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Abstract

®

CrossMark

In this paper, we present our recent research on the demonstration of normally-OFF operation
and high-performance device merits in GaN high electron mobility transistors (HEMTs), which
are enabled by the employment of thin-barrier AlGaN/GaN heterostructures. Two types of
thin-barrier HEMTs are investigated: one is with a metal-oxide—semiconductor (MOS) gate
structure, and the other is with a p-GaN gate stack. The MOSHEMTS feature an as-grown
thin-barrier heterostructure with a gate-recess-free fabrication process and a high-k ZrO, gate
dielectric. Approaches including selective area barrier regrowth and selective area surface
passivation are implemented to minimize the access resistance in the MOSHEMTs. For the
p-GaN gate HEMTs, a T-shaped Schottky gate contact scheme is employed to realize superior
gate stack reliability. Normally-OFF operation with a large threshold voltage >1.5 'V, a high
maximum drain current >450 mA mm~!, a steep subthreshold slope <95 mV dec™!, and
negligible hysteresis are achieved in all the demonstrated device structures. Moreover, in
analyzing the reported device results with the corresponding heterostructure design, we discuss
the benefits and tradeoffs of thin-barrier MOSHEMTSs and p-GaN gate HEMTs, respectively.

Keywords: thin barrier, normally-OFF, GaN high electron mobility transistor, p-GaN gate,

high-k dielectrics, passivation

(Some figures may appear in color only in the online journal)

1. Introduction

Semiconductor power switches with a minimal ON-state
power loss in conjunction with a strong OFF-state block-
ing capability are always desired in power electronic sys-
tems. Benefiting from the high electron density and mobil-
ity of 2D electron gas (2DEG) formed channel leading to a
low ON-resistance (Ron), and the large critical electric field
in GaN material properties thereby a high OFF-state break-
down voltage (Vpr), AlGaN/GaN-based heterojunction field
effect transistors have demonstrated great promise for energy-
efficient power switching applications [1, 2]. However, the
normally-ON characteristic resulting from the pre-existing
2DEG channel in conventional AlGaN/GaN high electron

1361-6641/21/034001+11$33.00

mobility transistors (HEMTSs), typically with a ~20 nm
AlGaN barrier thickness and a ~20% — 30% Al mole frac-
tion, slowed down the pace towards rapid adoption of these
devices in power systems [3]. In high-voltage high-current
application scenarios, power switches with normally-OFF
property are highly demanded to ensure fail-safe operation,
in addition to simplifying the circuit design with a single-
polarity power supply. As such, extensive research efforts
have been devoted to achieve high-performance normally-
OFF GaN HEMTs over the past two decades. For instance,
Ikeda er al demonstrated the first normally-OFF GaN HEMTs
on silicon substrates using a C-doped GaN channel [4], Saito
et al and Oka et al achieved normally-OFF operation using
a recessed gate structure [5, 6], Kanamura er al employed

© 2021 IOP Publishing Ltd  Printed in the UK
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a n-GalN/i-GaN/n-GaN triple cap layer to obtain a posit-
ive Vy [7], and Medjdoub et al demonstrated a normally-
OFF AIN/GaN HEMT with a low Ron [8]. Alternatively,
Cai et al demonstrated a normally-OFF HEMT with fluoride
plasma treatment [9]. In the past decade, extensive attention
has been paid to the metal-insulator—semiconductor structure
with fully removed AlGaN barrier [10, 11] or ultrathin barrier
[12]. Recently, some novel tri-gate structures have also been
developed to achieve normally-OFF operation [13, 14]. Other
approaches such as Schottky-contact p-GaN gate HEMTs and
gate injection transistors were also demonstrated with large
threshold voltages [15, 16].

The basic guideline to realize normally-OFF operation in
AlGaN/GaN HEMTs is to prevent the 2DEG formation under-
neath the gate region no matter when the gate is floating or
biased at 0 V. Several approaches were explored to deplete
the 2DEG underneath the gate, including introducing negat-
ive charges (e.g. fluorine ions) [17, 18], employing p-(Al)GaN
cap layer to form a p—n junction [16, 19, 20], or simply redu-
cing the AlGaN barrier thickness (by gate recess or epitaxy)
since the 2DEG density strongly depends on the thickness
and Al composition of the AlGaN layer [5, 21-23]. However,
thermal stability remains an unresolved issue to date in the
first method. While, for the latter two approaches, the ultrathin
AlGaN barrier needed to achieve a positive Vy, can lead to
device fabrication a liability. Moreover, the Vy, of the device
needs to be large enough to avoid false turn-on triggered by
noise gate signals.

