
	

 
Fig. 1: (a) Schematic structure of a vertical Ga2O3 (001) FinFET with 
source-connected field plates, (b) an SEM cross section image, (c) SEM 
top-view image and (d) zoomed in image of the field plate region. 
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Abstract—High performance Ga2O3 vertical FinFETs with 
a breakdown voltage of 1.6 kV, a drain current density of 600 
A/cm2 have been demonstrated in this work. Fin-shaped 
channels with sub-micron widths lead to a high threshold 
voltage of 4 V, and also provide strong RESURF effects to 
reduce the drain leakage current and increase the breakdown 
voltage. A low leakage current of lower than 10-3 A/cm2 is 
maintained until the hard breakdown of the transistor. In 
order to sustain high voltage, a source-connected field plate 
(FP) supported by a dielectric layer is implemented at the 
outer edge of the gate pad as the edge termination, which 
enabled a breakdown voltage almost 2 times as high as those 
without FP. Device simulation shows that the highest electric 
field peak appears at the FP edge, which suggests further 
improvement of the breakdown voltage is possible by 
optimizing the FP design or implementing additional edge 
terminations. 
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I. INTRODUCTION 
In recent years, Ga2O3 has been identified as one of the 

most important semiconductors for power applications. In its 
most stable crystal structure, monoclinic β-Ga2O3 has an 
ultra wide bang gap of up to 4.9 eV, a high estimated 
breakdown electric field of 8 MV/cm [1] and a decent 
electron mobility of up to 250 cm2/Vs [2], enabling high 
voltage, high current and stable device operations even under 
harsh environments. One of the most attractive aspects of 
Ga2O3 for both research and applications is the availability of 
large-area low dislocation density (~102 cm-2) bulk Ga2O3 
substrates through melt growth methods [3] [4]. This serves 
as the fundation for high quality epitaxial layers with 
electron mobility up to 150 cm2/Vs [5] and > 10 µm thick n-
type layers with controllable doping concentrations [6], 
which are excellent building blocks for power device 
development. 

Similar to many other wide band gap semiconductors, 
Ga2O3 power devices are limited to unipolar conduction due 
to the lack of high conductivity p-type Ga2O3. To this end, 
MOS-based structures provide a RESURF (Reduced Surface 
Field) effect that enhances the breakdown voltages (BV), 
therefore Field plate (FP) Schottky Barrier Diodes (SBD) [7] 
and lateral MOSFETs [8] have shown high BV in excess of 1 
kV. Furthermore, we have proposed and demonstrated 
vertical FinFETs [9] [10] and vertical trench SBDs [11] [12] 
with stronger RESURF effects near the channel region 
similar to those in p-n super junctions, and achieved record-
high performance in vertical Ga2O3 devices well surpassing 

the Si unipolar limit. These vertical Ga2O3 power devices 
directly beneft from the high quality bulk substrates and 
Halide Vapor Phaze Epitaxy (HVPE), and have the potential 
to deliver higher power than the lateral power devices. In our 
recent development of the vertical FinFETs, both experiment 
and simulation suggest that electric field crowding near the 
edge of the gate pads could limit the BV of the transistor 
[13]. In this new generation of vertical FinFETs, we have 
designed a source-connected FP with perfect compatibility 
with our existing process flow. This modification 
significantly improves the BV of the transistors to > 1.6 kV, 
compared to BV ~870 V for those without FP on the same 
sample. FP together with a higher charge concentration in the 
drift layer also leads to a slightly reduced on-resistance thus 
improved Baliga’s figure of merit (BFOM). 

II. EXPERIMENT 
The sample used in this work is a 10 µm n--Ga2O3 grown 

by HVPE method on a (001) Ga2O3 substrate. The process 
flow is decribed as the following: The source contact Cr/Pt is 
deposited on a layer of n+-Ga2O3 formed by Si ion 
implantation on the top surface of the wafer. The channel of 
the transistor is defined by electron beam lithogratphy, and 
formed by dry etching in an ICP-RIE system and subsequent 
acid/base wet chemical treatments to remove the plasma 
damages. From the SEM images taken in Fig. 1, a typical fin 
geometry is about 1.3 µm tall and 480-560 nm wide from the 
source-end to the drain-end. The bottleneck structure shown 
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Fig. 2: Device fabrication process flow of vertical Ga2O3 FinFETs. 

	

 

Fig. 4: DC Id-Vds characteristics of vertical Ga2O3 FinFETs with 0.5 µm 
fin width. 

	

 
Fig. 5: DC Id, Ig-Vgs characteristics of vertical Ga2O3 FinFETs with 0.5 
µm fin width in log/linear scales. 

