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Abstract
AlGaN/GaN High-Electron-Mobility-Transistors based Flip-chip Integrated

Broadband Power Amplifiers

GaN HEMTs have enormous potential for realizing high-power solid-state
amplifiers at microwave frequencies, due to their characteristics of wide band-gap
materials such as high breakdown field, high electron saturation velocity and high
operating temperature. Through flip-chip mounting the device onto a ceramic
Aluminum Nitride substrate, which also hosts all the passive components in the
GaN amplifiers, we have achieved record high single-device results of 4.4 W
output power (CW) at 8 GHz with a Imm-wide GaN HEMT on sapphire. Three
generations of GaN broadband power amplifiers have been designed and
fabricated. First, a modified traveling wave power amplifier with 1-8 GHz
bandwidth and up to 4.5-Watt output power was demonstrated, which was also
the first ever reported GaN amplifier. Higher efficiency can be achieved by
eliminating the backward wave of the conventional TWA. But the unequal drive
problem limited the efficiency to less than 15%. The second generation of GalN
broadband power amplifer was a novel input LCR broadband matching structure.
Record high 8.5-Watt output power, 20 % PAE at 8 GHz was achieved with a 3-
dB-bandwidth of 3-10 GHz. Combining the advantages of the first and second
circuits, the third generation GaN broadband power amplifier was a 2x2 matrix
modified TWA. Optimized overall power performance was achieved with up to

7.5-Watt output power, close to 1 — 6 GHz bandwidth and up to 25 % efficiency.
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Chapter I INTRODUCTION

With the development of the wireless communications, telecommunications, data
communications and aerospace systems, the demand for solid-state power
amplifiers has been continually increasing over the last decade. The requirements
include aspects of high power level, high efficiency, high linearity and high
operating frequency and the relative importance of each of these features is
application specific. One major trend is the continuous demand for more power at
higher frequencies. Unfortunately, the existing technologies have struggled to
sustain the higher demand. GaAs-based power devices have been very reliable
workhorses at high frequencies especially microwave spectrum. However, their
power performances have already been pushed close to the theoretically limit. In
terms of power density, about | W/mm at 10 GHz would be the state of art
performance for GaAs power pHEMTs. Under such circumstance, wide band-gap
semiconductors with an order of magnitude or so higher breakdown voltage along
with excellent thermal properties began to emerge. For many years, silicon
carbide (SiC) has been widely touted as a potential candidate, but unfortunately it
doesn’t appear to be a truly microwave technology in terms of its carrier mobility.
With technological and cost advantages over competing SiC, Gallium Nitride
(GaN) based family of semiconductor has quickly gained the center attention. In
terms of electronic material properties, GaN possessed very attractive features
such as a large band-gap (3.4 eV), high breakdown field (3 x10%® V/cm), the
existence of modulation doped AIGaN/GaN structures with attendant high
electron mobility (1500 cm’V''s™!) and extremely high peak (3 x10’ cm/s) and
saturation electron velocity (2 x10’ cm/s). Also GaN has been successfully
grown on SiC substrates, which have excellent thermal property. GalN epitaxial
layers can also be grown on single-crystal sapphire (Al,O3) substrates. Sapphire

has the advantage of lower cost and availability in larger wafer size than SiC, but

1



it is a poor thermal conductor. GaN HEMTs on SiC have achieved a power
density of 6.9-9.2 W/mm, while GaN HEMTs on sapphire have demonstrated 6.6
W/mm, and the difference is believed to be due to the higher thermal conductivity
of SiC (o =450 W/mK) over sapphire (6 = 30 W/mK). However, by paying close
attention to thermal management, GaN-HEMT-on-Sapphire can still have
competitive performance. In particular, adequate thermal management can be
achieved through flip-chip bonding of the device onto a thermally-conductive,
electrically-insulating substrate, such as ceramic Aluminum Nitride (AIN)
(o = 180 W/mK), which also hosts the matching networks and combiner networks
in the GaN amplifiers. Using this technique we have achieved record high single-
device results of 4.4 W output power (continuous wave (CW)) at 8 GHz with a

Imm-wide GaN HEMT on sapphire.

