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Abstract ! This paper describes a novel, high-
voltage vertical FET (HVVFET) for high power
RF applications. The silicon MOSFET provides
improved power density, RF gain, and ruggedness
over competing device technologies. A unique
flip-chip packaging strategy also provides thermal
and reliability advantages. Both a 25 Watt and a
100 Watt embodiment of the structure exhibit
over 20 dB of gain with >45% efficiency from 1.2
to 1.4 GHz in a package that is approximately ¥
the size of competing device technologies. A 300
Watt version of the device exhibits >15.5 dB of
gain with > 46% efficiency from 1.03 to 1.09 GHz.

Introduction

In the frequency range between a few
hundred MHz and a few GHz there are a number of
communications and radar applications that require
generation, amplification, and transmission of asze
to thousands of Watts of RF power. These
applications include various commercial and mijitar
based radar systems, long distance and satellite
communications, as well as base station transmitter
Currently, many of these applications are addressed
by silicon BJT or LDMOS transistors. Silicon
bipolar technologies are very mature, but provide
limited RF gain. Low gain results in a requirement
for additional gain stages that inflate the reqlisze
and weight for a given application. Thermal

management and ruggedness issues also limit the BJT

application space [1], [2]. LDMOS technology [3],
[4] provides only slightly more gain than BJTs but
with a significant loss of device ruggedness. GaN
HEMTs [5], [6] represent an emerging technology
with significant promise, but the current level of
maturity of GaN materials has limited their use
outside of R&D demonstrations.

The HVVFET represents a technology with
2 ! 4 times the RF gain of other semiconductor
devices (at high power levels) and with demonstrate
ruggedness at 20:1 VSWR. [7].

Device Structure

Figure 1 presents a cross sectional diagram
of the HVVFET structure. Current flow between the
Source (shown on top) and the Drain (bottom) is

modulated by a MOS gate which is formed using
well-controlled spacer technology. This very
controllable and repeatable process allows the tgate
be fabricated with very short gate length dimension
The vertical structure allows high power RF gain to
be achieved in a very small Silicon footprint. 8ho
gate length is key to high frequency performance
achieved by the device.
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Figure 1. HVVFET structure.

Figure 2 shows a photograph of a small
cross-section of a completed HVVFET. The Source
contact is located in the middle of the photo. &t&
contact surrounds each source contact (visible on
either side of the photo). The Drain contact dogts
show in the photo.
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Fig-ure 2. Photo of completed HVVFET.

The regions of semiconductor outside the
area of active current flow are etched and oxidized
form a dielectric platform. This provides reduced
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parasitic capacitance and also insures that thotriele
field in the drain region exhibits near planar
breakdown. Gate metal that forms the gate signal
distribution network for the device also lies otke

top of the dielectric platform, further reducingvite
capacitance. Additional parasitic capacitance
reduction is obtained through surface processing by
placing an E-field shield layer between the Gate
metal and drain regions of the device. Low pai@sit
capacitance is essential to obtaining high frequenc
capability.

The high breakdown voltage achieved by
customizing the drain region doping as well as the
dielectric platform contributes to the high supply
voltage and high RF power capability of the part.
Device impedance levels (easier matching) are also
improved by exploiting higher supply voltages.

Device on resistance is reduced by
increasing doping levels near the drain end of the
gate where current densities are highest.

Package Strategy

In order to achieve superior thermal
performance, the device is flip chip mounted. Gold
bumps are fabricated on both the Source and Gate
contacts of the device. The resulting bumps are

presented in Figures 3 and 4 below.

F}gu 4. Top view of die with gold bumps.

After bumping, the die is mounted as shown
in Figure 5. A dielectric interposer lies with its
surface flush with the copper ground plane/hedt. sin

The die is placed with Gate bumps mounted to the
dielectric and Source bumps mounted directly to the
copper heat sink. In this configuration, the Drain
contact is the entire top side of the die. Inpud a
output pre-matching can be accomplished through the
addition of MOSCAP and bond wire configurations
as shown in Figure 5. Such pre-matching is not
required for parts under 30 Watts.
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Figure 5. Package configuration for HVVFET.

The flip chip strategy provides a superior
thermal management approach compared to
competing technologies. In Silicon BJT and LDMOS
parts, the heat generation of the transistors sccur
very near the surface of the device and the thermal
path from the point of heat generation to metalt hea
sink is through more than 50 microns of Silicon
material. In the case of the flip chip packages th
area of maximum heat generation in the device is on
the order of a micron away from the gold bumps and
metal heat sink.

The low thermal resistance is expected to
provide improved MTBF. Reliability studies to
demonstrate this are currently underway.

Device Performance

The first generation of HVVFET discussed
here is designed specifically to address L-Band
pulsed radar applications. The devices are medsure
with a 200usec pulse width and 10% duty cycle.

Figure 6 shows the measured maximum
available gain of a 2 Watt HVVFET unit cell. Inigh
early realization of the device, the part was mesbu
with only a 20 volt bias on the drain. Numerical
simulations of optimized HVVFET structures predict
useful gain as high as 12 GHz.

A plot of RF gain and efficiency as a
function of frequency is shown in Figure 7. The 25
Watt part is measured using an external matching
circuit shown in Figure 8. The device is seen to
exhibit over 19 dB of gain and over 45% efficiency
from 1.2 to 1.4 GHz.
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Figure 6. Measured MAG of 2 Watt device.
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Figure 7. Performance of a 25 Watt device in a
matched broadband circuit. Pulse width = 200
micro-sec and duty cycle = 10%.

Figure 8. Matched broadband circuit.

Typical performance of matched device using 100
Watt and 300 Watt parts are shown in Figures 9 and
10.
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Figure 9. Performance of a matched 100 Watt part.
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Figure 10. Performance of matched 300 Watt part.

In addition to the primary PA characteristics
of power, gain, efficiency, and linearity, traneist
ruggedness can also be an important specification.
Ruggedness refers to the ability of the RF power
transistor to withstand load mismatch conditions
under high output power conditions without
experiencing device failure or measureable longiter
degradation in device performance. The HVVFET
exhibits the capability to survive a ruggedness tes
that presents 1) an input power level twice that
needed to obtain rated output power, 2) a biaslgupp
10% greater than rated, and 3) a 20:1 mismatched
load. Although no industry standard ruggednests tes
exists, this test exceeds those of any other higtep
RF transistor.

Device Characterization & Modeling

Figures 11 and 12 present |-V data and
measured s-parameters for a 4W HVVFET. The
device characteristics are well behaved and amgbei
used to extract a standard power MOSFET electro-
thermal nonlinear model. The model will be
available in commercial microwave circuit simulator
and will be validated using load-pull charactelizat
data. The characteristics of the 4W and 25W part
have been confirmed to scale well, indicating parts
for higher power levels will also be easily modeled

Figure 11. DC |-V measurements of 5 different 4W
devices. Vds = 0 to 50V, Vgs=1.7 to 2.5 V (0.1V
steps). Current is in amps. Characterization data
from Modelithics, Inc.
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Figure 12. Multi-biased s-parameter measurementg{ty
device. Vgs=1.4 to 2.4V (0.2V steps). Vds=30Vowsr
indicate low to high Vgs. Characterization datarfr
Modelithics, Inc.

Conclusion

The high voltage vertical FET (HVVFET) offers
improved RF gain, ruggedness and power density over
other high power RF transistors in use today. Kioed
with a novel packaging strategy, the device alsersf
improved thermal characteristics that should cbots to
improved MTBF.
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