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Abstract — Enhancement-mode (E-mode) GaN MOSHEMTs using recess process typically face the challenge
of precise thickness control, surface roughness issue, and
interface traps, all of which could lead to the degradation
of the device performance and cause reliability issues.
In this article, we use a combined process of atomic
layer etching (ALE) technique and atomic layer deposited
(ALD) HfSiO dielectric. ALE is repeated oxidation and dry
etching process with minimal surface damage, leading to
a precisely controlled low-damage recess channel area.
The fabricated AlGaN/GaN MOS-HEMTs exhibit E-mode
operation with a positive threshold voltage (Vth ) of +2.1 V
with small Vth dispersion for different devices, an ultrahigh
drain current ON–OFF ratio over 1010 and a low ON-resistance
(RON ) of 11.5  · mm at gate-to-drain length (LGD ) of 25 μm.
Source field plate (SFP) structure is employed to reduce
the charge trapping process and improve the reliability at
high voltages. The current collapse of the E-mode device
with SFP structure can be effectively suppressed due
to the optimized redistribution of the peak electric field
in the gate-to-drain access region, where a significantly
improved dynamic RON of only 1.17 times increase from
the static RON after OFF-state VDS stress of 600 V. Moreover,
the enhanced vertical electric field with decreased AlGaN
barrier thickness and the positive shift in threshold
voltage for the E-mode device can effectively suppress the
current collapse, which outperforms the depletion-mode
counterpart. The breakdown voltage reaches a considerable
value of 1560 V at an OFF-state current density of 1 μA/mm.
Index Terms — Atomic layer deposition (ALD), atomic
layer etching (ALE), current collapse, GaN MOS-HEMTs,
source field plate (SFP).
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I. I NTRODUCTION

G

aN-BASED power devices are emerging as promising candidates for the next-generation power switching
devices due to their excellent electronic properties, including
wide bandgap, high mobility, and low ON-resistance [1].
In order to ensure fail-safe operation and simplify circuit
design, numerous prototypes have been reported to achieve
normally-OFF operation, such as p-GaN gate structure [2], fluorine ion implantation [3], ultrathin-barrier-layer structure [4],
cascode technology with Si MOSFET [5], and recessedgate structure [6]. Recessed-gate structure using O2 -BCl3
atomic layer etching (ALE) is a competitive approach toward
enhanced controllability and low etching damage to realize the
normally-OFF operation [7], [8]. Due to the severe gate leakage
current, traditional HEMTs are limited by small forward gate
bias swing and poor OFF-state performance [9]. To solve this
problem, various insulating dielectrics, especially high-κ gate
dielectrics, have been explored to passivate the surface and
suppress the leakage current while ensuring effective gate
electrostatic control [10]–[13]. When the interface quality is
improved, a large positive gate bias can be used for sufficient gate overdrive to fully turn on the enhancement-mode
(E-mode) MOS-HEMTs and take advantage of the low-loss
benefit of GaN power switches in the meantime.
Current collapse originating from the charge trapping
process during the dynamic switching is a critical factor for
evaluating the device reliability. With the presence of the large
voltage bias during high power measurement, the surface states
located at gate-to-drain access region occupied by electrons act
as a negatively charged virtual gate, which depletes the 2-D
electron gas (2-DEG) at ON-state. The charge trapping process
leads to degraded performance manifested by a shift of the
threshold voltage, decrease of the maximum drain current, and
increase of ON-resistance [14]. Surface passivation and field
plate structure are usually adopted to improve surface properties and optimize surface electric field redistribution [15], [16].
In order to minimize the current collapse under high
OFF -state drain bias, source field plate (SFP) structure was
fabricated on both E-mode devices and D-mode devices with
detailed comparison and in-depth discussions. The normallyOFF device shows a high current ON – OFF ratio over 1010 ,
a large current driving capacity of 494 mA/mm, and a high
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Fig. 1. Schematic process flow for recessing AlGaN barrier by means
of O2 + BCl3 sequential etching.

breakdown voltage of 1560 V. The dynamic performance of the
E-mode device shows more effective suppression compared
with the D-mode device. The dynamic RON increases only
1.17 times from the static RON after OFF-state VDS stress
of 600 V of the device with the field plate at optimized
conditions for the E-mode devices.

