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Abstract

Electrical stresses in the transistors of high-efficiency switching power amplifiers can
lead to hot-electron-induced “breakdown” in these devices. This thesis explores issues
related to breakdown in the Transcom TC2571 PHEMT, and the effects this has on the
Draper Laboratory 2.3 GHz microwave power amplifier in which the transistor is used.
Characterization of breakdown was performed under DC and RF drive conditions,
and shows the surprising role of impact ionization at low temperatures in DC off-
state breakdown, as well as the apparent prevalence of on-state breakdown under RF
drive. DC characterization shows that breakdown walkout and recovery both proceed
more quickly at higher temperatures, and also shows that breakdown stress might lead
to the permanent creation of traps that degrade breakdown voltage. Walkout under
RF drive decreases amplifier gain at lower levels of RF input drive, but appears to
have no negative effect on amplifier saturated output power. The use of temperature-
compensated input drive and a diode to clamp negative gate voltage swing are also
explored as circuit design techniques that can mitigate device degradation due to
breakdown stress.
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Chapter 1

Introduction

1.1 Motivation

A major driving force in the design of portable electronic devices is increasing device
energy efficiency. Cellular phones, laptop computers, and portable music players
have all been made more energy efficient in recent years due to advances in design
and fabrication. As portable communications devices, like cellular phones, become
more energy efficient, the power consumed by a device’s radio frequency (RF) power
amplifier constitutes an increasing portion of a device’s energy budget. Within these
devices, the RF power amplifier serves to amplify an input signal for transmission.
The RF power amplifier does so by converting DC power from a battery to an output
RF waveform which drives a device’s antenna. Increasing the efficiency of the RF
power amplifier in a device can improve the device in many possible ways, including
increasing its battery life, increasing its output transmission power, decreasing the
amount of heat it produces, and decreasing the size of the device by reducing the
size of its battery. The reduction in heat production can also allow the device to be
fabricated in a more compact package without negatively affecting its reliability and
lifetime.

As RF power amplifier efficiency increases, the electrical stresses on the power
transistor in the amplifier tend to increase as well. Specifically, in order to avoid

dissipating power in the transistor in high efficiency power amplifiers, the amplifiers
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Introduction

are designed and biased such that the transistor operates like an ideal switch and
never conducts a significant amount of current while a large voltage exists across it.
Ideally, when the transistor is “on”, it conducts current with almost no voltage across
it, and when the transistor is “off”, it conducts almost no current while there is a
voltage across it. As the power amplifier is required to amplify a larger amount of
RF power, the bias voltage at the drain of the transistor increases, and the transistor
generally has a larger voltage across it in the off state. Similarly, in high-efficiency
switching power amplifier topologies like the Class E and Class F topologies, a large
drain voltage swing tends to occur in the off state. Additionally, under these high
power or high efficiency conditions, larger input drive waveforms are required to
switch the transistor, and in the off state, this leads to a large negative voltage at the
gate of the transistor. These factors contribute to increased device electrical stress,
and can lead to the creation of “hot electrons” in the transistor, which in turn can
cause the phenomenon of “breakdown”. Breakdown stress can reduce the reliability
and performance of the RF power amplifier as transistor performance degrades [1, 2].
Therefore, by mitigating breakdown stress in high efficiency RF power amplifiers,
device reliability can be maintained while amplifiers are made more highly efficient
at larger levels of RF output power.

This thesis explores issues related to breakdown in a microwave power amplifier
designed and fabricated at Draper Laboratory. The amplifier utilizes a pseudomor-
phic high electron mobility transistor (PHEMT) as its active device. During initial
characterization, the amplifier demonstrated significant breakdown effects that have
the potential to negatively affect reliability, including breakdown “walkout”. The first
part of this thesis focuses on characterizing breakdown in this amplifier under DC
and RF conditions, including reliability issues related to device walkout and recov-
ery. The second part covers circuit design techniques that might be used to mitigate
device degradation caused by breakdown stress, and suggests models that might be

used to simulate breakdown.
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1.2 Background and Previous Work

1.2 Background and Previous Work

1.2.1 High Efficiency RF Power Amplifiers

As mentioned before, RF power amplifiers are used to convert DC power to RF power
in order to amplify an input signal to an appropriate level for driving a device’s
antenna. The basic topology of an RF power amplifier is given in Figure 1-1. The
circuit uses a single transistor, although certain RF power amplifier topologies do use
more than one. A large inductor, or RF choke, is used to couple the DC power supply
to the drain of the transistor for biasing. The choke is used to present an effective
open circuit to the drain of the transistor at high frequency. Passive input and
output impedance networks are used to connect the drive signal and load, respectively,
to the transistor. These networks provide the ability to match impedances at the
drive frequency as well as the ability to set impedance characteristics for harmonic

components and “shape” the current and voltage waveforms of the transistor.

VDD

Output

Network
\Y} Input
N Network _“: R

Figure 1-1: A diagram of the basic topology of an RF power amplifier.

Most RF power amplifiers are divided into one of eight classes (lettered “A”
through “H”) based on their specific network topologies and biasing conditions. Each
class of amplifiers has specific benefits and drawbacks related to achievable gain, lin-
earity /distortion, and efficiency. For the purposes of this introduction, it is sufficient
to focus on the specific class of RF power amplifiers known as Class E power am-

plifiers. General principles of operation and design equations for this class of power

17



Introduction

amplifiers can be found in [3] and [4]. Class E amplifiers belong to a more general
class of RF power amplifiers called switching power amplifiers. Switching power am-
plifiers operate on the principle that high efficiency can be achieved by driving the
transistor in a power amplifier such that it behaves like a switch. In this fashion,
the transistor is either conducting a large current (on state) or has a large voltage
across it (off state), but never both at the same time, and thus ideally does not
dissipate significant power. Due to transistor nonidealities, however, it is inevitable
that a transistor will simultaneously have a voltage across it and conduct current
during switching transition periods. If these switching transition periods are signifi-
cant fractions of the RF signal period, then significant power dissipation can occur.
The Class E amplifier minimizes this dissipation by using the output network of the
amplifier to shape the drain voltage and current waveforms to minimize overlap, thus
reducing power dissipation. The Class E amplifier also has the additional feature
of achieving zero slope in the drain voltage waveform at transistor turn-on, which
guarantees low power dissipation even if the switching transition period is significant

and the drain voltage and current waveforms overlap.

Ignoring device non-idealities, an ideal Class E power amplifier would display
100% drain efficiency as no overlap of the drain voltage and current waveforms would
occur, and thus no power should be dissipated in the transistor. Typical Class E
power amplifier designs have shown drain efficiencies of between 80% and 95%, which
is a dramatic improvement on more traditional RF power amplifier topologies [3].
However, a drawback of the Class E topology is the large drain voltage swing that
occurs during the off-state, which can lead to increased electrical stress on the device.
Like all switching amplifiers, the Class E amplifier is highly non-linear, which can

limit its uses for certain applications that require linearity.

A diagram of a lumped element topology (without the input network) for a Class E
power amplifier is given in Figure 1-2. Use of a transmission line topology for the
input and output networks is also possible, and one such topology is described in [5].
While a transmission line topology provides a relatively simple means of matching

impedance at the drive frequency and setting impedance characteristics for harmonics,
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1.2 Background and Previous Work

it also requires a large amount of area for fabrication. In applications where achieving
small size and high density is an ultimate concern, use of a lumped element topology

is necessary.

VDD

Unof[ L R,

Figure 1-2: A diagram of a lumped element topology for a Class E power amplifier.

1.2.2 Breakdown in GaAs PHEMTs

Several types of transistors are commonly used in high efficiency RF /microwave power
amplifier applications, as described in [6]. One of these devices is the GaAs metal
semiconductor field-effect transistor (MESFET). The MESFET is a variation on tra-
ditional JFET devices where the p—n gate junction is replaced by a metal-GaAs
Schottky junction. The GaAs MESFET has higher mobility and lower input ca-
pacitance than traditional silicon devices, which allows for operation at much higher
frequencies. The high electron mobility transistor (HEMT) is a variation on the MES-
FET which uses an AlGaAs-GaAs heterojunction for the gate—channel interface to
help improve electron mobility, which increases the device’s high-frequency response.
The pseudomorphic HEMT (PHEMT) is an improvement on the HEMT which uses
a very thin layer of InGaAs in between the AlGaAs and GaAs layers of the hetero-
junction to further increase mobility and the device’s high-frequency response. Due
to their excellent high-frequency performance, PHEMTs are used in RF /microwave

power amplifier applications at frequencies as high as 80 GHz [6].
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Like a JFET, a PHEMT has three primary terminals — gate, source, and drain.
When the gate—source voltage is sufficiently high, the device is “on”, and a current
flows in the channel from the drain to the source when a drain—source voltage is
applied. In ordinary operation, the gate—source and gate—drain junctions are reverse-

biased, and there is a negligible amount of gate leakage current in the device.

Two factors can lead to gate leakage current in a PHEMT device in an RF power
amplifier. First, since the gate—source junction behaves like a Schottky junction, when
the gate voltage rises and the junction is forward-biased, current can flow from the
gate to the source of the device. Second, when a sufficiently large drain—gate voltage
is present (typically when the power amplifier is conducting almost no current in its
off state), then a large electric field can form across the reverse-biased gate—drain
junction, and so-called “hot electron” effects can lead to breakdown of the gate—drain
junction and reverse gate leakage current. While forward gate leakage current due to
a forward-biased gate—source junction is generally not a damaging effect, the reverse
gate leakage current due to breakdown of the gate—drain junction can damage the

device.

There are three primary hot-electron mechanisms that are potentially responsible
for breakdown in PHEMT devices: tunneling, thermionic field emission, and impact
ionization [7, 8]. While the magnitude of the reverse gate current due to each of these
mechanisms tends to go up with increasing drain—gate voltage, each of the three
mechanisms has different dependences on temperature. Tunneling current does not
depend on temperature, thermionic field emission current has a positive temperature
coefficient, and, in PHEMT devices, impact ionization current has a negative temper-
ature coefficient. Therefore, by observing the behavior of reverse gate current with
respect to temperature, it is possible to determine which mechanism is dominant in
a device for a given range of temperature and current [7, 8]. Using this technique,
it has been demonstrated in the literature that the dominant mechanisms involved
in off-state breakdown in PHEMTSs are tunneling (especially at lower temperatures)
and thermionic field emission (especially at higher temperatures) [7, 9, 10]. As will

be shown later, though, this does not seem to be the case for the device studied in
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1.2 Background and Previous Work

this thesis.

