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ABSTRACT In this paper, we systematically investigate the impact of the key structural parameters on
the reverse and forward characteristics of gallium nitride (GaN) based vertical merged pn-Schottky (MPS)
diode by numerical simulation. In comparison with conventional GaN-based vertical Schottky barrier
diode, the MPS structure can suppress the high electric field at the Schottky interface with the inserted
p-GaN, thereby enhancing the reverse breakdown characteristics. However, the adoption of the p-GaN
structure can result in a locally crowded electric field at reserve bias condition and thus a premature
breakdown of the device. Moreover, the p-GaN structure depletes the vertical channel region, which may
degrade the on-performance at forward bias condition. We found that the doping concentration, width, and
depth of the p-GaN structure are closely correlated with the electric field distribution at reverse bias and
the channel resistance at forward bias, and thus determines the reverse and forward characteristics of the
MPS diodes. The unique forward unipolar/bipolar characteristics of the MPS diode was also investigated
and discussed systematically. The results can pave the way for the development of GaN power electronic
devices towards a compact high-frequency and high-voltage power electronic system.

INDEX TERMS Breakdown voltage, device optimization, gallium nitride (GaN), specific ON-resistance,
vertical merged pn-Schottky (MPS) diode.

I. INTRODUCTION

In recent years, gallium nitride (GaN) has exhibited
tremendous potential for power electronic devices owing
to its wider energy band gap, higher breakdown electric
field, and higher carrier mobility [1]-[4]. Thanks to the
availability of low-dislocation-density bulk GaN substrates
and the intrinsic advantages of the vertical device topology,
GaN-based vertical SBDs have been developed extensively
towards high voltage and high current applications [5]-[7].
However, similar to the lateral GaN SBDs based on the
AlGaN/GaN heterostructures, GaN vertical SBDs also suffer
from reverse leakage issues due to the energy barrier

lowering effect at high reverse bias condition. To achieve
a decent device performance, several device architectures
have been developed, such as junction barrier Schottky (JBS)
diode [8], MPS diode [9]-[12], and trench metal-insulator-
semiconductor barrier Schottky (TMBS) diode [13], [14],
which are designed to move the peak electric field
from the interface of the Schottky junction to the
inside of the device at high reverse bias, leading to a
higher breakdown voltage and a lower reverse leakage
current.

Specially, unlike conventional planar SBDs, MPS diodes
combine Schottky contact and Ohmic contact monolithically,
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offering SBD-like on-state and switching characteristics, and
pn diode-like off-state characteristics. Compared with SBDs,
MPS diodes can exhibit bipolar operation mode at forward
bias, lower reverse leakage current, and higher reverse break-
down voltage by reducing the electric field at the interface
of the Schottky junction. Besides, benefited from the Ohmic
contact on the p-GaN region, MPS diodes can demonstrate
avalanche and surge capabilities, which are of great signif-
icance for their practical applications in power circuits and
systems [15]-[17].

The concept of MPS diode was firstly demon-
strated and discussed in Si-based devices [18], [19].
Then it was investigated and developed in SiC-based
devices [16], [17], [20]-[27]. Niwa et al. researched on the
forward hybrid unipolar/bipolar operation mode systemati-
cally and the “snapback” phenomenon was also investigated
and analyzed [25]. Park et al. analyzed the physical mech-
anism behind the high forward pn-junction turn-on voltage
in 4H-SiC MPS diode, revealing that the turn-on voltage
is closely correlated with the potential difference between
the Schottky junction and the pn junction within a MPS
diode [26]. Recently, Liu et al. experimentally verified the
high surge current robustness in GaN vertical pn diodes
and their significantly smaller reverse recovery as compared
to SiC diodes, which makes GaN MPS diodes particu-
larly attractive for fast switching applications [15]. While
GaN-based MPS diodes have been successfully fabricated
with breakdown voltage up to 2 kV [9]-[11], the impact of
the key design parameters as well as the working princi-
ples of GaN-based MPS diodes still remain to be explored
systematically. Zhang et al. investigated the impact of the
lateral dimension of the Schottky regions on the device
performance by assuming a fixed p-GaN thickness of 800 nm
and p-doping concentration of 2x10'7 cm™3 [12]. However,
during practical fabrication process, the p-GaN thickness
and doping concentration may vary from the proposed val-
ues, which can result in a disparate impact from the lateral
dimension. Therefore, the ideal approach is to study the
influence of three key design parameters altogether and com-
prehensively for the purpose of fulfilling a complete design
strategy.

