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900 V Reverse-Blocking GaN-on-Si MOSHEMTs
with a Hybrid Tri-anode Schottky Drain

Jun Mg, Minghua Zht and Elison Matio, Member, |IEEE

Abstract — In this work we present high-performance GaN-on-5
metal-oxide-semiconductor high electron mobility tansistors
(MOSHEMTSs) with record reverse-blocking (RB) capability. By

replacing the conventional ohmic drain with a hybrd tri-anode

Schottky drain, a high reverse breakdown voltage®) of -900 V
was achieved (at W'A/mm with grounded substrate), along with a
small reverse leakage currentlg) of ~20 nA/mm at -750 V. The
devices also presented a small turn-on voltag¥dn) of 0.58 + 0.02
V, a small increase in forward voltage AVF) of ~0.8 V, a high
ON/OFF ratio over 10'°, and a high forward breakdown voltage
(VE) of 800 V at 20 nA/mm with grounded substrate. Thee results
demonstrate a new milestone for RB GaN transistorsand open
enormous opportunities for integrated GaN power deices.

Index Terms—GaN, HEMT, reverse blocking, Schottky diode,
tri-gate, tri-anode, breakdown, leakage current.

|I. INTRODUCTION

Reverse-blocking (RB) transistors are crucial forngna
topologies of power converters, such as cyclo-caevg
matrix converters, current source and multi-levalerters,
some resonant converters, and among many othera/figh
are highly desirable for applications that requieverse
protection or bi-directional transfer of power [R,3
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While GaN-on-Si HEMTs emerge as promising Candg;jat(Flg 1. (a) Schematlc and (b) equivalent circuit tbe reversédocking

for future power conversion, HEMTs with RB capai®k are
still rare up to date. In the few studies on RB-HEM1], [4]-
[7], the reverse blocking was typically achieveditggrating
a Schottky barrier diode (SBD) into the drain elede [8]-[11],
yet these devices presented snidjland largelr, mainly
limited by the generally poor reverse-blocking pp of GaN

SBDs. T. Moritaet al. reported bi-directional GaN switches

with RB capabilities using two monolithic normalbjt gate
injection transistors [12], which despite the highitegrated
architecture for bidirectional switching, presengetimitedv

voltage and a relatively largén.

Recently we have shown that the poor reverse bigcki
lateral AIGaN/GaN SBDs could be addressed by puptire
reverse voltage drop at the Schottky junctidac() at small
levels [13]. This was demonstrated with a hybridrie§ate and
tri-anode architectures, which allows a preciserobrover the

MOSHEMT. (c) Top-view SEM image of the hybrid tmade Schottky drain
(c) Cross-sectional schematics of (d) the tri-gate (e) tri-anode regions.

simultaneously smalVoy, low Iz and highVi [14]. These
results paved the path for the development of Ipigtiermance
RB GaN transistors.

In this work, we demonstrate GaN-on-Si RB-MOSHEMTs
with state-of-the-art reverse and forward perforoesn by
replacing the conventional ohmic drain electrodéhvhiybrid
tri-anode SBDs. The devices presented a skllof 0.58 +
0.02 V, a smalAVE of 0.8 V, a high/} of -900 V and/§; of
800 V, both with grounded substrate, along withmeal|r of
~20 nA/mm at -750 V. These results are comparablkdte-
of-the-art discrete devices measured with groursidxtrates,
but achieved in a single integrated device, whieteal the
extraordinary potential of the tri-anode Schottkgid to enable

pinch-off voltage V) of the tri-gate/tri-anode regions to RB-MOSHEMTs as uni-directional power switches.

engineer theVsch resulting in GaN-on-Si SBDs with
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(a) -15 -10 -5 V O(V) 5 10 15 RT and 150 °¢
, P contact was formed by Ti/Al/Ti/Ni/Au (20/120/40/&0 nm),
) S 1 annealed at 830 °C under forming gas for 30 seenTl® nm
FA Ohmic \‘“; SiO; and 10 nm AIOs were deposited by atomic layer
1. 3 i deposition and selectively removed in the tri-ancigon. The
m: . i gate and drain contacts were formed using Ni/Awe dkides
- >10 ] in access/ohmic regions were later removed by vehirey, so
1w | i the devices were not passivated, which howevendidffect
v Schottky b the leakage currents according to our observatl@SHEMTSs
\\a with the same dimensions but conventional ohmicindra

