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SUMMARY

Steady progress has been made this past year in nearly all microwave semiconductor
technologies. Improvements in power, frequencies of operation, noise characteristics and
perhaps most important at this time, reliability, have been made with GaAs FETs, GaAs
Impatts, Silicon Impatts, and InP Gunn diodes. The latest state of the art as well as
commercially available performance levels of each of these devices will be discussed.
Both areas of microwaves and millimeter wave semiconductor devices will be covered as
new millimeter wave systems requirements are pushing this technology to the forefront of
development.

The area of high peak powers with high average power have given an impetus to the
renewed development of GaAs Impatts. Power combining techniques with these Impatts
have led to replacement of medium power tubes. Present performance characteristics in
single and combined technologies will be given.

The expected trend for these “standard” devices over the next several years will be
forecast along with a discussion of some new potential device technologies.

INTRODUCTION

This paper is intended to provide an overall view of the general capability, present and
future, of the newer microwave and millimeter wave semiconductor devices with a more
detailed view of specific high power and low noise devices. The newer microwave devices
tend to be made with III-V semiconductor materials such as gallium arsenide and indium
phosphide, although, as will be seen shortly, silicon devices still dominate at millimeter
wavelengths. For purposes of this paper, the lower end of the spectrum coverage will be
around 4 GHz where most of the newer devices start performing well and silicon bipolar
transistors are on a decreasing performance curve. Silicon bipolar transistors are not 



discussed only because the emphasis of this paper is on the newer types of semiconductor
devices and their operation at higher frequencies.

The progress of semiconductor devices is dependent upon developments in a number of
related areas. Basic to all devices is the semiconductor material. Major improvements
continue to be made in the growth techniques for the high purity III-V semiconductor
crystals and for the more complex and exacting doping density profiles. Wafer fabrication
technology is changing as new lithographic techniques are developed and as better
understanding of metal semiconductor interfaces is obtained. Lastly, device physics
concepts and model designs are being refined to feedback improved design criteria to the
crystal growers and fabrication scientists. Tremendous effort is being placed in all of these
areas at numerous companies around the world with continuously improving performance
values. The performance results summarized in this paper represent a few of the more
important technical areas for telemetering application.

OVERVIEW OF SEMICONDUCTOR DEVICES

To provide a broad picture of microwave semiconductor devices, the first part of this
paper will present a look at the “forest” of useful operating devices and then the second
section will provide a much more detailed look at several of the more significant “trees” in
this forest.

There are three general electrical criteria by which devices (and components) normally
are described and evaluated. These are: frequency of operation; output power capability;
and noisiness (or lack of). Many other characteristics make up a device profile but these 
three are considered basic to any complete specification. The following discussion will
cover the available semiconductor devices in terms of these three basic characteristics.

Figure 1 shows the optimum operating spectrum of the most widely used devices. Note
that all the given devices operate in essentially a transit time mode and therefore their
highest operating frequency is proportional to their saturated drift velocity and inversely
proportional to the shortest device length structure which can practically be made. Other
significant factors which limit the upper operating frequency are effective resistive loss
which is determined by carrier mobility and response times for the specific mode of
operation. For example, Impatts are partially limited by the response time of the avalanche
mechanism and Gunn devices (transferred electron) are limited by the effective transfer
time to and from the central and satellite valleys. Progress at higher frequencies has been
made during recent years by improvements in growth and fabrication techniques for
smaller dimensions, better device and circuit interface relationships for optimum
impedance matching, and development of new materials with characteristics beneficial for
higher operating frequency such as InP and InGaAs.



Figure 2 shows the “useful” power capability of single devices as a function of
frequency which will be available within three years. Useful is a subjective term to define
devices which can be made at reasonable yields, low costs, and with practical lifetimes.
Note that power capability definition means the ability to generate rf power from dc power
whether in an amplifier mode or an oscillator mode. The interest here is to indicate basic
power generating capability. Devices can normally be used in either operating mode with
small changes in operating power performance. Many oscillators are now being built with
a low power, low noise source driving a high power post amplifier stage using GaAs FETs
or as the injection locking signal driving a high power GaAs Impatt source. Several
conclusions can quickly be drawn from these power vs frequency curves. First, the GaAs
FET will be the primary medium power CW device at frequencies up through 20 GHz. The
FET is a preferred device at these frequencies over the Impatt, primarily because it is a
three terminal device, is broadband, and has high power added efficiencies - typically
greater than 20% and as high as 51% [1]. Limitations of power at higher frequencies are
related to practical gate width for minimum phase cancelling effects and transit time effects
proportional to the gate length. This latter fact also limits the operating voltage which
directly affects obtainable power. The other major device shown is the Impatt diode which
is made of GaAs or Silicon. Basically, the Impatt has higher power capability because it is
operating at avalanche breakdown fields. Power limitation for any transit time device is
proportional to the product of the breakdown field times the saturated drift velocity. Since
Impatts work at this level of field and FETs do not, they have inherently higher power
capability. The major limitation to the peak pulse power is mainly circuit impedance
matching and associated circuit I2R losses. That is, as device area increases to increase
current and thus power output, the rf impedance decreases and impedance levels are
reached where device to load matching becomes difficult. Since Impatts are two terminal
devices, they are relatively easily matched to waveguide and coaxial circuits. Waveguide
circuits are normally best for higher frequency operation.

