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ABSTRACT A reverse-blocking AlGaN/GaN metal-insulator-semiconductor high electron mobility transis-
tor (RB-MISHEMT) is proposed and fabricated. Compared with the conventional MISHEMT with ohmic
drain, the proposed device features a hybrid Schottky-ohmic drain with a low work function Tungsten (W),
based on which the state-of-the-art ultralow turn-on voltage (Vo) of 0.25 V could be realized without
degradation in on-state characteristics. In addition, the fabricated RB-MISHEMT exhibits the excellent
reverse blocking voltage of —1332 V (at Vgs = 0 V) and forward blocking voltage of 1315 V (at
Vs = —15 V) with a specific on-resistance (Ron,sp) of 3.5 mQcem?, leading in the highest power figure-
of-merit (FOM) of > 494 MW/cm?. The good thermal stability could also be observed in fabricated
RB-MISHEMT. The corresponding operation mechanism of RB-MISHEMT are also revealed by Silvaco
ATLAS simulations. These results demonstrate the great potential in power electronics applications.

INDEX TERMS AlGaN/GaN, HEMT, reverse blocking, ultralow turn-on voltage, hybrid Schottky-ohmic

drain with tungsten.

I. INTRODUCTION

GaN-based high electron mobility transistors (HEMTs) have
emerged as a promising candidate for next generation
high-efficiency power electronics owing to their favorable
trade-off between on-resistance (R,,) and breakdown voltage
(BV) as well as inherent high-temperature operating capa-
bility [1]-[4]. Great efforts had been made to improve the
forward blocking performance and significant progress had
been achieved [5]-[7]. For many power applications, such as
Class-S switch-mode amplifiers [8], bidirectional switches
as crucial devices of AC-AC matrix converters [9]-[11],
have attracted much attention in the development of GaN-
based power devices with excellent bidirectional blocking
capability.

Usually, a single integrated bidirectional blocking device,
instead of using a discrete transistor in series with a discrete
Schottky barrier diode (SBD), could achieve high blocking
voltages under both forward and reverse drain biases, which

can obviously reduce the parasitic elements and further
improve the power conversion efficiency. Nowadays, the
reverse blocking capability of GaN-based power devices are
realized by integrating a SBD at drain electrode [12]-[18].
It is vital to reduce the forward turn-on voltage (Vo) caused
by SBD because the lower V,, is helpful to decrease the
on-state power loss and thus to improve the overall power
efficiency. Various approaches, including the fully AlGaN
barrier recessed drain structure, hybrid Schottky-ohmic drain
and hybrid tri-anode Schottky drain with nanoscale fins, have
been studied [14]-[18], and the lowest V, has been reduced
to 0.4 V up to now.

In this work, a reverse-blocking AlGaN/GaN metal-
insulator-semiconductor ~HEMT  (RB-MISHEMT) is
proposed for the purpose of both excellent bidirectional
blocking ability and low V,,. A low work function W
(4.6 eV) is used in the hybrid Schottky-ohmic drain for
the first time, by which V,, could effectively reduce
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FIGURE 1. (a) Cross-sectional schematic of the RB-MISHEMT. (b)
3 um x 3 um surface morphology of recess drain area, inset: the height of
the drain trench.

to 0.25 V. A more than 1300 V bidirectional blocking
voltage, the highest reverse figure-of-merit (FOMR) of
509 MW/cm? and the highest forward figure-of-merit
(FOME) of 494 MW/cm? could be achieved in the fabri-
cated devices. Besides, the good thermal stability could be
observed in RB-MISHEMT. Simulations with Silcavo have
been conducted to further reveal the operation mechanism
in RB-MISHEMT.

Il. DEVICE STRUCTURE AND FABRICATION

A cross-sectional schematic of the proposed RB-MISHEMT
is shown in Fig. 1(a). The device structure was grown
on a 4-in semi-insulating SiC substrate by metal-organic
chemical vapor deposition system (MOCVD). The epitax-
ial structure consists of a 2 nm undoped GaN cap layer,
a 28 nm Alp1Gag 79N barrier layer, a 1 nm AIN spacer
layer, and a 1.6 pm undoped-GaN buffer layer. The Hall-
effect measurement showed a sheet resistance of ~ 377 /0],
a two-dimensional electron gas (2DEG) density of 7.9 x 1012
cm™2, and an electron mobility of 2100 cm?/V-s.

The device fabrication started with 20 nm SiN passi-
vation deposited by low pressure chemical vapor deposi-
tion (LPCVD). After removing the passivation layer in the
source and drain area by RIE with CF4/Ar, the ohmic metal
Ti/Al/Ni/Au (= 22/140/55/45 nm) was directly deposited
by E-beam evaporation, followed by rapid thermal anneal-
ing (RTA) at 850°C for 30 s in N, ambient to form
the ohmic contact. Then a mesa isolation was realized by
RIE etching. After SiN opening at the drain recess region,
a low damage RIE etching process with an etch rate of
1.8 nm/min was performed to form the drain recess. A resid-
ual AlGaN barrier thickness of 3 nm is confirmed by AFM
measurement as shown in Fig. 1(b), and the surface RMS
roughness of the etched area is 0.36 nm. Next, the exposed
AlGaN barrier surface was cleaned by a diluted HCI solution
(HCIL:H,0 = 1:20) followed by annealing at 450°C for 5 min
in the Ny ambient to recover the etch damage. Finally, the
gate and drain Schottky metal W (200 nm) was simultane-
ously sputtered and patterned by lift-off, which was followed
by an RTA process at 450°C for 5 min.