In this paper, we systematically studied and analyzed the
influence of the key design parameters on the reverse and
forward characteristics by varying the doping concentration,
width, and thickness of the p-GaN structure by simula-
tion. The relationship between the design parameters and
the key device specifications are studied comprehensively,
including the breakdown voltage, specific on-resistance, turn-
on voltage, forward voltage drop, and pn junction trigger
voltage of the GaN-based MPS diodes. The physical mech-
anism and the analytical models are explored and established
for the purpose of explaining the variation trends with
different design parameters. We believe that the results
in this work can provide sufficient guidance towards the
design and fabrication of high performance GaN MPS
diodes.
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FIGURE 1. The schematic cross section of (a) a conventional GaN-based
planar SBD and (b) a GaN-based vertical merged pn-Schottky (MPS) diode.

TABLE 1. Basic device parameters of the simulated model.

Parameters Value
Schottky barrier height 0.98 eV

Metal work function 5.18 eV
Electron mobility 1158 cm?/ Vs
Hole mobility 14.97 cm? Vs
Thickness of the drift layer 15 pm

Drift layer doping 2x10'%¢m
Thickness of the substrate 2 um
Substrate doping 5%10'8 cm?3
Width of the device cell 10 um

Il. DEVICE ARCHITECTURES AND PRINCIPLES

Fig. 1(a)—(b) show the schematic structure of a conventional
planar SBD and a MPS diode. Detailed parameters of the
devices are listed in Table 1. The following parameters were
varied in order to study their impacts on the MPS device
performance: p-doping concentration, p-GaN structure width
(W), p-GaN structure thickness (7). In the MPS diodes, the
contact to the p-GaN structure is set to be Ohmic contact,
and the contact type to the middle n"-GaN drift layer is
Schottky contact.

As has been reported, the relatively low breakdown voltage
value of the conventional planar SBD is mainly caused by
the large reverse leakage current at the Schottky junction,
which is determined by the barrier lowering effect under the
condition of excessive electric field strength at the Schottky
interface. The barrier lowering effect can be attributed to the
mirror force and tunneling effect, by which the reduction of
the barrier can be expressed by equation (1) [28]:

1
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E
g2 = [j '”} = 29Enn M
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E=["8 (Vb,-+VR)} )
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where g is the electron charge, Np is the donor concentra-
tion, &, represents the semiconductor permittivity, Vp; is the
built-in potential of Schottky barrier junction, x,, represents
the location of the barrier lowering, E,, represents the peak
electric field value, and Vg is the external reverse bias.
Thus, to simplify the calculation, assuming that if the
thickness is smaller than the critical barrier thickness x., the
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carriers can completely tunnel through the Schottky barrier,
so the reduction of the barrier by mirror force and tunneling
can be expressed respectively as:

1
qAPDy; = @(Vb"i‘VR) 4 3)
mirror force 8JT283 i
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84°Np
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qA¢tunneling = xc|: (Vi + VR):| “4)

s

Specifically, conventional planar SBDs feature a triangu-
lar electric field profile along the drift layer, exhibiting a
peak electric field located at the Schottky interface. A high
E,, attributes to a large Vg, thus causing an obvious bar-
rier lowering effect, resulting in an unideal reverse leakage
and breakdown characteristics. By adopting the MPS struc-
ture, the depletion effect of p-GaN/n"-GaN junction moves
the peak electric field from the Schottky interface into the
bulk of the device, which can effectively reduce the electric
field at the Schottky interface, alleviating the barrier lower-
ing effect under high electric field, and reducing the reverse
leakage current across the Schottky junction. Meanwhile, the
increased electric field at the pn junction interface can also
result in a reverse leakage current, which is much smaller
than that across the Schottky barrier region, due to the
absence of the mirror force effect in the pn junction. As
a result, the adoption of the MPS structure can effectively
reduce the reverse leakage current and avoid the premature
breakdown of conventional planar SBDs.