Fig. 2. (a) Etching depth characterization of the recessed channel.
(b) 1.5 μm × 1.5 μm surface morphology in the recessed-gate region.
(c) 3-D trench profile along the recessed-gate window after mask
removal. (d) Schematic cross section of the GaN MOS-HEMT with SFP
structure.

II. D EVICE FABRICATION
The epitaxial layer consists of a 4-μm C-doped GaN buffer,
a 300-nm undoped GaN channel, a 1-nm AlN interlayer,
and a 20-nm Al0.25 Ga0.75 N barrier. Device fabrication started
with isolation by multi-energy ion-implantation maintaining
compatibility with the follow-up passivation process. A 1-nm
AlN interlayer as etching stop layer is introduced between
the AlGaN barrier and GaN channel due to the high etching
selectivity ratio of AlGaN and AlN [17]. The 1-nm AlN interlayer increases the 2-DEG density and improves the interface
property. The top AlN layer shown in Fig. 1 was grown as
etching mask by using atomic layer deposition (ALD). After
the etching window opening by photolithography, the AlN
layer above the gate region was also removed by alkaline
developer without interfacial damage. Gate recessing was
performed using separate O2 and BCl3 plasma to sequentially
remove layers of AlGaN barrier. The process is considered as
self-limiting owing to high selectivity of the etching rate for
oxidized and unoxidized AlGaN region [18].
After several cycles of sequential etching, the intensity of
piezoelectric polarization decreased with thinner AlGaN barrier, leading to the decrease of 2-DEG density and eventually
E-mode operation. The etching depth and surface morphology
of recessed-gate window after removal of the etching mask
layer were characterized by atomic force microscopy (AFM)
as shown in Fig. 2(a)–(c). The etching depth is 18 nm and
the root-mean-square (RMS) roughness is about 0.29 nm. The
trench profile along recessed-gate exhibits a highly smooth
surface with a steep sidewall, showing the precisely controlled and low-damage recessing technique. The source–
drain ohmic contacts were formed using a multi-layer metal
stack of Ti/Al/Ni/Au after mask layer removal, followed by
the rapid thermal annealing (RTA) at 870 ◦ C. The contact
resistance (Rc ) and sheet resistance (Rsh ) extracted from
transfer length methods (TLMs) are 0.58 ·mm and 307 /sq,
respectively. The 15-nm composite gate dielectric HfSiO was
grown at 300 ◦ C by ALD after removing the native oxide
layer with diluted HCl pretreatment. After the completion of
Ni/Au gate metal deposition, 300-nm SiNx layer was grown by

