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Current Saturation Behavior in GaN Polarization

Superjunction Hybrid Diode

Yangming Du, Ekkanath Madathil Sankara Narayanan,* Hiroji Kawai, Shuichi Yagi,

and Hironobu Narui

This is the first report on the current saturation behavior observed in the forward
characteristics of polarization superjunction (PS})-based hybrid PiN-Schottky
GaN power diodes fabricated on Sapphire. In the current saturation region, most
of the applied anode voltage is dropped across the regions immediately adjacent
to the edge of the doped P-GaN region closest to the cathode. This significant
potential drop occurs within a short distance, resulting in a high electric field and
depletion of electrons, causing the current saturation behavior via velocity

saturation in these PS) hybrid diodes.

1. Introduction

Gallium nitride (GaN) has become an essential candidate as
the next-generation semiconductor material for power devices
because of its higher bandgap energy than silicon or silicon
carbide. The high density of 2D electron gas (2DEG) formed
at the aluminum gallium nitride (AlGaN)/GaN heterostructures
interface!"! has high mobility (around 1500 cm? Vs~ ') and high
saturation velocity. Due to these features, GaN power devices
can achieve lower specific on-state resistance than Si and SiC
devices® for a given breakdown voltage.

Polarization superjunction (PS]) is a concept utilizing the for-
mation of high-density 2D hole gas (2DHG)*® coexisting with
high-density 2DEG in a double heterostructure of GaN/AlGaN/
GaN, which can achieve charge balance condition and flat electric
field distribution, thus significantly improving the breakdown
voltage for a given drift region length.”~** Analysis of the PS]
concept is also independently reported by others.'*™! A
2.4kV lateral PS] hybrid diode on 6 H-SiC substrate was first
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reported in ref. [10]. It is a merged
Schottky and PiN diode. Due to the advan-
tages of PSJ technologies, the diodes can
achieve a low on-set voltage (0.4 V), high
reverse blocking voltage (around 2.4kV),
and specific on-state resistance of
Ron- A =14mQ cm? at room temperature.
This work also showed the capacitance per-
formances of PS] hybrid diodes, indicating
that the Schottky junction was depleted first
followed by the depletion of the PiN junc-
tion (2DEG/2DHG) under high reverse
bias conditions. Furthermore, the surge
current capability of the PSJ hybrid diode on insulating
Sapphire substrate has also been reported in ref. [16]. The mea-
sured surge current was around around 8 times its rated current
(8A). When the high surge current flows through Schottky Anode,
the high potential drop will cause the turn-on of the PiN junction
in PSJ hybrid diode. Therefore, the highly energetic minority car-
riers (holes) are injected through the PiN junction under very
high forward bias at high temperatures, inducing lattice damage
and device burnout.'® As for the switching performances of PSJ
devices, the electrons and holes can be depleted/supplemented
through the drain and gate in PSJ heterostructure field-effect tran-
sistors (HFETS) (cathode and p-type anode in PS] diode) during
the turn-off/turn-on process, respectively. This behavior has
already been validated and reported in refs. [12,17,18].

The previous research work found a current saturation
behavior that influenced the performances of these PSJ hybrid
diodes, but the mechanisms were not discussed.!'® Therefore,
the current saturation behavior observed and the mechanisms
governing such behavior are discussed in this work.

2. Device Structure and Dimensions

The cross-section and dimensions of PS] hybrid diodes are illus-
trated in Figure 1. PS] double heterostructures (u-GaN/AlGaN/
u-GaN) are capped with P++GaN layer to provide Ohmic contact
to the anode (A), and the thicknesses are 30 nm, with Mg doping
density of ~1€20 and 1e19 cm 3, respectively. The thicknesses of
the top and bottom u-GaN layers are 20 and 800 nm, respectively.
AlGaN layer thickness is 25 nm, and the Al content is 0.3. Unlike
the devices reported in ref. [10] or,*®! Schottky anode contacts are
formed over the AlGaN layer, and PiN diodes are formed over
GaN/AlGaN/GaN, with P-GaN/P 4 GaN forming the Ohmic
anode to the 2DHG. The cathode is formed by contacting the
2DEG over the AlGaN layer, as shown in Figure 1. Therefore,
high densities of 2DHG and 2DEG are formed at the top and

© 2024 The Author(s). physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH
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Figure 1. A simplified cross-section of PS) hybrid diode. A and C represent
the anode and cathode, respectively.

bottom interfaces of the double heterostructure of GaN/AlGaN/
GaN, respectively. This device structure is same as that shown in
the previous work.l'” Such a structure makes use of charge bal-
ance arising across the high-density 2DHG, AlGaN intrinsic layer,
and high-density 2DEG in the drift region (Lpsj) to support (line-
arly varying) high voltages with drift regions for high-voltage
applications. Other detailed dimensions of these diodes are pre-
sented in Figure 1. The widths of the devices under test are 1 mm.

