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ABSTRACT

This work develops a regrown fishbone trench (RFT) structure in selective area growth (SAG) technique to fabricate recessed-gate normally
off GaN metal–insulator–semiconductor high electron mobility transistors (MIS-HEMTs). The RFT structure effectively modulates the elec-
tric field at high drain and gate biases, thus allowing the device to feature improved off-state and gate breakdown performance with a high
positive Vth of 2V. The simulated carrier concentration and electric field distributions reveal the mechanism of electric field weakening by
RFT architecture. Meanwhile, the current collapse phenomenon is significantly suppressed, and the gate voltage swing is also enlarged. The
maximum gate drive voltage of 9.2V for 10-year reliability of RFT GaN MIS-HEMT, together with the improved linearity and block voltage,
broadens the applications of SAG devices. Furthermore, the RFT structure also provides an etching-free method for fabricating normally off
GaN MIS-HEMTs with multi-dimensional gates.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0193734

GaN high electron mobility transistors (HEMTs) with normally-
off properties are potential candidates for commercial product applica-
tions for fail-safe consideration and cost saving on circuit design.1,2

Compared with the p-GaN gate device, the recessed-gate normally off
metal–insulator–semiconductor HEMT (MIS-HEMT) features a larger
threshold voltage (Vth) and gate breakdown voltage (BV).3–5 Generally,
the AlGaN barrier on the gate region is etched to deplete (fully
recessed) or reduce (partially recessed) the two-dimensional electron
gas (2DEG) for the positive Vth, while the induced etching damage
could limit the interface and on-state properties. To mitigate this issue,
an etching-free recessed-gate AlGaN/GaN regrown process by metal-
organic chemical vapor deposition (MOCVD), called selective area
growth (SAG), has been applied to improve the device performance.6,7

The SAG partially recessed GaN MIS-HEMTs are usually
fabricated on the initial wafer with an ultrathin-barrier AlGaN/GaN

heterojunction, showing superior channel mobility and on-state resis-
tance (Ron) than the fully recessed devices.8,9 Generally, the gate dielec-
tric of SAG GaN MIS-HEMT is deposited by atomic layer deposition
(ALD), such as Al2O3 and ZrO2, where the low interface states and
current leakage enhance the operational reliability.10,11 However, the
regrown sidewalls of recessed-gate are usually under a high electric
field intensity due to the recess-first procedure, and the lack of modu-
lation terminals leads to the degenerated breakdown and dynamic
performance of SAG GaN MIS-HEMT. Therefore, most of the state-
of-the-art SAG recessed-gate devices feature off-state BV< 250 V,
which could be only applied to low-power electronics.12–14

It has been reported that the particular trench shape could reduce
the electric field crowding at the gate region, such as the GaN tri-gate
HEMTs or Fin-FETs, thus increasing the device BV.15–17 The fishbone or
tree-like channel FETs were also used to supply process advantages.18,19
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In order to broaden the application fields of SAG devices, an improved
regrown fishbone trench (RFT) for partially recessed GaN MIS-HEMT
was developed in this study. The RFT and regrown straight trench
(RST) structures were shaped by SiO2 mask by plasma-enhanced
chemical vapor deposition (PECVD), and the fabricated recessed-gate
GaN MIS-HEMTs with the gate dielectric of ALD-Al2O3 showed
excellent normally off and breakdown performance. The modulated
electric field by RFT structure helped to suppress the current collapse,
and the gate voltage swing was also increased compared to that of the
RST device. The flat transconductance (Gm) profile showed the great
linearity. In addition, the improved time-dependent dielectric break-
down (TDDB) performance reveals the gate driver design flexibility
and robust gate reliability of RFT GaNMIS-HEMTs.

The SAG MIS-HEMTs were fabricated on an initial 4-in. 5-nm-
Al0.05GaN/AlN/GaN/buffer/sapphire wafer. The RST and RFT struc-
tures were defined by various shapes of PECVD-SiO2 regrowth masks.
The 20-nm-regrown (RG)-Al0.2GaN and 10nm in situ SiNx were
deposited on the patterned wafer surface by MOCVD. After the SiO2

mask removal by buffered oxide etch (BOE), the Ohmic contact was
formed by Ti/Al/Ti/Au metal stack annealing at 830 �C for 45 s in an
N2 ambient. Next, a 20-nm-Al2O3 insulating layer was deposited with
the sources of ozone and TMAl at 300 �C by ALD, and a Ni/Au gate
metal was evaporated by E-beam to form the gate stacks. Finally, a
200-nm PECVD-SiO2 layer was applied to protect the device surface.
As shown in Figs. 1(a)–1(c), the RST device featured the gate width
(WG), gate length (LG), distance of gate-to-source (LGS), and distance
of gate-to-drain of 100/3/5/10lm, with an extension distance of 0.5
and 1lm toward the source and drain side, respectively. Figure 1(d)
demonstrates the schematic of the RFT device, where the shape of the
regrowth mask and the atomic force microscopy (AFM) image of
Al0.2GaN/Al0.05GaN RFT structure are shown in Fig. 1(e). The length
of both valley and ridge is 5lm, and the width of the ridge (WR) was
9 lm (2lm extension for both sides), with the filleted corners at the
junction of the ridge and valley regions. Figure 1(f) depicts that
the gate metal did not cover the ridge sidewalls. The spaces among
the source-to-gate sidewall, gate metal, and gate-to-drain sidewall were

1.5 and 1lm, respectively, filled by the PECVD-SiO2. The valley in
RFT was the same as RST structures.