The conventional MISHEMT with ohmic
drain (MISHEMT) has been also fabricated on the
same wafer for reference. Unless otherwise specified, both
devices have the same dimensions, in which gate-to-source
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FIGURE 2. (a) Transfer and (b) output characteristics for RB-MISHEMT and
MISHEMT with ohmic drain. The inset shows the transconductance
performance for both devices.

distance (Lgs), gate length (Lg), gate-to-drain distance (Lgq),
were 3 pm, 2 pm and 16 pm respectively. The Lgg for
RB-MISHEMT refers to the distance between the gate
and the drain recess region, and the drain recess width
(Ly) and overlap extension (L,y) were 5 pm and 1 pm,
respectively. The gate width was 100 pm. Compared with
the conventional HEMT, the proposed device features
a recessed Schottky drain embedded into the ohmic drain
electrode so as to lower Vo, blocking the reverse current
flow to achieve reverse blocking.

11l. RESULTS AND DISCUSSION
Fig. 2 shows the transfer and output characteristics of both
devices. Nearly the same transfer curves could be observed
in both devices with threshold voltage of —6.5 V, and maxi-
mum transconductance of 100 mS/mm and ON/OFF ratio of
107. A small differential on-resistance (roq) and maximum /p
in RB-MISHEMT are 10.4 Q-mm and 650 mA/mm, which
are very close to the results in the referenced MISHEMT
(Ron = 9.8 :mm, Ip = 650 mA/mm). This demon-
strates a slight influence of the recessed Schottky drain
on the forward I — V curves of RB-MISHEMT, com-
pared with the counterpart. An ultralow V,, of 0.25 V
(extracted at Ip = 1 mA/mm), a forward voltage (V)
of 1.4 V (defined at 100 mA/mm), and an on-resistance
of 14.6 Q-mm (R,,, calculated at /p = 100 mA/mm) are
achieved in RB-MISHEMT. Here, the VF at higher current
drives (100 mA/mm) is considered, which is used to eval-
vate the device performance in the real applications. The
ultralow V,, could be attributed to the obviously reduced
Schottky barrier height realized by the partially recessed
AlGaN barrier combined with a low work function W.
Log scale Ip—Vpg curves of RB-MISHEMT at Vgs = 0V
are shown in Fig. 3(a), which presents rectification behav-
ior for the hybrid Schottky-ohmic drain diode. And the
extracted Schottky barrier height and ideality factor are
0.44 eV and 1.67, respectively. Fig. 3(b) shows the forward
and reverse breakdown characteristics of RB-MISHEMT,
and the forward breakdown characteristics of conventional
MISHEMT. The forward breakdown voltage is 1272 V for
conventional MISHEMT, while the forward breakdown volt-
age (BVF) and reverse breakdown voltage (BVR) are 1315 V
and —1332 V at 10 pA/mm for RB-MISHEMT, respectively,
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TABLE 1. Comparison of RB-MISHEMT in this work with reported reverse blocking GaN transistors in literatures.
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FIGURE 3. (a) Log scale Ip — Vpg curves of RB-MISHEMT at Vgg =0 V.
(b) Forward and reverse breakdown characteristics of the RB-MISHEMT
and MISHEMT.
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FIGURE 4. Forward (a) and reverse (b) Ip — Vps depended on the
temperature in RB-MISHEMT.

which demonstrates great bidirectional blocking performance
of RB-MISHEMT. The embedded hybrid Schottky-ohmic
drain has little effect on the BVy of RB-MISHEMT and
achieves a high BVp.

It is necessary to investigate the device behavior at high
temperature because the actual temperature of GaN power
devices could exceed 100°C during circuit operation [4].
The forward and reverse Ip — Vps characteristics of RB-
MISHEMT depended on the temperature are plotted in
Fig. 4. The V,, decreases from 0.25 V to 0.19 V and the
Ron increases from 104 Q-mm to 19.4 Q-mm, with the
temperature increasing from 25°C to 125°C. The increase
of reverse leakage current at high temperature is due to the
lower Schottky barrier and stronger thermionic emission at
a reverse biased Schottky junction.
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FIGURE 5. (a) Linear region at Vgg = 0 V of Ip — Vpg output curves for
80 devices on the same wafer and (b) distribution of the extracted Von at
Ip =1 mA/mm.