A significant point to make here is that these curves represent single device capability.
Thus, the numerous possibilities of power combining schemes increases the component
(oscillator or amplifier) power capability from 3 dB to upwards of 20 dB. Power
combining values are naturally directly related to operating bandwidth, to reliability
requirements, and probably the most important, to cost. Significant progress is being made
in practical power combining methods at all frequencies [2,3].

The third important general electrical characteristic is device noise, or in almost all
applications, the lack of noise. Since system performance is directly affected by noise,
either from the transmitter, front end amplifier or mixer, the noise characteristics of
amplifiers and oscillators are key to improved device performance. Recent progress in
GaAs FETs and InP Gunn amplifiers as shown in Figure 3 is pushing noise values in
amplifiers to new lows from low microwave frequencies through millimeter waves. GaAs



FET low noise amplifiers are replacing parametric amplifiers except for the extreme
requirements where low temperature cooling is used. At higher frequencies, essentially
above 20 GHz, device noise figure should also be shown with device noise measure as
associated gains are low enough (and noise figures high enough) to require several stages
of amplification to establish the overall amplifier noise figure. The curves of Figure 3 show
typical device and amplifier noise figures.

For the low noise amplifiers shown in Figure 3, there is an apparent “competitive”
region around 30 GHz to 50 GHz between FET amplifiers and InP Gunn amplifiers.
Numerous factors will determine the choice of amplifier to be used and cost will most
likely be the major one. Another very important amplifier characteristic is its rf input
power handling capability. In an active rf environment, high incident rf signals are
possible. Because the high frequency FET will require very short gates, 0.5 µm or less,
high field burn-out potential is high. On the other hand, an InP Gunn amplifier will be able
to handle several watts of rf input power. The basic encouraging conclusion to be drawn
from Figure 3 is that good low noise amplifiers are potentially available up to 100 GHz.

Oscillator noise is one area which has not improved to the extent that amplifier noise
has. Device working in the oscillator mode (essentially large signal mode) can have very
different noise properties than when working in the small signal mode. A good example is
the GaAs FET which has excellent amplifier noise properties, but mediocre oscillator noise
properties. FM noise is critical in MTI doppler radar systems and improvements are
needed in both transmitter devices and local oscillator devices. Low noise transmitters can
normally be obtained by driving (or locking) the high power stage with a very low noise
source.

CW AND PULSE POWER DEVICES

Now that a general look at the forest of newer semiconductor devices has been made, I
would like to look in more detail at a few of the more exciting devices which are making
significant technical progress at the present time. The area I would like to emphasize in
this section is that of power, both CW and pulsed power. Microwave power has been the
unchallenged domain of tubes up to this time. Now it appears that solid state devices are
starting to erode the medium power area - up to 100 W - with real potential to challenge
the domain of power levels up to 1 KW.

In the area of CW power, both the GaAs FET and Impatt devices can supply reliable
powers in the 1 W to 10 W range up through X-band frequencies. Table I lists the best
reported results obtained at publishing time for both devices. As can be seen from this
table, higher powers are obtainable at present from GaAs Impatts. However, because of
the advantages of three terminal devices plus their excellent efficiencies, it is expected that



below 15 GHz (or 20 GHz, depending upon the application) that FETs will be the
preferred device. Once a device is chosen and is used in many applications, volume
production will bring costs down to essentially eliminate the CW Impatt at these lower
frequencies. Progress is being made in two major areas with GaAs power FETs. First, as
mentioned above, is the power capability. By understanding power limitations, such as
Gunn domains at drain contacts and breakdown fields at contacts and buffer layer
interfaces, designs are being improved to allow operation at higher voltages. As shown by
several companies, the higher operating voltage increases power levels proportionally
[4,5]. A second and related area of progress is reliability of power FETs. Failure
mechanisms are being studied with corresponding design changes being made to improve
life performance [6]. Commercial FETs now have a predicted lifetime of 106 hours at a
150EC maximum channel temperature [7]. It has definitely been shown that power FET
life is affected by the presence of strong rf fields and all meaningful life tests are being
conducted in the full active mode. No fundamental reason at the present time appears to
limit the lifetime improvement of power FETs to reach 107 or 108 hours at normal
operating temperatures - heat sink operating temperatures at 50EC or below. Life testing of
CW and pulse GaAs Impatts has shown that a MTTF of 107 hours at a junction
temperature of 225EC can be obtained for p-n junction diodes [8]. The use of improved
heat sinking techniques, such as diamond heat sinks, has kept thermal impedances to
sufficiently low values (4E C/W for a 10 W, 10 GHz diode) to obtain excellent lifetimes
[8].