Early works on thin-barrier normally-OFF HEMTs
deployed a Schottky gate (SG) contact, which had a very
limited maximum gate bias (<3 V) [5, 24]. Later on, with the
improvement of high-quality dielectric deposition techniques
on GaN, metal-insulator (oxide)-semiconductor HEMT
(MISHEMT/MOSHEMT) structures were applied in the
thin-barrier normally-OFF devices to reduce the gate leak-
age current and increase the gate swing. In recent years,
high-performance normally-OFF GaN MOSHEMTs with a
low Ron and high maximum drain current (Ips max) have
been demonstrated employing a thin-barrier structure [12, 25,
26]. However, due to the insertion of a thick gate dielectric
(8103, SiN,, or Al,O3) with a relatively low dielectric con-
stant between the gate metal and thin barrier, the effectiveness
of using a thin-barrier structure to suppress the 2DEG form-
ation is undermined. Consequently, the reported Vy, in the
device is only slightly larger than 0 V or even a small negative
value, leading to a quasi-normally-OFF device. Alternatively,
the utilization of insulated gate structure allows thinning the
barrier to its minimum thickness, i.e. complete removal of the
barrier layer, resulting in a direct contact of gate dielectric and
i-GaN channel layer thus forming a MOSFET structure [27,
28]. In this way, a relatively large Vy, may be achieved. How-
ever, due to the strong scattering effect, the electron mobility
in the i-GaN channel is much less than that in the 2DEG chan-
nel with a preserved heterojunction. Hence, the large Vy, in
devices with an i-GaN channel is usually at the cost of a com-
promised Ron. Therefore, in this work, for the insulated gate
HEMT structure, we mainly discuss about the development
of MOSHEMTs with a functional thin-barrier layer to ensure
high performance in the ON-state.

Up to now, p-GaN gate HEMTs with good Vy, stability
are the only type of truly normally-OFF GaN HEMTs being
commercialized among all the aforementioned approaches. In
p-GaN gate HEMTs, an AlGaN/GaN heterostructure with a
relatively thin barrier is vital to ensure a positive Vy,. Pre-
cise removal of the topmost p-GaN layer in the access regions
poses a significant challenge since a slight overetch will lead
to a significant increase in the access resistance thereby a high
Ron. Although the Vi, of the p-GaN gate HEMTs can also
be adjusted by the work function of gate metals [15, 29], the
Ron and Ips, max are also affected by the gate stack design.
To achieve both a large Vy, and a low Ron in p-GaN gate
HEMTs, a recess-and-regrowth method was proposed and
high-performance devices were demonstrated [30]. However,
the regrowth process increased the p-GaN gate HEMTs fab-
rication complexity and the device results strongly depended
on the process conditions [31]. Over the past decade, great
efforts have been devoted to minimizing the Royn in p-GaN
gate HEMTs while maintaining a large Vy,. The gate reliabil-
ity associated with the p-GaN cap and thin barrier in the device
have also attracted extensive research interests.

In the work, we present our recent research results on
the development of normally-OFF GaN HEMTSs employ-
ing thin-barrier heterostructures, aiming at achieving a large
Vi as well as a high Ips max and a low Ron. In addi-
tion, minimal hysteresis and high Vg are also important
device merits in the target. Based on the gate stack struc-
ture, our strategies to achieve normally-OFF operation in
the thin-barrier devices can be divided into two categories
as mentioned above: (a) MOSHEMTs and (b) p-GaN gate
HEMTs. For the MOSHEMTS, a recess-free barrier process
was developed to ensure low trapping effect in the gate stack
and a small resistance in the access regions. A high-k ZrO,
gate dielectric was employed to suppress the gate leakage
without sacrificing the gate control over the channel to achieve
alarge Vy,. For the p-GaN gate HEMTs, a T-shaped gate struc-
ture with reduced metal/p-GaN contact area was implemented
with a properly designed barrier structure, achieving both a
large Vy, and a high Ing, max, as well as a retained high-voltage
blocking capability even after forward gate breakdown.

