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Effect of SiO, Surface Passivation on the Performance of
GaN Polarization Superjunction Heterojunction Field Effect

Transistors

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

and Hironobu Narui

In this article, the effects of the SiO, surface passivation layer are reported on
normally-on 1.2 kV GaN polarization superjunction (PS)) heterojunction field
effect transistors (HFETSs) by comparing the electrical performances of PS) HFETs
with and without SiO, surface passivation. A slight recovery of the 2D electron
gas sheet density is observed in the slight negative shift of Vi, after SiO, surface
passivation. Passivation also increases the breakdown voltage. This improve-
ment may result from removing positive surface charges in defects along the
P-GaN gate sidewall and top u-GaN layer after the specifically designed SiO,
surface passivation. Furthermore, the SiO, surface passivation can also effec-
tively suppress the surface gate leakage currents in the PS) HFETSs by eliminating
the conductive channel created by the positive surface charges in defects.

1. Introduction

Gallium nitride (GaN) has become one of the most competitive
materials for power semiconductor devices due to the high
mobility and high density of the 2D electron gas (2DEG)™
formed at the heterointerface of AlIGaN/GaN.

Polarization superjunction (PS]) concept is based on the
charge balance of polarization effects of high-density 2DEG with
2D hole gas (2DHG), enabling GaN HEMTs to achieve high
breakdown voltage without sacrificing the on-state resistance.
High densities of 2DHG and 2D electron gas naturally coexist
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at the respective interfaces of the GaN
(0001)/AlGaN (0001) and AlGaN (0001)/
GaN (0001) double heterostructure, achiev-
ing charge balance conditions in the off-
state and a flat electric field distribution
in the drift region.”) A theoretical trade-
off relationship between specific on-state
resistance and breakdown voltage for PS]
power devices has been proposed in
ref. [3]. Recent research has shown that
the breakdown voltages of the PS] hetero-
junction field effect transistors (HFETSs)
can be linearly increased with the length
of the PSJ region.>*?! The switching per-
formance of GaN PSJ] HFETs is similar
to that of Si superjunction metal-oxide-
semiconductor  field-effect  transistors
(MOSFETS).[Z] When the PS] HFET turns on, the electrons flow
via the 2DEG between source and drain to enable current flow.
When the device is turned off, along with the extraction of elec-
trons from the drift region, the extraction of 2DHG present over
the drift region via the gate causes the formation of a depletion
region to support the drain voltage in the drift region.

It is widely accepted that the donor defect states, and bulk
donors are the causes of the 2DEG both in the AIGaN/GaN and
u-GaN/AlGaN/u-GaN heterostructures.*”! In the u-GaN/AlIGaN/
u-GaN heterostructures, when the GaN cap layer is thin, the
effects of 2DEG sheet density are dominated by the surface
donor states. However, when the u-GaN layer increases, the
2DEG sheet density decreases which is due to the introduction
of the negative polarization charges at the heterointerface of the
top u-GaN.")

Several literatures have reported the impact of SiO, surface
passivation on the basic electrical performance of AlGaN/GaN
HEMTs.BY With SiO, surface passivation, improved on-state
resistances and saturation currents are observed, with negatively
shifted Vy,.''="% This is due to the suppression of surface trap
effects in the AIGaN/GaN HEMTs. Another explanation for the
increase in the 2DEG carrier concentration is reported in
ref. [14], which suggests that the charges existing at the oxide/
AlGaN interface or the oxide are responsible. Moreover, surface
passivation can also influence the switching performances and
current collapse in GaN power devices.'**>™'7] It has been found
that the breakdown voltage of AlIGaN/GaN HEMTs increases fol-
lowing SiO, passivation!'® due to the suppression of surface elec-
tron trapping.

© 2023 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH
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However, the SiO, surface passivation and its effects on the
2DEG and 2DHG sheet density in PS] HFETs have not been
explored due to the presence of the top u-GaN layer. This study
aims to analyze the impacts of SiO, surface passivation on both
the sheet density of 2DHG and 2DEG and their further influen-
ces on the transfer, on-state, breakdown voltage, and gate leakage
current performances in PS] HFETS.