Pulsed powers at 4 GHz and above are most effectively obtained with GaAs and Si
Impatts. Best results for pulsed powers at X and Ku-band frequencies are shown in
Table II. GaAs Impatts are replacing Si Impatts at 15 GHz and below because of the
higher efficiencies obtainable in GaAs devices as shown in Table II. Si Impatts dominate
above 20 GHz due to the higher impedance of the double drift structure and to inherent
faster avalanche response times in Si than in GaAs. (Si has about a 10 to 1 faster
avalanche response time than GaAs.)

Commercial GaAs pulsed Impatts are primarily single drift devices and Si pulsed Impatts
are all double drift devices. This situation is due to the significant efficiency and power
improvement obtainable by adding a “p” side to a silicon Impatt and to the difficulty of
growing a “Read” p side to a GaAs Impatt. The high efficiencies obtainable with GaAs
Impatts (effectively twice those of Si at X-band) are achieved only with the quasi “Read”
profile. Future progress will be made in double drift GaAs designs as well as with new
profile designs and III-V semiconductor materials which will increase peak power levels
over those indicated.

The technique by which power devices are and will make major inroads on the medium
power tube business is through power combining techniques. As briefly mentioned at the



beginning of this paper, power limitation in solid state is determined by breakdown fields
and saturated drift velocities which are natural properties of the semiconductor material.
While research is being made on new materials for improvements in these fundamental
material properties, present materials provide single device power levels as given in
Figure 2. Higher power levels can thus only be obtained by power combining techniques.
Most power combining techniques also provides an additional advantage of reducing
thermal impedances by spreading the concentration of power dissipation to larger areas.

Initial work in FET power combining has been done with radial combiners [2]. These
results indicate that combining factors of at least 12 can be applied to single device FET
powers over large bandwidths.

More effort and therefore more progress to date has been made with various power
combining methods with Impatt diodes. Combining at both the chip level and at the diode
level are impressive as shown in Table III. Chip level combining shows promise of
achieving 50 W to 100 W per diode package at X-band frequencies with good efficiencies
and moderate duty cycles. With these diode power levels, power combining circuits will
bring total power levels above the 1 KW level. Power combining circuits using 16 diodes
have given a peak power output of 220 W at 9.9 GHz and a 64 diode combiner is being
developed to provide a total peak power output of 1024 W. Also, considerable effort is
now being applied to novel power combining methods at millimeter wave frequencies.
While techniques for combining large numbers of diodes will be demonstrated in the
laboratory, the crucial test will be the feasibility of low cost manufacturing of the various
power combining1techniques. At the present time, power combining of at least 16 diodes
at X-band appears to be a feasible product. Power combining circuits using 4 to 16 diodes
are commonly being used in various transmitters.

Practical power combining techniques depend largely on reasonable device and circuit
interface relationships such that practical tolerances can be put on both the device and
circuit parameters to allow high yields and low manufacturing costs. These technical areas
are now being developed in several potential high volume applications. Considerable
development is being done to find new device designs which will provide higher peak and
average powers and operation at higher frequencies. Thus, any progress made in providing
higher power per device chip can usually be applied almost directly to these developing
power combining methods to obtain a corresponding increase in total power output.
Consequently, the optimism for achieving power levels in the KW range is high at the
present time.



LOW NOISE DEVICES

The other technical area where considerable device development is being made is the
low noise amplifier devices. From the values given in Figure 3, it is shown that GaAs FETs
will be used up to at least 30 GHz and possibly to 50 GHz, depending primarily upon the
practicality of a three terminal device and its circuit design at these low millimeter wave
frequencies. The inherent capability of GaAs and other III-V semiconductors provide an
adequate basis for FET operation at higher frequencies. Fabrication techniques mainly
related to gate length geometries will be the determining factor for device operation at
millimeter waves. A more serious problem may be the circuit techniques with their
tolerances and rf losses in limiting the application of FETs to higher frequencies. Complete
integrated circuits and device modules are the obvious technical solution and the only
foreseeable drawback will be yield and cost of the monolithic integrated circuit.