Breakdown stress leads to the trapping of hot electrons at the extrinsic drain
surface, which in turn leads to a reduction of peak electric field for a given drain—
gate voltage [10]. As a result, drain-gate off-state breakdown voltage for a given
reverse gate leakage current increases with breakdown stress, which in itself is a
positive effect. However, the trapping of hot electrons also leads to degradation
of device characteristics like small-signal transconductance g, and RF power gain
[10, 11], which can significantly affect the performance of an RF power amplifier.
The phenomenon of device degradation during prolonged breakdown stress is known
as “breakdown walkout”, and is stated by some sources to be a permanent effect
[10, 11]. However, once again, as will be discussed later, this does not appear to be

the complete case for the device studied in this thesis.

Characterization of off-state breakdown in PHEMTSs has generally been performed
using two-terminal tests where the source of a device is left floating as the drain—gate
voltage is measured for a fixed current injected into the device [10]. This approach is
understandable since the drain—gate voltage is the primary factor in off-state break-
down. However, since the transistor is a three-terminal device, it would be ideal to use
three-terminal measurements to determine off-state breakdown characteristics. Using
the drain-current injection technique described in [12], it was shown in [7] that a gate—
source bias voltage can have an impact on the drain—gate breakdown characteristics.
In addition to providing drain—gate breakdown voltage, the drain-current injection
technique has the advantage of providing a measure of off-state drain—source break-
down voltage, which can provide a more useful figure for design considerations. It
has also been shown in [11] that three-terminal stress conditions result in significantly

larger breakdown walkout when compared with two-terminal stress conditions.

Breakdown in PHEMTSs does not necessarily have to occur when the device is in
the off state. On-state breakdown, where a large drain—gate voltage exists while there
is a significant drain—source current, can also lead to reverse gate current in PHEMT
devices. While not as well documented in the literature as off-state breakdown, there

has been work performed on characterizing on-state breakdown in PHEMTs [13].
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In general, it has been demonstrated that impact ionization is the dominant factor
involved in on-state breakdown [13]. While high-efficiency switching power amplifiers
are designed to operate with minimal periods of high drain voltage and high drain
current, it is possible that transition between the on state and the off state (and vice

versa) may lead to brief periods of operation where on-state breakdown occurs.

1.3 Thesis Overview

As mentioned previously, this thesis focuses on a microwave power amplifier designed
and fabricated at Draper Laboratory that demonstrated significant breakdown effects
under RF drive in initial characterization. The amplifier is a high-efficiency switching
power amplifier designed for use at 2.3 GHz with an output power of 30 dBm!, and
uses a Transcom TC2571 PHEMT as its active device. Transcom declined to provide
specific information about the structure of the device, citing the need to protect
proprietary information. However, a datasheet is available for the device [14], and
figures given for the device include a gate width of 2.4 mm, a gate length of 0.35 pum,
and a drain—gate breakdown voltage greater than 15 V for a reverse gate current of
1.2 mA, which corresponds to a current density of 0.5 ™4/ ..

This thesis is organized into six chapters, including this introduction. The five re-
maining chapters can be roughly organized into three parts. The first part of the thesis
covers characterization of breakdown in the amplifier under DC and RF conditions.
Chapter 2 covers two-terminal and three-terminal DC characterization across tem-
perature of off-state breakdown in the TC2571. Chapter 3 describes characterization
of reverse gate current under RF drive at different bias conditions and temperatures
for the complete amplifier. Chapter 4 finishes the first part by looking at breakdown
walkout and recovery at different temperatures under DC and RF conditions.

The second part of the thesis covers circuit design techniques that might be used
to mitigate device degradation, and modeling. Chapter 5 covers circuit design tech-

niques that might be used to mitigate device degradation and increase reliability by

1dBm is a measure of power where p dBm is equivalent to 10(?/19) milliwatts.
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1.3 Thesis Overview

decreasing breakdown stress in a device. Appendix A suggests models that might be
used to describe breakdown for circuit simulation.

The final part of the thesis is the conclusion, contained in Chapter 6. This chapter
summarizes the results of the thesis, and provides suggestions for possible future

research.
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Chapter 2

DC Device Characterization

Since the transistors used in microwave power amplifiers are stressed under RF drive
conditions, RF breakdown characterization would be the most meaningful way of de-
termining the relevant device characteristics. However, for a variety of reasons, such
measurements tend to be significantly more cumbersome to perform than DC mea-
surements. Additionally, RF measurements tend to yield less meaningful direct data
about the device since such measurements often must be performed using observa-
tions of a complete power amplifier instead of just the transistor itself. Therefore, it
makes sense to characterize the device under DC conditions first, and then to apply
the insight gained from these measurements to guide RF characterization.

This chapter represents the first part of this approach and focuses on characteriza-
tion of off-state breakdown in the Transcom TC2571 PHEMT under DC conditions.
The first two sections of this chapter focus on two-terminal (drain—gate) and three-
terminal DC characterization of off-state breakdown across a range of currents and

temperature. The final section summarizes the results of this chapter.

2.1 Two-Terminal Characterization

Two-terminal DC characterization of the TC2571 involved measurement of the de-
vice’s drain—gate characteristics while the source was left floating. Each of these tests

involved injecting a fixed forward drain current (or reverse gate current) into the de-
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vice while measuring the drain—gate voltage Vpg. Three separate two-terminal tests

were performed, and will be detailed in the following subsections.

2.1.1 Temperature Sweep with Long Sampling Time

The first type of two-terminal characterization performed on the TC2571 involved
measurement of drain—gate voltages at reverse gate currents from 230 pA to 1000 pA
at temperatures from —32 °C to 71 °C. Since the TC2571 has a gate width of
2.4 mm, this range of currents corresponds to current densities from 0.096 ™4/,
to 0.417 ™A/ ... Sampling time for these measurements was roughly three seconds,
but varied depending on the amount of time required for the voltmeter readings to
stabilize. Results of these measurements for two different transistors are shown in

Figures 2-1 and 2-2.

VDG vs. Temperature at Various Current Levels for Transistor #2 (Long Two-Terminal Test)
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Figure 2-1: Transistor #2 drain-gate voltage Vpg versus temperature at various
current levels for long sampling time two-terminal test.

Some general trends can be seen in the transistors tested by this method, includ-
ing those transistors whose characteristics are displayed in the figures. First, for both
transistors at the higher current levels, the drain—gate voltage generally has a positive

temperature coefficient from —32 °C to 40 °C, and a negative temperature coefficient
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VDG vs. Temperature at Various Current Levels for Transistor #4 (Long Two-Terminal Test)
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Figure 2-2: Transistor #4 drain-gate voltage Vpg versus temperature at various
current levels for long sampling time two-terminal test.

from 40 °C to 71 °C. As described in Chapter 1, this gives an indication of which
breakdown mechanisms may be responsible for the reverse gate current in the device
in a particular range of current and temperature. Reverse gate current due to impact
ionization in a PHEMT has a negative temperature coefficient at a fixed drain—gate
voltage. Similarly, reverse gate current due to thermionic field emission has a positive
temperature coefficient for a fixed drain—gate voltage, and reverse gate current due
to tunneling has no temperature coefficient. Thus, for a fixed drain-gate current,
we would expect the drain—gate voltage to have a positive temperature coefficient if
impact ionization were the dominant mechanism, a negative temperature coefficient
if thermionic field emission were the dominant mechanism, and no temperature co-
efficient if tunneling were the dominant mechanism. For the TC2571 at the higher
current levels tested in this two-terminal setup, it would therefore appear that impact
ionization is the dominant breakdown mechanism from —32 °C to 40 °C, and that
thermionic field emission is the dominant breakdown mechanism from 40 °C to 71 °C.

The second thing that is significant about the device characteristics shown in the

figures is that impact ionization appears to be less dominant at the lower current
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levels tested than it is at the higher levels. This is especially noticeable in Figure 2-2,
where at 400 pA, the negative slope of Vpg begins at a lower temperature, and at
200 pA, there appears to be no temperature coefficient between —32 °C to 40 °C
(indicating that tunneling is the dominant breakdown mechanism for this current
level and temperature range). In general, basic impact ionization theory indicates
that impact ionization is proportional to drain current [13], which may provide an
explanation for this behavior. This observation about the role of impact ionization at
lower current levels will be expanded upon in the results of the two other two-terminal
tests.

A final thing to notice about the device characteristics is that while Vpg shows the
same general behavior with respect to temperature in both devices, there is significant
variation in the magnitude of Vpg between specific transistors. This is shown for three
transistors at a drain—gate current of 1000 A in Figure 2-3. This device variation
is a fundamental consequence of variations in manufacturing the devices, and will be

present in all tests performed in this thesis.

VDG vs. Temperature at EG=1000 UA for Three Transistors (Long Two-Terminal Test)
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Figure 2-3: drain—gate voltage Vpg versus temperature at various current levels for
three transistors in the long sampling time two-terminal test.
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2.1.2 Temperature Sweep with Short Sampling Time

The second two-terminal test performed on the TC2571 is similar to the first test,
but uses a shorter sampling time. Measurements were performed between —32 °C
and 71 °C at currents between 230 pA (0.096 ™/ ) and 1200 gA (0.500 ™A/ m)
using a sampling time of 25 ms. A shorter sampling time was used to determine
if the longer sampling time in the first test had affected device characteristics. A
plot of drain—gate voltage vs. temperature at different current levels for one of the

transistors tested is given in Figure 2-4.

VDG vs. Temperature at Various Current Levels for Transistor #8 (Short Two—Terminal Test)
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Figure 2-4: Transistor #8 drain-gate voltage Vpg versus temperature at various
current levels for short sampling time two-terminal test.

The most notable thing about Figure 2-4 when compared to the transistors in the
first test is the fact that Vpg no longer has a negative slope at higher temperatures
for the higher current levels. Impact ionization still appears to be prevalent at lower
temperature for these current levels, as indicated by the positive slope of Vpg, but
the traces of Vpg flatten out from 40 °C to 71 °C, indicating that tunneling is the
dominant breakdown mechanism in this temperature range. For the test with shorter

sampling time, it now appears that thermionic field emission is no longer the dominant
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factor in reverse gate current for the higher current levels at higher temperature. A
reason for this behavior will be given in Chapter 4, where a degradation in drain—gate
breakdown voltage under prolonged stress will be shown at higher temperatures.

A second notable feature about Figure 2-4 is the behavior of Vpg at the lower
current levels. As with the first test, it appears that impact ionization may be less
dominant at lower current levels as Vpg has a smaller positive slope at lower tem-
peratures at the lower current levels. Second, at 200 pA and 400 pA, Vpg shows a
negative slope at higher temperatures, although less noticeably than in the first test.
This indicates that for higher temperatures, thermionic field emission is the domi-
nant breakdown mechanism at lower current levels (while tunneling is dominant at
higher current levels). This two-terminal behavior for PHEMTSs, where tunneling is
the dominant breakdown mechanism for higher current levels while thermionic field

emission is dominant at lower current levels, is also demonstrated in [7] and [§].