Under the Office of Naval Research (ONR) funded MURI program, our main
research goal of this work will focus on the development of multi-octave
microwave bandwidth, high power, and high efficiency GaN amplifiers. Their
main application would be the power sources for the phased-array radar that will
be the key component of their proposed Advanced Multifunction RF Systems
(AMREFS). The achievement of this research can also be readily transferred to
commercial applications such as wireless communication, satellite
communication and etc. However, in order to realize the objective there are
several major challenges that we must face and be able to find corresponding

solutions:

1) High impedance transformation ratio:
In order to achieve higher output power level, large periphery device would be
required. Consequently, the lowered impedance levels of the devices would

represent more difficulty in the design of the matching networks. For example,
2



the impedance levels for a GaN amplifier using a total of 4-mm-wide GalN
HEMTS require transformation ratios of 7:1 for the output network and 50:1 for
the input network. Impedance transformation is usually obtained with either
band-pass networks such as A/4 transformer or low-pass networks such as simple
serious-L shunt-C matching circuit. However, all of these matching networks
have limited bandwidth that is closely related to the ratio of the impedance
transformation. Generally speaking, the ratio for each matching circuit should be
less than 1.5 in order to achieve larger than 3:1 bandwidth. Multi-section of
matching networks would be necessary to achieve the desired bandwidth,

resulting in more complex and lossy matching networks.

2) Large signal modeling:

The evolutionary CAD technology advances that have been made in recent years
have been greatly supported through the parallel development of more valid
models for both active devices and passive circuit elements. In particular, the
accurate large-signal performance predictions for microwave circuits depend very
heavily on the accurate large-signal models for the active devices. Unfortunately,
due to the early stage of GaN HEMTs technology, large-signal modeling is still an
ongoing study field. We have to rely greatly on the load-line approach and the

empirical yet very effective load-pull measurement for large-signal design.

3) Thermal management:

The efficiency of broadband power amplifiers tend to be fairly low, 20 -30 %
power added efficiency would be the range for most of the amplifiers. With
efficiency in this range, the disposal of heat becomes a serious problem, since too
high a channel temperature will degrade performance and shorten the life of a

semiconductor device. Careful thermal design of large-periphery GaN HEMTs



would be required, in order to achieve a balance between low thermal resistance

and high RF gain at higher frequencies.

4) Poor input/output matching (large VSWR)

In general, the input and out matching of the broadband power amplifier tends to
be poor. At the output of the power amplifier, the device is not conjugately
matched; instead the optimum load has to be presented to the device for the
maximum output power. Input broadband matching is extremely hard due to the
high impedance transformation ratio. There are several ways to address the
problem. First, we can employ a distributed network at the input to realize good
broadband matching, but at the output, the distributed network is not a good
choice because it would greatly reduce the efficiency. We can also design multi-
stage amplifiers to achieve better input matching by distributing the high
impedance transformation ratio among different stages, however the increased
complexity of biasing circuitry design could overweigh its benefits. Finally, the
balanced amplifier is a very good approach to achieve low VSWR at both input
and output. However, due to the difficulty of CPW coupler design and the low
efficiency of the structure, we will not consider this technique in this work. The
output VSWR of all the amplifiers in this work will remain high since it’s not our

main concern.