1 5 ) 0 electrodes were fabricated on the same chip asfbence.
v, (V) Vv, (V) All devices in this work had the same gate-to-seufistance
Fig. 2. (a) Output, (b) turn-ON and (c) reveldeeking characteristics of t (LSG)’ gate Iengthl'(G)’ gate'to'dram dBtanC&dD) of 1'5”m'

RB-MOSHEMTs and MOSHEMTsnormalized by the width of the dev 2.5 um and 12.5um, respectively. Thécp here refers to the
footprint The inset shows the average transfer charadtsrisif the distance between the gate and the tri-anode reglanlengths

MOSHEMTS and RBMOSHEMTS, which were measuredsatf 5 V and 5.1 of the p|anar FPLﬁZP) and tri_gate I-(TG) regions were 1am

V. respectively. and 1.2um, respectively. All device characteristics, sush a
drain current Ip), Ir and OFF-state forward leakage current
(lorg), were normalized by the width of the device foth
which was 60um, and their error bars were determined from
measurements on 10 separate devices of the sadhe kin

(b) ° 2 ()

II. DEVICE DESIGN AND FABRICATION

Figures 1(a) - (c) show the schematics, equivaleotit and
scanning electron microscopy (SEM) image of the RB- I1l. RESULTS ANDDISCUSSION
MOSHEMT. The device consists of an ohmic electradehe Figure 2(a) shows the forward output charactesstitthe

source, a MOS structure as the gate and a hybrehode qeyices as well as theiik, revealing excellent performance of
Schottky diode as the drain. The latter integratesanode, tri-  {4e RB-MOSHEMTs as uni-directional transistors. The

gate MOS and planar field plate (FP) regions. Tideveall  yitterential Roy and maximumip of the RB-MOSHEMTS were
metal in the tri-anode region (Fig. 1(e)) formsir@et Schottky 13 g + 0 60-mm and 519 + 7 mA/mm, very close to those of
contact to the 2DEG and leads to a stWaN[15,16]. In OFF- 14 (eference (12.6 + 0Q-mm and 547 + 7 mA/mm). The
state,Vscy is pinned at thevl| of the tri-anode region, which gjight reduction in forward conductance can be ibbgs
can be very small due to the elastic relaxationtié  oq5 ed by increasing theF in the hybrid tri-anode Schottky
AlGaN/GaN nanowires [17], [18] and additional efestatic 4 4in [9], [10]. TheVon in the RB-MOSHEMTSs was 0.58 +
control from the sidewall metals [19]-[28], resnliin a small o v/ (Fig. 1(b)), extracted 4 = 1 mA/mm. The forward
Ir [13]-{14]. The tri-gate region (Fig. 1(d)) works &i-gated g \taqe atip = 150 mA/mm was increased from 2.13 + 0.16 V
FPs to shield the tri-anode region from high vagwhich i ihe reference to 2.90 + 0.14 V in the RB-MOHSMET
along with the planar FP improves #[14], [29], [30]. corresponding to a smaiVr of about 0.8 V. AWp = -15 V, the
The AlGaN/GaN heterostructure in this work consisié 2 reference presented a |a“g@f 280+ 10 mA/mm, while thBQ
nm of GaN cap, 24 nm of AbsGay 79N barrier, 300 nm of un- iy the RB-MOSHEMTs was reduced by over 7 orders of
doped GaN channel and §m of buffer layers. The magnitude to 19 + 2.4 nA/mm (Fig. 1(c)), which waiso
concentration and mobility of the 2DEG were about 10°  jngependent on the gate voltaiyk)for a large range from -10
cm? and 2000 crfiV-s, respectively. The device fabricationy to 5 V. The inset in of Fig. 2(a) presents therage transfer
started with e-beam lithography to define the naresywhich  characteristics of the MOSHEMTs and RB-MOSHEMTseTh
were etched by inductively coupled plasma with atdeof devices presented a similar threshold voltage o6 -8,
~180 nm. The nanowire widttwf and spacing (s) were both getermined at, = 1 pA/mm, and a similar subthreshold slope
300 nm, corresponding to a filling factdfK = w/(w + s)) of (SS of 100 + 7 mV/dec, along with a high ON/OFF raticer