2.1.3 Broad Current Sweep at Different Temperatures

The final two-terminal DC test performed on the TC2571 is derived from the method-
ology presented by Somerville and del Alamo in [8]. The test involves measuring the
device’s drain—gate voltage across a broad range of current to obtain the device’s
drain—gate “diode characteristics”, and then comparing diode characteristics at dif-
ferent temperatures to determine which mechanisms are responsible for breakdown in
a given range of temperature and current. In this test, diode characteristics were mea-
sured for reverse gate currents between 240 pA (100 PA/..,) and 24 mA (10 ™4/ )
and at temperatures between —32 °C and 70 °C.

Figure 2-5 shows drain—gate diode characteristics at 60 °C and 70 °C for the tran-
sistor used in this test. As indicated in [8], this plot is characteristic for a range of tem-
perature and current where reverse gate current is dominated by tunneling/thermionic
field emission. For a given drain—gate voltage, the drain—gate current is always larger
at the higher temperature. Furthermore, for higher drain—gate voltages, the ratio
of current at the higher temperature to current at the lower temperature gets closer

to 1 as tunneling current becomes a larger component of reverse gate current. This

30



2.1 Two-Terminal Characterization

is consistent with the observation of device behavior in the previous two-terminal
tests, where reverse gate current appeared to be dominated by thermionic field emis-
sion or tunneling at higher temperatures. It matches especially well with the second
test, where reverse gate current at higher temperatures appeared to be dominated by

tunneling at the higher current levels and thermionic field emission at the lower ones.

Transistor #16 Drain-Gate Diode Characteristics at 60°C and 70 °C (Two-Terminal Test)
T T T T T T T T T T T T T T | T T T T T

IDG (A)

VD s )

Figure 2-5: Transistor #16 drain—gate diode characteristics at 60 °C and 70 °C.

Figure 2-6 shows drain—gate diode characteristics of the same transistor at —32 °C,
—20 °C, and 0 °C. As with Figure 2-5, at lower voltages, the current is always larger
at higher temperature. However, unlike Figure 2-6, at higher voltages, the traces
“cross over”: for a given drain—gate voltage, the current is now smaller at higher
temperature. According to [8], this cross-over behavior for PHEMTS is characteristic
of a range of temperature and current where impact ionization is dominant. Thus, for
low temperatures, it appears that tunneling/thermionic field emission is dominant for
reverse gate currents less than about 1 pA (and drain—gate voltages less than 15 V),
and that impact ionization is dominant at these temperatures for higher currents.
This is consistent with observations in the previous two-terminal tests which indicated

that impact ionization was dominant at lower temperatures for reverse gate currents
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between 230 pA and 1200 pA.

Transistor #16 Drain-Gate Diode Characteristics at ~32°C, —20 °C, and 0 °C (Two-Terminal Test)
L o S B S S S B B

0 2 4 6 8 10 12 14 16 18 20 22

Figure 2-6: Transistor #16 drain—gate diode characteristics at —32 °C, —20 °C, and
0°C.

2.1.4 Summary of Two-Terminal Characterization

All three two-terminal DC off-state breakdown tests on the TC2571 show some com-
mon results. At low temperature and sufficiently high reverse gate current, the dom-
inant breakdown mechanism is impact ionization. This can be seen in the positive
temperature coefficient of drain—gate voltage for a fixed reverse gate current in this
region. At lower currents or higher temperatures, the dominant component of reverse
gate current is tunneling/thermionic field emission. Furthermore, as the reverse gate
current is decreased, the transition between the range where impact ionization dom-
inates and the range where tunneling/thermionic field emission dominates occurs at
a lower temperature. Finally, when tunneling/thermionic field emission dominates
reverse gate current, tunneling tends to play a larger role at higher current levels
while thermionic field emission plays a larger role at lower current levels.

The fact that impact ionization appears to be the dominant breakdown mechanism

for lower temperatures and higher currents in the two-terminal tests is surprising. As
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mentioned in Chapter 1, the literature suggests that tunneling and thermionic field
emission are the dominant mechanisms involved in off-state breakdown in PHEMTsS,
and that drain—gate voltage should monotonically decrease with increasing tempera-
ture for a fixed reverse gate current. The experiments in the literature that demon-
strate this cover temperatures between —50 °C and 50 °C and reverse gate current
densities up to 1 ™4/, [9], which easily covers the range of temperatures and cur-
rents where we see the effect of impact ionization in the two-terminal tests of the
TC2571.

Aside from the literature, the fact that impact ionization appears to be a dominant
breakdown mechanism in the two-terminal tests of the TC2571 is also surprising
because impact ionization is fundamentally a three-terminal mechanism. Impact
ionization in a PHEMT occurs when a hot electron loses energy in the channel and
creates a new pair of charge carriers, an electron and a hole. A fraction of these holes
leave the channel through the gate, which leads to reverse gate current [13]. Thus,
impact ionization requires hot electrons to be conducting in the channel between the
drain and the source, which would not appear to be the case in the two-terminal
tests here where the source is left floating. A possible mechanism for how this impact

ionization current arises is described in Appendix A.

2.2 Three-Terminal Characterization

Three-terminal DC characterization of off-state breakdown in the TC2571 is based on
the drain-current injection technique developed by Bahl and del Alamo and described
in [12]. The drain-current injection technique, which was touched upon briefly in
Chapter 1, involves injecting a fixed current into the drain of the device while sweeping
the gate—source voltage from above threshold to below it. The drain—gate voltage
when the drain current equals the reverse gate current (that is, where the source
current is zero) is termed the drain-gate breakdown voltage (BVpg). The maximum
drain—source voltage achieved is termed the drain—source breakdown voltage (BVpg).

Three-terminal DC testing on RF power transistors is notoriously difficult for a
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number of reasons. Most significantly, since RF power transistors tend to have high
gain when in the on state, they tend to oscillate when there is a sufficiently high
gate—source voltage unless a sophisticated and difficult impedance-matching setup is
used to stabilize them. This was observed for PHEMTS in [7], and was also observed
for the TC2571 devices tested in this thesis. This oscillatory behavior would not be
troublesome if it were not destructive since the relevant measurements are made with
the device in the off state. Unfortunately, the oscillatory behavior has a tendency to
eventually burn out the device being tested, which renders the device useless. This
was the case for essentially all of the TC2571 devices tested, and as a result, it was
possible to only get data across the full range of temperature and current for one
device. The characterization of this specific device will be presented in the rest of

this section.

A plot of BVpg versus temperature for drain currents between 200 pA (0.083
mA /m) and 1200 pA (0.500 ™A /,.) is given in Figure 2-7. This plot resembles the
plots of Vpg derived from the first two-terminal characterization test where impact
ionization appears to dominate reverse gate current in this range of currents for
temperatures between —32 °C and 40 °C and thermionic field emission appears to

dominate for temperatures between 40 °C and 70 °C.

A plot of BVpg for the same temperatures and currents is given in Figure 2-8. At
high temperatures, the plot of BVpg appears similar to the plot of BVpg where BVpg
increases with increasing drain current. However, this is inverted at low temperatures,
where BVpg actually decreases with increasing drain current. The reason for this can
be seen in Figures 2-9 and 2-10. Figure 2-9 shows drain—source voltage versus gate—
source voltage for the values of drain current tested at —32 °C. For a higher drain
current, the device leaves the on state (and the region of oscillatory behavior) at a
lower Vg, and since Vpg is so closely “spaced” together for the different drain currents
at this temperature, the maximum value of Vpg is actually smaller for a higher drain
current. Figure 2-10 is similar to 2-9, but at 70 °C. In this case, even though the device
still leaves the on state at a lower Vg for a higher drain current, Vpg is “spaced” far

enough apart at the different current levels such that the maximum value of Vpg is
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BVDG vs. Temperature at Various Current Levels for Transistor #15 (Three-Terminal Test)
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Figure 2-7: Transistor #15 drain—gate breakdown voltage BVpg versus temperature
at various drain current levels for three-terminal test.

greater for a higher drain current. Regardless of this behavior though, at each fixed
value of drain current, the plot of BVpg shows a positive temperature coefficient at
lower temperatures and a negative temperature coefficient at higher temperatures,
which once again indicates that impact ionization is dominant at lower temperatures
while thermionic field emission is dominant at higher temperatures. Furthermore,
the plots of BVpg and BVpg appear to again show that impact ionization is less

dominant at lower current levels.

Figure 2-11 shows a plot of Vpg versus Vg for a drain current of 1200 pA at
—32°Cand 70 °C. A noticeable difference between the traces at the two temperatures
is the noisiness of Vpg at —32 °C when compared to the trace at 70 °C. This
noisiness was noticed in three-terminal characterization of the transistor at lower
temperatures, and may be characteristic of the fact that impact ionization appears
to be the dominant breakdown mechanism at lower temperatures while thermionic

field emission appears to be dominant at higher temperatures.

Another key feature of Figure 2-11 is that Vp is essentially constant with respect

to Vs at both temperatures once the transistor enters the off state. In general, this
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BVDS vs. Temperature at Various Current Levels for Transistor #15 (Three-Terminal Test)
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Figure 2-8: Transistor #15 drain—source breakdown voltage BVpg versus temperature
at various drain current levels for three-terminal test.

Vs VS Vas for Transistor #15 at Various Drain Current Levels at ~32°C
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Figure 2-9: Transistor #15 drain—source voltage Vpg versus gate—source voltage Vg
at —32 °C for various drain current levels in the three-terminal test.
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Vs VS Vas for Transistor #15 at Various Drain Current Levels at 70°C
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Figure 2-10: Transistor #15 drain—source voltage Vpg versus gate—source voltage Vg
at 70 °C for various drain current levels in the three-terminal test.
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Figure 2-11: Transistor #15 drain—source voltage Vpg versus gate—source voltage
Vs at =32 °C and 70 °C for a drain current of 1200 pA in the three-terminal test.
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was found to be true for the transistor at all currents and temperatures tested. This
is notable because a significant effect on Vpg by Vgg in the off state for PHEMTs
was demonstrated by [7] in the range of drain current considered in this thesis. The
paper concludes that the ratio of gate length to depletion region extension is the
major factor in determining whether Vgg has an impact on Vpg. Shorter gate length
devices tend to show more of the “source effect” where decreasing Vg causes the
value of Vpg to decrease for a fixed drain current. The PHEMT device considered
in [7] has a gate length of 0.25 pum while the TC2571 PHEMT considered in this
thesis has a gate length of 0.35 pm [14], which may contribute to the lack of source
effect. Without more specific information from the manufacturer about the device’s
structure and composition, though, it is difficult to determine exactly why the source

effect is not demonstrated in this transistor.

