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Abstract— In this work, we present the investigation of the
combination of gate recess and tri-gate structures to achieve high
performance normally-off GaN-on-Si MOSFETs with high
positive threshold voltage (VTH), low specific on resistance (RON,SP)
and high output current ( IDmax ). The excellent channel control
capability offered by tri-gate structure led to a reduced OFF-state
leakage current (IOFF), higher ON/OFF ratio, smaller subthreshold slope (SS) compared to similar planar and recessed-gate
devices. With gate to drain length (LGD) of 20 μm, a soft VBR of
1800 V at 1 μA/mm and hard VBR of 2050 V at 9 μA/mm were
observed, along with a low RON,SP of 2.42 mΩ·cm2, which
corresponds to a state-of-the-art figure of merit (FOM) of 1.73
GW/cm2. These results unveil the extraordinary prospects of trigate technology for future power electronics applications.
Keywords— Gallium Nitride, normally-off, MOSFET, tri-gate,
recess, high breakdown, low leakage

I.

INTRODUCTION

GaN transistors are very promising for future high-frequency
power electronics converters with low conduction and
switching losses and high blocking voltages [1]–[3]. Due to the
presence of a polarization-induced two-dimensional electron
gas (2DEG) [4], it is currently challenging to demonstrate
concurrently a sufficiently positive VTH with low RON, along
with high breakdown voltage in GaN (MOS)HEMTs for
normally-off (E-mode) operation, which is highly demanded by
most power electronics applications [5]–[7].
Several techniques were reported in the literature to achieve
normally-off operation, such as p-GaN gate [8], fluorine-based
plasma treatment [9], [10], and recessing the barrier [11]–[14]
under the gate region, either fully or partially [18], however
these methods typically degrade RON and lower the IDmax . Trigate structure can offer a way to control the VTH, to enhance
gate control [15]–[17] and to yield large VBR [18]–[20].
Nonetheless, only a relatively limited positive VTH can be
achieved by relying solely on tri-gates, as shown in [21]. Much
larger VTH can be achieved by combining gate recess with trigate structures, however, to this date, only mild positive VTH of
0.5 V has been demonstrated [15].
In this work, high performance normally-off GaN MOSFETs
are demonstrated with high VBR. A short gate recess was
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Fig. 1. (a) 3D schematic of recessed tri-gate MOSFET. Inset: zoomed SEM
images of tri-gate regions. Cross-sectional views of recessed tri-gate MOSFET
of (b) recessed regions and (c) tri-gate regions.

integrated with an optimized tri-gate geometry, fabricated with
low-damage etching and a judicious surface treatment to
minimize electron scattering in the channel. These devices
presented VTH of 1.4 V (defined at 1 μA/mm), high IDmax of 622
mA/mm, improved SS of 95 mV/dec and large ON/OFF ratio
beyond 109. In addition, the tri-gate region converts part of the
gate electrode into a gate-connected FP (Fig. 1(a)), which
resulted in an exceptional VBR of up to 2050 V for LGD of 20 μm
with IOFF below 9 μA/mm.
II.

DEVICE STRUCTURE AND FABRICATION

Fig.1 depicts the 3D schematic (Fig. 1(a)) and crosssectional schematics (Fig. 1(b-c)) of the fabricated normally-off
tri-gate GaN MOSFETs based on GaN-on-Si wafers. The wafer
structure consisted of 4.2 μm buffer, 420 nm un-doped GaN
channel, 20 nm Al0.25Ga0.75N barrier and 2.5 nm GaN cap layer.
The device fabrication started with mesa and tri-gate regions
definition by e-beam lithography, and followed by Cl2-based
ICP etch. A 150 nm-wide gate recess (Fig. 1 (a)) was defined
by e-beam lithography, followed by a 20 nm-deep low-damage
slow-etch-rate Cl2-based ICP etch, which resulted in a very
precise control of the etch depth. The etched surfaces were
treated with 5 cycles of O2 plasma/HCl (37%) for 1 min each,
followed by a 500°C annealing for 5 min. The low-damage
slow-rate gate recess combined with cycled O2 plasma/HCl
treatment is a critical process for smoother etched surface,
which minimizes electron scattering in the short recessed
channel and results in E-mode transistors with reproducible VTH
and low RON. A metal stack composed of Ti (20 nm)/Al (120
nm)/Ti (40 nm)/ Ni (60 nm)/ Au (50 nm) was deposited in both
source and drain regions, followed by rapid thermal annealing
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devices of the same kind.
RESULTS AND DISCUSSION