2. Device Structures and Parameters

The devices under test are 1.2 kV normally-on p-GaN Ohmic gate
PS] HFETs fabricated on the sapphire substrate. PS] heterostruc-
tures consist of GaN/AlGaN/GaN shown in Figure 1. They are
capped with a P+ GaN layer with a Mg doping density of
1€20 cm™ to achieve an Ohmic gate metal contact to assist
the transportation of 2DHG. The source and drain electrodes
are above the AlGaN layer, forming the Ohmic contact with
2DEG. The thickness of the AlGaN layer is 47 nm and the con-
tent of Al is 0.23. The top and bottom undoped GaN layers are
20nm and 1pm, respectively. Therefore, 2DHG, an undoped
AlGaN layer, and 2DEG compose the vertical PiN junction.
Figure la shows the cross section of PS] HFETs with the
SiO, surface passivation. As a comparison, the PS] HFETs with-
out the SiO, passivation are shown in Figure 1b. Polyamide is
deposited on the active area of the devices for protection and iso-
lation. The other dimensions and details of the devices are pre-
sented in Figure 1a,b. The gate width of them is 1 mm.

3. Results and Discussions

3.1. Impact on the Transfer and I;—V,s Characteristics

In this section, the effects of SiO, surface passivation on the
transfer and I3~V characteristics are evaluated. The static char-
acteristics of the devices were measured using a Keysight
B1500A Semiconductor Device tester, and all tests were con-
ducted in dark conditions at room temperature.

Figure 2 shows that the Vy, for PS] HFETSs with SiO, surface
passivation is lower and more negative than those without SiO,
passivation, with values of Vi, = —5.71 and —5.5V (extracted at
1mAmm™Y), respectively. This difference is because SiO,

(a)
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Figure 2. Typical transfer characteristics (lqs — Vgs) of the PS] HFETs with
and without SiO, surface passivation were measured at Vgs=1V.

surface passivation reduces the influence from the defect states
located along the P-GaN sidewall and PSJ region or the charges at
the surface of oxide/u-GaN or in the oxide layer causes the
increase of the 2DEG sheet density."*! However, due to the exis-
tence of a thick top u-GaN layer, only a slight recovery of the
2DEG could be seen based on the slight negative Vy, shift
observed after surface passivation.

A typical measured pulsed I4s—Vys is shown in Figure 3. It was
found that R, for PS] HFETs with SiO, passivation is relatively
lower than devices without it. This is due to a marginal recovery
of the 2DEG density.”**!

3.2. Breakdown Voltage Characteristics

This section describes improvement in the breakdown voltage of
PS] HFETS after the passivation of the SiO, surface and explores
possible causes. The B1505A Semiconductor Device Analyzer was
used to measure their typical off-state breakdown characteristics,
displayed in Figure 4. The PS] HFET with SiO, surface passivation
had a breakdown voltage of 2290 V, which was 145 V higher than
that without passivation. The improvement in the breakdown

(b)

Polyimide

Unit: um

2DEG

U-GaN

Polyimide Unit: um
P+GaN
2DHG U-GaN
2DEG
U-GaN

Figure 1. The cross section of the polarization superjunction (PS)) P-GaN Ohmic gate heterojunction field effect transistors (HFETs) a) with and
b) without SiO, spacer along the sidewall of the P-GaN gate and the whole top U-GaN layer.
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Figure 3. Typical pulsed I4s — Vys characteristics of the PS] HFETs with
and without SiO, surface passivation measured at Vs = —5-1V (gate step
voltage =1V, pulse width =1 ms, and the duty cycle is 1%).
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Figure 4. The comparison results of the typical off-state breakdown char-
acteristics of PSJ HFETs with and without the SiO, passivation layer (at
Ves=—10V).

voltage is assumed to be caused by removing possible positive sur-
face charges in defects along the top u-GaN layer.

Surface passivation influences the sheet density of 2DEG by
modulating the positive surface charge in defects in AlGaN/GaN
HEMTs. The positive surface charge in defects at the AlGaN
surface influences the concentration of 2DEG by modifying
the surface potential in AlGaN/GaN HEMTSs, as reported in
ref. [20]. Furthermore, the effect of the surface charge in defects
on the DC characteristics is investigated through the TCAD
simulations.'*?*"2%) Therefore, following a similar analysis,
the trend analysis of the passivation effects with various positive
surface charges in defects (Dj;) on the sheet density of 2DEG and
2DHG is presented and discussed for the PSJ heterostructures.
Detailed device simulation was undertaken to identify the effects
of different densities of donor and acceptor defect states modeled
as positive sheet charges at the interface of the top u-GaN layer
and SiO, on the band bending and sheet density of 2DEG and
2DHG. The models employed in this simulation were based on
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Figure 5. The schematic band diagram of PS| heterostructures (u-GaN/
AlGaN/u-GaN) with/without SiO, (including various positive surface
charges in defects, D;;) passivation.

the previously reported PS] simulation model in ref. [27]. The
similar surface charges in defects are based on the research work
of refs. [20,28].