2.3 Summary

This chapter presented results from the two-terminal and three-terminal DC tests that
were used to characterize off-state breakdown in the TC2571 PHEMT. Results from
all of these tests suggest that impact ionization is the dominant mechanism responsible
for off-state breakdown at lower temperatures, especially at higher levels of reverse
gate current. At higher temperatures, the dominant breakdown mechanism appears
to be tunneling/thermionic field emission. In this case, tunneling appears to play
a larger role at higher levels of reverse gate current, while thermionic field emission
appears to be more dominant at lower levels of reverse gate current. The three-
terminal test also appeared to show little of the “source effect” that was documented
for some PHEMTS in the literature.

The fact that impact ionization appears to be dominant in off-state breakdown
at lower temperatures for the TC2571 is surprising since this contradicts much of the
existing literature on off-state breakdown in PHEMTs. It is also surprising because
impact ionization is fundamentally a three-terminal mechanism that requires hot

electrons traveling from the drain to the source. A possible explanation and model
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for this behavior is given in Appendix A.
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Chapter 3

RF Device Characterization

This chapter represents the second part of the approach outlined at the beginning
of Chapter 2, and focuses on characterization of breakdown in the TC2571 PHEMT
under RF drive. Specifically, this chapter describes measurements made of average
reverse gate current in the Draper 2.3 GHz microwave power amplifier across a range
of RF input drive levels, temperatures, and biasing conditions. This chapter consists
of five sections. The first section covers measurements made under nominal bias
conditions, while the second and third sections describe the effects of varying the
drain bias voltage and the gate bias voltage, respectively. The fourth section describes
the role that on-state breakdown may play in operation of the amplifier under RF
drive based on the measurements made in the first three sections. The final section

summarizes the results of the chapter.

3.1 Measurements With Nominal Bias

The Draper 2.3 GHz amplifier was designed for use under nominal bias conditions
where the gate of the TC2571 is biased at —1.70 V and the drain is biased at 7.00 V.
During characterization of breakdown under RF drive in the amplifier, measurements
of average reverse gate current in the TC2571 were made by measuring the current
supplied from the gate DC power supply at temperatures between —32 °C and 71 °C
and RF input drive between 12.50 dBm and 16.00 dBm. For nominal bias conditions,
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plots of average reverse gate current with respect to temperature at RF input drive
levels of 13.00 dBm, 14.00 dBm, 15.00 dBm, and 16.00 dBm are given in Figure 3-1

for one amplifier and in Figure 3-2 for a second amplifier.

~lg vs. Temperature at Nominal Bias for Various RF Drive Levels for Amplifier #1
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Figure 3-1: Amplifier #1 average reverse gate current —Ig versus temperature at
various levels of RF input drive with nominal bias conditions.

For both amplifiers and at all levels of RF input drive, reverse gate current de-
creases monotonically as temperature increases. This behavior is characteristic of im-
pact ionization being the dominant breakdown mechanism in this region of operation.
This is similar to the results seen in Chapter 2 for the DC characterization of off-
state breakdown, where impact ionization was the dominant breakdown mechanism
at lower temperature in the TC2571 PHEMT. In this case, though, it appears that
under nominal bias conditions, impact ionization is dominant in breakdown under
RF drive at all temperatures. This observation will be expanded upon in Section 3.4,
where the possible role of on-state breakdown will be discussed.

A complication involved in using measurements of average reverse gate current to
characterize breakdown in the TC2571 under RF drive is the forward gate current
that arises due to forward biasing of the gate—source junction during positive swings of

the gate voltage. The presence of forward gate current in this amplifier can be clearly
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~lg vs. Temperature at Nominal Bias for Various RF Drive Levels for Amplifier #2
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Figure 3-2: Amplifier #2 average reverse gate current —Ig versus temperature at
various levels of RF input drive with nominal bias conditions.

seen in both Figures 3-1 and 3-2, where the average reverse gate current becomes
negative for an input RF drive of 16.00 dBm at higher temperature, indicating that
the average gate current in this region of operation is positive. This forward diode
current increases with increasing temperature, which would make it more difficult
to determine whether a decrease in reverse gate current with increasing temperature
is primarily the result of impact ionization being dominant in breakdown under RF
drive, or if it is primarily the result of increasing forward gate-source diode current.
However, since we would expect both the reverse impact ionization current and the
forward diode current to increase with increasing input RF drive, it is possible to
separate the regions of operation where each is the dominant component of gate
current by looking at the change in reverse gate current across RF input drive at fixed
temperature. A plot of reverse gate current versus RF input drive at temperatures of

—32°C, 0°C, 40 °C, and 71 °C for nominal bias is given in Figure 3-3.

At all temperatures except 71 °C, reverse gate current increases with drive level,
which indicates that the reverse impact ionization current dominates at these tem-

peratures for the range of input RF drive considered. Even at 71 °C, reverse gate

43



RF Device Characterization

~lg vs. RF Input Drive at Nominal Bias for Various Temperatures for Amplifier #1
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Figure 3-3: Amplifier #1 average reverse gate current —Ig versus RF input drive at
various temperatures with nominal bias conditions.

current does not begin to decrease until the higher levels of RF input drive. Thus,
in general, it appears that forward gate—source diode current is not a major factor
in overall average gate current except in regions of operation with high temperature
and high levels of RF input drive. In general, this was observed to be true of all
measurements of reverse gate current under RF drive described in this chapter.
Finally, the TC2571 transistors selected for use in the two amplifiers were closely
matched under two-terminal DC off-state breakdown characterization at 20 °C for
reverse gate current levels between 600 pA and 1200 pA. The characteristics shown
in Figures 3-1 and 3-2 are similar, and show the same general trends, but are not quite
identical. This presence of device variation is similar to what was noted in Chapter 2
about DC device characterization with multiple transistors. All of the tests in this
chapter were performed on both amplifiers, and show the same general trends for

both amplifiers.
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3.2 Measurements With Varied Drain Bias

In order to determine the effects of drain bias on breakdown under RF drive, mea-
surements were made of amplifier reverse gate current using drain bias voltages of
6.50 V and 7.50 V. Plots of reverse gate current across temperature at drain bias
voltages of 6.50 V, 7.00 V, and 7.50 V are given in Figure 3-4 for 14.00 dBm RF input
drive and in Figure 3-5 for 15.00 dBm RF input drive.

=g vs. Temperature at Various Drain Bias Voltages with 14.00 dBm RF Input Drive for Amplifier #1
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Figure 3-4: Amplifier #1 average reverse gate current —Ig versus temperature at
various drain bias voltages with 14.00 dBm RF input drive.

Both plots show increased reverse gate current with increasing drain bias voltage,
which is as expected. Increasing the drain bias voltage of the amplifier causes the
output power of the amplifier to increase and also increases the voltage swing at the
drain of the transistor. This in turn increases drain—gate voltage stress in the tran-
sistor, which leads to increased reverse gate current. Furthermore, both plots show
that the negative temperature coefficient of reverse gate current is present for each
bias voltage tested, which once again indicates that impact ionization is dominant in

breakdown under RF drive in the region of operation tested.
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~lg vs. Temperature at Various Drain Bias Voltages with 15.00 dBm RF Input Drive for Amplifier #1
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Figure 3-5: Amplifier #1 average reverse gate current —Ig versus temperature for
various drain bias voltages with 15.00 dBm RF input drive.

3.3 Measurements With Varied Gate Bias

Measurements were also made to determine the effects of gate bias on breakdown
under RF drive. Gate bias voltages of —1.65 V, —1.70 V, and —1.75 V were used.
A plot of reverse gate current across temperature for these gate bias voltages and
15.00 dBm RF input drive is given in Figure 3-6.

The plot in Figure 3-6 shows no consistent effect of gate bias voltage on reverse
gate current. We might expect that decreasing the gate bias voltage would increase
drain—gate voltage stress and that higher levels of reverse gate current would therefore
be present for a more negative gate bias. This is not the case, and at high temperature,
the opposite effect is present where decreasing the gate bias actually decreases the
reverse gate current. At lower temperature, the reverse gate current at a gate bias
voltage of 1.70 V is greater than the reverse gate current at either of the other bias
voltages.

The reason for these effects is that changing the gate bias voltage dramatically
affects the output power of the amplifier for a given level of RF input drive. Increasing

the gate bias voltage tends to increase the gain of the amplifier at higher temperature,
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~Ig vs. Temperature at Various Gate Bias Voltages with 15.00 dBm RF Input Drive for Amplifier #2
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Figure 3-6: Amplifier #2 average reverse gate current —Ig versus temperature for
various gate bias voltages with 15.00 dBm RF input drive.

which in turn tends to increase the voltage swing at the drain of the amplifier and
causes drain—gate voltage stress to increase at higher gate bias voltage. At lower
temperatures, the effect of gate bias voltage seems more complex, and the maximum
amount of amplifier gain is found at the nominal gate bias voltage of —1.70 V. Plots
of reverse gate current with respect to RF output power at the different gate bias
voltages are given in Figure 3-7 for —32 °C and Figure 3-8 for 20 °C.

In general, the plots show that for a given level of RF output power, reverse gate
current is higher for a more negative gate bias. This effect now makes sense when
we consider that a given level of RF output power generally corresponds to a similar
level of drain voltage swing, regardless of of gate bias. Therefore, for a given level of
RF output power, drain—gate voltage stress will be higher at more negative gate bias
voltages, and there will be more reverse gate current for a given level of RF output

power at more negative gate bias voltages.
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~Ig vs. RF Output Power at Various Gate Bias Voltages at ~32°C for Amplifier #2
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Figure 3-7: Amplifier #2 average reverse gate current —Ig versus RF output power
for various gate bias voltages at —32 °C.

—IG vs. RF Output Power at Various Gate Bias Voltages at 20°C for Amplifier #2
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Figure 3-8: Amplifier #2 average reverse gate current —Ig versus RF output power
for various gate bias voltages at 20 °C.
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3.4 Role of On-State Breakdown

The levels of average reverse gate current seen in experiments in this chapter are
surprising if off-state breakdown is the only mechanism responsible for reverse gate
current in the amplifier. Under nominal bias conditions, average reverse gate current
of up to 2.3 mA was seen at 20 °C at an RF input drive level of 16.00 dBm. Simulation
of the amplifier circuit indicates that peak drain—gate voltage during operation under
these conditions should not exceed 17.5 V. Furthermore, before the transistors were
used in fabrication of the microwave power amplifiers, they were characterized under
two-terminal DC conditions, and showed a drain-gate breakdown voltage of about
21 V for a reverse gate current of 1.2 mA. The broad current sweep characterization
of Chapter 2 also suggests that for a peak drain—gate voltage of 17.5 V, peak reverse
gate current due to off-state breakdown would be expected to not exceed 20 pA, and
therefore average reverse gate current should be less than this. Therefore, there would
appear to be another effect that is leading to increased reverse gate current under RF

drive in the amplifier.