The comparison of the DC transfer and output characteristics
of planar, recessed and recessed tri-gate devices is shown in Fig.
2(a) and (b). A noteworthy shift of VTH was observed from –3.6
V for the planar, to +0.3 V for the recessed and +1.4 V for the
recessed tri-gate (VTH was defined at 1 μA/mm) (Fig. 2(a)). The
normally-off tri-gate MOSFET presented a steeper SS and a
lower IOFF compared with recessed planar devices, revealing a
better gate control by the tri-gate. The recessed tri-gate
exhibited an ON/OFF ratio beyond 109, an improved SS of 95 ±
3.2 mV/dec and IOFF as small as 300 pA/mm at VG = 0,
compared to 30 nA/mm for the recessed device. Moreover,
these devices presented high IDmax (at VG = 7 V) of 622 ± 16
mA/mm compared to 581 ± 34 mA/mm for the recessed, which
was only slightly smaller than that of the normally-on planar
device (672 ± 19 mA/mm) (Fig. 2(b)). The RON of planar,
recessed and recessed tri-gate, extracted from ID-VD sweeps in
the linear region, were 6.82 ± 0.29 Ω·mm, 7.37 ± 0.45 Ω· mm,
and 7.32 ± 0.26 Ω·mm at VG = 7 V, respectively (Fig. 2(b)).

The VTH and SS for the recessed planar devices shifted
with the variation of VD, as observed in Fig. 3(a), which was
not the case in planar and recessed tri-gate devices. This was
mainly due to short-channel effects on the narrow recessed
regions (100 to 150 nm) of the recessed gate transistors,
which lacks effective gate control. The improved channel
control of the tri-gate structure was effective in reducing the
short-channel effects of the narrow recessed-gate MOSFETs
[15], which makes possible to increase the IDmax and reduce
RON without increasing the recess length. Fig. 3(b) shows
transfer characteristics of recessed tri-gate devices with
different recess length (100 nm to 600 nm). We observed
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Fig. 2. Comparison of planar, recessed planar and recessed tri-gate devices.
(a) Transfer at VDS = 5 V and (b) Output characters of the three device with VG
= 7 V. The LGS, LG and LGD were 1.5, 2 and 15 μm, respectively, and FF was
0.66.
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Fig. 3. (a) Comparison of the normally-off recessed tri-gate with planar and
recessed devices under different VDS (1V to 5V). (b) Comparison of planar
recessed transistors with recessed tri-gate under different recess length (100nm
to 600 nm).
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(RTA) at 780°C under N2 atmosphere. The 25 nm-thick SiO2
gate dielectric was deposited by atomic layer deposition (ALD)
at 300°C, immediately after a surface treatment in 37% HCl for
1 min and 500°C bake for 5 min. Finally, gate metal was formed
by 50 nm Ni/ 150 nm Au. All device characteristics, such as ID,
RON, IOFF, were normalized by the device width of 80 μm, and
the standard deviation was determined from about 8 separate
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Fig. 4. (a) Distribution of VTH of 56 recessed tri-gate devices. (b) Transfer
characteristics of recessed tri-gate with different nanowire width. Inset: The
extracted VTH dependence with tri-gate nanowire width (w).

that the 100 nm-wide recessed planar device showed near
normally-off behavior, but when combining the 100 nmwide recess with tri-gate structures led to a much higher VTH
compared to planar devices. Moreover, the threshold voltage
of recessed tri-gate devices remained unchanged with the
variation of recess length up to 600 nm. Nevertheless, the
maximum saturation current decreased with increasing
recess length. Therefore, the enhanced gate control of
recessed tri-gate allows to significantly reduce the gate
recess length to minimize current degradation, without any
detriment from short channel effects.
Fig. 4(a) shows the narrow VTH distribution among measured
56 recessed tri-gate devices, with a VTH of +1.41 ± 0.12V,
confirming the excellent process uniformity. To optimize the
tri-gate geometry, we fabricated devices with tri-gate width w
of 200, 400, 500, and 600 nm and fixed spacing s of 100nm,
corresponding to a number of tri-gate fins per mm NNW of 3333,
2000, 1666, and 1333, respectively. The transfer characteristics
of recessed tri-gate transistors with different w is shown in Fig.
4(b). The inset of Fig. 4(b) revealed that VTH is not strongly
dependent on the tri-gate width, which indicates the absence of
2DEG in the recessed region. A reduction of RON and an
increase in IDmax were observed when reducing the filling factor
(FF) (Fig. 5(a)). The equivalent circuit (Fig. 5(b)) of the
recessed tri-gate MOSFETs included 2 parallel parts: top
(recessed + planar) and trench portions (sidewall and bottom
portions). For small FF, the main conduction contribution is
from the sidewall region, whereas by increasing FF, NNW is
reduced and the contribution from the top regions become
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Fig. 7. Benchmarking of (a) RON,SP versus VBR of the recessed tri-gate against
E-mode GaN-on-Si transistors, by defining VBR at IOFF < 1μA/mm with floating
and grounded substrates. (b) IDmax and (c) RON versus VTH (defined at 1μA/mm).
For fair comparison, LGD smaller than 10 μm, and literature results with
unspecified RON,SP or IOFF were not included.
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Fig. 6. Three terminal breakdown characteristics of recessed tri-gate (VG = 0
V) and recessed planar (VG = -1 V) MOSFETs with LGD = 15 μm and 20 μm,
for (a) floating and (b) grounded substrate.

