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Abstract— Comparison between pulsed and CW large
signal RF performance of field-plated §-Ga,O3 MOSFETs
has been reported. Reduced self-heating when pulse
resulted in a power added efficiency of 12%, drain efficiency
of 22.4%, output power density of 0.13 W/mm, and maximum
gain up to 4.8 dB at 1 GHz for a 2-um gate length device.
Increased power dissipation for higher Vpg and /Ipg resulted
in a degradation in performance, which, thermal simulation
showed, could be entirely explained by self-heating. Buffer
and surface trapping contributions have been evaluated
using gate and drain lag measurements, showing minimal
impact on device performance. These results suggest that
B-Gay O3 is a good candidate for future RF applications.

Index Terms— Gay03 MOSFET, large signal RF, pulsed
RF, power added efficiency (PAE), pulsed IV.

I. INTRODUCTION

HE material of f-GapO3; with a bandgap of 4.9 eV

and large electric breakdown strength of 8 MVcm™!
has garnered great interest in the power conversion com-
munity; however, there are also opportunities for RF appli-
cations [1], [2]. GapO3 features a Baliga’s figure of merit
(BFOM), which is based on the mobility and bandgap, more
than 10x higher than for SiC and 4 x higher than for GaN [3].
High breakdown voltages up to 755 V with a high drain
current on/off ratio of 10° have been demonstrated for lateral
Gay03 transistors [4]. Johnson’s figure of merit (saturation
velocity times critical electric field product, vsat-Ec) for high
frequency devices is very much comparable to GaN [1], [5].
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Fig. 1. (a) Schematic cross-section of the field-plated MOSFET used
in this study. (b) DC output characteristics with Vgg from —30 V to 0V
and Vpg up to 40 V, with droop observed due to self-heating at higher
drain bias. Pulsed IV from a quiescent bias of Vgg = Vpg = 0 V up to
Vps = 80 V with 1 us pulse length and 1 ms period is overlaid.

Green et al. [6] demonstrated RF performance with an output
power density (Poy) of 0.23 W/mm along with a power
added efficiency (PAE) of 6.3% at 800 MHz. These initial
results show promising future for RF electronics based on
Ga;03, but they also demonstrate the challenges this material
system has in terms of thermal management due to its low
thermal conductivity. Here we calculate the thermal resistance
of Gay0O3 metal-oxide-semiconductor field-effect transistors
(MOSFETSs) based on a combination of device and thermal
simulations. This work demonstrates a comparison of CW
and pulsed large signal RF operation for GapO3 MOSFETSs
and the benefit of pulsed IV for circumventing device heating.
We also demonstrate that neither surface nor buffer traps have
any sizable impact on device performance.

II. SAMPLE DETAILS

Devices used in this study were grown on an Fe-doped
semi-insulating £-Ga;O3 (010) substrate by ozone MBE with
a 1.2 um unintentionally-doped (UID) epilayer as the starting
material [7], [8]. The MOSFET channel was defined by
selective-area Si ion implants at multiple energies to form a
0.3-um-deep box-like profile with a plateau concentration of
3 x 10'7 cm™3. Source and drain contacts were also doped
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by Si ion implantation (5 x 10!° cm™3). Capless implant
activation annealing was performed at 950°C for 30 min in Nj
ambient. A metal stack of Ti (20 nm)/Au (230 nm), which was
annealed at 470°C for 1 min, was used as the ohmic electrode.
A 20 nm Al,O3 gate dielectric was then deposited at 250°C
by plasma atomic layer deposition, on top of which a 0.4 um
Si0; dielectric was formed by chemical vapor deposition. CF4
RIE gate recess through the SiO; was followed by depositions
of Ti (3 nm)/Pt (12 nm)/Au (280 nm) for the gate electrode
and Ti/Au for a gate-connected field plate. The device had
a gate length of 2 um, gate width of 500 um, gate-source
spacing of 5 um, gate-drain spacing of 15 um, and field plate
length of 1 um [4]. The cross-section of the device is shown
in Fig. 1(a).