In the following content, the influence of the key structural
design parameters on the reverse and forward characteristics
of the MPS diodes, as well as the physical mechanism are
systematically investigated and analyzed, by using Advanced
Physical Models of Semiconductor Devices (APSYS)
software [29]. The key physical models used in the simula-
tion include models for carrier drift-diffusion, generation-
recombination, continuity and Poisson equations, impact
ionization, and electron tunneling. Specifically, the device
breakdown process is induced by the joint effect of the tun-
neling induced leakage and the impact ionization. In the
drift-diffusion model, the impact ionization rate is usually
expressed using the impact-ionization coefficients «, and
ap, which can be calculated by the following Chynoweth’s
Equations (5) and (6) [30], [31]:

—34 x 107 V/cm)

o, = 29x10% em™! x e< k

()
(—2.03 x_ 107 V/(:m)
@p = 134x10% em™ x e ¢ (6)

where E is defined as the electric field magnitude in the drift
layer. The two coefficients describe the number of electron-
hole pairs generated per unit distance traveled by a solitary
carrier between two collisions. The physical models and
parameters used in our simulation were calibrated with an
experimentally fabricated GaN vertical SBD from [32]. The
simulated breakdown voltage fits the experimental results
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FIGURE 2. Breakdown voltage as a function of the p-doping concentration
for the MPS diodes with Tp = 2.0 um, Wp = 4.5 um at a Drift

Conc = 8x10'5 cm~3 (red solid line), 2x10'6 cm—3 (Burgundy solid line),
and 5x10'6 cm—3 (purple solid line). The three dash lines correspond to
the breakdown voltage of the planar SBD at the respective drift
concentration.

well, indicating that the models and key parameters used in
our simulation are technologically reasonable.

IiIl. RESULT AND DISCUSSION

A. REVERSE CHARACTERISTICS

In order to fully study the effects of the MPS diode key
design parameters, we first discussed the influence of the
p-doping concentration on the reverse characteristics, under
different background doping concentrations of the n™-GaN
drift layer, as shown in Fig. 2. In this case, T, and W, are
set as 2.0 um and 4.5 pum, respectively. Note that in this
paper, we define the voltage when the reverse current den-
sity reaches 1 A/cm? as the breakdown voltage. By taking
the reverse breakdown voltage of the conventional planar
SBD as a reference, we can observe a significant improve-
ment in the breakdown voltage of the MPS diodes. Similar
phenomenon is recorded with increased p-doping concen-
tration at different background doping concentrations. The
reverse breakdown voltage for the MPS diodes with differ-
ent background doping concentrations all shows a trend of
first increasing and then decreasing as the p-doping concen-
tration increases. With a background doping concentration
of 2x10!® cm™3, a reverse breakdown voltage of 1418 V
can be achieved in the MPS diodes, which is 23.6% higher
than that of conventional planar SBDs. Note that a higher
p-doping concentration is required to obtain the peak break-
down voltage for the MPS diodes with a higher background
doping concentration, which can be attributed to the different
total charge depletion effect. Moreover, at a low p-doping
concentration (< 5x10'° cm™3), the breakdown voltage of
the MPS diodes is lower than that of conventional planar
SBDs, due to insufficient electric field shielding effect by
the p-GaN structure.

Please note that the p-doping concentration in this work
refers to the ionizable acceptor concentration instead of the
Mg dopant concentration. Therefore, the investigated range
(4x1016 cm 3~ 7x10!7 cm_3) is much smaller than the
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FIGURE 3. Electric field profiles along (a) the midline and (b) the bottom
of the p-GaN structure of the MPS diodes with Tp = 2.0 um, Wp = 4.5 um
with different p-doping concentrations at the reverse bias of 700 V.