plasma-enhanced chemical vapor deposition (PECVD) as the
insulating layer for field plate. Finally, SFP metal electrode
was fabricated after the pad window opening. The devices
under test feature a gate length of 1.5 μm, a gate width
of 50 μm, a gate–source spacing of 3.5 μm, and a gate–drain
distance of 25 μm unless otherwise noted. The length of the
SFP structure varies from 0.5 to 4.5 μm. All dc characteristics except breakdown were measured by Keysight B1500A
semiconductor parameter analyzer and Lakeshore probe station
system, while dynamic characteristics and breakdown were
measured by using Keysight B1505A power device analyzer
and Cascade high-voltage probe station.
III. R ESULTS AND D ISCUSSION
The composite high-κ dielectric HfSiO was chosen as the
gate dielectric because of its excellent interface quality on
AlGaN and minimal leakage property. The extracted dielectric constant of HfSiO is 18 and the critical electric field
is approximately 5.5 MV/cm, which play important roles
in OFF-state breakdown in GaN MOS-HEMTs. The highquality HfSiO/AlGaN interface was verified by the negligible
frequency dispersion and very little hysteresis about 22 mV
even at 1 kHz from the capacitance–voltage (C–V ) characteristics in Fig. 3(a). Multi-frequency conductance method
was employed to map the interface trap density (Dit ) as
shown in Fig. 3(b). Extracted Dit from conductance method in
Fig. 3(c) is in the range of 2.9 × 1011–5.9 × 1012 eV−1· cm−2
for energy span of 0.24–0.32 eV below the GaN conduction
band. Fig. 3(d) shows the voltage-dependent leakage current
of HfSiO dielectric, showing minimal leakage current as well
as satisfactory uniformity.
Fig. 4(a) and (b) shows transfer characteristics until the
gate drive saturation of D-mode and E-mode devices, where
both devices exhibit a high current ON–OFF ratio over 1010
and a low IOFF below 10−8 mA/mm suggesting an effective
suppression of leakage current by the high-κ gate dielectric,
and gm increases due to the reduced thickness of the AlGaN
barrier. The threshold voltage shifts positively for over 7 V
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Fig. 5. (a) Transfer characteristics of FAT-FET device with a gate length
of 100 μm and a gate width of 100 μm at VD = 50 mV. (b) Extracted
mobility versus the density of 2-DEG.

Fig. 3. (a) Multi-frequency C–V characteristics of the E-mode device
under double sweep. Inset: hysteresis at 1 kHz. (b) Measures Gp /ω
versus ω characteristics, where Gp /ω is equivalent parallel conductance
and ω is radial frequency. (c) Extracted trap state density Dit as a
function of energy level. (d) Voltage-dependent leakage current of HfSiO
dielectric.
Fig. 6. Output characteristics of devices with the default gate length of
1.5 μm. (a) without and (b) with recess under the same gate overdrive
voltage.

Fig. 7. Threshold voltage distribution of devices with various LGD at
(a) LG = 2.5 μm and (b) LG = 3.5 μm.
Fig. 4. Transfer characteristics of devices (a) without and (b) with
a recess in semilog scale at VD = 5 V. (c) Comparison of transfer
characteristics between devices without and with a recess in linear scale
at VD = 5 V. (d) SS versus drain current characteristics of the E-mode
device.

after the recess etching of 18 nm by linear extrapolation as
shown in Fig. 4(c). The minimal subthreshold swing (SS) value
of the E-mode device shown in Fig. 4(d) is 84 mV/dec, which
is slightly higher than D-mode device of 74 mV/dec, and it
can keep below 100 mV/dev for over five decades, suggesting
an efficient gate electrostatic control with minimal interface
traps. Fig. 5(a) shows the transfer characteristics of a FAT-FET
MOS-HEMT with a long channel length of 100 μm, and the
extracted peak mobility of E-mode device is 406 cm2 /V·s,
which is superior among similar recessed-gate MOS-HEMTs
using dry etching. As shown in Fig. 6(a) and (b), the maximum
output current of E-mode device with L GD = 25 μm is
494 mA/mm at a gate bias of 6 V with RON of 11.5  · mm,
compared with results extracted from similarly fabricated
D-mode device without recess at the same gate overdrive,