This paper is organized as follows. In section 2 we intro-
duce the development of normally-OFF GaN MOSHEMTs
with a recess-free barrier process and high-k ZrO, gate dielec-
tric. Two different approaches to reduce the access resist-
ance in the thin-barrier MOSHEMTs are presented. Section 3
describes the development of high-performance p-GaN gate
HEMTs. The gate stack reliability of the device is charac-
terized and analyzed. Benchmarking of MOSHEMTs and p-
GaN gate HEMTs in this work with reported state-of-the-
art devices with thin-barrier heterostructures is discussed in
section 4. Finally, a brief summary will be given in section 5.

2. GaN MOSHEMTSs with engineered thin-barrier
and high-k ZrO, gate dielectric

In comparison with the GaN MOSFETs which have a fully
recessed barrier underneath the gate, a preserved thin barrier in
the MOSHEMT structure maintains full benefits of the 2DEG
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with reduced Coulomb scattering and surface roughness scat-
tering for the electron carriers at the heterointerface. On the
other hand, to reduce the density of interface trap states in the
gate stack, we chose the bottom-up method to form the thin
barrier in the AIGaN/GaN heterostructure by epitaxy in the
initial device design, instead of using the conventional top-
down gate recess approach in which dry/wet-etching process
steps inevitably cause damages to the barrier surface thus gate
controllability issues.

As mentioned earlier, stacking insulators with a relatively
low dielectric constant on top of the thin-barrier heterostruc-
tures to realize GaN MOSHEMTs commonly results in a small
Vi in the device. To achieve a large positive Vy,, we employed
high-k ZrO, as the gate dielectric for better gate control [32].
The ZrO, was formed by atomic layer deposition and the
deposition conditions were fine tuned to achieve a good uni-
formity of film thickness and an ultrahigh dielectric constant
of 29. Therefore, even though a thick ZrO, was introduced to
reduce the gate leakage current of the MOSHEMT, the negat-
ive shift of Vy, induced by the gate dielectric is rather small,
which is less than 1 V when comparing the SG HEMT and
ZrO,-insulated MOSHEMTSs with the same AlGaN/GaN het-
erostructure.

2.1. Ultrathin-barrier GaN MOSHEMTs with selective area
barrier regrowth

Utilizing an ultrathin-barrier heterostructure and selective area
barrier regrowth, we have successfully demonstrated a GaN
MOSHEMT with normally-OFF operation [33]. Figure 1(a)
shows the cross-sectional schematic of the fabricated device.
The epilayers were grown on a 6 inch n-type Si (111) sub-
strate by metal-organic chemical vapor deposition, from bot-
tom to top, consisting of a 1.2 um step-graded AlGaN buffer,
a 2.5 pym C-doped high-resistivity GaN buffer, a 0.5 ym un-
intentionally doped GaN channel layer, a 1 nm AIN spacer,
and a 6 nm Aly,GaN barrier. The topmost AlGaN/GaN het-
erostructure features an ultrathin AlIGaN barrier of 6 nm and
a low Al mole fraction of 20%. Such a thin barrier and low
Al composition can hardly induce 2DEG at the heterointer-
face. Nearly no 2DEG formation in the heterostructure is in
favor of normally-OFF operation for the gate stack, which,
however, gives rise to large resistivity in the access regions
thereby a large Ron. To address this issue, an additional bar-
rier layer of 20 nm AlGaN with 30% Al mole fraction was
selectively grown outside the gate region. A thick SiN passiva-
tion by plasma-enhanced chemical vapor deposition (PECVD)
was employed to further enhance the 2DEG concentration
in the access regions. A 23 nm high-k ZrO, was depos-
ited as the gate dielectric. More detailed description on the
device fabrication process can be found in our previous report
[33]. Figure 1(b) depicts the cross-sectional transmission elec-
tron microscopy (TEM) image taken near the ZrO,/AlGaN
interface of the gate stack. An atomically abrupt interface
between the ZrO, and the Aly,GaN barrier can be observed.
To further evaluate the impact of AlGaN barrier structure
on the 2DEG concentration/conductivity at the AlIGaN/GaN
heterointerface, current-voltage (/-V) measurements were

300 nm
PECVD SiN

LR

6 nm Al, ,GaN barrier

N see
0.5 ym undoped GaN channel spgg

2.5 ym C-doped GaN buffer
1.2 uym step-graded AlGaN buffer
6-inch n-type Si (111) substrate

(@)

Figure 1. (a) Cross-sectional schematic of the fabricated GaN
MOSHEMTs with an ultrathin AlGaN barrier underneath the gate
and selective area barrier regrowth in the access regions.