Mg dopant concentration typically adopted in experimental
devices (10'® cm™3~ 10 cm~3), due to the existence of the
Mg-H complex compounds formed during the epitaxial pro-
cess. Moreover, the effect of the electric field on the acceptor
ionization is also considered in our simulation. As a result,
the acceptor concentration is not equal to the hole concen-
tration, unless the electric field is strong enough to fully
ionize the acceptors under the reverse depletion condition.

Fig. 3(a) plots the vertical electric field profiles along
the midline of the MPS diodes. It is shown that the elec-
tric field at the Schottky interface can be suppressed by the
p-GaN structure in the MPS diodes, as compared to the
triangular electric field profile shown by the dash line. By
increasing the p-doping concentration from 4x10'% cm™ to
3%x10'7 cm™3, the electric field shielding effect by the p-GaN
can be obviously enhanced, leading to a dramatic reduction
in the electric field value at the Schottky interface, which
can explain the boosted breakdown voltage with increased
p-doping concentration in Fig. 2. Further increasing the
p-doping concentration to 5x10!7 cm™3 encounters a satura-
tion in the shielding effect and the electric field value cannot
be further reduced at the Schottky interface. In the meantime,
an electric field peak occurred in the bulk drift region at a
position of about 3 um from the Schottky interface, which
can be correlated with the electric field crowding effect in
the vicinity of the p-GaN edges.

To further explore the electric field crowding effect related
to the p-GaN structure, we extracted the lateral electric field
profiles from the bottom of the p-GaN structure, as show
in Fig. 3(b). Note that the electric field at the bottom of
the p-GaN is larger than that at the channel region, as a
result of the depletion effect by the p-GaN/n-GaN junc-
tion. An increase in the electric field value can be observed
with increased p-doping level. As the p-doping concentra-
tion increases to above 3x10!7 ¢cm™3, a locally excessive
electrical field occurred at the corner of p-GaN structure,
which can result in the premature breakdown of the device.
Based on the analysis above, an optimal p-doping concen-
tration of 7x10'® cm™ can result in an enhanced electric
field shielding effect at the Schottky interface, without an
obvious electric field crowding at the corner of the p-GaN
structures, leading to a peak breakdown voltage of 1418 V
in the MPS diode.
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FIGURE 4. Two-dimensional current diagram in the vertical direction with
Tp =2.0 um, Wp = 4.5 um, and p-doping concentration
of (a) 4x10'6 cm—3, (b) 7x10'® cm~3 at breakdown voltage.

As is known, the MPS diodes consist of the Schottky and
pn junction regions, which is accompanied two potential
leakage paths, either across the Schottky barrier or through
the reverse biased pn junction. As a result, the leakage
mechanism of the MPS diodes remains to be investigated.
Fig. 4 illustrates the two-dimensional current diagram of the
MPS diodes with a p-doping concentration of 4x10'® cm™3
and 7x10'® cm™3, respectively. With a low p-doping level
of 4x10'® cm™3 in Fig. 4(a), the reverse leakage current
at the breakdown voltage flows through the channel region
at the center across the Schottky barrier, indicating insuffi-
cient electric field shielding effect by the p-GaN structure.
By increasing the p-doping to 7x10'® cm™ in Fig. 4(b),
an effective electric field shielding effect can be formed,
thus eliminating the leakage path across the Schottky region.
In the meantime, the reverse leakage current flows through
the reverse biased pn junction to the Ohmic contact on
the p-GaN structure, which has been observed in experi-
mentally fabricated vertical GaN Fin-JFETs [33], [34]. As a
result, by optimizing the p-doping concentration, the reverse
breakdown and leakage behavior of the MPS diodes can
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FIGURE 5. Breakdown voltage as a function of Wp for the MPS diodes
with 7p = 1.5 um at p-doping concentration of 5x10'6 cm—3 (black solid
line), 8x1016 cm—3 (red solid line), 1x10'7 cm~3 (blue solid line), and
3x10'7 cm—3 (green solid line).

be equivalent to that of a pn diode instead of a conven-
tional planar SBD, leading to a dramatic improvement in
the reverse characteristics.