The band diagram of the PS] heterostructures with and with-
out the SiO, passivation layer is shown in Figure 5. It also illus-
trates the scenario of a SiO, passivation layer with different
positive surface charges in defects, which represent the different
levels of surface passivation effects. From the band diagram, it
can be observed that the surface potential becomes lower with the
increase in the positive surface charges in defects, which is like
that reported in the AlGaN/GaN HEMTs.*” With the increase of
the positive surface charge on the top u-GaN, the surface elec-
tronic potential drops. Figure 5 shows the band bending as defect
density is increased from 0 to 1e13 cm 2. Due to the existence of
a thick top u-GaN layer and AlGaN barrier layer, the band bend-
ing has marginal effects on the AlIGaN/GaN hetero-barriers and
the sheet density of 2DEG but can cause the hole density in the
2DHG to decrease significantly. For the extremely high defect
density of 1e13 cm ™2, the 2DHG is almost fully depleted as seen
from the valence band dropping below the Fermi level (Figure 5).
The simulated electric field and potential distribution along the
2D electron gas (2DEG) channel of the PS] HFETSs with various
positive surface charges in defects ranging from 0 to 1e13 cm >
at Vgg = —10V and Vgg = 1200 V are shown in Figure 6.

3.3. Suppression of the Gate Leakage Current in the PS] HFETs

Recently, SiO, passivation for P-GaN gate HFETS has been pro-
posed to reduce surface leakage current.®) Surface gate leakage
current can be reduced by introducing the SiO, passivation layer,
which also leads to suppressing carrier trapping through positive
surface charges in defects and removing the conductive
channel®**! from the gate to the source and drain. The surface
leakage current 2D variable range hopping mechanism is one of
the possible but important mechanisms of the surface leakage
current reported in ref. [31].

© 2023 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH
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Figure 6. The modulus of electric field and potential distribution along the
2D electron gas (2DEG) channel of the PS) HFETs with various positive
surface charges in defects ranging from O to 1e13 cm ™2 at V;, = —10V and
Ve =1200V.
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Figure 7. a) The comparison results of the gate leakage current character-
istics of PS] HFETs with and without the SiO, passivation layer. b) The
mechanisms of the surface gate leakage current formation through
positive surface charges in defects in PS| HFETs.
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The SiO, passivation process has been developed along the
sidewall of the P-GaN gate and the top U-GaN layer in PSJ
HFETs shown in Figure la. Gate leakage current characteristics
of PS] HFETSs are shown in Figure 7a. The negative gate bias is
applied at the gate (from 0 to —20 V) and the source and drain are
grounded. There is a significant reduction in Ig from 36
to 1.94nA at V,=-10V. The gate leakage current of PSJ
HFETs is composed of the surface leakage current and vertical
PiN junction reverse current.”!! Vertical PiN reverse junction
current is dominated by the space-charge generation current
which is mainly dependent on the AlGaN layer (intrinsic
layer),?? representing that SiO, surface passivation has negligi-
ble effects on it. Therefore, the reduction of gate leakage is
mainly induced by the surface leakage current through effectively
suppressing positive surface charges in defects with SiO, surface
passivation in PS] HFETs, which is like the mechanisms of the
P-GaN HEMTs presented in Figure 7b. These results also indi-
cate that the states are located along the surface instead of the
u-GaN layer.

4, Conclusion

The effect of SiO, surface passivation along the sidewall of the
P-GaN gate and the top u-GaN layer on the electrical perfor-
mance of the 1.2 kV normally-on P-GaN gate PS] HFETS is stud-
ied. SiO, passivation leads to a slight improvement in the
on-state resistance and a marginally negative Vy, shift. This is
due to the marginally recovered sheet density of 2DEG after
SiO, passivation. However, the crucial role of SiO, passivation
lies in maintaining the high density of 2DHG by removing the
positive surface charges in defects. It is essential to remove the
positive surface charges in defects and maintain the high density
of the 2DHG. This is an important process step to optimize the
electric field distribution and achieve charge balancing between
2DEG and 2DHG in the off-state, significantly enhancing the
breakdown voltage. Furthermore, SiO, surface passivation is
necessary to reduce the gate leakage current by eliminating
the conductive channel which is formed by the positive surface
charges in defects from gate to source or drain.
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