where output current increases slightly to 503 mA/mm at a
gate bias of −1.5 V with RON of 10.8  · mm. The threshold
voltage dispersion of devices with various L GD for both
L G = 2.5 μm and L G = 3.5 μm devices is approximately
80 mV, as shown in Fig. 7, showing the excellent uniformity
of the recess technique. Table I lists the typical performance
parameters of AlGaN/GaN MOS-HEMTs with recessed-gate
structure in recent years where our results are among the best.
To evaluate the current collapse suppression by SFP structure, pulsed ID –VD measurement under fast switching with different quiescent bias points was performed. The measurement
setup is shown in Fig. 8(a). The applied pulse width and period
are 50 μs and 10 ms, respectively. The device switches from
OFF -state to ON -state after 10-ms drain bias stress to observe
the current recovery. Due to the threshold voltage difference,
different gate bias at OFF-state and ON-state are applied to
ensure similar carrier density, −8 to 0 V for D-mode devices,
and 0–6 V for E-mode devices, respectively.
The maximum current available from a device during
a pulsed-IV measurement is limited by the charging and
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TABLE I
C OMPARISON OF T YPICAL D EVICE PARAMETERS
IN R ECESSED -G ATE GaN MOS-HEMTs

Fig. 9. (a) Comparison of pulsed-ID VD for D-/E-mode devices with SFP
length of 3.5 μm under identical drain bias stress. (b) Extracted dynamic
RON ratio of D-/E-mode devices.

Fig. 10. (a) Current collapse comparison of D-/E-mode devices under
dc measurement with LGD of 5 μm. (b) Current collapse comparison of
D-/E-mode devices under dc measurement with LGD of 30 μm.

Fig. 8. (a) Measurement setup of ON-state pulsed-ID VD after OFF-state
drain bias. (b) Pulsed-ID VD after OFF-state of E-mode device without SFP.
(c) Pulsed-ID VD after OFF-state of E-mode device with the SFP length of
4.5 μm. (d) Ratio of dynamic ON-resistance extracted from pulsed-ID VD
of E-mode device without and with SFP structure.

discharging of the virtual gate. By proper engineering of the
peak electric field redistribution with SFP structure, the current
collapse can be effectively suppressed. In Fig. 8(b) and (c),
the drain quiescent bias points at the OFF-state (Vgs = 0 V)
of the L g = 3.5 μm E-mode devices without and with SFP
structure are from 10 to 280 V and from 10 to 600 V, respectively. At the ON-state (Vgs = 6 V), the drain bias switches to
a pulsed mode as described in Fig. 8(a). The small difference
of the starting current levels in these devices is from device
variations of different fabrication batches and is of little effect
to the dynamic measurement. The dynamic ON-resistance ratio
of both the devices is extracted from the linear region at
around VD = 1 V and plotted in Fig. 8(d) where RON,D /RON,S
ratio increases with higher drain bias stress for both device
structures, because of the enhanced electron injection into the
surface trap states from the gate electrode and accelerated

hot electron capture by buffer traps in buffer/transition layer
from Si substrate. Dynamic RON of device with SFP structure
rises much more slowly compared to the device without SFP
structure, owing to the optimized redistribution of electric field
at the gate-to-drain access region, where device simulations
show the peak electric field at the gate edge near the drain
side after adding SFP can be much reduced compared to
the original values, which is consistent with the previous
work [30], [31], and the current collapse can be effectively
suppressed. The dynamic RON of the device with SFP increases
only 1.17 times from static RON after OFF-state VDS stress
of 600 V, where the improved dynamic property by SFP can
be clearly proved.
Fig. 9(a) shows the comparison of the pulsed-ID VD of
D-mode and E-mode devices after OFF-state with the drain
quiescent bias points from 10 to 550 V with the same SFP
length of 3.5 μm and L G length of 1.5 μm. The extracted
ratio of dynamic ON-resistance of both devices is plotted
in Fig. 9(b). As can be seen clearly, the dynamic performance of the E-mode device is significantly better than the
D-mode device under high drain bias stress. This can also be
corroborated by the dc measurement in Fig. 10(a) and (b).
The D-mode device shows pronounced negative differential
resistance region at high current densities due to self-heating
and current collapse compared to E-mode device with the same
device geometries. This phenomenon becomes more evident
for devices with smaller L GD , which can be attributed to
the increased transverse electric field and the resulting carrier
trapping process.
The mechanism of the improved current collapse of E-mode
MOS-HEMTs can be understood by the energy band diagram.
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Fig. 11.
Energy band diagram of (a) D-mode and (b) E-mode
MOS-HEMTs at ON-state.
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suppression of the gate leakage current by high-quality HfSiO
dielectric and optimized electric field redistribution by SFP
structure leads to a considerable high breakdown voltage
of 1560 V at a drain current density of 1 μA/mm. The
benchmark of RON,SP versus breakdown voltage with the
state-of-the-art recessed-gate GaN MOS-HEMTs is shown in
Fig. 12(b) [19], [21], [25], [27], [32]–[34]. All the breakdown
voltage values are extracted with a floating gate at an OFF-state
drain current density of 1 μA/mm except 5 μA/mm for
[27] and [34]. The devices in this article deliver a competitive breakdown voltage, showing the potential of this recess
technique.
IV. C ONCLUSION