In addition to the p-doping concentration, the geometri-
cal shape of the MPS structure is also closely associated
with the breakdown and leakage performance of the MPS
diodes. Therefore, we first investigate the influence of the p-
GaN width on the breakdown characterizes of the devices, as
shown in Fig. 5. The breakdown voltage of the MPS diodes
is positively correlated with W), at all listed p-doping concen-
trations. For a low p-doping concentration of 5x10'® cm™3,
the reverse breakdown voltage increases monotonously in
the whole range of W), from 2.25 um to 4.75 um. Further
increasing p-doping concentration to 8x10'® ¢cm™3 and
above leads to a saturation in the breakdown voltage at a
certain W),. Moreover, with a larger p-doping concentration,
a smaller saturation point of W, can be observed.

For the purpose of analyzing and explaining the trend
above, we intercepted the two-dimensional electric field dis-
tribution of the MPS diodes at a reverse bias of 700 V, as
shown in Fig. 6. The p-GaN width varies from 3.0 um to
4.5 um, while the p-GaN thickness is kept as 1.5 um. The
p-GaN structure is marked by the dashed box in the fig-
ure. With a small W, of 3.0 um, the peak electric field is
concentrated at the corner of the p-GaN structure, resulting
in a premature breakdown of the device. A more uniform
distribution of the electric field underneath the p-type GaN
can be observed with increased W, to 4.5 um, thanks to
the spreading effect of the electric field along the lateral
orientation, which well explains the monotonous increase of
the breakdown voltage with W, in Fig. 5. As W, increases,
the electric field at the Schottky interface gradually reduces
until an excellent electric field shielding effect is formed in
Fig. 6(d). The reduced electric field at the Schottky interface
can lead to reduced leakage current at reverse bias condition.
Taking all the factors into account, we can conclude that a
relatively larger W, value can produce a stronger electric
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FIGURE 7. (a) Breakdown voltage as a function of 7 for the MPS diodes
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and 3x10'7 cm—3 (green solid line). (b) Electric field profiles along the
midline of the MPS diodes with Wp = 4.0 um and p-doping concentration
of 8x10'6 cm~3 at different 7p when the reverse bias is 700 V.

field shielding effect, thus suppressing the reverse leakage
and preventing the premature breakdown of the device.

We then look into how the p-GaN thickness affects the
reverse characteristics of the MPS diodes. Fig. 7(a) shows
the breakdown voltage as a function of T}, for MPS diodes at
different p-doping concentrations. Similar phenomenon can
be observed for the MPS diodes with different p-doping con-
centrations, in which a larger T}, is favorable for enhanced
breakdown voltage of the device before the saturation point.
Note that the breakdown voltage features a positive relation-
ship with the p-doping concentration at a small 7}, while
a lower p-doping concentration is preferred for a decent
breakdown voltage in the large 7T, range, indicating that
there remains an optimum range for the total charges intro-
duced by the p-GaN structure that offers the best electric
field shielding effect and breakdown characteristics in the
MPS diodes.
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FIGURE 8. (a) Electrostatic potential distribution inside the MPS diode at
low injection. (b) Schematic illustration of the current flow in the MPS
analytical resistance model. (c) The simplified equivalent circuit gives an
intuitive interpretation of the functional components of a MPS diode.

As previously discussed, the electric field at the Schottky
interface is directly related to the electric field shielding
effect by the p-GaN structure in the MPS diodes. Therefore,
we extracted the vertical electric field profiles along the
dashed line shown in the inset of Fig. 7(b). As the value of T,
increases, the electric field shielding effect on the Schottky
interface is enhanced, resulting in reduced electric field at the
Schottky interface. Meanwhile, the peak of the electric field
moves into the bulk of the drift layer and the two-dimensional
depletion depth is increased, which also contributes to the
improved breakdown voltage of the devices.