I1l. RESULTS AND DISCUSSION

DC output characteristics are shown in Fig. 1(b) with a
maximum Ipsg of 58 mA/mm, a threshold voltage (VtH)
of —28 V, and off-state leakage on the order of 10~° A/mm.
Pulsed measurements with 1 us pulse length and 1 ms period
from a quiescent point of Vgs = 0 V and Vps = 0 V, which
corresponds to a stress-free steady state, show excellent per-
formance with the maximum Ipg increasing to 150 mA/mm.
Pulsed operation allowed DC measurements to be extended
from Vpg = 40 V up to Vps = 80 V without inducing thermal
breakdown.

To evaluate the reduction in channel temperature for
pulsed versus steady state operation, the transient thermal
response was simulated using a 3-D ANSYS finite ele-
ment model, with dimensions matching the measured device
and channel Joule heating distribution obtained from a
drift-diffusion model simulated using Silvaco ATLAS [9].
In the thermal simulation anisotropic thermal conductivities of
23.4 % (300/T)"?” W/m - K and 13.7 x (300/T)!'2 W/m - K in
the out-of-plane [010] direction and in-plane [001] direction,
respectively, were used [10]. Thermal conductivity values
of 3 Wm-K, 1 W/m-K and 315 W/m-K were applied to
the AlpO3, SiO; and gold pad layers respectively; standard
bulk specific heat capacity and density values were used for
all materials. An isothermal boundary condition was applied
to the back of the 600-um-thick GayO3 substrate. Thermal
simulation results shown in Fig. 2 illustrate that the peak
channel temperature is predicted to reach 39°C after a duration
of 1 us and then rise to 325°C after about 100 ms at a constant
power dissipation (Pgiss) of 2.4 W/mm, which corresponds to
the DC condition of Vps = 40 V and Ips = 0.058 A/mm
in Fig. 1. For the pulsed IV measurement, the worst-case
temperature rise at Vps = 80 V and Ips = 150 mA/mm
was about 200°C. The self-heating induces the severe thermal
droop observed in the DC IV curve of Fig.1.

Thermally induced current slump could therefore be mit-
igated by using short pulse lengths; however, traps in the
devices could then potentially result in significant current
collapse and knee walkout due to surface or buffer traps,
with well-known examples for GaN high electron mobility
transistors [11]-[13]. The temporal charging of these traps will
be a function of varying gate and drain potentials, with charge
trapping under the gate leading to a threshold shift and trap-
ping in the gate-source or gate-drain region a drop in transcon-
ductance. Using 1 us pulse length and 1 ms period for gate lag
(Vgs = 50V, Vps = 0 V) and drain lag (Vgs =
—50 V, Vps = 80 V) quiescent points, almost no drop in
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Fig. 2. Single pulse thermal simulation showing the transient peak
channel temperature at Vpg = 40V and power dissipations of 2.4,
0.8 and 0.4 W/mm at 25°C ambient temperature. Durations of 1 us and
10 wus that match the pulsed IV and pulsed RF measurement conditions,
respectively, are highlighted. The simulated steady state peak channel
temperature rise versus power dissipation is shown as an inset.
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Fig. 3. (a) Gate and drain lag measurements comparing different
quiescent biases, with 1 us pulse length and 1 ms pulse period:
unstressed (brown line) Vgg = 0V, Vpg = 0 V; gate lag (green line)
Vgs = =50V, Vpg = 0 V; and drain lag (blue line) Vgg = —50 V,
Vps = 80 V. (b) Gate and drain lag measurements comparing different
quiescent biases, showing almost no shift in threshold voltage and no
drop in transconductance at Vpg = 40 V.
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output conductance was observed, as illustrated in Fig. 3(a).
This has been further confirmed by using the same quiescent
bias conditions and measuring transfer characteristics at
Vps = 40 V, under which the device showed almost no shift
in Vg and minimal drop in transconductance as shown in
Fig. 3(b). Hence there is no significant trapping in the gate
dielectric or GapOs bulk and only minimal surface trapping
for these devices. Trapping is a major challenge in the device
community and these results are encouraging given this is
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TABLE |

COMPARISON OF CW AND PULSE LARGE SIGNAL MEASUREMENTS PERFORMED AT TWO DIFFERENT OPERATING POWER LEVELS
OF 0.4 W/mm AND 0.8 W/mm. LARGER DIFFERENCES IN PERFORMANCE BETWEEN CW AND PULSED