The most likely explanation for the magnitude of reverse gate current under RF
drive is the presence of on-state breakdown. As explained in Chapter 1, on-state
breakdown occurs in a PHEMT when there exists a large drain—source voltage and
the device is in its on-state with a significant amount of drain—source current. Impact
ionization is generally held to be the mechanism dominant in on-state breakdown in
PHEMTSs [13], which matches the observations made in this chapter where reverse

gate current decreased with temperature in the entire range of operation.

On-state breakdown was not initially considered as a possible mechanism for re-
verse gate current in the Draper 2.3 GHz amplifier due to the fact that the amplifier is
a high-efficiency switching amplifier, and therefore has minimal periods of operation
where the device is on and a large drain voltage exists. However, it is possible that
there is enough overlap between regions of high drain voltage and high drain current
during transitions between the on state and off state (and vice versa) for on-state

breakdown to be dominant in the creation of reverse gate current. Although on-state
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breakdown was not considered in the DC characterization performed in Chapter 2,
it should still be possible to create a model that accounts for on-state breakdown
based on these measurements due to the presence of impact ionization in DC off-
state breakdown characterization at low temperature. This idea is expanded upon in

Appendix A.

3.5 Summary

This chapter described the results of characterization of average reverse gate current in
the Draper 2.3 GHz microwave power amplifier under RF drive conditions. The tests
in this chapter were performed across a range of RF input drive levels, temperature,
and biasing conditions. Forward gate current that arises due to forward biasing of the
gate—source junction did not appear to be a major factor except for high temperatures
and large levels of input drive. The results show that an increase in drain bias
voltage leads to increase in average reverse gate current for a fixed level of RF input
drive. Additionally, for a fixed level of RF output power, an increase in gate bias
voltage leads to a decrease in average reverse gate current. Tests under all conditions
showed a decrease in average reverse gate current with temperature, which indicates
that impact ionization current is the dominant component of breakdown reverse gate
current in the amplifier under RF drive.

The relatively large magnitude of average reverse gate current in the tests in this
chapter when compared to data from DC characterization of off-state breakdown in
Chapter 2 suggests that off-state breakdown is not the dominant mechanism respon-
sible for reverse gate current in the amplifier under RF drive. This, along with the
prevalence of impact ionization, suggests that on-state breakdown is dominant in the
amplifier under RF drive. While on-state breakdown was not originally considered
as a possible mechanism for reverse gate current in the amplifier, it is possible that
enough overlap exists between regions of high drain voltage and high drain current

during amplifier transitions for on-state breakdown to be dominant.
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Chapter 4

Device Walkout and Recovery

Characterization

Reliability is crucial to most circuit applications, including those that use microwave
power amplifiers. By degrading device characteristics, hot electron stress during
breakdown has the potential to negatively affect the performance of microwave power
amplifiers. As mentioned in Chapter 1, the trapping of hot electrons during break-
down stress leads to a phenomenon called “breakdown walkout”. Walkout leads to
an increase in off-state breakdown voltage, but also negatively affects device charac-
teristics like RF power gain, which can degrade the performance of a device. With
the removal of breakdown stress, detrapping of electrons can lead to device recovery,
but this recovery may only be partial.

This chapter focuses on characterization of breakdown walkout and recovery in
the TC2571 PHEMT, and is divided into three sections. The first section covers
two-terminal DC characterization of walkout and recovery, while the second section
covers walkout characterization under typical RF drive stress conditions. The final

sections summarizes the results of the chapter.
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4.1 DC Walkout and Recovery Characterization

The first type of walkout and recovery characterization performed on the TC2571
involved DC characterization at different temperatures. For this test, it was decided to
only perform characterization using two-terminal stress and measurement conditions.
This decision was made due to the difficulty of stabilizing the device in a three-
terminal setup that had been evidenced in the three-terminal characterization of the
device described in Chapter 2. The first part of this section describes results of
the two-terminal walkout characterization under stress, and the second part covers

characterization of recovery of the device.

4.1.1 Walkout Characterization

Two-terminal DC characterization of walkout in the TC2571 was performed with the
source of the device left floating and a fixed current of 1.2 mA (0.5 ™*/,,,,) injected
into the drain of the device for the duration of the stress. During the stress, Vpg was
monitored, and stress was stopped when Vpg increased 10% from the lowest value
recorded during the period of stress. Characterization was performed at —32 °C,
20 °C, and 70 °C. Before the application of stress, a pulsed measurement of Vpg was
made to determine an initial value for Vpg. Figure 4-1 shows evolution of Vpg with
respect to time since the application of stress for the transistor at 70 °C. A summary

of the results from the characterization at all three temperatures is given in Table 4.1.

Temperature | Initial Vpg | Minimum Vpg | Time to Walkout 10%
-32°C 18.44 V 18.40 V 99m:30s
20 °C 2195V 21.68 V 23m:40s
70 °C 2277V 20.74 V 12m:20s

Table 4.1: Table summarizing key results from breakdown walkout characterization
on transistors at —32 °C, 20 °C, and 70 °C. The results listed are the initial value of
Vpea before application of stress, the minimum value of Vpg recorded during stress,
and the amount of time from the minimum recorded value of Vpg to when Vpg
reached a value 10% larger.

A notable feature of the evolution of Vpg shown in Figure 4-1 is that the minimum

Vpa achieved during stress is below the initial value. This is notable because it is
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Drain-Gate Voltage vs. Time Since Application of Stress for Transistor #11 at 7°C
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Figure 4-1: Transistor #11 drain—gate voltage Vpg versus time since application of
stress at 70 °C.

believed that breakdown stress in PHEMTSs leads to the trapping of hot electrons at
the extrinsic drain surface, which should lead to an increase in Vpg for a fixed reverse
gate current [10]. The decrease in Vpg is most evident at 70 °C, but is present at the
other temperatures as well, as shown in Table 4.1. At the two other temperatures,
Vpg shows a drop of 1.2% or less, and the minimum value was recorded within five
seconds of the beginning of stress, at which point Vpg steadily increased until stress
was removed. At 70 °C, the minimum value of Vpg is 8.9% smaller than the initial
value, and is achieved 2 minutes after the application of stress. At all temperatures,

after the minimum Vpq is achieved, Vpg increases steadily until stress is removed.

The reason for the decrease in Vpg immediately after the application of stress at
all temperatures might be explained if we make a distinction between trap creation
and trap occupation in PHEMTSs. Hot electrons during breakdown stress might lead
to the creation of traps in the drain access region [15, 16], which in itself leads to
a decrease in drain—gate voltage for a fixed reverse gate current. The subsequent
occupation of these traps might be what leads to breakdown walkout and the increase

in drain—gate voltage for a fixed reverse gate current. From the results presented here,
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it appears that trap creation and the subsequent decrease in drain—gate voltage are
most prevalent at higher temperatures. This also helps to explain the difference at
high temperature between the two-terminal DC tests with short and long sampling
times in Chapter 2. In the test with long sampling time, a decrease in Vpg at high
temperatures was shown when compared to the test with short sampling time. This
decrease can now be seen as possible evidence of trap creation at higher temperature
due to the longer sampling time used.

The other notable feature about the results in Table 4.1 is the amount of time
it takes from the minimum recorded value of Vpg to the point when Vpg reaches a
value 10% higher than this. At —32 °C, this took almost 100 minutes, but at 20 °C,
it only took about 24 minutes. At 70 °C, it was even faster, and only took about
12 minutes. The fact that walkout occurs faster at higher temperatures seems to
indicate that trap occupation occurs more rapidly at higher temperatures. This is
actually in contrast to results that are reported for PHEMTSs in the literature which
indicate that device degradation induced by hot-electron effects should be smaller at

higher temperatures due to the role of increased phonon scattering [11].

4.1.2 Recovery Characterization

DC characterization of recovery from breakdown stress in the TC2571 was performed
on the same transistors that were stressed during DC walkout characterization. After
the removal of stress, the devices were kept at the same temperature, and a pulsed
measurement of Vpg using a fixed drain—gate current of 1.2 mA and a sampling time
of 25 ms was made every 20 seconds. Figure 4-2 shows measurements of Vpg with
respect to time since the beginning of recovery for the transistor at 70 °C. Table 4.2
summarizes some of the results from this part of the characterization.

A notable feature about the plot in Figure 4-2 is the rapid drop in Vpg immediately
after the removal of stress. The results given in Table 4.2 show that this drop occurs
at all temperatures almost immediately after stress is removed. After 20 seconds of
recovery, the transistors showed a drop in Vpg from the final value recorded during

stress of 1.89%, 8.36%, and 13.71% at —32 °C, 20 °C, and 70 °C, respectively. This
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Drain-Gate Voltage vs. Time Since Beginning of Recovery for Transistor #11 at 7°C
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Figure 4-2: Transistor #11 drain-gate voltage Vpg versus time since beginning of
recovery at 70 °C.

Vpe Before | Vpg After Vpg at 20s | Vpg at 5m | Vpg at 30m
Temperature Stress Stress Recovery Recovery Recovery
—-32°C 18.44 'V 19.64 V 19.27V 19.08 V 18.94 V
20 °C 21.95 V 23.92 'V 21.92V 21.60 V 21.44 V
70 °C 22.7T7TV 2297V 19.82 V 19.33 V 18.84 V

Table 4.2: Table summarizing key results from walkout recovery characterization on
transistors at —32 °C, 20 °C, and 70 °C. The results listed are the initial value of
Vpe before application of stress, the final value of Vpg after application of stress,
the value of Vpg after 20 seconds of recovery, the value of Vpg after 5 minutes of
recovery, and the value of Vpg after 30 minutes of recovery.

drop in Vpg appears to show that detrapping of electrons occurs most quickly after
the removal of stress, and also occurs more rapidly at higher temperature.

This observation about the speed of recovery and electron detrapping at different
temperatures can be seen in the measurements made at 5 minutes and 30 minutes
as well. The relatively slow recovery of the device at —32 °C when compared to
the devices at 20 °C and 70 °C is especially notable. Vpg measured after 5 minutes
and 30 minutes of recovery for the devices at 20 °C and 70 °C is actually below the
minimum value of Vpg recorded during stress for these devices, while the value of

Vpg for the device —32 °C at each of these times is still well above the minimum
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value recorded during stress. Furthermore, 24 hours after the removal of stress for the
device at —32 °C, Vpg was measured to be 18.63 V, which is a drop of 5.16% from the
final stress value of Vpg. For comparison, a drop of this relative magnitude in Vpg
was observed within 20 seconds of the removal of stress for the devices at 20 °C and
70 °C. Similar observations of increased electron detrapping at higher temperature
are described in [17].

