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Abstract—We demonstrate a $-GapO3 MOSFET with
record-high transconductance (g,;) of 21 mS/mm and
extrinsic cutoff frequency (fr) and maximum oscillating
frequency (fmax) of 3.3 and 12.9 GHz, respectively, enabled
by implementing a new highly doped ohmic cap layer with a
sub-micron gate recess process. RF performance was fur-
ther verified by CW Class-A power measurements with pas-
sive source and load tuning at 800 MHz, resulting in Pgyr,
power gain, and power-added efficiency of 0.23 W/mm,
5.1 dB, and 6.3%, respectively. These preliminary results
indicate potential for monolithic or heterogeneous integra-
tion of power switch and RF devices using -Gas03.

Index Terms— B-GayOg3, radio frequency, small-signal,
large-signal, gate recess.

|. INTRODUCTION

-GA>03 has recently seen significant attention as the
next high performance power electronics material. The

material’s ultra-wide band gap of nearly 5 eV projects an
electrical breakdown strength (E¢) of 8 MV/cm [1], [2].
While the breakdown strength is commonly applied to Baliga’s
figure of merit for unipolar power electronics [3], it also
is a factor in Johnson’s figure of merit (saturation velocity-
critical electric field product, vg: - E.), which is used to
describe the power-frequency product for RF operation [4].
High voltage f-Ga;O3 MOSFET operation has already made
large strides including E¢ measurements greater than GaN
or SiC’s theoretical limit [5] and blocking voltages >600V
for both enhancement [6] and depletion-mode [7] devices.
With a measured mobility as high as 100 cm?/V-s [8]-[11],
an opportunity exists for f-GapOs3 transistors to operate as
an amplifier. This could have circuit level implications such
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as monolithic or heterogeneous device integration of high-
efficiency RF amplifiers, RF switches, and power switches
capable of GHz switching speeds. Here, we demonstrate the
first RF operation of a f-Ga;O3 MOSFET.

It has recently been shown that f-GayO3 can be doped
to degenerate levels with donor concentrations greater than
1 x 10" em™3 [8], [12]-[15]. In light of this, a highly
doped capping layer was grown on a lower doped f-Ga;0O3
MOSFET transistor channel permitting the combination of low
ohmic contact resistance and adequate channel control with a
shorter gate length through a gate recess process. These design
improvements combined with improved crystalline perfection
of the f-GayOs3 layer enabled power gain measurements in
both small and large signal RF operation. We highlight a cutoff
frequency (fr) and maximum oscillating frequency (fpax)
of 3.3 GHz and 12.9 GHz, respectively, and output power
(Pour) of 0.23 W/mm with a power added efficiency (PAE)
of 6.3% at 800 MHz using passive source and load tuning.
Specifics of the transistor design and additional RF results are
presented below.

Il. DEVICE FABRICATION

A Si-doped f-Ga203 layer was homoepitaxially grown
by metalorganic vapor phase epitaxy (MOVPE) on a semi-
insulating (100) substrate, as described in prior work [15].
The substrate was cut from a two-inch boule grown via the
Czochralski method [16] with a misorientation of 6° towards
the [001] direction that promotes step-flow growth and dramat-
ically decrease the density of planar defects in the layer [17].
The channel and ohmic cap layers were grown with target
thickness and donor concentrations of 180 nm/1 x 10'8¢cm—3
and 25 nm/1 x 10'%cm™3, respectively. Device isolation was
performed with an inductively coupled plasma/reactive ion
etch (ICP/RIE) using BCl3 chemistry. Source and drain ohmic
contacts were formed using an evaporated Ti/Al/Ni/Au metal
stack and observed to be ohmic after annealing for 60 s in a
nitrogen ambient at 470 °C. The highly doped f-Ga;03 cap-
ping layer was removed in the channel by a second ICP/RIE
etch in BCl3. A 200 nm SiO; layer was then deposited by
plasma enhanced chemical vapor deposition to act as both a
passivation and field plate separation layer. A 0.7 um gate
recess was patterned and etched into the SiO» by RIE to form
the gate foot geometry. Immediately following the SiO» etch,
a third BCl3 etch was used to create the gate recess. Nearly
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Fig. 1. (a) A device cross section schematic is shown for the 3-Ga>O3
MOSFET under test. (b) A focused ion beam (FIB) cross sectional image
of the device. This is the bottom finger of the 2 x 50 um split finger device.

half of the original channel layer was etched leaving ~90 nm
of epitaxy as measured by surface profilometry. A 20 nm
thick Al,O3 layer was then deposited via thermal atomic layer
deposition (ALD) for the gate dielectric. Both SiO; and Al,O3
were then etched with CF4 based RIE in pad regions over the
ohmic contacts. Afterwards, interconnect and gate metal stacks
consisting of Ni/Au were simultaneously evaporated. Finally,
2 um of thick interconnect metal (Ti/Au) was evaporated
facilitating extra current handling capability.

Test structures with the thin ohmic cap layer etched away
were available for process control monitoring. The post-
processed carrier concentration and mobility were measured
via the Hall Effect on van der Pauw (VDP) structures to
be 1.3 x 10'"8 cm™3 and 96 cm?/V s, respectively. A nearby
transfer length measurement (TLM) structure was used to
determine the contact and sheet resistance, they were measured
to be 3.3 Q-mm and 4850 €/sq, respectively. A focused-ion
beam (FIB) cross section of the measured 2 x 50 um device
can be seen in Fig. 1b. The transistor channel is defined by
the ohmic cap etch boundary resulting in a source-drain spac-
ing (Lsp), gate-drain spacing (Lgp), and gate length (Lg)
of 3.8 um, 1.6 um, and 0.7 um, respectively.