B. FORWARD CHARACTERISTICS

We have explored the influence of the key design parameters
(p-doping concentration, p-GaN width, and p-GaN thick-
ness) on the breakdown voltage of the MPS diodes and
clarified the physical mechanism behind the reverse charac-
teristics. Next, we will analyze the effect of the geometrical
structural parameters on the forward characteristics. For the
purpose to reveal the correlation mechanism between the
forward voltage drop (VF), the pn junction trigger voltage
(Viurn), the specific ON-resistance at low injection (R,1), the
specific ON-resistance at high injection (R,,2) and the geo-
metrical structure parameters, we established an analytical
resistance model based on the extracted electrostatic potential
distribution within the MPS diode, as well as a relevant sim-
plified equivalent circuit, as shown in Fig. 8 [16], [21], [25].
Specifically, Point M and N in Fig. 8(b) corresponds to the
equipotential line M and N in Fig. 8(a), where the potential
difference between line M and N (Vjy) is regarded as the
voltage drop on the pn junction.

In the case of low injection, the device resistance R,
can be modeled in series with the channel resistance (Rp1),
the spread resistance (Rp3), the drift layer resistance (Rp3),
and the substrate resistance (Rg,p), as shown in Fig. 8(b),
which can be expressed by equations (7) to (11):

Tp + Wp
Rp1 = pp (7N
Z-(P—Wp—Wp)
PD P
Rpy = I 8
22 = e M W ) ®)
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Rim — (t— Tp— Wp)tand — (Wp + Wp) ©)
b3 = b P-Z-tanf

Tsub
Rop = E—
sub Psub P.7

Ron1 = Rp1 + Rp2 + Rp3 + Ry

(10)
1)

where pp is the resistivity of the drift layer, pgp is the
resistivity of the substrate, Wp is the depletion width of
the pn junction, P is the width of the whole device, ¢ is
the thickness of the drift layer, ty, is the thickness of the
substrate, and Z is the width in the third dimension of the
MPS diode.

The forward voltage drop (Vr) at low current density Jr
can be calculated by equations (12) and (13):

Vi = Vsen + Ront - JF (12)
Ve, = ®p + le Jr (13)
_ ol 2E
Sch = FB T\ A2

where ®p is the Schottky barrier height, k is the Boltzmann
constant, 7' is the Kelvin temperature, g is the electron
charge, and A is the effective Richardson’s constant. And
Vsen represents the voltage drop across the Schottky barrier.

While in the case of high injection, the high concentration
of free carriers injected from the pn junction will lead to
a conductance modulation effect and reduce the resistance
of the drift region. Therefore, R,,; of the MPS diode typ-
ically features a much smaller value compared to that of
Ron1. Moreover, under forward conduction conditions, the
on-resistance of the pn diode is much smaller compared to
the resistance from the bulk material. Hence, R,,» can be
roughly simplified into the sum of Rp3 and Ryp.

To better interpret the forward operation mode, the sim-
plified equivalent circuit is symbolled in Fig. 8(c), in which
the Schottky barrier diode together with Rp; and Rp, are
connected in parallel with a pn diode at the equipotential
point N, then connected in series with Rp3 and Ry,;,. Under
the condition of low injection, the pn junction is in the off
state and the MPS diodes work in unipolar operation mode.
As long as Vv exceeds the turn on voltage of the pn junc-
tion (Vy,), the pn junction turns on and the carrier behavior
satisfies the high injection condition, thus the MPS diodes
switch to bipolar operation mode. Therefore, the pn junction
trigger voltage (Vy,,;) can be expressed by equation (14):

Von — Vsen
Viurn = Iﬁ “Ron1 + Vsen
Vpn — Vsen

- (Rp3 + Raw) + Vpn (14)

Rp1 + Rp2
where Vy,;;, can be expressed as the sum of V,, and the
voltage drop on the resistance Rp3 and Rg,,. For a certain
GaN-based MPS diode, V), remains to be around 3 V and
Ryup is always constant.

As vertical GaN devices are being developed for multi-
kilovolt applications, it is of great significance to discuss
the applicability of the revealed design trade-offs for higher
voltage ratings. Vertical devices with higher breakdown volt-
age are typically designed with a larger thickness and smaller
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FIGURE 9. Forward I-V characteristics of the MPS diodes with varied
p-GaN thickness Tp at Wp of 4.0 um and p-doping concentration of
1x1017 ¢cm—3.

doping concentration in the drift layer [35], [36], which results
in a larger Rp3 and thus an increased Vy,,,,. Consequently, the
higher Vi, prevents the devices from operating in bipolar
mode during forward conduction, which deprives the devices
of their surge capability, to the detriment of the practical cir-
cuit applications [37]. In order to avoid this, a thicker p-GaN
structure is desired, so that the value of Rp; and Rp, can be
increased accordingly due to the enhanced depletion effect
from the pn junction. Correspondingly, the Vy,,,, of the MPS
diodes can be reduced to assure a prompt unipolar/bipolar
transition.