3. Results and Discussions

3.1. Forward and Reverse Characteristics of GaN PS| Hybrid
Diodes

Measured forward [-V characteristics of PS] hybrid diodes with
different Lpgj at room temperatures and in the dark are plotted in
Figure 2a. The turn-on voltage is measured to be 1.6V

500 T

\
P
/ ——

400 —— Lps,~20um

—— Lps,=15um
—e— Lpg,=10um /
£ 300 Va
£
<
&
S 200
100
T=25°C
0 5 10 15 20

Vac V]

Figure 2. Measured forward characteristics of PS) hybrid diodes with
different diodes of Lps; =10, 15, and 20 pm at room temperature.
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(@1mAmm™") at T=25°C in these devices. This is due to
the fact that the Schottky contact is formed on the AlGaN layer.
There are no limitations in electrons available to be injected
across the Schottky barrier under the forward bias. However,
the forward conductive characteristics have a current saturation
behavior, and the saturation voltage is independent of the Lpg;.
This indicates that the saturation behavior does not depend on
the length of the PSJ drift region.

Moreover, the current saturation behavior is widely observed
from the conventional GaN high electron mobility transistors
(HEMTS). This is due to the velocity saturation that occurred at
the drain-side edge of the gate. When the device turns on, the elec-
trons at this region are gradually accelerated when the drain bias
increases, causing the velocity saturation at this region. However,
the potential distribution of GaN HEMTs is different from that in
PSJ hybrid diode under the same forward bias. Therefore, the
actual mechanisms of this diode are discussed in further sections.

Measured breakdown voltages of these hybrid diodes with
different Lpg; (10, 15, and 20 pm) at room temperatures and
in the dark are presented in Figure 3, which shows effective
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0.01f 1
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5 1E-4 fo o = | 4
<« 1E-5 Pt AAAASIVE=TEE -
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(b) 2000 T T
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= 1500
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Figure 3. a) Measured reverse characteristics of PS] hybrid diode and
b) the extracted breakdown voltage (@ Te—4 mAmm™') with different
Lps;=5, 10, 15, and 20 um.
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polarized charge balance. Due to charge balance arising across
the high-density 2DHG and high-density 2DEG, these devices
exhibit high breakdown voltages, which vary linearly with drift
lengths (Lpsj), as shown in Figure 2b. These results were almost
identical to that reported in ref. [10].

3.2. Simulation Analysis of Current Saturation Behavior in GaN
PS) Hybrid Diodes

To investigate the mechanisms governing current saturation in
PSJ hybrid diode, device models are built in the SILVACO
ATLAS based on the typical models in ref. [19]. The knee voltage,
on-resistance, and saturation voltage of simulated results are
well-fitted with the experimental results by modulating the den-
sity and mobility of 2DEG shown in Figure 4. The deviation at the
saturation region between simulation and experimental results is
due to self-heating effects not accounted for in the simulations.
Moreover, the simulation results also indicate that the self-
heating effects have negligible influences on this current
saturation behavior.

3.2.1. Potential Distribution Along the 2DHG and 2DEG
Channels

It is important to note that, although the PSJ hybrid diodes are
merged with Schottky and PiN diodes, the PiN junctions do not
turn on due to the low resistivity manner of 2DEG and relatively
higher turn-on voltage of PiN junctions (3.4 V) when compared
with the Schottky component of these diodes. The surge current
measurement results of PS] hybrid diodes also verified that the
PiN junctions do not turn on when the anode bias is lower than
30V at room temperature.*® This indicates that this PS] hybrid
diode behaves as a unipolar power device and electrons are the
main carriers at forward conducting mechanisms under normal
operating conditions. In other words, the electrons flow through
the Schottky anode and 2DEG channel into the cathode, which
forms the major current flow in this diode.

400
E
£ 300t =—Lps,=20um _
g —Lps,=15um
‘_c; 200 - —Lpg,~10um |
<
- T=25°C
100
Solid line:Experiment
ok Dash line:Simulation
0 5 10 15 20

Vac V]

Figure 4. Fitted Iac—Vac characteristics of PS) hybrid diodes with different
Lps; (10, 15, and 20 pm).
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Figure 5. The cutline position (above) and the potential distribution along
Cutline 1 and Cutline 2 range from Vac = 5-20 V with the step of 5 V (below).

Figure 5 presents the potential distribution along 2DHG and
2DEG channels for both saturation and nonsaturation conditions
along the Cutlines 1 and 2 at different anode biases with the
Lpsyj=15pm and device lengths W=1mm. As is evident,
the potential drops almost linearly in the P + GaN along the
2DHG channel. However, due to the high resistive of the top
u-GaN layer (2DHG has a low velocity and is mainly confined
at the heterointerface), the rest of the applied anode potential
to be dropped across the regions immediately adjacent to the
edge of the P 4 GaN region toward the cathode. This phenome-
non is observed from both the nonsaturation and saturation sit-
uation but with the increasing voltage drop. This significant
potential drop occurs within a short distance, resulting in the
high electric field at the 2DEG channel close to the edge of
the anode below the P + GaN region.