After the final recovery measurements were made, the devices were stored at room
temperature (roughly 21 °C) for a week. The devices were then removed from storage,
and brought back to the temperatures at which they were originally stressed. Vpg
for these devices was then measured using the same pulsed measurement technique
used during the initial recovery measurements. Table 4.3 summarizes the results of
characterization after one week of recovery, and includes key results from the previous
walkout and recovery characterization. Vpg measured for each of these devices was
well below the minimum Vpg recorded during stress of the device. This probably
reflects the fact that traps continued to be created (and occupied) during stress of
the device beyond the point where Vpg reached a minimum. Once the electrons were
detrapped during recovery, the minimum value of Vpg was therefore lower than the

minimum value recorded during stress.

el Minimum Vpg | Vpe at 30m Vpa After
Temperature | Initial Voo During Stress Recovery Week Storage
—-32 °C 18.44 'V 18.40 V 18.94 V 17.59 V
20 °C 21.95V 21.68V 2144V 20.09 V
70 °C 22.7T7TV 20.74 V 18.84 V 1751V

Table 4.3: Table summarizing key results from walkout recovery characterization after
one week of storage at room temperature on transistors initially stressed at —32 °C,
20 °C, and 70 °C. The results listed are the initial value of Vpg before application
of stress, the minimum value of Vpg recorded during stress, the value of Vpg after
30 minutes of recovery, and the value of Vpg after one week of storage at room
temperature.

Another observation made about the devices after a week of recovery at room
temperature was the relatively fast rise in Vpg after a quick sequence of 25 ms pulsed

measurements was applied. Five pulsed measurements within five seconds caused Vpg
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for the device at —32 °C to rise to 18.44 V (from 17.59 V), at which point successive
pulses appeared to show approximately the same Vpg of 18.4 V. A similar observation
was made for the device at 20 °C, which showed a rise to 21.32 V from 20.09 V.
Successive pulses also showed Vpg to be stable at about 21.3 V. This behavior
may indicate that trap occupation occurs relatively rapidly after the beginning of
application of stress, and that drain—gate breakdown voltage for PHEMTs that have
been stressed may actually be higher in practice than what a pulsed measurement
reveals.

As mentioned in Chapter 1, breakdown walkout is stated by some sources in the
literature to be a permanent effect [10, 11] in PHEMTs. After observing the results
of DC walkout and recovery characterization for the TC2571, it would appear that
this is true, at least in a sense. The creation of traps caused by hot electron stress
during breakdown walkout appears to be a permanent effect that leads to an initial
decrease in Vpg for a fixed reverse gate current. The occupation of these traps by
electrons, however, does not appear to be a permanent effect. The increase in Vpg
caused by occupation of traps by electrons begins to disappear once breakdown stress
is removed as electron detrapping occurs. This detrapping appears to proceed more

quickly at higher temperatures.

4.2 RF Walkout Characterization

Characterization of breakdown walkout and recovery of the TC2571 PHEMT under
RF drive was performed using tests of the 2.3 GHz Draper amplifier under conditions
that were designed to simulate the stress that the amplifier would be expected to
undergo during its target operating conditions. The amplifier was stressed using a
cycle where it was turned on with drain bias voltage of 7.00 V and gate bias voltage of
—1.70 V and stressed with RF input drive of about 16.25 dBm for about 30 seconds,
and then turned off for about 240 seconds before the stress cycle was repeated. The
level of RF input drive was chosen to ensure that the amplifier was driven well into

saturation. A sweep of RF input power from 13.00 dBm to 16.25 dBm was performed
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at the beginning and end of each amplifier “on” cycle, and halfway through each
“oftf” cycle. During each sweep, measurements of RF output power and reverse gate
current were made at each input power level tested. Two amplifiers were stressed
under these conditions. The transistors used in each amplifier were initially screened
for threshold voltages between —1.8 V and —1.6 V, and were then matched under
two-terminal DC test conditions. One amplifier was tested using the RF stress cycle

at 20 °C, and the other was tested at —32 °C.

The amplifier tested at 20 °C was left under stress for about 66 hours. Figure 4-3
shows a plot of average reverse gate current versus RF input drive before and after
the operation period. A couple of interesting features are worth mentioning about
this plot. As mentioned earlier in Chapter 3, the average gate current is the sum of
forward (gate—source diode) and reverse (gate—drain breakdown) components. Given
the results of characterization in Chapter 3 for temperatures below 60 °C, the reverse
gate current component due to breakdown appears to be dominant. Second, for the
amplifier “on” cycles, the input drive level is 16.25 dBm, which corresponds over
the course of this test to an average reverse gate current level that decreased from
2.8 mA (1.17 ™A/ 1) to 2.3 mA (0.96 ™/ ,,m). This level of average reverse gate
current is about twice as high as that used in the DC two-terminal test of walkout
and recovery. Finally, at all input drive levels tested, there is a decrease in average
reverse gate current over time. This is a clear indication that breakdown walkout has

occurred in the device over the course of the test.

Since walkout tends to degrade PHEMT device characteristics [10, 11], it might
be expected then that the stress period would reduce amplifier output power at all
drive levels. However, as shown in Figure 4-4, output power does decrease noticeably
at lower input drive levels, but at higher input drive levels where output power is
more saturated, there appears to be little change in output power after stress. This
can also be seen in Figure 4-5, where the change in amplifier output power is plotted
with respect to time since the beginning of stress for input drive levels of 13.00 dBm,
14.84 dBm, and 16.25 dBm. At the lowest drive level of 13.00 dBm, amplifier output
power drops by 0.15 dBm during the stress period, and at 14.84 dBm, amplifier
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Slgvs. P for Amplifier #1 Before and After 66 Hours of Stress at 20 °C
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Figure 4-3: Amplifier #1 average reverse gate current —Ig versus RF input drive P;,
before and after 66 hours of stress at 20 °C.

output power drops by about 0.04 dBm. However, for input drive of 16.25 dBm, the
output power actually appears to increase slightly by 0.02 dBm. This increase seems
somewhat remarkable, and cannot be readily explained. Calibration drift in the
measurement equipment was negligible, and there was a decrease in average drain
current at all input drive levels tested over the course of the test. Regardless, it
seems clear that while breakdown walkout in the amplifier PHEMT at 20 °C led to a
decrease in amplifier gain at lower levels of input drive, it did not have a major effect
on the saturated output power of the amplifier, which is an important consideration
in determining the effect of breakdown walkout on device reliability.

The amplifier stressed at —32 °C showed similar trends under stress to the ampli-
fier stressed at 20 °C. Figure 4-6 shows average reverse gate current versus RF input
drive for the amplifier before and after 66 hours of stress, and a reduction in average
reverse gate current at all levels of input drive is apparent. For this amplifier, during
the “on” cycles where the amplifier had an input drive of 16.25 dBm, average reverse
gate current over the course of the test decreased from 4.2 mA (1.75™4/,..,) to 3.5 mA
(1.46 ™~ /.n). This range of current is roughly between three to four times as high as

the current level used in the two-terminal DC characterization of breakdown walkout,
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Pom vs. Pin for Amplifier #1 Before and After 66 Hours of Stress at 20 °C
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Figure 4-4: Amplifier #1 RF output power P, versus RF input drive P;, before and
after 66 hours of stress at 20 °C.

Change in Pout VS Time After Beginning of Stress for Amplifier #1 at 20°C for Various Input Drive Levels

0.04 T T T T T T
0.02 —F/___F,d/\,_(_‘,_/m .
0 i
\
RN
~
-0.02 T~ i
= T T e -~ N i N
% -0.04 -
8
c 006 B
@
=)
g
8 -0.08 N
(&}
-0.1- B
-0.12- 16.25 dBm 7
— — —14.84dBm
_0.14 13.00 dBm i
-0.16 L L L L L L
0 10 20 30 40 50 60 70

Time After Beginning of Stress (hours)

Figure 4-5: Amplifier #1 change in RF output power P, versus time since beginning
of stress at 20 °C for various input drive levels.
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and is about 50% higher than the level of average reverse gate current in the test at
20 °C. Figure 4-7 shows a plot of RF output power versus RF input drive before and
after 66 hours of stress, and once again, there is a noticeable decrease in RF output
power at lower drive levels, and an apparent slight increase in saturated RF output
power at higher drive levels. Figure 4-8 shows the change in amplifier output power
with respect to time since the beginning of stress at input drive levels of 13.00 dBm,
14.34 dBm, and 16.25 dBm. This plot shows the change in output power over 145
hours, which is more than twice as long as the plots previously considered, but the
trends shown seem to be continuations of those that would be observed at 66 hours.
As with the test at 20 °C, there is a noticeable drop in amplifier gain at lower input
drive levels, but there is also an increase in saturated amplifier output power at higher
drive levels. The reason for the increase in amplifier saturated output power is still
unclear. Once again, there was no calibration drift in the measurement setup, and
there was a decrease in average drain current at all input drive levels over the course

of the test.

“lgVvs- P for Amplifier #2 Before and After 66 Hours of Stress at -32 °C
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Figure 4-6: Amplifier #2 average reverse gate current —Ig versus RF input drive P;,
before and after 66 hours of stress at —32 °C.

While the general trends in the change of average reverse gate current and output

61



Device Walkout and Recovery Characterization

PDut vs. Pin for Amplifier #2 Before and After 66 Hours of Stress at —32 °C
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Figure 4-7: Amplifier #2 RF output power P, versus RF input drive P;, before and
after 66 hours of stress at —32 °C.
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Figure 4-8: Amplifier #2 change in RF output power P, versus time since beginning
of stress at —32 °C for various input drive levels.

62



4.2 RF Walkout Characterization

Change in Pout VS Time After Beginning of Stress for Amplifiers at ~32°C and 20 °C for 13.00 dBm Input Drive
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Figure 4-9: Comparison of change in RF output power P, versus time since begin-
ning of stress for Amplifier #1 (at 20 °C) and Amplifier #2 (at —32 °C) for 13.00 dBm
RF input drive.

power in Figures 4-6 and 4-7 are the same as for the amplifier at 20 °C, the drops
in both output power at lower drive levels and average reverse gate current are of
larger magnitude in the amplifier at —32 °C. The increased speed and magnitude
of breakdown walkout at lower temperature can also be seen in Figure 4-9, which
shows the change in RF output power versus time since the beginning of stress for
the amplifiers at 20 °C and —32 °C for 13.00 dBm RF input drive. The increased
prevalence of walkout at lower temperatures is a marked change from the DC two-
terminal characterization of walkout, where walkout proceeded far more slowly at
—32 °C than it did at 20 °C. This is likely due to the increase magnitude of average
reverse gate current at lower temperatures, which is believed to be a symptom of
the prevalence of on-state breakdown induced by impact ionization (as stated in

Chapter 3).

In the plots in this section that show changes in RF output power over time (like
Figures 4-5 and 4-8), perturbations from the general trend can be noticed in the traces

of output power. These perturbations are relatively small in magnitude, and occur
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at the same time across all input drive levels in each test. It is believed that these
perturbations have to do with the effect of poorly controlled ambient temperature on
the measurement setup that was used to determine the value of RF input drive and
output power. Such perturbations did not appear to affect the conditions that the
device was stressed under, and therefore the general trends seen in output power in
this section are still valid.

