we obtained from simulation (<0.5 gm). Thus
we speculate that the augmented BV observed in [17] is likely
attributed to the reduced edge field instead of surface field due
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include the best vertical GaN SBDs reported in each category and the
recently reported GaN trench JBSD [17]. All the Ron is calculated at
lon = 100 AlcmZ, including the diode turn-on effect. Hollow and filled
symbols are for devices with and without FP, respectively.

to the adjacent p-n junction. Even better performance can be
expected with <0.5 xm trench width together with optimized
edge termination, taking advantage of the RESUREF effect in
the trench JBSD design.

V. CONCLUSION

Through device simulation and experiment, we investigated
trench JBSD as an alternative GaN JBSD design which
does not require formation of lateral p-n junction. We have
elucidated the leakage reduction mechanism-RESURF effect
in the GaN trench JBSD. The RESUREF is due to the barrier
height difference between the p-GaN and the Schottky metal,
which causes the surface electric field under the Schottky
metal to preferentially terminate at the p-GaN, thus reducing
the vertical surface field component. We also identified the
design space for such devices from simulation. For stripe-
shaped trenches, the trench width is required to be smaller
than 0.5 um for a doping level of 109~10'® ¢cm~3, while
in circular trenches, the size requirement is relaxed. We fab-
ricated GaN trench JBSDs with different circular trench sizes
from 4 to 1 um and observed the signature shift in turn-ON
voltage as well as ~20 times reduction in leakage current, both
of which agree well with the simulation results. Circumventing
the current technological difficulties in creating lateral p-n
junction, the trench JBSD design offers promising opportunity
for further improvement of the performance of Schottky-based
GaN power devices.
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