dominant.
The three terminal breakdown voltage of the devices was
measured with floating (Fig. 6(a)) and grounded substrate (Fig.
6(b)), with VG = 0 V for the recessed tri-gate transistors and
VG=-1 V for the recessed planar devices. With floating
substrate, the hard VBR of the recessed tri-gate with LGD of 15
μm and 20 μm were 1650 V (at 1 μA/mm) and 2050 V (at 9
μA/mm), respectively, compared with 1480 V and 1750 V,
respectively, in recessed planar devices. The soft VBR at IOFF of
1μA/mm of the recessed tri-gate with LGD of 20 μm was 1800
V compared with 1600 V of the recessed planar devices. The
improvement in VBR of recessed tri-gate devices was mainly due
to the integrated FP1 and FP2 in the tri-gate regions (Fig.1(a))
[17]. Moreover, the OFF-state gate leakage of recessed tri-gate
was also much smaller than recessed planar devices, leading to
a higher soft VBR. A large VBR of 960 V at 1 μA/mm was also
observed with grounded substrate, for both recessed and
recessed tri-gate with LGD= 15 μm or 20 μm, which was mainly
limited by the 4.2 μm buffer thickness. The hard VBR of the
grounded substrate can be as high as 1100 V.

Fig. 7 shows the performance of our recessed tri-gate
normally-off transistors benchmarked against state-of-the-art
E-mode GaN-on-Si transistors in the literature. Fig. 7(a) was
benchmarked with both floating and grounded substrate of
RON,SP versus VBR, which outperform other device with both
methods. We also benchmarked with IDmax versus VTH (Fig.
7(b)) and RON versus VTH (Fig. 7(c)), our device exhibited high
IDmax , low RON and large VTH of 1.4 V (Fig. 7(b-c)), with RON,SP
of 1.76 and 2.42 mΩ·cm2 for LGD of 15 μm and 20 μm,
respectively.
IV.

CONCLUSION

In this work, we have demonstrated state-of-the-art
normally-off recessed tri-gate GaN-on-Si MOSFETs
presenting VTH of 1.4 V at 1μA/mm, high IDmax , low RON,SP of
2.42 mΩ·cm2 and high VBR of 2050 V, corresponding to a record
FOM of 1.73 GW/cm2. These results unveil the excellent
prospect of recessed tri-gate for power applications.
ACKNOWLEDGMENT
We would like to thank the staff in CMi and ICMP
cleanrooms at EPFL for technical support and advice.
REFERENCES
[1] M. Tao et al., “Characterization of 880 V Normally Off GaN
MOSHEMT on Silicon Substrate Fabricated With a Plasma-Free,
Self-Terminated Gate Recess Process,” IEEE Trans. Electron
Devices, vol. 65, no. 4, pp. 1453–1457, Apr. 2018.
[2] C. Lee, W. Lin, Y. Lee, and J. Huang, “Characterizations of
Enhancement-Mode Double Heterostructure GaN HEMTs With

© 2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, orreuse of any copyrighted component of this work in other works."

[3]

[4]
[5]

[6]

[7]
[8]

[9]

[10]

[11]
[12]

