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1.85 kV Breakdown Voltage in Lateral
Field-Plated Ga>O3 MOSFETs

Ke Zeng, Abhishek Vaidya, and Uttam Singisetti

Abstract— A 400-nm thick composite field plate oxide,
with a combination of atomic layer deposited and plasma
enhanced chemical vapor deposited SiO» layers, is used
to enhance the breakdown voltage of spin-on-glass
source/drain doped lateral Ga;0O3 MOSFET. Three terminal
breakdown voltage measured in Fluorinert ambient reaches
1850 V for a Lgg = 20 um device. This is the first report of
lateral Ga,O3 %VIOSFET with more than 1.8 kV breakdown
voltage. For a device with L,q = 1.8 um, the average
electric field strength is calculated to be 2.2 + 0.2 MV/cm
while the field simulation of the device shows a peak field
of 3.4 MV/cm.

Index Terms—Field plate, Fluorinert, spin-on-glass, gal-
lium oxide, SOG doping, power MOSFET, air breakdown.

|. INTRODUCTION

-GALLIUM oxide (GayO3) has become an increasingly
attractive semiconductor for next generation power elec-

tronics applications due to its high Baliga’s Figure of Merit
(BFoM) [1], and also due to the mature bulk crystal growth
technologies [2]-[3]. Recently, high current density transistors
based on delta doping [4] and nano-membrane platform [5] are
demonstrated showing its low-power loss potential and for RF
applications [6]. High breakdown voltage/strength MOSFETSs
and diodes are also reported [7]-[13]. In particular, a record
average field strength of 3.8 MV/cm is measured in a lateral
MOSFET [8] and the peak field strength has reached up to
5.1 MV/cm in vertical Schottky barrier diodes [9], [12]. Both
data has already surpassed the theoretical limits of bulk GaN
and SiC, but still far from the empirical predicted 8 MV/cm
critical electric field in Gap;O3 [1]. To date, the highest
experimentally reported breakdown voltage (Vpg) in lateral
MOSFET is 750V with field plate [10]. In this letter, we report
an improved field plate design with composite dielectrics
where a high quality ALD deposited film is used in the high
field region. These devices show Vpgr beyond 1.8 kV, which
demonstrates big improvements upon the previous reports,
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Fig. 1. Off-state TCAD electric field simulation of designed field-plated
GapO3 MOSFET under 1.8kV drain bias. The peak electric field at the
edge of gate electrode is present both in the oxide and in the ambient,
and the field strength is almost mirror symmetrical. Overlay plot shows
the cross-section field. strength in the ambient close to the gate electrode
edge.

marking an important step towards high performance Ga;0O3
power MOSFET.

To achieve a high Vpg in GapO3 MOSFET, it is important
to not only reduce the electric field in the GapO3 channel,
but also make sure the peak field that is transferred to other
locations does not create parasitic breakdown first. In a device,
the catastrophic breakdown would not be determined by high
quality Gap;O3 channel, which might be its strongest parts; it
is more likely to be determined by weaker parasitic paths such
as field oxide or air. Fig. 1 shows the off state (V, = —30V)
electric field simulation of field-plated GaO3 MOSFET under
a 1.8kV drain bias using SILVACO ATLAS [14]. The dielectric
constants used here are 10 for Ga;O3 and 3.9 for SiO,
respectively [1]. And the field-plate oxide is modeled as
single thick SiO; layer. No breakdown parameters (ionization
coefficients) were included in material models, thus breakdown
characteristics is not simulated in the device and only electric
field distribution is provided. It is seen that the peak channel
field (~1.6 MV/cm) is reduced compared to non-field plate
device (not shown). The peak field is transferred into the
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Fig. 2. (a) Cross-section view and (b) optical image of the fabricated
field-plated Ga,O3 MOSFET with SOG S/D doping.

field-plate oxide with high concentration near the field plate
electrode edge. However, the critical field strength of the top
layer of field plate oxide is usually unclear, and property
of amorphous SiO; varies significantly with respect to the
deposition process [15]-[17]. In addition, the same peak field
(~10 MV/cm) is also present in the ambient air, which will
breakdown prematurely. Air only has a dielectric strength
of 30kV/cm, 266 times lower than Ga; O3 and 333 times lower
than SiO, [18].

In order to eliminate the extrinsic breakdown outside the
channel, a composite field-plate with denser high quality ALD
SiO, at the top close to gate edge and a thick PECVD
SiO; layer in the bottom is used, as shown in Fig. 2(a).
The field plate extension (lpp) was also optimized to reduce
the peak field, with optimal length around halfway between
gate and drain. If the breakdown happens inside field plate
oxide, this design should give more Vpg. To prevent air
breakdown, more passivation can be done, but in this letter,
we used a dielectric liquid, Fluorinert (FC-770), [19]-[22]
to replace air. It has approximately 4 times higher dielec-
tric strength compared to air. Previously GaN [19]-[21] and
SiC [22] devices used Fluorinert FC-77 liquid, to significantly
improve Vpr compared to measurement in air owing to the
higher dielectric breakdown strength of Fluorinert. Particu-
larly, [19] and [20] have identified air breakdown as
the pre-mature breakdown mechanism that clamped Vpg
within 300- 400V range.