0.5. The device isolation was done by mesa etcligigwed 1010 The density of traps at the oxide/semiconductterface
by the formation of the source ohmic contact. Thenic
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Fig. 4. Breakdown characterlst|c§ of the RE®ODSHEMTs and MOSHEM1 Fig. 5. SpecificRon (Ronsd Versus breakdown voltag¥sg) benchmarks tt
measured at room temperature with grounded substrat RB-MOSHEMTSs against discrete GaN-sificon power (MOS)HEMTSs ar

Table 1. Comparison of the RB-MOSHEMTs in this waiikh other reverse- SBDs. TheVgr for all reference devices wascalculated based on the repo

blocking GaN transistors in the literature. (*Suhtt connection not reported.) data following the definition o¥er atlors< 1 LA/MM. A total transfer lenc
of 3 um was considered for the calculatiofRef sn accounting for both sour

Substrate Vrs Ir (LA/MM) Vo (V) AVE (V) and drain contact-or fair comparison, literature results with urdfied Roy
This Si -900Vat WA/mm 0.02at-750V 058+ 0.8 or Iz were not included.
work (grounded sub.) (grounded sub.) 0.02
[2] Si -321VatlmA/mm >10at-75V 055 1.25 smallestr because theWschwas pinned at a small bias of ~2.3
(floating sub.) (floating sub.) V, determined by the pinch-off of the tri-anode ioeg
-200 V at 1 mA/mm regardless of the increase in reverse bias. Thieemthelr
(grounded sub.) saturate at a small level instead of increasingeeptially with
[4] SIC -110V at 10 mA/mnE 1000 at -20 V _ _ voltage [13]_. The highrs obtaingd in this work i; attributed to
5] Si -685Vathard —6at-100V* 04 N the better-distributed electric field under revebsses. In the
breakdown* hybrid tri-anode drain, two field plates, e.g. fflanar and the
tri-gate regions, are integrated with the tri-anolg simply
[6] Al:0; -49VatlmAmm >100at-25V 1.7 =2 engineering their pinch-off voltages with the teitg approach,
1 S - ~0.4at-20V - 191 - which spread effectively the electric field and ioyed theV’s
(floating sub.) [29,30]
[12]  si ﬁilom\:nﬁt ~0.15 - 15 - We benchmarked our devices against state-of-thaisatete

GaN-on-silicon power MOSHEMTs and SBDs in Fig. heT
RB-MOSHEMTSs in this work presented both highandV§,
comparable to state-of-the-art discrete devicessared with
grounded substrates, revealing their extraordipatgntial as
uni-directional power transistors. More importantboth the
highV§ andV§ were achieved in a single integrated device in
this work, instead of using a discrete transistadries with an
SBD, which can greatly simplify the circuit desigaducing its
size, resistance and parasitic components, andoirapthe
efficiency of power converters.

of these devices was estimated from 88eaccording to Ref.
[31], which was ~1.24 x &cm?. eV

High temperature characteristics of the devicesamwvn in
Figure 3. At 150 °C, theon was reduced to 0.53 V and tRex
was increased to 264-mm. Thelg was increased by a little
over one order of magnitude, from 040&/mm to 0.57uA/mm,
which was however still below 1LlA/mm, revealing the
excellent potential of the RB-MOSHEMTs for high-
temperature applications.

Figure 4 shows the forward and reverse breakdown
characteristics of the devices, measured with gtedn
substrate at room temperature. Both devices pregenigh In this work we presented GaN-on-Si MOSHEMTs with
forward breakdown voltagesVf) of about 800 V at 0.02 excellent reverse-blocking capability based on aridlytri-
pA/mm under a gate voltag¥d) of -10 V, along with a very anode Schottky drain. The devices exhibited a svizalbf 0.58
smalllorr of about 6 nA/mm at 650 V. While the MOSHEMTs+ 0.02 V, a smallVk of 0.8 V, a high ON/OFF ratio over D
showed no reverse-blocking capability, the revérsakdown a record high reverse breakdown voltage of 900t\ (@/mm
voltage (/g) of the RB-MOSHEMTSs was as high as -900 VWwith a grounded substrate), and a srhabf about 20 nA/mm
along with a smallr of about 0.02:A/mm up to -750 V. at -750 V, revealing the significant potential bése devices

The RB-MOSHEMTSs in this work were compared withesth for future efficient and compact GaN power converte
RB GaN transistors on various substrates in teedlitire (Tab.

1), presenting the smalleis the highest}, the smalleshVe
along with a smalVon. The RB-MOSHEMTSs presented the

IV. CONCLUSION
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