	

 
Fig. 3: Charge distribution in the drift layer extracted from high 
frequency (1 MHz) C-V measurements. 

in Fig. 1(b) is likely a result of the wet chemical reaction. 
The drain ohmic contact is then metallized, followed by 
conformal depositions of a thin gate dielectric (Al2O3 by 
Atomic Layer Deposition (ALD)) and a gate metal (Cr) layer 
to form MOS structures on both sidewalls of the fin channel. 
The gate-source spacing is defined in the gate etchback step 
which includes a critical photoresist based planarization 
process [14]. A thick layer of ALD Al2O3 is used to realize 
the source-gate isolation, as well as to support the field plate 
extension. Finally, the source pad is conformally deposited in 
a sputtering system, forming the source-connected field plate 
at the same time. Relevant processing steps are schematically 
shown in Fig. 2. Compared to previous generations of Ga2O3 
FinFETs [9] [10], the new device design features a reduced 
gate area and an extended source pad outside the gate edge. 
This allows the implementation of the FP without 
complicating the processing steps. This is essential in 
improving device yield and facilitating low-cost fabrication. 
The finished Ga2O3 FinFET (Fig. 1) has a 30-nm gate 
dielectric (ALD Al2O3), a 125-nm (hfp) ALD Al2O3 source-
gate spacer and a source metal with a 10-µm FP extension 
(Lfp) outside of the gate edges. 

III. RESULTS 
High frequency C-V measurements are taken on vertical 

MOS capacitors on etched (001) surface, and the net charge 
concentration in the n--Ga2O3 is calculated as about 1.2×1016 
cm-3 (Fig. 3). DC I-V characteristics of a transistor with a fin 
width of ~0.5 µm (same channel geometries as the SEM 
image in Fig. 1(b)) show a maximum drain current density of 
600 A/cm2, a differential on-resistance of 5.5 mΩcm2 at 

Vgs=5 V (Fig. 4) and a threshold voltage Vth~3.8 V (Fig. 5) at 
Vds=10 V. The current density and on-resistance are both 
normalized using the footprint of the vertical channel. The 
gate leakage current is lower than the limit of our 
measurement system for all applied voltages below the BV. 
The drain current on/off ratio is about 108, with its off state 
leakage at the same level as the gate leakage thanks to the 
strong RESURF effect provided by the fin channel. The 
unusually high Vth may be explained by a sheet of negative 
interface charge on the order of 2-5×1012 cm-2 on the 
sidewalls between the Al2O3 gate dielectric and the Ga2O3 
channel [13]. Since this  sheet charge concentration is 
significantly higher than the total donor concentration in the 
channel (3×1011 cm-2), it reverses the electric field in the gate 
dielectric layer and causes Vth to be insensitive to the channel 
width. 

2D simulations are performed to guide the design of the 
device for high BVs. It can be shown by both electrostatic 
analysis and numerical simulation that the electric field at the 
bottom of the fin channel is reduced significantly with a 
narrower fin channel width (Wch). For example, for Wch~0.5 
µm channels in the FinFETs in this work and parameters 
used in Fig. 6, the electric field peak value at the bottom 
corner of the channel is 3.05 MV/cm, while peak value 
underneath the central area of the gate pad is 3 MV/cm. In 
comparison, the peak value at the edge of the gate pad is 9 
MV/cm without any RESURF effects (all values are taken at 
a depth of 0.1 µm below the etched Ga2O3 surface). The 
stark difference is explained as the following: a gate without 
an edge termination has a lateral depletion region outside the 
edge, leading to severe electric field crowding typically 
described by the cylindrical junction model [15]. Due to the 
symmetry of the double-sided gate structure, the lateral 
depletion width near the bottom of the fin channel is limited 
to Wch/2. This effectively removes majority of the space 
charges outside of the gate edge that would have caused the This work was in part supported by AFOSR FA9550-17-1-0048, NSF 

DMREF 1534303 and AFOSR FA9550-18-1-0529. 
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Fig. 7: Simulation of electric field peaks at the gate and FP edge as 
functions of (a) FP length (Lfp) and (b) FP height (hfp). E-field values 
are taken at a depth of 0.1 µm inside Ga2O3. Other parameters are the 
same as those in Fig. 6. 

 
Fig. 6: Vertical Ga2O3 FinFET structure with FP. (b) Simulation of off-
state electric field distribution at Vds=1600 V showing electric field 
peaks at the gate (p1) and FP (p2) edges. Lfp=10 µm, hfp=0.125 µm, 
Nd=1.2×1016 cm-3. 