Lower noise figures at frequencies below 20 GHz will be mainly a question of using
shorter gate lengths evaluated against the potential lower reliability and higher cost. A 1.0
dB amplifier noise figure at 20 GHz is theoretically possible with a 0.2 µm length gate [9].
At frequencies of 20 GHz and above, the associated gain becomes small enough to be very
important in establishing overall amplifier noise. In this case, the amplifier noise figure
becomes meaningful and it is also plotted in Figure 3. A number of companies have
evaluated lifetimes of low noise FETs will all latest results indicating lifetimes in excess of
107 hours for normal operating conditions(heat sink temperature # 75EC) [10].

The InP Gunn amplifiers are being developed primarily to meet millimeter wave
requirements. As GaAs FETs increase in operating frequency, the InP Gunn devices work
is pushed up to higher frequencies. Original InP work was at 18 to 26 GHz and the
emphasis now is at 40 GHz to 60 GHz. Figure 4 shows InP Gunn amplifier noise figures
@ 44 GHz. Since InP diodes as oscillators have been shown to work well at 100 GHz, one
can expect the amplifier diode to also work well there. The main problems at frequencies
at 80 to 100 GHz are the ability to obtain low loss circulators which are necessary for
practical reflection amplifiers. The increasing slope of the InP Gunn amplifier noise figure
with frequency is mainly due to the effective circuit losses which are important at
millimeter wave frequencies. InP Gunn diodes for amplifiers have proven to be reliable
and rugged, especially when compared with short length GaAs FETs and will be useful in
applications where the rf environment is cluttered with high power signals.

FUTURE TREND

In all of the device areas discussed above, the possibility for new semiconductor
materials being developed for improved performance is high. Thus, considerable effort is
now being placed in investigating various III-V semiconductors for higher power, higher



frequency, and lower noise operation. In addition, considerable effort is being put into
power combining methods. Thus, a continuing wave of improved performances for
microwave and millimeter wave devices and components can be expected for the near
future.

TABLE I
CW POWER CAPABILITY

GaAs FET POWER PERFORMANCE - AMPLIFIER MODE

f (GHz) CW POWER (W) GAIN (dB) EFFICIENCY (PA) COMPANY

4.0
6.0

10.0
16.0

15.0
6.5
4.17
1.1

5.0
4.0
4.0
4.0

28.3
13
24.9
30.4

Fujitsu
NEC
TI
TI

Si AND GaAs IMPATT POWER PERFORMANCE - OSCILLATOR MODE

GaAs FET POWER PERFORMANCE - AMPLIFIER MODE

f (GHz) CW POWER (W) EFFICIENCY MH COMPANY

6.1
8.45

14.1
15.0
21.0

15.0
10.0

2.0
2.75
1.2

25.0
26.5
19.0
11.0
15.6

GaAs
GaAs
GaAs
Si
GaAs

Fujitsu
Varian
Varian
NEC
Hitachi

TABLE II

PULSE POWER CAPABILITY

 f (GHz) POWER (W) EFF. (%) TYPE D.C. COMPANY

8.6
10.0
13.0
15.4
35.0
96.0

30.0
33.0
20.5
15.0
10.0

5.4

23.0
11.0
21.0
18.0
12
6.5

GaAs
Si
GaAs
GaAs
Si
Si

10
10
10
10
  1
  1

Varian
NEC
Varian
Varian
HAC
HAC



TABLE III

GaAs IMPATT CHIP COMBINING RESULTS

#
CHIPS VOP IOP Po(W) µ (%) f (GHz) DC (%) LABORATORY

1
(Typical)

2

1
(Typical)

3
3
4

52

111

40-50

140
150
170

1.12

0.95

1.3-
1.6
1.35
1.43
1.43

14.8

25.0

 10-14

32.2
35.1
60.4

25.4

23.7

 15-18

17.0
16.4
24.9

9.4

9.1

  10-12

11
11
11.5

20

20

20

20
20
20

Varian

Georgia Tech

FIGURE 1.  OPTIMUM FREQUENCIES OF OPERATION FOR MICROWAVE
SEMICONDUCTOR DEVICES AND THEIR PRIMARY APPLICATIONS



FIGURE 2.  SINGLE DEVICE USEFUL POWER CAPABILITY

FIGURE 3.  LOW NOISE AMPLIFIER DEVICES NOISE FIGURE
AND NOISE MEASURE VS FREQUENCY



Figure 4.  InP CATHODE NOTCH DEVICE
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