Ip — Vps curves for 80 devices are plotted in Fig. 5(a),
demonstrating a high uniformity of the recessed hybrid
Schottky-ohmic drain. Fig. 5(b) shows the distribution of the
Von for 80 devices extracted from Fig. 5(a) using 1 mA/mm
as the criteria. The mean value of V, is 0.252 V with a small
standard derivation of 0.01 V.

The comparison of the proposed RB-MISHEMT with
reported reverse blocking GaN devices is carried out in
Table 1. Considering a 1.5 pm transfer length for each
ohmic contact, the specific Ron (Ron,sp) for RB-MISHEMT is
3.5 mQ-cm?. By using the hybrid Schottky-ohmic drain and
low work function W, the proposed RB-MISHEMT exhibits
the lowest Von of 0.25 V, the lowest Vg of 1.4 V, the
highest FOMR of 509 MW/cm?2, and the highest FOMFp of
494 MW/cm?. And the trade-off between BV and Ron,sp
is shown in Fig. 6. A good trade-off between BV and
Ron,sp is achieved of the fabricated RB-MISHEMT among
the reported reverse blocking devices. In addition, there is
a trade-off between the V,, and the reverse leakage cur-
rent, which is attributed to a lower V,, (namely representing
a lower barrier height) leading to a large reverse leak-
age current. Fig. 7 shows the V,, versus reverse leakage
current benchmark of RB-MISHEMT against the reported
GaN low Vg, rectifiers. As shown, the RB-MISHEMT
also shows a relatively good trade-off between V., and
reverse leakage current among the reported counterparts.
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total current density distribution with (c) Vpg = 0.2V and (d) Vpg =3 V.

These results demonstrate the great potential of the proposed
RB-MISHEMT as unidirectional power transistors.

In order to further investigate the operation mechanism of
RB-MISHEMT, the proposed device is simulated by Silvaco
ATLAS. The RB-MISHEMT operation mechanism is illus-
trated in Fig. 8(a)—(d). As shown in Fig. 8(a), the Schottky
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FIGURE 9. The variation of forward and reverse Ip — Vpg characteristics of
RB-MISHEMT after thermal storage at 200°C for different time.

metal of hybrid drain in the recess region is used to com-
pletely deplete the 2DEG under the recessed AlGaN at
Vp = 0 V. The depletion function is similar to the gate
depletion in the recessed normally-off GaN HEMT. When the
drain electrode is biased at negative voltage Vp = —100 V
in Fig. 8(b), the depletion region near the drain will be fur-
ther expanded by the reverse biased Schottky junction. The
overlap extension (Loy) could work as a field plate (FP) to
relieve the high electric field near recessed Schottky junc-
tion. On the other hand, when the drain bias is increased
from 0 V to a small positive voltage 0.2 V in Fig. 8(c), the
channel under the recessed Schottky will not be depleted,
and a small drain current begins to flow from ohmic drain
to the source. With the increase of drain voltage, the hybrid
Schottky drain is turned on, and the drain current is com-
posed of Schottky drain current and ohmic drain current [22],
leading to ultralow turn-on voltage of 0.25 V. When a rela-
tively large voltage 3 V is applied to the drain electrode in
Fig. 8(d), the conduction current is very large and compa-
rable to conventional MISHEMT. The depth of recess drain
is very important for the ultralow V., of RB-MISHEMT.
And there is a trade-off between V,, and the reverse leak-
age current. If the residual AlGaN barrier is too thick, the
2DEG under the recess will not be depleted by the Schottky
drain, which is similar to the ohmic drain and thus leads to
a serious reverse leakage current. When the recess depth is
larger than the thickness of AlGaN barrier, the ohmic drain
will play no role in the forward current conduction.

The thermal stability and long-term reliability of this
device have been considered. Thermal storage tests are car-
ried out at 200°C for different time to evaluate the influence
of Schottky-ohmic drain stability on the device performance.
As shown in Fig. 9. the forward and reverse Ip — Vps
characteristics of Schottky-ohmic drain before and after ther-
mal storage testing at 200°C are compared. An increase in
Schottky barrier height and a decrease in ideality factor after
thermal storage at 200°C for 24 hours could be observed.
In addition, the reverse leakage current is reduced as the
increase in time. These results are attributed to the reduc-
tion of interfacial layer at the W Schottky interface after
thermal storage, leading to a more ideal diode with a higher
Schottky barrier height. Besides, the rearrangement of the
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interface material structure might prevent the excess leak-
age current [25], [26]. These demonstrate the good thermal
stability of RB-MISHEMT.

IV. CONCLUSION

In this work, we have experimentally demonstrated the
high-performance RB-MISHEMT based on hybrid Schottky-
ohmic drain and low work function W techniques. The
proposed device exhibits an ultralow V,, of 0.25 YV,
a high forward BVE of 1315 V and a reverse BVRr of
—1332 V. Compared with current reported reverse block-
ing GaN HEMTs, a better trade-off between BV and Ron sp
has been achieved. Besides, the good thermal stability
could be observed in RB-MISHEMT. Simulations are per-
formed for the clear explanation of the operation mechanism
of RB-MISHEMT. These results demonstrate the excellent
performance of reverse blocking devices.
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