The transfer characteristics of the GaN recessed-gate MIS-HEMTs
with various regrown trenches are plotted in Fig. 2(a) at VDS of 5V.
Both the devices with RST and RFT structures showed a similar Vth of
2V using a drain current criterion of 1 lA/mm, high on/off current
ratio of 109, and high Gm of more than 100 mS/mm. However, Gm of
the RST device rapidly decreased with VG increasing, while the coun-
terpart of RFT device featured broad plateaus of gate voltage swing,
showing outstanding device linearity.20 The interface state densities of
O3-Al2O3/AlGaN were expected to be lower than 1012 cm�2 eV�1,
resulting in the low Vth hysteresis for both devices.

21

As plotted in Figs. 2(b) and 2(c), Ron of RST and RFT devices was
7.7 and 9.4 X�mm, respectively, and Ron of recessed-gate GaN MIS-
HEMT can be expressed by the following equation:10

FIG. 1. (a) Schematics and (b) device fab-
rication process of SAG recessed-gate
GaN MIS-HEMT; (c) cross section view of
RST device with gate metal covering the
two sidewalls of the trench; (d) schematics
of RFT recessed-gate GaN MIS-HEMT;
(e) regrowth mask shape and AFM image
of RFT; and (f) cross section view of RFT
device in ridge region with the spaces
between gate metal and sidewalls.

FIG. 2. (a) Double-sweep transfer and transconductance curves; DC (solid line)
and pulsed (dot line) output characteristics for (b) RST and (c) RFT; simulated distri-
bution of electron concentration for (d) RST and (e) ridge of RFT; and (f) extracted
curves across the AlGaN/GaN interfaces.
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Ron ¼ 2Rc þ Rsh � LGD þ LGSð Þ þ Rch � LG: (1)

Rc and Rsh are the contact and sheet resistance (0.3 X�mm and
350 X/sq in this work), respectively. Thus, the channel resistance (Rch)
of the RST device is calculated to 510 X/sq. However, the resistance of
the space (Rs) between the gate metal and sidewall of the RFT structure
is larger than Rch. Ron of the RFT device should be modified as follows:

Ron ¼
�
Rsh � LSD �WRð Þ þ Rch � LGR þ Rs � WR � LGRð Þ�

� R%þ ½Rsh � LGD þ LGSð Þ þ Rch � LGV � � V%þ 2Rc; (2)

where LGR and LGV are the gate length on the ridge and valley regions
of the RFT device, and R% and V% are the length ratio of ridge and
valley to WG, respectively. Rs is calculated to 1770 X/sq, leading to a
higher Ron of the RFT device.

Figures 2(d) and 2(e) show the cross section view of electron con-
centration distribution of both the off-state devices, and the comparison
of two gate trench structures is plotted in Fig. 2(f). The RFT device fea-
tured a weak control of 2DEG at the spaces between the gate metal and
sidewalls, which confirmed the calculated result of Rs. This phenome-
non implied that the rising rate of ID could be smooth in high VG driv-
ing situations, explaining the effective inhibition of Gm roll-off at high
drain current.22 In addition, the output characteristics were conducted
under the pulsed gate voltage with a pulse width/period of 1/20ms and
the quiescent gate bias of (0V, 20V). The current collapse was observed
in the RST device, while the RFT device only featured minimal disper-
sion between theDC and gate-pulsed output current.11 It was speculated
that the ridges of RFT along the gate-to-drain side significantly pre-
vented the peak electric field on regrown sidewalls, which could sup-
press the tunneling electrons to the bulk and interface traps.

The ID and IG–VD curves at VG¼ 0V in Fig. 3(a) illustrate that
the off-state BV of the RFT device increased from 461 to 557V, and

the gate leakage was lower by more than one order of magnitude of
the RST device. To explore the mechanism of these improved perfor-
mance, the electric field distributions of off-state RST and RFT devices
were simulated by TCAD. The SAG was a trench-first process, where
the thick passivation layers were usually deposited after the gate metal-
lization. Therefore, the gate metal wings of the RST device were close
to the regrown barrier, and most of the peak electric field was located
on the gate-to-drain side at off-state with VDS higher than 500V, as
shown in Fig. 3(b). The maximum electric field on the RG-AlGaN was
1.326� 107 V/cm, which, beyond the critical field strength (3.3� 106

V/cm) of GaN, thus burned the device. However, the gate metal at the
ridge of the RFT device was separated from the RG-AlGaN by
PECVD-SiO2, whose critical field strength was much higher than the
GaN.23 Figure 3(c) shows that the peak electric field was located on
Al2O3 and SiO2. Thus, the AG-AlGaN and RG-AlGaN were within the
breakdown limitation. As a result, the RFT device features a higher off-
state BV and lower gate current leakage by weakening the electric field
along the gate-to-drain side.