(b) Cross-sectional TEM image taken near the ZrO,/Aly,GaN
interface of the gate stack. Copyright 2018 IEEE. Reprinted with
permission from [33].

performed on two ohmic pads 16 pm apart for both the as-
grown heterostructure with a 6 nm AlGaN barrier and the het-
erostructure with an additional 20 nm regrown AlGaN barrier.
The results are compared in figure 2. The current measured on
the as-grown heterostructure is as low as ~5 nA mm~!, while
the value on the stacked Al 3GaN/Aly,GaN/GaN heterostruc-
ture increased by approximately eight orders of magnitude
to 650 mA mm~!, suggesting high-density 2DEG formed at
the A1GaN/GaN heterointerface in the access regions with the
additional regrown barrier.

Figure 3 shows the representative transfer and output char-
acteristics of the GaN MOSHEMTs with a gate length (Lg) of
1.5 pm, a gate—drain distance (Lgp) of 3 pm, a gate—source
distance (Lgs) of 3 pum, and a gate width (Wg) of 10 pm.
The device exhibits a large Vy, of 2.3 V defined at Ip of
0.1 mA mm~! or 3 V by linear extrapolation. In addition, a
high ON/OFF current ratio of ~10° and a steep subthreshold
slope (SS) of 95 mV dec ™! are also achieved in the device. The
double-sweep Ip—V g measurement reveals a negligible Vi,
hysteresis, suggesting a high-quality gate stack with little trap-
ping effect at the ZrO,/AlGaN interface and inside the ZrO,,
which is attributed to the recess-free process with minimized
damage to the ultrathin AlGaN barrier surface. As a result of
the efficient gate modulation facilitated by the high-k ZrO,
gate dielectric and greatly enhanced 2DEG concentration in
the access regions, the MOSHEMT exhibits a high /pg, max of
590 mA mm~! at a Vgg bias of 8 V with a low accompanied
Ron of 9.2 2 mm.
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Figure 2. Comparison of currents measured between two ohmic
pads with a 16 pum distance on the as-grown heterostructure and the
one with an additional 20 nm regrown barrier.
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Figure 3. (a) Transfer (Ip—Vgs in semi-log and linear plots) and
(b) output characteristics of the ultrathin-barrier GaN MOSHEMT's
with dimensions of Lg/Wg/Lgs/Lgp = 1.5/10/3/3 pm.

2.2. Thin-barrier GaN MOSHEMTs with selective area
surface passivation

The selective area barrier regrowth approach to restore the
2DEG in the access regions for thin-barrier AlGaN/GaN
heterostructures is effective yet somewhat complicated. The
short growth time for tens of nanometer-thick regrown bar-
rier presents some challenge to achieve a smooth regrown
barrier surface. Alternatively, we developed another type
of normally-OFF thin-barrier MOSHEMTSs, in which no
regrowth is needed and the 2DEG concentration in the access
regions is enhanced by selective area passivation with a thick
PECVD SiN,.

Figure 4(a) shows the cross-sectional schematic of the fab-
ricated thin-barrier GaN MOSHEMTs with selective area sur-
face passivation. Compared with the heterostructure described
in previous subsection, the epilayer structures are the same
except that the AlGaN barrier in this design is slightly thicker
(~10 nm), and the Al composition is also relatively higher
(~30%). A thicker barrier with a higher Al mole fraction is

300 nm
JA PECVD SiN

0.5 pm undoped GaN channel

2.5 im C-doied GaN buffer
6-inch n-type Si (111) substrate

Figure 4. (a) Cross-sectional schematic of the fabricated
thin-barrier GaN MOSHEMTs. (b) Cross-sectional TEM image of
the ZrO,/Alp 3GaN/GaN gate stack.

in favor of the 2DEG formation at the heterojunction. Nev-
ertheless, the resulted 2DEG concentration is still relatively
low (confirmed with /-V measurement), compared with the
typical value (~0.8—1 x 10'* cm~—3) in conventional 20 nm-
AlGaN/GaN heterostructures. The device also employed a
23 nm ALD ZrO, gate dielectric. Figure 4(b) shows the cross-
sectional TEM image of the ZrO,/Aly3GaN/GaN gate stack,
depicting a seamless contact between the gate dielectric and
barrier layer with an atomically abrupt interface. Without addi-
tional barrier regrowth, the device fabrication process steps
are greatly simplified, which are almost the same as those
for conventional depletion-mode GaN MOSHEMTs [32, 34].
To maintain both normally-OFF operation in the gate stack
and a low Ron, the PECVD SiN passivation layer was select-
ively removed in the gate region via a combined low-power
dry etching and a wet etching using buffered oxide etchant.
In this way, 2DEG can be restored in the access region
only and the channel underneath the gate remains depleted.
The ohmic contact is formed with conventional alloyed
Ti/Al/Ni/Au metal layers and the gate contact is a Ni/Au
stack [35].