The results presented in this section present an interesting amplifier design di-
lemma related to continuous operation conditions. In order to have a steady level of
output power during continuous operation for a fixed level of RF input drive, it seems
that the power amplifier must be stressed in a region where amplifier output power
is saturated. However, it is under these conditions where the amplifier will show
the greatest walkout and degradation over time as the device undergoes high levels
of breakdown stress. Further long term testing of walkout in the amplifier across a
range of RF drive conditions and temperatures may help to provide a solution for this
dilemma, and identify areas of operation where a certain amount of output power can

be traded for increased reliability.

4.3 Summary

This chapter focused on characterization of breakdown walkout and recovery in the
TC2571 PHEMT. The first section of the chapter described two-terminal DC char-
acterization of walkout and recovery in the device. Testing was performed at three
temperatures, and shows that walkout appears to proceed more quickly at higher
temperatures as Vpg rose more rapidly for a fixed level of reverse gate current under
these conditions. Walkout is believed to be the result of electrons occupying traps
in the device, and as a result, it appears that trap occupation occurs more rapidly
at higher temperatures, which is in contrast with existing research on PHEMTSs in
the literature. The device also shows faster recovery at higher temperatures as break-
down voltage decreases more rapidly after the removal of stress under these conditions,

which is believed to be due to an increase in the rate of electron detrapping at these
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temperatures. Tests after the devices had been stored for a week show that the final
value of breakdown voltage after recovery degraded significantly from its initial value,
which indicates that the creation of traps may occur during breakdown stress in the
device. This possible trap creation may also be the reason why there is a rapid initial
drop in Vpg after the application of stress. The trapping and detrapping of electrons
does not appear to be a permanent effect in the device, but the creation of traps does
appear to be permanent.

The second section of the chapter focused on characterization of walkout in the
Draper 2.3 GHz amplifier under RF drive. Testing was performed using a stress cycle
that is designed to replicate operational conditions for the amplifier. Observations
of average reverse gate current show that significant walkout occurs after use of the
stress cycle. While walkout leads to a noticeable decrease in amplifier gain at lower
levels of RF input drive, it had no negative effect on amplifier saturated output
power, which appears to increase slightly after walkout. Walkout under RF drive
also proceeds more quickly at lower temperatures, which is likely due to the increased
levels of reverse gate current seen under these conditions. The results of walkout
characterization of the amplifier present a dilemma about continuous operation since
the amplifier must be driven into saturation in order to maintain a steady level of
output power over time, but it is under these conditions where the amplifier is most

likely to show walkout and degradation.
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Chapter 5

Circuit Design Techniques to

Mitigate Degradation

As described in Chapter 4, breakdown stress in PHEMTs can lead to degradation of
device characteristics. This has the potential to negatively affect the reliability of cir-
cuits that use PHEMTS, especially microwave power amplifiers. By mitigating device
degradation due to breakdown stress, circuit reliability can be increased. Further-
more, as mentioned in Chapter 1, mitigating device degradation due to breakdown
stress can also lead to power amplifiers with higher efficiency and/or higher output
power while maintaining device reliability.

This chapter describes two circuit design techniques that might be used to miti-
gate device degradation due to breakdown stress in microwave amplifiers. The first
section describes using temperature-compensated attenuation of input drive to re-
duce reverse gate current due to breakdown, particularly at lower temperatures. The
second section describes the use of a diode to clamp the negative swing of voltage at

the gate of the device. The final section summarizes the results of the chapter.

5.1 Temperature-Compensated Input Drive

As seen in Chapter 3, for the 2.3 GHz amplifier studied in this thesis, reverse gate

current for a fixed level of RF input drive was markedly higher at lower temperatures.
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However, the amplifier’s RF power gain is also higher at low temperature. Thus, since
a fixed amount of output power is usually desired regardless of temperature, input
drive can be attenuated at low temperatures to take advantage of the higher gain and
reduce breakdown stress.

An example of the effect of using temperature-compensated input drive is shown
for one amplifier in Figure 5-1. If at least 30.00 dBm of output power is required
between —32 °C and 60 °C for the amplifier, and a constant RF input drive level is
used, then the input RF drive must be at least 16.00 dBm. However, if temperature-
compensated input drive for an output power of 30.00 dBm is used, then reverse gate
current (and breakdown stress) can be significantly reduced, as shown in the plot.
At —32 °C, only about 13.18 dBm of input drive would be required, and at 20 °C,
only about 14.75 dBm of input drive would be required. The figures for input drive
and reverse gate current are derived from interpolation using RF characterization
data from Chapter 3, and are thus approximate. However, the general effect of

temperatured-compensated input drive is still clear.

Comparison of —IG vs. Temperature in Amplifier #1 at Nominal Bias for Constant Drive and Temperature—-Compensated Drive
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Figure 5-1: Comparison of amplifier #1 average reverse gate current —Ig versus
temperature at nominal bias conditions for 16.00 dBm constant input drive and
temperature-compensated input drive for 30.00 dBm output.
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Figure 5-2 shows a similar plot for a second amplifier, but between —32 °C and
71 °C for 29.50 dBm of output power (since the second amplifier has slightly less
gain than the first). In this case, 15.50 dBm of input drive is required in order to
have at least 29.50 dBm of output power across the full range of temperature for
constant RF input drive. Once again, the plot shows that a significant reduction in
reverse gate current (and the corresponding breakdown stress) can occur by using

temperature-compensated input drive.

Comparison of ~Ig vs. Temperature in Amplifier #2 at Nominal Bias for Constant Drive and Temperature—Compensated Drive
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Figure 5-2: Comparison of amplifier #2 average reverse gate current —Ig versus
temperature at nominal bias conditions for 15.50 dBm constant input drive and
temperature-compensated input drive for 29.50 dBm output.

Implementation of temperature-compensated input drive for a microwave power
amplifier generally requires attenuating the output of the driver amplifier stage that
precedes a microwave power amplifier. A method for implementing temperature-
compensated input drive will not be covered, since it is beyond the scope of this thesis,
but such methods are well covered in the literature. These techniques include placing
a passive network of diodes and resistors at the gate of amplifier transistors [18], using
a ROM to store appropriate input drive levels at various temperatures [19], and the

use of a temperature-controlled variable gain amplifier to drive the power amplifier
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[20]. Additionally, passive temperature compensation attenuators are sold as stand-
alone products by some companies [21], and are perhaps the simplest solution for
implementing temperature-compensated input drive. These passive attenuators also
have the benefit of providing some impedance mismatch isolation between the driver

and power amplifier stages.

5.2 Gate Voltage-Clamp Diode

High peak drain—gate voltage is the primary factor that leads to off-state breakdown
stress in PHEMT microwave power amplifiers, and can also contribute to on-state
breakdown stress. By reducing drain—gate voltage swing in microwave power ampli-
fiers for a given amount of output power, gain, and/or efficiency, it should be possible
to increase device performance while avoiding degradation due to breakdown stress,
and thus maintain reliability. One possible method for reducing peak drain—gate volt-
age is to clamp the negative swing of gate voltage during the amplifier’s off state by
using a diode that is connected between the gate of the transistor and a bias voltage
Veramp, which should be set near the gate bias voltage. The gate bias voltage in a
switching power amplifier is generally near the device’s threshold voltage, and since
negative gate voltage swing well below the threshold voltage of the device does not
“turn off” the transistor significantly more than leaving the gate voltage just below
threshold, such clamping, at first glance, would be expected to reduce peak drain—
gate voltage while not significantly affecting amplifier performance. A schematic of
a power amplifier circuit that uses a clamping diode to limit negative gate voltage
swing is shown in Figure 5-3.

In order to determine the effects of using a diode to clamp negative gate voltage
swing, it was decided to compare simulations in Agilent’s Advanced Design System
of designs of the Draper 2.3 GHz microwave power amplifier with and without a
clamping diode. Since the diode has the potential to change input impedance charac-
teristics of the amplifier, the input network of the amplifier was optimized separately

for each circuit. A parameterized diagram for the input network of the amplifier
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Figure 5-3: A schematic of a power amplifier circuit that uses a diode to clamp
negative gate voltage swing.

is given in Figure 5-4. The input network contains a microstrip transmission line
structure with a stub that is primarily used to control impedance characteristics at
the second harmonic. All parameters of the input network were used in optimization
except the value of the choke inductance, which was fixed at 2.55 nH. The drain bias
and gate bias voltages were set at 7.00 V and —1.80 V, respectively. Optimization of
the input network for each version of the amplifier was performed to provide the max-
imum power-added efficiency! with at least 30.50 dBm output power for 15.00 dBm
input drive and a maximum drain—gate voltage of 17.50 V. For reasons that will be
explained later, the diode used in the clamping diode amplifier design was biased at
—3.10 V and was an ideal diode with no capacitance, ohmic resistance, or reverse
current effects and a forward voltage of about 0.3 V2.

Table 5.1 shows the optimized parameters for the amplifier input network for
both amplifier designs. The parameters for both amplifiers are fairly similar with the
exception of Li.in1, which is significantly smaller for the design with the clamping
diode. Comparison of simulated performance for the two amplifiers with 15.00 dBm

input drive is given in Table 5.2. Output power is slightly higher and power-added

'Power-added efficiency (or PAE) for a power amplifier is defined as , where P,y is the
RF output power, Py, is the RF input power, and Pp¢ is the power consumed by the amplifier from
the DC drain and gate bias supplies.

2This is similar to a typical Schottky diode forward voltage drop.

Pout —Pin
Ppc
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Figure 5-4: A diagram of the input network for the Draper 2.3 GHz microwave
power amplifier. The input network contains a microstrip transmission line structure
with a stub that is primarily used to control impedance characteristics at the second

harmonic.

Parameter | Original Amplifier | Clamping Diode Amplifier
Cin 1.59 pF 1.60 pF
Winain 75.6 mil 52.4 mil
Limain1 139.3 mil 29.2 mil
Lmain2 241.1 mil 291.9 mil
Wstub 25.1 mil 26.8 mil
Lstub 214.0 mil 212.0 mil

Table 5.1: Table of parameters for the amplifier input networks of the Draper 2.3 GHz
power amplifier designs with and without a clamping diode.

