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545-mA/mm E-Mode Recessed-Gate GaN
MOSHEMT (Vth > 4 V) by Ion Beam Etching
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Abstract— Normally-off recessed-gate AlGaN/GaN
metal–oxide–semiconductor high-electron-mobility transis-
tors (MOSHEMTs) were fabricated using argon-based ion
beam etching and thoroughly characterized. By partially
recessing the AlGaN barrier, the device achieved a
threshold voltage of 4.22 V, saturation drain current of
545 mA/mm, and small on-resistance of 3.63 �·mm at a gate
bias of 8 V. The recessed-gate MOSHEMT demonstrated
good breakdown characteristics that by scaling the gate-
to-drain distance (Lgd) from 2 µm to 10 µm, breakdown
voltages were steadily enhanced from 202 V to 730 V.
The device exhibited good dynamic performance that
with an off-state drain stressing of 100 V, low current
collapse of 14.1% was obtained. After applying a -10 V gate
stressing for a duration of 100 s, the threshold voltage
was only negatively shifted by 0.40 V. Overall, Baliga’s
figure-of-merit (FOM) of 567 MW/cm2 has been achieved
for MOSHEMTs with Lgd of 10 µm, indicating ion beam
etching paves a promising path for enhancement-mode
recessed-gate MOSHEMT fabrication.

Index Terms— Enhancement mode, ion beam etching,
MOSHEMT, recessed-gate, normally-off.

I. INTRODUCTION

GAN based high electron mobility transistors (HEMTs)
are highly desirable for efficient power conversion due
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to their substantially large forward current and outstanding
breakdown performance [1], [2]. In recent years, due to
growing concerns regarding the fail-safe design requirement,
considerable effort has been devoted to achieving normally-off
HEMT devices. Recessed-gate and p-GaN gate are two rep-
resentative techniques for realization of enhancement-mode
devices [3], [4], [5], [6]. Compared to p-GaN gate HEMTs,
recessed-gate metal-oxide-semiconductor (MOS) HEMTs opt
to be free from hole injection from p-GaN layer and impose
fewer requirements on starting epi-structure [7].

Cl-based inductively coupled plasma reactive ion etching
(ICP-RIE) has been widely used for recessing AlGaN bar-
rier layer in the gate region [8], [9]. Recently, a threshold
voltage (Vth) of 4.6 V has been obtained through complete
removal of the AlGaN barrier layer [10]. However, plasma-
associated damage as well as defects originated from charge
repelling or ultraviolet radiation has been commonly observed
for devices processed by ICP-RIE [11], [12], [13].

Ion beam etching (IBE) which features a collimated beam
of inert gas particles for directional etching of material via
physical bombardment holds great potential to realize precise
etching and low damage. With a charge neutralizer inside the
IBE system, the etching process relies on atom ejection upon
neutralized particle impact on the target material. Reduced
damage could be well achieved by lowering the ion energy,
in addition to absence of charge build-up and repelling [14],
[15], [16]. Previously, IBE has been employed for GaN etching
to create nearly vertical sidewalls [17], [18]. Recently, IBE
technique has been utilized in the fabrication of GaN-based
laser diodes [19] and p–i–n diodes [20]. In this work, high-
performance recessed-gate MOSHEMT was fabricated with
argon-based IBE and thoroughly investigated. The fabricated
MOSHEMT exhibited well controlled normally-off opera-
tions and low on-resistance. The device demonstrates high
breakdown voltage and shows reliable dynamic performance.
The findings of this work offer a promising approach for
the fabrication of recessed-gate MOSHEMTs, starting from
conventional AlGaN/GaN epi-layers.

II. FABRICATION OF RECESSED-GATE MOSHEMT
The recessed-gate AlGaN/GaN MOSHEMT in this study

[Fig. 1] was grown on a 6-inch Si by metal-organic chemical
vapor deposition (MOCVD). It consisted of AlN/GaN-based
buffer layers, a 200 nm channel layer, a 1 nm AlN spacer
layer, 15 nm AlGaN barrier layer, and a 2 nm GaN cap layer.
After mesa isolation, gate recessing structure was defined
by IBE. The energy of incident argon ion during IBE was
set to be relatively low (200 eV) to reduce surface roughness
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Fig. 1. (a) Schematic and (b) microscopic photograph of the recessed-
gate MOSHEMT. (c) Double sweep C–V characteristics of Al2O3
MOSCAP at 1 MHz. (d) Parallel conductance as a function of radial
frequency with different bias voltages. (e) Interface trap state density
with trap energy levels below the conduction band edge.