The transfer and output characteristics of the
thin-barrier GaN MOSHEMTs with dimensions of
Lo/Wg/Lgs/Lgp = 1.5/10/3/3 pm are presented in figure 5.
The device exhibits a large Vi, of 1.5 V at Ip of 0.1 mA mm™!
and 2.4 V by linear extrapolation. The Vy, of the thin-barrier
MOSHEMTs is slightly smaller than that of the device
described in previous subsection, due to the thicker AlGaN
barrier and a higher Al composition. With effective suppres-
sion of the gate leakage current, a low OFF-state drain leakage



Semicond. Sci. Technol. 36 (2021) 034001

H Jiang et al

4
10 V. =0to8V 500
10%F Istep=1V la00
= 10° (b) _
E 1 1300 €
< 102 g
£ . 1200 ¢
10 =
10_6 ] RON—10.9 Q-mm_ 100 ~
10° :

Vo (V)

Figure 5. (a) Transfer (/p—Vgs in semi-log and linear plots) and
(b) output characteristics of the thin-barrier GaN MOSHEMTs with
selective area passivation. Device dimensions:

Lg/Wg/Lgs/LGD = 1.5/10/3/3 pm.

current below 10~® mA mm~! was achieved, leading to a high

ON/OFF current ratio of over 10%. The high-k gate dielectric
enabled efficient gate modulation over the channel results in
a steep SS of 78 mV dec™!, which also suggests a low inter-
face trap states density in the high-quality gate stack. The
negligible Vy, hysteresis in the double-swept transfer charac-
teristics provides another evidence of a low trap states density
in the gate stack. Although the GaN MOSHEMTs in this
subsection have a larger gate-to-channel distance than that
in previous subsection due to the larger barrier thickness, the
smaller SS in the device suggests a better interface quality than
that of the ultrathin-barrier GaN MOSHEMTs with selective
area barrier regrowth. One possible reason is that the selective
area barrier regrowth process requires the as-grown ultrathin
AlGaN barrier to go through a high-temperature annealing
process during the regrowth, which might modify the surface
status and surface trap states could be introduced, weakening
the gate controllability over the channel. On the other hand,
although the initial 2DEG concentration is low in the as-grown
10 nm-Alj3GaN/GaN heterostructure, the density of electron
carriers is significantly increased via the PECVD SiN pas-
sivation. As a result, the device exhibits a high Ipg max Of
450 mA mm~! and a low Royn of 10.9 Q mm. The recovery of
2DEQG at the heterojunction by PECVD SiN passivation alone
is not as effective as that with the regrown AlGaN barrier,
which however is still sufficient to build up a normally-OFF
GaN MOSHEMT as a proof of concept.

High-voltage OFF-state blocking capability is also demon-
strated in the device. Figure 6 plots the three-terminal OFF-
state leakage current versus the drain bias at Vg of 0 V for the
device with a 15 um gate—drain distance. Benefitting from the
effective leakage-blocking capability of the MOS gate stack,
the device exhibits an ultralow drain leakage current (/p) and
gate leakage current of 2nA mm~! and 0.6 nA mm~!, respect-
ively, at Vpg of 200 V. Moreover, a high soft breakdown
voltage of 920 V defined at Ip of 1 uA mm~! is also achieved
in the device, suggesting good management of peak electric
field at the gate edge on the drain side employing a gate-
connected field plate.

o (a) Substrate floating
10 0 50 100 150 200
VDs \'}
5 —
VGs =0V
4 L /W, =2pm/10 pm
E 3 -LGSILGD =3 um/15 um
£
3,
-0 (b) VBR =920V
1t atl = 1pAImm\
Substrate floating
0 1 1

0 200 400 600 800 1000

Vos (V)

Figure 6. OFF-state leakage current versus drain bias of the
thin-barrier MOSHEMTS (a) for Vpg within 200 V and (b) for Vpg
up to 1000 V.