However, the potential distribution along the 2DEG channel is
different. It can be found that the applied anode potential drop
across the Schottky contact region is about 1.6 V in the saturation
region along the 2DEG channel, which is consistent with the
knee voltage presented in Figure 2. At the nonsaturation region
(Vac =5 and 10V), the potential drops almost linearly from the
2DEG channel below the P + GaN region, and the drift region
(PS]) has a very low potential drop due to the high density of
2DEG, which keeps the potential of the Lpg; region as low as pos-
sible. At the nonsaturation region (Vac = 15 and 20 V), although
the potential drop rate at the 2DEG channel below the P + GaN
region and the PS] drift region is almost consistent, the potential
drop at the edge of the anode becomes significant.
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Figure 6. Simulated total electric field and electron concentration
distribution along the 2DEG channel at Vac=5V (blue) and 20V
(red), respectively.

The top u-GaN layer behaves as a resistive layer, because
the 2DHG has a low velocity and is mainly confined at the
heterointerface. Therefore, the potential along Cutline 1 drops
significantly horizontally. Moreover, the holes cannot be injected
into the bottom u-GaN layer, which cannot increase the number
of electrons in 2DEG channel.

Figure 6 presents the electric field and electron concentration
along the 2DEG channel at anode biases of 5V (not-saturation)
and 20V (saturation), respectively. Compared with the electric field
distribution at 5 V, with an increase in bias to 20 V, the high electric
field peak creates a pinch-off region, causing the depletion of 2DEG.

According to previous discussions on these mechanisms, the
saturation behavior has almost no relationship with the PSJ
region. This also explains why saturation voltage is independent
of Lpg; obtained from the measurement results shown in
Figure 2. The detailed mechanisms of this saturation behavior
in PSJ hybrid are illustrated in Figure 7. When the diode turns
on, the current flows through the Schottky anode and 2DEG
channel to the cathode. The potential along the 2DEG channel
drops gradually. However, the potential at the edge of the
p-Ohmic contact drops significantly. With the increase of the
anode voltage, the potential differences and electric field peak
are generated in that region. Therefore, the high electric field
peak pinches off the 2DEG channel, which is close to the edge
of the p-Ohmic anode shown in Figure 7.

3.3. Temperature-Dependent /-V Characteristics of GaN PS]
Hybrid Diodes

In this section, temperature-dependent -V characteristics are
presented and further explain the current saturation mecha-
nisms obtained from the simulation analysis.
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Figure 7. The mechanisms of current saturation behavior in PSJ hybrid
diode.

Figure 8 illustrates the I-V characteristics as a function of tem-
peratures from 25 to 150 °C with the step of 25 °C. The saturation
current drops with the rise of temperatures. This is due to the
decrease of the 2DEG mobility. Furthermore, the saturation
voltage is almost consistent at different temperatures.

Based on the simulation analysis, the mechanisms of this cur-
rent saturation behavior are based on the theory of velocity satu-
ration. The saturation velocity as a function of temperature in
AlGaN or GaN is reported in refs. [20,21]. It shows a marginally
decreasing trend with the rise of temperature,?®*!! causing a
slight reduction of saturation voltage. This trend is very similar
to the relationship between the temperature and saturation
voltage in PS] hybrid diodes. Therefore, velocity saturation is
a highly plausible theory of the current saturation of PS] hybrid
diodes, which is consistent with the analysis of HEMTs.
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Figure 8. The measured |-V characteristics of PS) hybrid diode as a
function of temperature (from 25 to 150 °C with the step of 25 °C).
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4, Conclusion

The current saturation behavior in the PS] hybrid diode is first
reported and discussed utilizing the device simulation tools.
Although these are merged PiN-Schottky diodes, the PiN junc-
tions do not turn on due to the low resistivity of 2DEG beneath
this region. Therefore, the GaN PSJ hybrid diode behaves as a
unipolar power device.

By comparing the potential distribution along the 2DEG and
2DHG channels, the mechanisms involved in the current satu-
ration behavior are discussed. Along the 2DEG channel, the
applied anode potential drop across the Schottky contact region
is about 1V in the saturation region. The drift region has a very
low potential drop due to the high density of 2DEG, which keeps
the potential of the Lpg; region as low as possible. However, the
potential drop along the 2DHG channel is different. The poten-
tial drop at the Ohmic contact and P-GaN layer is insignificant,
but the rest of the applied anode voltage is dropped across the
regions immediately adjacent to the edge of the p-GaN region
toward the cathode. This significant potential drop occurs within
a short distance, resulting in a high electric field and depletion of
electrons. Therefore, a pinch-off region is created, which causes
velocity saturation to occur at this region.
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