The electric field distribution of SAG recessed-gate GaN MIS-
HEMTs at VDS¼ 0V with a VG higher than 15V was also simulated.
When a high gate bias was applied on the RST device, the peak electric
field was located on the interface between Al2O3 and RG-AlGaN side-
wall along the gate-to-source side, as demonstrated in Fig. 4(a). As for
the RFT device [Fig. 4(b)], the peak electric field was located on the
Al2O3 bulk, and the peak value was less than half of the counterpart of
RST. It was also attributed to the buffer effect of PECVD-SiO2 between
the gate metal and regrown sidewall that weakened the electric field
and conduction current.24 Furthermore, the lateral electric field across
the metal/Al2O3/AlGaN and metal/SiO2/Al2O3/AlGaN structures is
extracted and plotted in Fig. 4(c). The electric field at the interface of
Al2O3/AlGaN sidewall has nearly reached the critical field strength of

FIG. 3. (a) Off-state (VG¼ 0 V) BV characteristics of recessed-gate GaN MIS-HEMTs
with RST and RFT structures; simulated electric field distribution map at (b) RST and
(c) ridge of RFT device with VG¼ 0 V and VDS > 500 V. Inset is the gradient color
table of electric field (from red to blue indicates the strength from high to low).

FIG. 4. Simulated electric field distribution map at (a) RST and (b) ridge of RFT
device with VDS¼ 0 V and VG > 15 V; (c) electric field intensity exacted from the
simulation mode on the gate-to-source side for RST device and ridge of RFT
device, and inset is the enlarged image of electric field on Al2O3 region; and
(d) IG–VG curves at VDS¼ 0 V.
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ALD-Al2O3, while introducing the RFT structure and PECVD-SiO2

resulted in the three orders of magnitude lower peak value on Al2O3

and four times lower peak value on SiO2, respectively. Figure 4(d) shows
the measured IG–VG curves that the maximum VG of 19.1V for the
RFT device was much higher than the 13.2V for the RST device. The
breakdown performance of fabricated devices verified the electric field
models, indicating that the RFT structure could effectively modulate the
electric field distribution in SAG recessed-gate GaNMIS-HEMTs.

To verify the device Vth reliability, a series of positive bias time
instability (PBTI) measurements were conducted with the gate stress
time of 0, 3, 10, 30, 100, 300, 1000, and 3000 s, respectively. The source
and drain terminals were grounded during the continuous gate stress
procedure, while the fast ID-VG tested at VDS¼ 1V. As plotted in Figs.
5(a) and 5(b), Vth showed a positive shift from 0 to 3000 s, and the
maximum Vth shift of 0.35V for RFT was lower than the RST device.
It was also attributed to the weaken electric field along the gate-to-
source side, which could decelerate the electrons drift from the 2DEG
channel to aggregate in the gate center. Therefore, the RFT device fea-
tured better Vth stability under long-time stresses.

The TDDB tests were further performed for the two SAG
recessed-gate GaN MIS-HEMTs to evaluate the device reliability. The
VG biases of 10, 11, 12V and 15, 16, 17V were stressed to the RST and
RFT devices with source and drain grounded, respectively. As plotted
in Figs. 6(a) and 6(b), the time-to-breakdown (tBD) at a constant stress
voltage showed a tight breakdown distribution with the Weibull slope b
of 4.0 for RST and 3.5 for RFT devices, respectively. By using the linear
model to predict the 10-year reliability, as shown in Figs. 6(c) and 6(d),
the RST device featured a maximum gate drive voltage of 5.2 and 4.6V
at the failure rate of 63% and 1%, respectively, which are relatively low
values that limited its application on the high-power switching system.
However, thanks to the high maximum VG and gently increasing gate
leakage of the RFT device, the maximum gate drive voltage of 9.2 and
8.1V at the failure rate of 63% and 1% was achieved, offering more gate
driver design flexibility and robust gate reliability for the normally-off
GaNMIS-HEMTs.25 It was also verified that the reliability of SAG devi-
ces can be overcome by the regrown structure design.

Based on the SAG technique, an RFT structure for electric field
modulation was adapted to fabricate normally off recessed-gate GaN
MIS-HEMTs. A sheer fishbone trench was fabricated, and the calcu-
lated model was established by combining the carrier distribution sim-
ulation and device measurement. The RFT structure remarkably
improved the off-state and gate breakdown performance with a high
Vth of 2V. The simulated electric field distributions for high gate and

drain biases clearly revealed the modulation mechanism of the RFT
device. Meanwhile, the current collapse phenomenon was significantly
suppressed by the electric field modulation, and the gate voltage swing
of the RFT device could further improved by scaling the linewidth of
the regrown mask. The long TDDB lifetime of RFT GaN MIS-
HEMTs, together with the improved linearity and drive voltage,
broadened the applications of SAG devices on radio frequency and
medium-voltage electronics. The RFT architecture in this work also
provided an etching-free method for fabricating normally off GaN
MIS-HEMTs with multi-dimensional gates.
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