3. High-performance p-GaN gate HEMTs with
reliable gate operation

Unlike the aforementioned GaN MOSHEMTs, which rely on
the inherent resistivity of the thin-barrier heterostructure with
no or low-concentration 2DEG formed to realize the normally-
OFF operation, HEMTs with a p-GaN gate proactively deplete
the 2DEG at the AlIGaN/GaN heterointerface through the elev-
ation of Fermi level by the p-GaN cap layer [20]. As such, there
is one more degree of freedom to control the 2DEG concen-
tration thereby the Vy, in p-GaN gate HEMTs.

3.1. Schottky-contact p-GaN gate HEMTs with large Vy, and
high IDS, max

Based on the type of gate metal and p-GaN contact, p-GaN
gate HEMTs can have either a SG contact or an ohmic contact
for the gate stack [36, 37]. When a p-GaN gate HEMT is
under a forward gate bias, the p-GaN/AlGaN/GaN junction
(p—i—n diode) is also forward biased. It is a common strategy
to employ a reversely biased SG contact on p-GaN to suppress
the gate leakage current in this type of devices.

We have fabricated p-GaN gate HEMTs with a Ni/Au
SG contact [38]. The cross-sectional schematic of the fab-
ricated devices is shown in figure 7(a). The AlGaN/GaN
heterostructure features a 10 nm barrier layer with a 20% Al
mole fraction. A 70 nm p-GaN cap layer with a Mg doping
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400 nm undoped GaN channel

5 um C-doped GaN transition buffer

100 nm
tm———

Figure 7. (a) Cross-sectional schematic of fabricated p-GaN gate
HEMTs. (b) Cross-sectional SEM image of the gate stack near the
p-GaN edge, with the thin AlGaN layer color-enhanced.

concentration of ~5 x 10'” cm™3 was adopted to fully deplete

the 2DEG at the heterojunction. It should be noted that the
2DEG concentration is influenced by not only the thickness
and Al composition of the AlGaN barrier, but also the thick-
ness and hole concentration of the p-GaN cap layer. For the
p-GaN gate HEMT fabrication process, the most critical step
is the selective removal of p-GaN cap layer on top of the
AlGaN barrier in the access regions, where either underetch or
overetch is detrimental to the recovery of 2DEG thus the Ron.-
We have developed a low-power plasma dry etching method
to precisely remove the p-GaN layer and minimize the dam-
age to the AlGaN barrier surface [38]. Additional PECVD SiN
passivation is deployed to further enhance the 2DEG concen-
tration. Figure 7(b) shows the cross-sectional scanning elec-
tron microscopy image of the gate stack near the p-GaN edge
of fabricated p-GaN gate HEMTs, which shows a precise etch
stop at the AlGaN barrier surface.

The transfer and output characteristics of p-GaN gate
HEMTs with dimensions of Lg/Wg/Lgs/Lgp = 4/10/3/3 pm
are presented in figure 8. A large Vy, of 1.75 V defined at Ip
of 0.1 mA mm~" or 2.3 V by linear extrapolation is achieved
in the device, accompanied by a high ON/OFF current ratio of
over 10® and a nearly ideal SS of 68 mV dec™'. Although the
device employed a SG contact scheme, the hysteresis of the
double-swept transfer curves is almost negligible, suggesting
excellent interface quality of the Ni/p-GaN contact. Moreover,
the device is capable to deliver a high Ipg, max of 605 mA mm !
at a large forward gate bias of 8 V, associated with a Ron as
low as 3.6 2 mm. Such a high driving current and low ON-
resistance are combined results of efficient gate modulation of
the channel underneath the p-GaN and sufficient recovery of

800
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R, = 3.6 Q-mm {200 =°
1100
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6 8 10
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Vo) ve=2v

10123456780 2
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Figure 8. (a) Transfer (Ip—Vgs in semi-log and linear plots) and
(b) output characteristics of the fabricated p-GaN gate HEMTs.
Device dimensions of Lg/Wg/Lgs/Lgp = 4/10/3/3 pm.

2DEG in the access regions enabled by the low-damage pre-
cise p-GaN removal and effective SiN passivation.

The OFF-state leakage currents as a function of the drain
bias for our p-GaN gate HEMTs with a gate—drain distance
of 18.5 um are plotted in figure 9. The OFF-state drain leak-
age current at Vpg of 200 V is about two orders higher than
that of the aforementioned thin-barrier MOSHEMTS, due to
a higher gate-to-drain leakage current and a drain-to-source
leakage current, which may result from surface leakage cur-
rent at the SiN/AlGaN interface via a 2D hopping conduc-
tion mechanism [39]. Nevertheless, the device still exhibits
an ultrahigh three-terminal Vgg of 1600 V defined at Ip of
1 uA mm~!, suggesting well managed electric fields in the
device.