With the power density advantage of the GaN HEMTs technology and the novel
approaches to the challenges of the broadband power amplifier design, we have
successfully designed and fabricated three generations of GalN power amplifiers.
First of all, a modified traveling wave power amplifier with 1-& sHz bandwidth
and up to 4.5-Watt output power was demonstrated, which was also the first ever
reported GaN amplifier. Higher efficiency can be achieved by eliminating the

backward wave of the conventional TWA. But the unequal drive problem limit
4



the efficiency to less than 15%. Second generation of GaN broadband power
amplifier was a novel LCR-matched, high-efficient corporate power combing
structure. Record high 8.5-Watt output power, 20 % PAE at 8 GHz was achieved
with a bandwidth of 3-10 GHz. Broader bandwidth can be achieved with the first
circuit topology, and the second circuit tends to have higher efficiency.
Therefore, a third generation of the GaN broadband power amplifier was a 2x2
matrix modified TWA which combines the advantages of the first and second
circuits. Optimized power performance was achieved with up to 7.5-Watt output
power, close to 1| — 6 GHz bandwidth and up to 25 % efficiency. It proves to be
the better circuit topology in terms of the overall performance of the bandwidth,
power and efficiency. Compared with the commercial state-of-the-art GaAs
broadband power amplifiers, which is best represented by the TriQuint product
TGA9083-EEU (6.5-11.5 GHZ bandwidth, 5 Watt output power and 40% PAE)
and TGA9092-EPU (6-18 GHz bandwidth, 2.8 Watt output power and 25 % PAE)
with the 0.25um pHEMT technology, GaN broadband power amplifiers have
already demonstrated its power-bandwidth product advantage even with the
existing immature 0.7um HEMTs .echnology. The relatively low PAE could be
greatly improved with the progress of the GaN HEMTS material system in the

near future.

This thesis includes six chapters. First chapter is the introduction of the thesis, it
describes the background of the research and defines the objective of the thesis.
Chapter 2 describes the design and fabrication of AlGaN/GaN HEMTs power
device, from the basics of the material system, the characterization of small
devices to the development of large gate-periphery devices, which are critical to
the success of the GaN power amplifier design. Chapter 3 reviews the principle

of the power amplifier design, and some basic bandwidth extending techniques



are also described. Chapter 4 discusses the major challenges of the broadband
power amplifier design and some basic power amplifier structures; traveling wave
amplifier is analyzed in details in terms of both the small-signal and large-signal
characteristics. Chapter 5 presents the design of GaN broadband power amplifiers
that include modified TWPA, LCR-matched PA and the 2x 2 matrix TWPA, their
respective performances are also included in this chapter. Chapter 6 concludes
the thesis with the achievements summary and suggestions for the future work.
Appendix A describes the GalN power device process flow. Appendix B
summarizes the AIN substrate fabrication flow and addresses some common

problems in the amplifier fabrication.



Chapter 2
AlGaN/GaN HEMTs Power Device Design and Fabrication

This Chapter describes the design and fabrication of AIGaN/GaN HEMTSs power
device, from the basics of the material system, the characterization of small
devices to the development of large gate-periphery devices, which is critical to the

success of the GaN power amplifier design.

2.1 AlIGaN/GaN HEMTSs material system

The AlGaN/GaN material system possesses fundamental electronic properties that
make it an ideal candidate for high power microwave devices.'>* First, as a wide
band-gap material (E; = 3.4 eV), GaN has very high electric breakdown field (~2
MV/cm), as a result, GaN-based device can be biased at very high drain voltage
(Vbreak-down = 50 =500 V) depending on the application of the device, also it can be
operated at higher channel temperature (~ 300 °C). Second, it possesses high
saturation (2 x 10’ cm/s) electron velocity, which contributes to higher current
density since Imax o< qngvs (@ = 1.6 X 10" coulomb, n; is the sheet charge density, v,
is the electron saturation velocity) and high operating frequency since f; o v¢/Leg).
Third, the existence of modulation-doped AlGaN/GaN structure leads to 1) high
sheet charge density (ng = 1 X 1013/crn2), which is the other reason for high Iy
and 2) high electron mobility (u = 1200 —-1500 cm?/V-s), which is largely
responsible for low on-resistance (low knee voltage) since channel resistance is

related to 1/(qnsuE) at low electric field.

Consequently, AlGaN/GaN HEMTs can achieve very high break down voltage,

very high current density, and sustain very high channel operating temperature.
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