Fig. 2. (a) Trench profile and (b) extracted average height of a
1µm width recessed gate region. 5 µm×5 µm surface morphology of
(c) starting epitaxy and (d) the surface following IBE etching and TMAH
treatment, measured by AFM.

and mitigate etching damage [14], [21]. The incident argon
beam was vertical to the device surface for steep sidewalls and
sharp edges. The nominal etching rate for AlGaN layer and
etching time for the recessed device are around 3 nm/min and
4.5 minutes, respectively. The ohmic metal stack composed
of Ti/Al/Ni/Au (20/150/50/80 nm) was deposited in source
and drain regions, followed by rapid thermal annealing at
850 ◦C for 40 s in a N2 ambient. 15 nm-thick Al2O3 dielectric
layer was deposited immediately by plasma-enhanced atomic
layer deposition (PEALD) at 300 ◦C, which also served as
a passivation layer for the access regions. Finally, gate and
contact pads were formed by Ni/Au (20/200 nm). The gate
length Lg , gate-source distance Lgs , gate-drain distance Lgd ,
and gate width Wg of the devices were 1 µm, 2 µm, 2 µm,
20 µm, respectively, unless otherwise stated.

III. RESULTS AND DISCUSSION

Double sweep capacitance-voltage hysteresis characteris-
tic at 1 MHz of a metal-oxide-semiconductor capacitor
(MOSCAP) was plotted in Fig. 1(c). 0.3 V and 0.9V hys-
teresis were observed for negative gate bias and positive
gate bias, respectively. Using parallel conductance method,
trap densities were extracted, ranging from 3.95 × 1011 to
3.73×1011 cm−2eV−1 with trap levels spanning from 0.36 eV
to 0.40 eV below the conduction band [Fig. 1(d, e)].

The surface of recessed gate region was characterized
by atomic force microscopy (AFM). Fig. 2(a) and Fig. 2(b)
showed the trench profile of the recessed gate area with a
width of 1µm and depth of 14.1 nm. As shown in Fig. 2(c)-(d),
the root-mean-square (RMS) roughness of starting epitaxy and
after the ion beam etching process and 5 minutes 60 ◦ tetram-
ethylammonium hydroxide (TMAH) treatment were 0.61 nm

Fig. 3. (a) Linear and (b) log scale transfer characteristics and (c) output
characteristics of GaN MOSHEMT. (d) Absolute value of gate leakage
current of the normally-off GaN MOSHEMT.

Fig. 4. (a) Threshold voltage uniformity of the fabricated E-mode
GaN MOSHEMTs and (b) three terminal off-state breakdown charac-
teristics measured at Vgs = −10 V for the recessed-gate AlGaN/GaN
MOSHEMT.

and 0.62 nm, respectively, for a scanned area of 5 µm×5 µm,
indicating a highly smooth etching surface achieved by IBE.

Fig. 3(a) illustrated transfer characteristics of the normally-
off AlGaN/GaN MOSHEMT. The device exhibited a Vth
of 4.22 V at Vds = 6 V, which was determined using a
linear extrapolation method. Peak transconductance (Gm) of
168 mS/mm was achieved at Vds = 6 V and Vgs = 6.2 V. The
device exhibited good on/off drain current ratio of 3.3 × 109

and relatively low subthreshold slope of 101 mV/dec, as shown
in Fig. 3(b). The output characteristics of this device were
presented in Fig. 3(c). At Vgs = 8 V, the recessed MOSHEMT
presented a maximum drain current of 545 mA/mm and on-
resistance (Ron) of 3.63 �·mm. The gate leakage current
remained a low level of below 20 pA/mm at gate bias
of −10 V and 0.6 nA/mm for gate bias of 8 V, as shown
in Fig. 3(d). The breakdown voltage of the 15nm PE-ALD
Al2O3 was measured to be 11.2V, corresponding to an average
electric field of 7.5MV/cm.

Fig. 4(a) plotted the Vth distribution measured on 42 fab-
ricated devices. The Vth showed a narrow distribution with
an average value of 4.27 V and a standard deviation
of 0.32 V, suggesting excellent etching depth uniformity.
Fig. 4(b) showed the off-state breakdown characteristics of
normally-off MOSHEMTs with Lgd dimensions of 2, 4
and 10 µm. The off-state breakdown voltages were determined
to be 202 V, 403 V, and 730 V, respectively, which could be
further improved by inclusion of field plate structure.

Dynamic performance of the recessed-gate MOSHEMT
was shown in Fig. 5. Pulsed output curves were mea-
sured at Vgs = 8 V with a fixed gate quiescent bias (Vgs Q)
of 0 V and varied drain quiescent bias (Vds Q) from 0 V
to 100 V. The pulse width and pulse period were set
at 1 ms and 10 ms, respectively. The current collapse ratio
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Fig. 5. (a) Pulsed output characteristics. The quiescent drain bias
voltage was varied from 0 V to 100 V. (b) Variation of Ron as a function
of stressing time with various drain quiescent biases at gate quiescent
bias of 0 V. (c) Negative bias threshold voltage instability with gate stress
of −10 V.