Fig. 12. (a) OFF-state breakdown characteristics of E-mode device with
the floating substrate. (b) Specific RON versus breakdown voltage of
state-of-the-art GaN-based recessed-gate power devices. All the values
are extracted with a floating gate at an OFF-state drain current density
of 1 μA/mm except 5 μA/mm for [27] and [34].

Under high drain bias stress at OFF-state, the electrons captured by donorlike trap centers in gate-to-drain access region
serve as a virtual gate, which limits the maximum current and
ON -state resistance by the charging and discharging of the
virtual gate. The trapping-induced current collapse takes place
mostly near the gate edge where the electric field is concentrated [14]. At OFF-state stress, the electric field increases as
the AlGaN thickness reduces in the direction normal to the
AlGaN/GaN interface for the recessed device. As a result,
the tunneling probability is higher for injected electrons from
the gate metal to reach the channel region in the access area,
rather than being captured and trapped in the AlGaN layer.
The energy band diagrams in Fig. 11(a) and (b) indicate
that the voltage mainly drops on insulator layers (HfSiO and
AlGaN layers) in the vertical direction for the D-mode and
E-mode devices at ON-state. When the channel turns on at the
approximate gate overdrive, VGS for E-mode device (6 V) is
much higher than D-mode device (0 V) to obtain the same
carrier density. Forward gate bias pulls down the energy level
of the insulating layers to form a triangular barrier with much
narrower barrier thickness. Moreover, the recessed-gate further
enhances the vertical electric field due to the reduced total
thickness of the insulator, increasing the emission probability
of the trap centers and accelerating the detrapping process. The
effect discussed above accounts for the fact that the recessed
E-mode device has better current collapse by suppressing the
trapping process and accelerating the detrapping process.
Fig. 12(a) shows the OFF-state breakdown characteristics
of the E-mode device with substrate floating. The effective

In conclusion, the ALE technique has been applied to
achieve recessed-gate E-mode GaN MOS-HEMTs. A positive threshold voltage of +2.1 V and a maximum output
current of 494 mA/mm with ON-resistance of 11.5  · mm
have been demonstrated. Due to the low-damage recessing
technique and high-quality HfSiO dielectric, the fabricated
device exhibited a high current ON–OFF ratio over 1010 , a low
SS of 84 mV/dec, and a high mobility of 406 cm2 /V·s.
The mechanisms of the improved current collapse of the
recessed-gate E-mode device compared with D-mode device
have been discussed systematically. The thinner barrier layer
by gate recessing and the positive shift in threshold voltage can
effectively suppress the current collapse characteristics for the
E-mode device, which outperforms the D-mode counterpart.
By proper engineering of the peak electric field redistribution,
the dynamic RON increases only 1.17 times from static RON
after OFF-state VDS stress of 600 V of the E-mode device.
Due to the effective suppression of the leakage current by
HfSiO dielectric and redistribution of the electric field by the
SFP structure, the fabricated E-mode device exhibits a high
breakdown voltage of 1560 V at an OFF-state current density
of 1 μA/mm.
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