To verify the analytical resistance model above, we inves-
tigated the influence of the p-GaN thickness 7, on the
forward I-V characteristics of the MPS diodes, as is shown
in Fig. 9. The MPS diodes turn on to unipolar operation
mode at approximately 0.85 V. And at voltages higher than
Viurn, the diodes switch to bipolar operation mode, show-
ing steeper I-V curves. As T}, increases, the value of Vi,
reduces monotonically, as the result of reduced Rp3 which
agrees with (9) and (14).

The forward voltage drop (VF) and specific ON-resistance
as a function of T), extracted from the I-V curve is plotted in
Fig.10(a). It is shown that at low injection region, the value
of Ryy1 is increased with T,, contributing to an increased
Vr, while under high injection conditions, R,;> decreases
with T,,. The increased value of R, is a combined effect
of Rp1 and Rp3, which can be calculated from (7) and (9),
respectively. As the channel region is narrower than the drift
region, the prolonged current path through the channel region
will lead to increased overall resistance with increased 7).
Under high injection conditions, the carriers flow through
the pn junction into the drift region. The overall resistance
of the MPS diodes decreases with 7, due to the reduced
drift region thickness.

In addition, to evaluate the forward and revere char-
acteristics of the GaN MPS diodes simultaneously, the
Baliga’s Figure of Merit (BFOM) is shown in Fig. 10(a)
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FIGURE 10. (a) The extracted forward voltage drop Vg, specific
ON-resistance Rop1. Ron2 and the calculated BFOM as a function of Tp of
MPS diodes in on state with Wp = 4.0 um and p-doping concentration of
1x10'7 cm~3 . (b)The pn junction trigger voltage V. the specific
ON-resistance Rop1, Rop2, and the calculated BFOM as a function of W)y of
the MPS diodes in on state with Tp = 1.5 .m and p-doping concentration
of 1x10'7 cm—3 .

and calculated by equation (15):

2
BFOM =

(15)
onl

A maximum BFOM value of 1.474 GW/cm? can be
obtained with a T, of 2.0 um, indicating an optimal compre-
hensive performance of the devices by taking the trade-off
issues into consideration.

Fig. 10(b) shows the relationship between Vi, Ronl, Ron2
and W,. A similar trend of the forward characteristics can
be observed with the p-GaN width, in which Vy,,,, and Ryn2
decreases with W, while R, increases with W,. For low
injection conditions, a larger value of W, will generate a
narrower current channel, exacerbating the current crowd-
ing effect and therefore resulting in a larger R,,;. A larger
W, will lead to an increased slope of the equipotential line
“N” in Fig. 8 (a) and thus a reduced Rp3. As a result, the
Viurn and R, of the MPS diodes will reduce correspond-
ingly. Furthermore, the BFOM has a maximum value of
1.505 GW/cm? when W, is 4.25 um.

IV. CONCLUSION

To summarize, we systematically investigated the influence
of the key design parameters on the reverse and forward char-
acteristics of GaN-based MPS diodes. By taking advantage
of the electric field shielding effect, the electric field at the
Schottky junction region of the conventional planar Schottky
barrier diodes can be effectively alleviated and the barrier
lowering effect at high electric field can be suppressed. In the
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meantime, an optimal set of parameters is crucial for avoid-
ing the premature breakdown at the corner of the p-GaN
structure due to the electric field crowding effect. Based
on the on-state I-V characteristics of the MPS diodes, the
physical mechanism and the analytical model of the forward
conduction are also explored and analyzed. We believe that
the findings in this article can provide a theoretical guide-
line for the design of high-voltage, high-power, and low-loss
GaN-based MPS diodes towards the future application in
high-efficiency GaN-based power systems.
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