	

 

Fig. 9: Off-state (Vgs=0 V) Id, Ig-Vds and BV measured on vertical 
Ga2O3 FinFETs with and without FP. 

 

Fig. 8: Reverse breakdown voltages of Ga2O3 SBD and MOS 
structures: (a) schematic cross sections of diodes with different edge 
terminations, (b) measured highest reverse BVs of each structure, (c) 
fabricated Ga2O3 vertical FinFET sample size 10mm×7.5mm and (d) 
an optical image of a typical FinFET after breakdown. electric field crowding. This effect is fundamentally very 

similar to the deep mesa edge termination [16], but with 
added benefits of easier experimental implementaion and the 
fact that it applies to unipolar power devices. 

The electric field distribution near the gate edge with the 
addition of the FP show two peaks at the gate edge (p1) and 
FP edge (p2) respectively (Fig. 6). Two main parameters are 
considered for their impact on electric field peaks: the 
thickness of the supporting dielectric hfp and FP extension 
ouside of the gate Lfp. It is discovered that for the voltage 
range considered, a FP extension Lfp of 10 µm or longer is 
able to suppress the electric field peak p1 for any thickness 
value of the hfp, while the electric field at p2 is not 
significantly affected by Lfp (Fig. 7(a)). For a Lfp value of 10 
µm, the tradeoff between p1 and p2 values and their heavy 
dependence on hfp is clearly seen in Fig. 7(b), where the 
optimal value of hfp can be determined when the 2 field 
peaks have comparable magnitude. 

Experimentally, a dielectric thickness hfp of 0.125 µm is 
used due to the practical limitation of the device processes. 
Vertical diodes with various edge terminations (Fig. 8(a)) are 
measured as a reference to the transistor results, and the 
highest BV of each structure is shown in Fig. 8(b). BV of the 
thick (155 nm dielectric) MOS diode is measured at 1950 V, 
which is more than twice of the BV measured on thin (30 nm 
dielectric) MOS diodes without FP. This is because the 
increase of the dielectric thickness has reduced the peak 
electric field at the surface of Ga2O3 at the same reverse 
voltage. The breakdown mechanism in dielectric materials 
[17] suggests that its BV will be limited by the electric field 
near the Al2O3/Ga2O3 interface, therefore much higher 
reverse voltage can be sustained by the thick MOS. The 
Schottky barrier diodes (SBD) with FP fabricated on the 
same sample have much lower BVs most likely due to 
plasma etch damage since all diodes are fabricated on dry-
etched Ga2O3 surfaces. From the electric field simulation, the 
electric field peak at the gate edge (p1) of the thin MOS is 

significantly reduced by the FP. The thin MOS diode with 
FP has a BV of 1840 V, similar to those measured in thick 
MOS diodes. Off-state (Vgs=0 V) breakdown measurements 
of vertical FinFETs with and without FP show BVs of 1605 
V and 876 V respectively (Fig. 9), which are similar to the 
results on vertical MOS diodes. The gate and drain leakage 
currents stay lower than 10-3 A/cm2 until dielectric 
breakdown. Multiple FinFETs with fin channel widths 
ranging from 0.4 µm to 0.6 µm have been tested, and their 
BVs are largely independent of fin widths, indicating that 
breakdown is not dominated by the fin channel region. Both 
experimental data and simulation suggest that the breakdown 
is likely dominated by the dielectric breakdown at the edge 
of the FP (p2), which is then substantiated by the visual 
evidence that the most material damage after the destructive 
breakdown appears at the edge of the devices (Fig. 8(d)). In 
order to further improve the breakdown voltage of the 
transistor, additional edge termination may be implemented 
such as the multiple field plates, resistive ion implantation 
and floating guard rings. 
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Fig. 10: On resistance and breakdown voltage benchmark of state-of-
the-art Ga2O3 lateral and vertical power transistors [18]-[26]. The data 
representing this work and Cornell ’17 ‘18 have been calculated using 
the active areas of fin channels. On-resistance and BV benchmark for state-of-the-art 

lateral and vertical Ga2O3 transistors is summarized in Fig. 
10. Compared to previous generation of vertical FinFETs 
with a lower charge concentration of 1015 cm-3 in the drift 
layer [10], the FP FinFETs in this work has slightly lower 
Ron and much higher BV, thus significantly improved BFOM 
comparable to the state-of-the-art lateral Ga2O3 FETs. 
Furthermore, the vertical FinFET in this work combine a 
superior electrostatic design based on RESURF principles 
and a novel fabrication process flow, which makes it an 
attractive power transistor concept that can be applied to any 
wide band gap semiconductors. 
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