MoDES CAN BEEN SEEN WITH INCREASING OPERATING POWER

Operating condition Operating condition
0.4 W/mm 0.8 W/mm
Parameters (Ins =S mA, Vps =40 V) (Ins =10 mA, Vps =40 V)
25°C 25°C
CW Pulse Cw Pulse
P, (dBm) 17.42 18.28 17.63 19.52
P, (W/mm) 0.11 0.13 0.11 0.17
Drain Eff (%) 19.56 22.40 13.83 17.04
PAE (%) 9.09 12.01 3.23 6.85
Max Gain (dB) 4.17 4.81 2.08 3.68
Channel temperature (°C) 58 28 97 36
—~25 — L . A ET (% beyond an available power of 22 dBm were the reasons to
& |Operatig conction 3% e puse limit the sweep at 22 dBm. These PAE and drain efficiency
w 20 DS »7DsS eV values exceed those reported by Green et al. for CW RF
o P, (dBm) measurements at 800 MHz [6].
E o —a—Puise Measurements of CW and pulsed RF at higher operating
< 154 1dBm-e CwW | power and ambient temperature have been performed as is
© summarized in Table I, together with the calculated channel
a o PAE (%) temperatures at the RF pulse length of 10 us and for CW.
s 10 _.'.;‘='. _:_E;\‘,SG' In all cases CW operation showed a lower gain, PAE, drain
S g 2.94% efficiency and P,y than pulsed operation. Despite the fact that
E 5] . 0,88 Operating Pover| the load-pull was optimized. for ma?dmum power, mear}ing
8 . IR a3 34+ * Gain(dB) that the load is somewhat different in each case, there is a
) ® ¢ oo —a— Pulse . . . e .
e . . oW fairly consistent drop in performance with increasing channel
2’ 0 . . . y temperature. Comparisons of CW and pulsed measurements
12 16 20 24 28 at Vps = 40 V and 25°C but different bias currents

P., (dBm)

Fig. 4. Pulsed and CW large signal measurements at 1 GHz with input
available power sweep up to 22 dBm, measured at Vpg = 40 V with
Ipg = 5mA.

a relatively new technology with process and material still
evolving.

Large signal CW and pulsed RF measurements have been
performed based on the stable pulse performance. A large
signal measurement system based on a VID SWAP-X402
receiver has been used. A high-speed FET switch modulates
the drain bias during DC while an external modulator with
high-speed RF switches has been used to provide the RF
pulse [14]. This provides an ability to independently switch
the RF and DC drain bias between CW and pulse without
making any changes to the sampling regime. At Vpg =40 V
and Ips = 5SmA (0.4 W/mm power dissipation) for 10 us
duration pulsed RF, a maximum P,y of 0.13 W/mm with a
PAE of 12% and a drain efficiency up to 22.4% along with a
maximum gain of 4.8 dB were obtained at 1 GHz as shown in
Fig. 4. By comparison, CW large signal performance dropped
to a peak Poy of 0.11 W/mm with 19.5% drain efficiency
and 9.1% PAE as is also shown in Fig. 4. The difference in
RF performance is due to self-heating: based on the thermal
resistance extracted from simulation (Fig. 2), the predicted
temperature is 58°C during CW RF and 28°C for pulsed RF.
The forward available power (P,,) rather than input power
into the device (Pj,) is plotted since the high reflection at
the input in these long gate length devices makes Pj, noisy
and error prone. Rollover in the PAE and degradation in gain

(resulting in power dissipation increasing from 0.4 W/mm
to 0.8 W/mm) showed that the difference in Pqy increased
from 1.01 to 1.89 dBm and the gain difference increased
from 0.64 to 1.6 dB, but the change in PAE was similar at
2.92% and 3.62%. RF measurements performed at an elevated
temperature of 100°C further degraded the performance for
CW and pulsed modes with the device not showing any gain
consistent with a thermal origin (not shown here).

These results demonstrate good quality epitaxy and surface
treatment/passivation. We note that the RF performance is
constrained by the long gate length, and that scaling will
result in further improvements in Py, and gain. These results
show a promising future for RF electronics based on Ga;O3 as
well as the need for better heat dissipation during DC or CW
operation.

IV. CONCLUSION

[-Ga,O3 MOSFETSs have been evaluated with pulsed IV
and show minimal dispersion during gate and drain lag mea-
surements. Pulsed large signal RF measurements show record
PAE of 12% at 1 GHz for a 2um gate length and 22 um
source-drain spacing. These values can be further improved
by scaling of the devices and improved heat management
concepts.
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