Il. FABRICATION

An MBE grown 200 nm 2 x 10'7 cm~3Sn-doped epitaxial
layer and 200 nm of UID buffer on Fe doped semi-insulating
(010) GapO3 substrate is used for device fabrication. The
selective SOG doping of source/drain (S/D) is carried out as
described in [7]. Ti/Au S/D contacts is then deposited in the
doped region, followed by a 470°C ohmic annealing. A total
of 420 nm of composite ALD/PECVD/ALD oxide layer is
deposited on the sample (Fig. 2(a)). Both the top 50 nm
field plate oxide and 20 nm gate dielectric SiO, are deposited
by plasma enhanced ALD at 300 °C under 10 mT pressure,
with Tris(dimethylamino)silane (3DMAS) precursor and O
plasma. The remaining 350 nm of SiO, field plate oxide is
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Fig. 3. (a) Output current-voltage characteristic(—20V to 12V with 4V
step) and (b) transfer characteristic of fabricated field plated MOSFET
with Spin-on-Glass S/D doping.

deposited by PECVD at 250 °C and 900 mT using SiH4 and
N> O gases, while thin Al,O3 etch stop is deposited by thermal
ALD at 300 °C using Tri-methyl Aluminum (TMA) and H;O.
A highly selective CF4 based reactive ion etch (RIE) is then
used to form the gate trench in the field plate oxide, where
extremely low pressure and high ICP power is tuned to ensure
a synergic etch for smooth bottom [23], a high selectivity over
Al,O3 [24] and to form a nearly vertical sidewall profile. The
Al>O3 layer is wet etched in photo-resist developer. This etch
is followed by another 450°C 1 minute RTA to densify the
stack. At last, 550nm of Ti/Al/Ni/Au contact is realigned to the
trench, forming the field plate structure as shown in Fig. 2(a).
Devices are finally isolated by a BCls/Ar RIE, which created
a ~220nm recess surrounding active region. Fig. 2(b) shows
an optical image of fabricated device.

[1l. RESULTS AND DISCUSSION

DC I-V characteristics are measure with HP 4155B semi-
conductor parameter analyzer and is shown in Fig. 3. Fig. 3(b)
shows 0.8 V hysteresis in the gate voltage forward and reverse
sweep. The effective channel carrier density extracted from
differential CV analysis is ~1.5x10'%cm? [25], [26]. The
reduced effective carrier density compared to initial doping
density is due to the out diffusion of dopant during spin-
on-glass drive-in annealing [7], [27]. The unexpected large
negative Vy, is attributed to possible charge in the oxide stack
introduced during RIE process and temperature variations on
the sample during the SOG drive-in annealing, thus the differ-
ential CV carrier density may not correspond to the carrier
density in the FET channel. Moreover, subthreshold swing
analysis gives a D;; ~2.0x10'3/cm?-.eV. The three terminal
breakdown test is performed with a custom setup combining
HP 4155B and Keithley 2657A high-voltage source-meter.
For device shown in Fig. 3 with Lgy = 20 um, the first
breakdown measurement is performed with sample submerged
in Fluorinert FC-770 to reduce air breakdown potential. The
drain is swept from OV to 2 kV with catastrophic breakdown
measured at 1850 V. This is the highest breakdown voltage
measured in a lateral Ga;O3 MOSFET to date. After the first
sweep, the sample is taken out of Fluorinert and exposed in
the air. Another breakdown test is performed in air, and device
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Fig. 4.  Three-terminal breakdown measurement data from device
under test (DUT) shown in Fig. 3. Two neighboring devices with same
dimensions are measured respectively in Fluorinert and Air.
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Fig. 5. Breakdown voltage Vgg and averaged breakdown electric field
Eppg vs gate-drain separation Ly in measured devices. The averaged
breakdown field in GayOg3 channel (blue asterisks, labeled “field in
Flourinert”) is calculated by dividing the sum of Vgg (measured in
Fluorinert) and Vg over Lgy. All Ly data is verified by SEM images.

had catastrophic breakdown at 440V. Both breakdown test data
is shown in Fig. 4. The difference of Vpg with and without
Fluorinert clearly shows that the breakdown without Fluorinert
first happened in the air and is extrinsic to the channel.

With varying gate-drain spacing L,q, multiple breakdown
voltage is measured with and without Fluorinert. The aver-
age breakdown strength is also calculated by dividing net
gate-drain voltage (Vpgr-Vy) over Lgq [8] and is displayed
in Fig. 5. As shown in Fig. 5, all devices measured a
higher Vpg with Fluorinert, and the Vpg with Fluorinert is
approximately 4 times higher than Vpg measured in the air at
higher Lg,. Moreover, it can be seen that as Lgg gets smaller,
Epr increases rapidly. By pushing the gate and drain closer,
the high field region is going to occupy more portion of the
Lgq. For a device with Lgy = 1.8 um, the average electric field
strength is calculated to be 2.2 + 0.2 MV/cm and the ATLAS
simulation of the device shows a peak field of 3.4 MV/cm.
Moreover, due to the speculated extrinsic breakdown, the aver-
aged field strength of 2.2 & 0.2 MV/cm merely sets a lower
bound for intrinsic Ga; O3 breakdown strength. Careful device
engineering bearing the extrinsic breakdown in mind can push
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Fig. 6. Plot of Ron vs. Vggr of DUT figure of merit against previously
published lateral GapO3 MOSFETSs. Ron in this work is calculated at
Vgs = 10 V.

the breakdown even higher. Fig. 6 shows a comparison of
R,y and Vppg in published lateral Ga,O3 MOSFETs.

IV. CONCLUSION

A composite field-plate design and Fluorinert ambient is
used to effectively reduce the extrinsic breakdown poten-
tial, especially in the air. Three-terminal breakdown voltage
of 1850 V is measured in a composite-field-plated GarO3
MOSFET with Lgy = 20um. The breakdown voltage shows
a big improvement upon previous reports, indicating the
immense potential of GapOs3 for high-voltage power electron-
ics applications.
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