3.2. Schottky-contact p-GaN gate HEMTs with a stable gate
operation

Since the gate metal/p-GaN Schottky junction is under reverse
bias when a positive bias is applied to the gate, the forward
gate leakage current and breakdown voltage is thus in prin-
ciple determined by the reverse leakage current and break-
down voltage of the Schottky junction, respectively. In many
reported p-GaN gate HEMTs, forward gate breakdown usually
leads to the complete failure of gate control over the channel
thus losing the high-voltage blocking capability on the drain
terminal [40—42]. Such a device behavior can be ascribed to
the failure of the p-GaN/AlGaN/GaN (p—i—n) junction los-
ing its rectifying function upon the forward gate breakdown,
which poses a great safety risk when we rely on these devices
to control the high-voltage high-current power electronic sys-
tems. To address this issue, we strategically reduce the gate
metal foot/p-GaN contact area to ensure the contact region is
totally within the p-GaN on all sides rather than using a self-
aligned metal/p-GaN contact scheme [43, 44], as illustrated in
the schematic shown in figure 7(a). The shrinked foot of the
gate metal with respect to the p-GaN, in conjunction with the
gate-connected field plate suppressing the electric field at the
p-GaN edge, limits the forward gate breakdown to occur only
at the gate metal/p-GaN junction with the p-GaN/AlGaN/GaN
heterojunction intact.
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Figure 9. OFF-state leakage current versus drain bias of the p-GaN
gate HEMTs (a) for Vps within 200 V and (b) for Vps up to 1800 V.

The step-stressed forward gate breakdown of the p-GaN
gate HEMTs is shown in figure 10(a). The forward gate
breakdown voltage at 25 °C and 150 °C is 10.5 and 10 V,
respectively. The OFF-state drain leakage currents of the
device before and after the step-stress forward gate breakdown
are compared in figure 10(b). Our devices show persistent
high-voltage OFF-state blocking capability after forward gate
breakdown with an almost identically low leakage current as
that of fresh devices. In order to achieve reliable device opera-
tion upon accidental gate failure induced by large overshoot of
forward gate bias, the gate architecture needs to be carefully
designed to manage the electric field at the p-GaN gate edge.

On the other hand, the Vy, stability is also critical to the
reliable device operation for Schottky-contact p-GaN gate
HEMTs. Figure 11(a) shows the dependence of Vy, shift on
the measurement temperature for our p-GaN gate HEMTs.
A negative Vy, shift with the increase of temperature can be
observed in the device, which results from the weakened gate
control over the channel due to the increased carrier concentra-
tion in the bulk GaN under elevated temperature. Nevertheless,
benefitting from the high-quality gate metal/p-GaN Schottky
contact and the wide band gap nature of GaN material, the
Vi shift is only ~—0.1 V when the temperature increases to
200 °C. Another typical approach to evaluate the Vy, stabil-
ity in Schottky-contact p-GaN gate HEMTs is submitting the
device to large constant forward gate stress for a long term to
examine the time-dependent Vy, shift accelerated by the high
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Figure 10. (a) Step stress forward gate breakdown of the p-GaN
gate HEMT at 25 °C and 150 °C. (b) OFF-state drain leakage
current before and after the step-stress forward gate breakdown.
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Figure 11. (a) Temperature-dependent Vy, shift. (b) Time-dependent
Vi shift induced by constant forward gate stress at 7 V and 8 V.

electric field in the gate stack [34, 45]. The room temperat-
ure time-dependent Vy, shifts under a constant forward gate
stress of 7 and 8 V for 10* s are plotted in figure 10(b). The
devices exhibit a small positive shift in Vy, with the increase
of stress time and the Vy, shift is limited to ~0.1 V for a
10000 s gate stress at both voltages. The positive shift of the
threshold voltage suggests electron trapping in the depleted
p-GaN region or inside the AlGaN barrier, as also observed
by many other researchers [46]. Minimal Vy, shifts have been
achieved in the device under either high-temperature thermal
stimulation or long-term large forward gate stress, suggest-
ing excellent stability of the gate stack in our p-GaN gate
HEMTs.