Gate Field Plates,” IEEE Trans. Electron Devices, vol. 65, no. 2,
pp. 488–492, Feb. 2018.
P. Fiorenza, G. Greco, F. Iucolano, A. Patti, and F. Roccaforte,
“Channel Mobility in GaN Hybrid MOS-HEMT Using SiO2as
Gate Insulator,” IEEE Trans. Electron Devices, vol. 64, no. 7, pp.
2893–2899, Jul. 2017.
M. Ishida, T. Ueda, T. Tanaka, and D. Ueda, “GaN on Si
Technologies for Power Switching Devices,” IEEE Trans.
Electron Devices, vol. 60, no. 10, pp. 3053–3059, Oct. 2013.
J. Wei et al., “Low On-Resistance Normally-Off GaN DoubleChannel Metal–Oxide–Semiconductor High-Electron-Mobility
Transistor,” IEEE Electron Device Lett., vol. 36, no. 12, pp.
1287–1290, Dec. 2015.
L. Zhang et al., “AlGaN-Channel Gate Injection Transistor on
Silicon Substrate With Adjustable 4–7-V Threshold Voltage and
1.3-kV Breakdown Voltage,” IEEE Electron Device Lett., vol. 39,
no. 7, pp. 1026–1029, Jul. 2018.
J. Zhang et al., “High-mobility normally-off Al2O3/AlGaN/GaN
MISFET with damage-free recessed-gate structure,” IEEE
Electron Device Lett., pp. 1–1, 2018.
Y. Zhou et al., “p-GaN Gate Enhancement-Mode HEMT
Through a High Tolerance Self-Terminated Etching Process,”
IEEE J. Electron Devices Soc., vol. 5, no. 5, pp. 340–346, Sep.
2017.
Y. Zhang, M. Sun, S. J. Joglekar, and T. Palacios, “High threshold
voltage in GaN MOS-HEMTs modulated by fluorine plasma and
gate oxide,” in 71st Device Research Conference, 2013, pp. 141–
142.
L. Yang et al., “High-Performance Enhancement-mode
AlGaN/GaN high electron mobility transistors combined with
TiN-based Source Contact Ledge and Two-Step Fluorine
Treatment,” IEEE Electron Device Lett., pp. 1–1, 2018.
Z. Xu et al., “Fabrication of Normally Off AlGaN/GaN MOSFET
Using a Self-Terminating Gate Recess Etching Technique,” IEEE
Electron Device Lett., vol. 34, no. 7, pp. 855–857, Jul. 2013.
M. Hua et al., “Integration of LPCVD-SiNx gate dielectric with
recessed-gate E-mode GaN MIS-FETs: Toward high

[13]
[14]

[15]
[16]
[17]
[18]
[19]

[20]
[21]

performance, high stability and long TDDB lifetime,” in 2016
IEEE International Electron Devices Meeting (IEDM), 2016, pp.
10.4.1-10.4.4.
W. B. Lanford, T. Tanaka, Y. Otoki, and I. Adesida, “Recessedgate enhancement-mode GaN HEMT with high threshold
voltage,” Electron. Lett., vol. 41, no. 7, pp. 449–450, Mar. 2005.
J. He, M. Hua, Z. Zhang, and K. J. Chen, “Performance
andVTHStability in E-Mode GaN Fully Recessed MIS-FETs and
Partially Recessed MIS-HEMTs With LPCVD-SiNx/PECVDSiNxGate Dielectric Stack,” IEEE Trans. Electron Devices, vol.
65, no. 8, pp. 3185–3191, Aug. 2018.
B. Lu, E. Matioli, and T. Palacios, “Tri-Gate Normally-Off GaN
Power MISFET,” IEEE Electron Device Lett., vol. 33, no. 3, pp.
360–362, Mar. 2012.
S. Liu et al., “Enhancement-Mode Operation of Nanochannel
Array (NCA) AlGaN/GaN HEMTs,” IEEE Electron Device Lett.,
vol. 33, no. 3, pp. 354–356, Mar. 2012.
J. Ma and E. Matioli, “High Performance Tri-Gate GaN Power
MOSHEMTs on Silicon Substrate,” IEEE Electron Device Lett.,
vol. 38, no. 3, pp. 367–370, Mar. 2017.
J. Ma and E. Matioli, “Slanted Tri-Gates for High-Voltage GaN
Power Devices,” IEEE Electron Device Lett., vol. 38, no. 9, pp.
1305–1308, Sep. 2017.
J. Ma, M. Zhu, and E. Matioli, “900 V Reverse-Blocking GaNon-Si MOSHEMTs With a Hybrid Tri-Anode Schottky Drain,”
IEEE Electron Device Lett., vol. 38, no. 12, pp. 1704–1707, Dec.
2017.
J. Ma and E. Matioli, “2 kV slanted tri-gate GaN-on-Si Schottky
barrier diodes with ultra-low leakage current,” Appl. Phys. Lett.,
vol. 112, no. 5, p. 052101, Jan. 2018.
L. Nela, M. Zhu, J. Ma, and E. Matioli, “High-Performance
Nanowire-Based E-Mode Power GaN MOSHEMTs With Large
Work-Function Gate Metal,” IEEE Electron Device Lett., vol. 40,
no. 3, pp. 439–442, Mar. 2019.

© 2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists, orreuse of any copyrighted component of this work in other works."