TABLE I
COMPARISON OF STATE-OF-THE-ART RECESSED-GATE

GaN MOSHEMTs

(C.C. ratio) were extracted from the drain currents at Vds
of 10V using an expression of 100%-Isat, f resh /Isat,stressed .
As shown in Fig. 5(a), when subjected to 20 V of drain
stressing, the output current was slightly reduced and the
degradation percentage of drain current was only 0.3%, mea-
sured at Vds = 10 V. As the drain quiescent bias was increased,
incremental collapse of the maximum drain current was
observed. A Vds Q of 100 V would result in a 14.1% current
collapse. Fig. 5(b) showed the time-dependent dynamic on-
resistance ratio (Ron,dynamic/Ron,stati c) with off-state drain
stressing bias ranging from 10 to 50 V. On-resistances were
extracted from the linear region of output curve (Vgs = 8V
and Vds = 0.5 V). In the case of Vds Q = 10 V, the dynamic
Ron remained as low as 107% of static value for a stressing
time of 100s. When the stressing level and duration of Vds Q
was increased to 50V for 100s, the dynamic Ron ratio was
slightly worsened to 117%. Fig. 5(c) showed time-dependent
negative bias-induced threshold voltage instability (NBTI)
with a −10 V gate stressing voltage (Vgs,stress). As Vgs,stress
of −10 V was applied for 2 s, the threshold voltage was
barely shifted. When the stress duration was extended to
over 10 s, the threshold voltage shifted gradually in the
negative direction. After 100 s of stressing, the Vth shift was
amounted to −0.40 V and current collapse of 14.2 % was
observed. When a negative gate bias was applied to the device,
emission of electrons from filled traps in the oxide or at the
Al2O3/AlGaN interface would lead to a negatively shifted
threshold voltage [22], [23].

Table I provided a comparison between the device results
of this study and state-of-the-art recessed-gate AlGaN/GaN

Fig. 6. Benchmark of (a) Ids, sat versus Vth and (b) Ron,sp versus BV
for state-of-the-art recessed-gate AlGaN/GaN MOSHEMTs. Solid and
hollow stars represented devices with Lgd of 2 µm and 10 µm.

MOSHEMTs. The threshold voltages listed were obtained
using the linear extrapolation method. Fig. 6(a) and Fig. 6(b)
illustrated the benchmark of saturation drain current versus
threshold voltage and Ron,sp versus BV for the recessed-
gate AlGaN/GaN MOSHEMT. Zhang et al. [31] reported a
recessed device with a Vth of 6.28 V, but a high specific
on-resistance of 2.79 m�·cm2 was observed. Zhou et al. [26]
demonstrated a high saturation drain current of 693 mA/mm,
but the threshold voltage was relatively small. In this
study, well-balanced device performance was simultaneously
obtained including a threshold voltage of 4.22 V and a
sufficiently high saturation current of 545 mA/mm. The
device achieved Ron,spof 0.18 m�·cm2 and 202 V break-
down voltage for 2 µm gate-drain distance. Extending
gate-drain distance to 10 µm greatly improved breakdown
voltage to 730V while remained relatively-small specific on-
resistance of 0.94 m�·cm2. Baliga’s figure-of-merit (FOM)
of 227 MW/cm2 and 567 MW/cm2 were acquired for
MOSHEMTs with Lgd of 2 µm (solid) and 10 µm (hollow),
respectively. Additionally, the recessed-gate MOSHEMT fab-
ricated using the argon-based ion beam etching technique
exhibited good breakdown endurance, superior on/off current
ratio, and outstanding dynamic reliability.

IV. CONCLUSION

High performance normally-off recessed-gate AlGaN/GaN
MOSHEMT was implemented by an argon-based IBE method.
The IBE features a precise control of AlGaN barrier removal
and a smooth etched surface. The device demonstrated
a threshold voltage of 4.22 V, a saturation current of
545 mA/mm, and a low specific on-resistance of 0.18 m�·cm2.
On/off current ratio of 109 and a high breakdown voltage
of 730 V were also achieved. The recessed-gate MOSHEMT
exhibited stable dynamic performance, with a low 14.1%
current collapse with a Vds Q of 100 V and a 117% increase in
dynamic on-resistance with 100 s Vds Q of 50 V. Additionally,
a Vth shift of −0.40 V was observed upon a 100 s stressing
at −10 V gate bias. 567 MW/cm2 FOM were obtained for
recessed-gate MOSHEMTs with Lgd of 10 µm. These results
highlight that IBE gate recessing offers a promising approach
for the fabrication of high-performance normally-off GaN
MOSHEMTs to be used in power applications.
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