I1l. DC AND RF PERFORMANCE

Standard DC transfer characteristics were measured as
shown in Fig 2. The maximum current density was
150 mA/mm at Vgg = 0 and Vps = 40V. The Ion/IoFF
ratio was greater than 10°. The threshold voltage was extrap-
olated to be -10.1 V from a linear fit to the transconduc-
tance curve. The maximum transconductance is 21.2 mS/mm,
approximately 7 times greater than the best previously reported
depletion mode MOSFET [5] and higher than any other
published result for f-GayOs [7], [18]. A family of output
curves was collected starting at Vg = 0 with a gate bias step
of —2V. The drain contact was limited to 10 V to protect
the device while observing device linearity. The normalized
on-resistance (Rpy) was measured to be 50.4 Q-mm from a
linear fit to the Vgs = OV curve.

Extrinsic small signal RF gain performance was recorded
at a drain voltage of Vps = 40V and the gate electrode
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Fig. 2. (a) DC transfer characteristics for a 2 x 50 um B-Ga,0O3 gate

recessed MOSFET. Ipn/logr and Ipyax at Vgs = 0V were measured
to be >10° and 150 mA/mm, respectively. (b) Family of output curves
for the same device in (a). The gate bias step is —2 V starting at OV.
A normalized Ry of 50.4 2 - mm was measured.
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Fig. 3. Extrinsic small signal RF gain performance recorded
at Vgg = —3.5V (peak gm) and Vpg = 40V. A gain decay of —20 dB/dec
is plotted with the dashed line.

biased at the peak transconductance voltage (Vgs = —3.5 V).
Fig. 3 shows forward current gain (hp1), maximum stable
gain/maximum available gain (MSG/MAG), and unilateral
power gain (UPG) calculated from the scattering parameters
(S-parameters) and plotted as a function of frequency. A cutoff
frequency (fr) and maximum oscillating frequency (fprax)
were measured to be 2.7 GHz and 12.9 GHz, respectively
(Vps = 40V).

Figure 4 shows fr and fyax as a function of drain
voltage from 10V to 40V with a 5V step. The gate voltage
was set to the peak transconductance value for each small
signal measurement. The fr changed slightly across the drain
voltage sweep and peaked at 3.3 GHz. The fiyax increased
significantly as a function of drain voltage and began to
saturate around 35V. The maximum fy4x value measured
was 12.9 GHz at a drain bias of 40V.

Large signal CW RF operation was also measured on
the same device. An input power sweep was performed at
800 MHz with Vpg and Vg set to 25 V and —4V, respec-
tively (approximating Class A operation), following passive
source and load tuning for maximum output power. The
Poyr was measured to be 13.7 dBm, or 0.23 W/mm. Both
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Fig. 4.  Cutoff frequency (fy) and maximum oscillating frequency

(fwax) as a function of drain bias. Each measurement was taken with
the gate contact biased with the gate voltage corresponding to peak
transconductance.
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Fig. 5. 800 MHz Class-A power sweep of a 2 x 50 um B-Ga-O3 gate
recessed MOSFET.

small and large signal measurements had significant reflected
power due to a large high input impedance (small device
periphery of 100 um coupled with a large sheet resistance
of 4850 Q/0J) of the device which could not be properly
matched at the source side. To quantify this effect, a power
sensor was attached to a source side directional coupler to
measure the reflected power from port 1. This was subtracted
from Py to calculate the device power gain (G p). Transducer
gain (G1), by definition was not adjusted for the reflected
power. Poyr, PAE, Gt and Gp are plotted as a function of
input power (Pyy) in Fig 5. We measured a maximum Gr
and Gp of 1.8 dB and 5.1 dB, respectively. Additional power
sweeps were conducted with increasing drain bias as high as
50 V to achieve 0.25 W/mm with only 1.4% PAE. However,
this eventually lead to catastrophic failure of the device from
thermal effects where the operating temperature is expected to
exceed 300 °C under these test conditions. It is suspected that
the significant device heating has adverse effects on large sig-
nal performance. Degradation of the device characteristics was
observed prior to the catastrophic failure. These early results
indicate promising RF potential for f-Ga,O3 MOSFETSs
as crystallinity improves and device scaling techniques
are implemented. Additionally, dramatic improvements are
expected with heterostructure development [19], [20].

IV. CONCLUSIONS

Reported here is a first look into the RF performance of
a f-GapO3 MOSFET. The RF result is achieved through
the reduction of contact resistance, due to a highly doped
cap layer, and through the use of a gate recess, allowing
for gate length scaling. DC transfer measurements showed a
high current density and transconductance of 150 mA/mm and
21.2 mS/mm, respectively. Extrinsic small signal RF operation
was verified with fr and fyax measured to be 3.3 GHz
and 12.9 GHz, respectively. Large signal operation was also
measured on the same device at 800 MHz corresponding
to Gr and Gp gains of 1.8 dB and 5.1 dB, respectively.
A maximum value of Poyr was measured to be 13.7 dBm
which translates to 0.23 W/mm. Finally, the maximum PAE
was measured to be 6.3%. RF performance is expected to
substantially improve with device optimization and materials
development.
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