4. Comparison of various device structures
and discussion

Different approaches to achieve normally-OFF operation
based on thin-barrier heterostructures have been presented.
The advantages and tradeoffs for each method vary signific-
antly. Figure 12 benchmarks the Vy, versus Ips, max Of devices
in this work with reported state-of-the-art normally-OFF
GaN MOSHEMTs and p-GaN gate HEMTs that employed
a thin-barrier heterostructure [26, 29, 37, 47-56]. The Vy, is
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AlGaN barrier thickness (nm)

extracted from transfer curves and defined as the Vg when
the Ip reaches 0.1 mA mm~!. The reason we choose to use
the drain current constant instead of the linear extrapolation
method to define the Vy, is that the small drain current con-
stant of 0. mA mm~! gives a better reflection of the 2DEG
concentration under the given Vg that the channel is about to
turn on. Nevertheless, the Vi, by linear extrapolation is still a
useful parameter to provide a rough idea on the device oper-
ation boundaries, despite that the value could be far deviated
from the drain current defined one due to a large SS. It can be
observed that our devices show not only a large Vy, but also a
concurrently high Ing max-

To further correlate the device performance of Vi, and
Ips, max With the heterostructure and gate structure design in
the normally-OFF GaN HEMTs, we have plotted the Vy, and
Ips, max as a function of the barrier thickness of AlIGaN/GaN
heterostructures of devices (references in figure 12) with MOS

(b)

thickness of the AlGaN/GaN heterostructures employed in the

AlGaN barrier thickness (nm)

and p-GaN gate stacks, respectively, as shown in figure 13.
Clear trends can be observed for p-GaN gate HEMTs that
the Vy, typically decreases and the Ipg max increases with the
increase of AlGaN barrier thickness. This phenomenon is intu-
itive since the thicker the AlGaN barrier, the higher the 2DEG
concentration (till saturation) at the heterojunction, and the
smaller a gate bias needed to turn on the channel. P-GaN
gate HEMTs with effective acceptor concentration of the p-
GaN cap offer additional manipulation of the Vi, and Ips, max
combination. In contrast, no obvious trends with the bar-
rier thickness are observed for the reported thin-barrier GaN
MOSHEMTs. The Vy, varies significantly in devices from one
research group to another, even though with a similar barrier
thickness. The large deviation of reported GaN MOSHEMTs
from the trends we have seen in p-GaN gate HEMTs is mainly
due to the complexity of the interface properties of the MOS
gate stack, which can vary dramatically resulting from many
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factors such as the AlGaN barrier surface status before gate
dielectric deposition, interface charge polarity and density, and
the dielectric properties.

As such, achieving a large positive Vg, in thin-barrier
MOSHEMTs with stable reproducible results across
institutions confronts many more challenges than that for
p-GaN gate HEMTs, in which the interfaces of the gate stack
are mainly influenced by the as-grown epilayers of the starting
wafer. Nevertheless, the MOSHEMT structure is capable to
provide a large gate swing with a low gate leakage current,
a desirable characteristic yet to be achieved in p-GaN gate
HEMTs. The thin-barrier MOSHEMTs may become as con-
sistent as the p-GaN gate HEMTs, provided that the issues in
the MOS gate stack are well addressed. On the other hand,
despite the commercialization of p-GaN gate HEMTs, the
device potential are still yet to be demonstrated to its theoret-
ical limits, compared with their depletion-mode counterparts.
More research efforts are to be devoted to the p-GaN gate
HEMTs to take full advantages of the material promise.

5. Conclusions

In this work, we have presented our recent research res-
ults on normally-OFF GaN HEMTs with MOS and p-GaN
gate structures, both of which are enabled by the utiliza-
tion of thin-barrier AlGaN/GaN heterostructures. Both a large
Vi and a high Ips max have been achieved in our devices.
Moreover, a high breakdown voltage is demonstrated in the
recess-free thin-barrier MOSHEMTs with a simple fabrica-
tion process and the p-GaN gate HEMTs. The p-GaN gate
HEMTs have also exhibited superior reliable gate opera-
tion with persistent OFF-state high-voltage blocking capab-
ility after forward gate breakdown and minimal Vy, shifts
upon high-temperature thermal stimulation and long-term gate
stress. We have also compared the device performance in thin-
barrier MOSHEMTs and p-GaN gate HEMTSs. The correla-
tion of ON-state parameters in terms of Vi, and Ips, max With
the barrier thickness of AlIGaN/GaN heterostructures are dis-
cussed. This work is able to provide some general guidelines of
device design for further advancement of normally-OFF GaN
HEMTSs employing thin-barrier heterostructures.
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