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ABSTRACT

Recent technoligical improvements have let to increased performance in prototype silicon
bipolar transistors for S-band operation. These transistors may find application in both
long and short pulse radars and CW communications links. Over 30 watts long pulse has
been obtained with greater than 10 dB gain and 43% collector efficiency in the 3.1 to 3.5
GHz radar band and over 50 watts has been obtained at 2.7 GHZ with short pulse
operation. More than 10 watts has been obtained under CW conditions at 4 Ghz with
greater than 8 dB gain and 40% efficiency. The pulse device has significantly greater
performance than the best reported GaAs devices in this band.

INTRODUCTION

Silicon has been proven to be a technically viable material with which to fabricate high
performance semiconductor power amplifier devices through 4 GHz. There is a sufficiently
advanced manufacturing and material technology associated with silicon to assure cost
effective, high volume device production to support radar and communications system
requirements of large numbers of essentially identical devices.

SILICON VS. GaAs

Considerable attention has been given to GaAs devices in recent years and it has been
assumed that GaAs devices will replace silicon devices in microwave amplifiers. This may
be true for the upper reaches of C-band and above, but in S-band, silicon devices still
provide significantly improved performance as pulsed amplifiers compared to the best
reported GaAs devices (1) developed at TI. The best GaAs device reported is a two chip
device which produced 31.6 watts at 7 dB gain and 35% efficiency at 3.3 GHz at a 2us
pulse in a narrowband circuit. Broadband power is about 25 watts with 8 dB gain and 25%
efficiency.



Typical silicon devices now being produced, Figure 1, will develop 35 to 45 watts at 11 to
12 db gain and 42 to 45% efficiency in a 2.9 to 3.5 GHz broadband circuit with a long
pulse of 100uS and a supply voltage of 24 volts. These are also 2 chip devices. The overall
thermal resistance of the devices under pulse conditions is 2.1 degrees C/watt. Each silicon
chip has about 75% of the area of the reported GaAs chip. Further improvements in the
process used to fabricate the silicon device are expected to increase the efficiency of the
device to above 50%.

This device and its associated technology has been developed under a number of contracts
with ERADCOM (2,3,4,5,6) and NRL (7,8).

ADVANCED PROCESS TECHNIQUES

This level of performance is obtained with advanced process techniques which also
enhance the reliability, reproducibility and yield of the devices as compared to
conventional processing techniques used for silicon devices.

A low temperature process sequence is key to the enhanced performance of this new
device. Oxide films are deposited with a plasma assisted low pressure deposition system
instead of being grown from the silicon itself. This system avoids the oxidation induced
stacking faults which cause a major portion of device failures in manufacturing. The oxide
films are etched with plasma assisted reactive ion-etching equipment to provide consistent
and reproducable window openings in the oxide films. Typical window openings are in the
range of 1 to 1.5 microns. The reactive ion-etching process allows these dimensions to be
maintained during subsequent etches.

Dopants are applied by ion-implantation to allow precise control of dopant concentration
and depth. Special de-channeling techniques are used to allow the formation of the base at
a junction depth of less than 2500 Angstroms while still maintaining a low base sheet
resistance to reduce base spreading resistance. The emitter is implanted with arsenic to a
depth of about 1200 Angstroms. The emitter region is capped with a protective polysilicon
film which is subsequently doped by ion-implantation before any of the previous
implantations are annealed. The anneal process is a very short cycle which activates the
dopant in place, without significant displacement of the dopant from its position as
implanted. These extremely shallow junctions allow very high Ft’s, 6 GHz and above. This
is very high for a device which is designed to operate at 2 amps of average collector
current per chip with peak collector voltages exceeding 60 volts.

The metalization system of the device is a two-layer gold over gold system. A portion of
an S-band cell with two layer metal is shown in Figure 2. The 721 fingers which contact
the base and emitter regions of each cell are electroplated gold with at width of



1.5 microns and a thickness of 1 micron. There is a 1.5 micron space between adjacent
fingers. These fingers are then covered with 20,000 Angstroms of plasma deposited
phosphorus doped oxide. Bonding pads, large enough to allow automatic wire bonding, are
formed in 4 micron thick electroplated gold on top of this thick oxide layer. Vias etched in
the oxide allow the upper layer gold to contact the lower layer gold. The upper layer gold
may overlay lower layer gold without connection so true MOM construction is allowed
and used. The extra thick oxide reduces the parasitic capacitance of the bonding pads to
allow increased performance.

RELIABILITY

This structure allows excellent reliability. The immediate predecessor of this advanced
device (it used some high temperature processes and a diffused arsenic emitter) has been
undergoing an extended operating life test. Four 30 watt (rated power) devices have been
operating at 100 uSec and 10% duty factor at 50 watts of output power for 25,000 hours
(100,000 device hours). The test is being done at elevated ambient temperature
(64 degrees heat sink) and elevated power output (2 dB above ratings) to cause the
junction temperature to exceed 220 degrees during the pulse. No degradation of RF
performance or significant change of DC characteristics have been observed. This test
illustrates the stability and reliability of the basic design of the device.

APPLICATIONS

To aid the user of these devices and to provide the best possible performance, the devices
incorporate internal matching circuits. The output of the 30 watt S-band radar device is
matched directly to 50 ohms and is tested over the full rated band with no external circuit
elements save the collector bias choke. The input is matched to about 3 ohms. A simple pi
section microstrip type transformer matches the input to 50 ohms with better than 15 dB
return loss. The internal collector circuit incorporates a “direct return shunt inductor” (2).

A prototype amplifier module has been built with the 30 watt S-band devices. This module
used four transistors and power combiners to produce 120 to 160 watts of output power
with 38% minimum power added efficiency and 10 dB gain over the full 3.1 to 3.5 GHz
band. The power combining efficiency exceeds 93% for the worst case. No tuning or
special device selection is required to achieve this performance.

The same S-band transistor chip has been applied to the 2.0 to 2.5 GHz communications
band. A two chip device will produce a minimum of 25 watts under CW conditions with in
excess of 10 dB gain at 20 volts. Collector efficiency is in excess of 40% under these
conditions. The thermal resistance of this device under CW conditions is 3.3 degrees
C/watt for the peak hot spot.



CONCLUSION

Reliable, high performance silicon microwave amplifier transistors are available for use in
S-band and below. Typical devices exceed the best reported lab performance of GaAs
FETS in this band.
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FIGURE 1.  PHOTO OF 30 WATT S-BAND
RADAR DEVICE

FIGURE 2.  SEM PHOTO OF S-BAND DEVICE
WITH TWO-LAYER METAL