Performance at 15.00 dBm Input | Original Amplifier | Clamping Diode Amplifier
Output Power 30.50 dBm 30.51 dBm
Power-Added Efficiency 80.18% 78.05%
Peak Drain—Gate Voltage 17.50 V 16.79 V

Table 5.2: Table of simulated performance values for the Draper 2.3 GHz power
amplifier designs with and without a clamping diode for 15.00 dBm input power.
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5.2 Gate Voltage-Clamp Diode

efficiency is slightly lower for the amplifier with the clamping diode. The most notable
difference, though, is the fact that peak drain—gate voltage is reduced by 0.71 V in
the amplifier with the clamping diode. This reduction may seem relatively small, but
as was seen in Chapter 2 for DC characterization, even a small change in drain—gate
voltage can lead to significant change in reverse gate current due to breakdown?. As
Figure 5-5 shows, the diode helps to keep the negative gate voltage swing in the
clamping diode amplifier about 1.2 V smaller than that in the original amplifier for
15.00 dBm input drive, which contributes to reduced peak Vpg in Figure 5-6. Indeed,
the optimization constraint on keeping maximum drain-gate voltage to 17.50 V or
below is not actually needed in the amplifier with the clamping diode, and the fact
that this amplifier design is still able to meet the output power specification and come
close in power-added efficiency to the original amplifier helps demonstrate the utility
of using a clamping diode to limit negative gate voltage swing.

While the use of a diode to clamp negative gate voltage swing is promising, there
are potential problems that were discovered with the technique during the course of
evaluating its use. The first is the problem introduced by transistor package parasitics.
Such parasitics behave like LC networks that are present between the input network
and the intrinsic device gate, and the impedance characteristics of these networks
can alter the characteristics of the gate drive before it reaches the device. This is
demonstrated for the original Draper amplifier design at 15.00 dBm input drive in
Figure 5-7, where the voltage at the intrinsic device gate shows a significant increase
when compared to voltage at the gate lead of the transistor package due to resonance
in the package parasitics. Thus, if the clamp diode is connected to the gate lead
of a packaged transistor, as might be the case for a standard printed circuit board
amplifier, then the diode can be ineffective in clamping the negative swing of voltage

at the intrinsic gate of the transistor. This might not be as much of an issue in multi-

3A rather rough method of determining the reduction in reverse gate current can be used if a
combination of simulation and RF characterization data from Chapter 3 is referenced. Simulation
of the original Draper amplifier shows that a drop of peak drain—gate voltage from 17.50 V to 16.79
V corresponds to a drop in input drive from 15.00 dBm to 12.00 dBm. Such a reduction in input
drive, from the characterization of Amplifier #1 under nominal bias conditions, would correspond
to a reduction of average reverse gate current from 2.6 mA to less than 0.1 mA at —32 °C, from 0.9
mA to less than 0.1 mA at 20 °C, and from 0.1 mA to less than 0.1 mA at 71 °C.
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Simulated Vs Vs Time for Original and Clamping Diode Amplifier Designs for 15.00 dBm Input Drive
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Figure 5-5: Comparison of simulated Vgg versus time for the Draper 2.3 GHz power
amplifier designs with and without a clamping diode for 15.00 dBm input drive.
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Figure 5-6: Comparison of simulated Vpg versus time for the Draper 2.3 GHz power
amplifier designs with and without a clamping diode for 15.00 dBm input drive.
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chip module (MCM) amplifiers [22] or in monolithic microwave integrated circuits
(MMICs). In both of these types of circuits, components are much more tightly
integrated, and therefore parasitics generally tend to play a smaller role. Since the
Draper 2.3 GHz amplifier will eventually be fabricated in an MCM process, for the
simulations in this thesis, it was decided to place the clamping diode “after” the
package parasitics and put it directly at the intrinsic gate of the device.

Simulated Voltage at Gate Lead and Intrinsic Gate of Transistor in Draper Amplifier for 15.00 dBm Input Drive
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Figure 5-7: Comparison of simulated voltages at the gate lead and intrinsic gate of
the transistor versus time for the Draper 2.3 GHz power amplifier for 15.00 dBm
input drive.

Another potential problem with the use of a gate voltage-clamp diode is the pres-
ence of diode nonidealities like depletion and diffusion capacitances and ohmic resis-
tance. The presence of diode capacitance can generally be dealt with by changing
input network parameters to compensate for the added capacitance. However, ohmic
resistance is a more serious problem as it degrades switching performance of the diode,
which is critical for applications like a microwave amplifier where switching time needs
to be in the picosecond range in order for clamping to be effective. Fast-switching
Schottky diodes that are designed for use in RF clamping/transient-suppression ap-

plications would therefore probably be the best choice for gate voltage-clamp diodes.
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A final potential problem discovered in simulation of the Draper 2.3 GHz amplifier
with a negative voltage-clamp diode is the limitation of positive gate voltage swing
by the diode. This effect was surprising, and it was discovered that as negative gate
voltage swing became more clamped, the positive gate voltage swing decreased as
well, which dramatically affected the gain of the power amplifier. To demonstrate
this effect, the amplifier circuit with a clamp diode was simulated with different
diode bias voltages. Figure 5-8 shows simulated gate—source voltage for the amplifier
at 15.00 dBm input drive for the various diode bias voltages. As the diode bias
voltage is increased, the negative voltage swing at the gate is clamped further, which
is expected. However, the positive voltage swing decreases as well. A possible reason
for this decrease in positive voltage swing can be seen in Figure 5-9, which shows
simulated diode current under the same conditions. Due to inductance in the network
connected to the gate of the device, the clamping diode cannot instantaneously “turn
oft” when the amplifier enters its “on” state, and the reactive current that flows
through the inductance keeps the diode “on” and limits the positive swing of gate
voltage. At higher bias voltages, this effect becomes more pronounced as the diode
has a larger peak current in it during the amplifier “off” state and therefore takes
longer to turn off as the amplifier enters its “on” state. In effect, by more strongly
clamping the negative swing of gate voltage, the positive swing of gate voltage is also

more strongly clamped.

As mentioned before, a diode with a 0.3 V forward voltage drop and a bias voltage
Veopamp of —3.10 V was used in the simulation to determine the effects of clamping
negative gate voltage swing. The large 1.30 V difference between the gate bias voltage
and the diode bias voltage was required to achieve sufficient output power as higher
diode bias voltages tended to restrain the positive swing of gate voltage too much.
However, creating the additional negative DC voltage is usually not a trivial task,
and requires additional circuit complexity, area, and power consumption. Another
possible solution may be to keep the diode bias voltage at the gate bias voltage, but to
use multiple diodes in series to increase the effective forward voltage drop. This poses

a problem of increased effective series resistance, though. A change in the structure
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Simulated Vgs Vs Time for Clamping Diode Amplifier With 0.3 V Diode at Different Diode Biases at 15.00 dBm Input Drive
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Figure 5-8: Comparison of simulated Vgg for the clamping diode amplifier with a
0.3 V diode at various diode bias voltages and 15.00 dBm input drive.

Simulated IDIODE vs. Time for Clamping Diode Amplifier With 0.3 V Diode at Different Diode Biases and 15.00 dBm Input Drive
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Figure 5-9: Comparison of simulated Ipjopg for the clamping diode amplifier with a
0.3 V diode at various diode bias voltages and 15.00 dBm input drive.
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of the network connected to the gate of the device! could also prevent inductance
from keeping the diode on when the amplifier enters the on state, and thus allow for
negative gate voltage swing to be more strongly clamped without affecting amplifier
gain. Even without this change, the effect of inductance will be less pronounced at
lower frequencies, and therefore the use of a gate voltage-clamp diode will likely be

more effective for amplifiers operating below 1 GHz.

5.3 Summary

This chapter described two circuit techniques that might be used to mitigate device
degradation due to breakdown stress in microwave power amplifiers. Temperature-
compensated input drive, the first technique, involves the attenuation of input drive
at lower temperatures, where average reverse gate current is higher, in order to reduce
breakdown stress. Since gain is higher at lower temperatures as well, the reduction of
input drive at these temperatures can be performed without a loss of output power.
Data from characterization of the Draper 2.3 GHz amplifier under RF drive demon-
strates the potential value of using temperature-compensated input drive instead of
a fixed level of input drive at all temperatures. A specific method of implementing
temperature-compensated input drive was not described in this chapter, but possible
techniques were suggested.

The second technique considered in this chapter involves the use of a diode to
clamp the negative swing of voltage at the gate of the power amplifier transistor, and
thus reduce drain—gate voltage stress. Effects of using the technique were determined
through simulation of a reoptimized version of the Draper 2.3 GHz amplifier with
a gate voltage-clamp diode. The simulation shows the promise of the technique as
peak drain—gate voltage was noticeably reduced without significant negative effects
on output power or efficiency. Limitations on the effectiveness of the technique were
discovered though, including transistor package parasitics, diode nonidealities, and

inductive current preventing the diode from turning “off”, which restrains positive

4Such a change, for example, could be the inclusion of a “snubber” circuit.
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voltage swing at the gate of the transistor and thus reduces amplifier gain. These
limitations can likely be mitigated by more tightly integrating components to reduce
parasitics, carefully selecting clamp diodes to minimize nonidealities, and changing

gate network circuitry to prevent inductive current from keeping the diode on.
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Chapter 6

Conclusion

This chapter concludes the thesis. The first section summarizes the work presented in
previous chapters, while the second section provides some guidance for future research

that might stem from the work done here.

6.1 Summary of Thesis

This thesis has explored issues related to breakdown in microwave power amplifiers.
Specifically, this thesis has focused on breakdown in the Transcom TC2571 PHEMT,
and the effects this has on the Draper Laboratory 2.3 GHz microwave power amplifier
in which the transistor is used. Characterization of breakdown, including the effects
of walkout and recovery, was performed under DC and RF conditions. Circuit design
techniques to mitigate device degradation due to breakdown were also described.
Chapter 2 focused on DC characterization of off-state breakdown in the TC2571
under two-terminal and three-terminal conditions across a range of currents and tem-
perature. As expected, at higher temperatures, the dominant mechanism involved
in off-state breakdown appeared to be tunneling/thermionic field emission. However,
surprisingly, the dominant mechanism involved in off-state breakdown at lower tem-
peratures appeared to be impact ionization, particularly at higher levels of current.
Chapter 3 described RF characterization of average reverse gate current in the

Draper 2.3 GHz power amplifier across a range of RF input drive levels, tempera-
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ture, and biasing conditions. An increase in drain bias voltage led to an increase in
average reverse gate current for a fixed level of RF input drive. Additionally, for a
fixed level of RF output power, an increase in gate bias voltage led to a decrease in
average reverse gate current. Tests under all conditions showed a decrease in aver-
age reverse gate current with temperature, which indicates that impact ionization is
dominant in breakdown under RF drive for the amplifier. Based on the prevalence of
impact ionization and the relatively large levels of average reverse gate current seen,
it was suggested that on-state breakdown was dominant in the creation of reverse

gate current in the amplifier.

Chapter 4 covered characterization of breakdown walkout and recovery in the
TC2571. The first section of the chapter focused on DC characterization of walkout
and recovery. Characterization of walkout was performed at three temperatures us-
ing two-terminal stress of the TC2571, and showed that walkout appeared to proceed
more quickly at higher temperatures as the drain—gate breakdown voltage rose more
rapidly for a fixed level of reverse gate current under these conditions. This was
believed to be the result of electrons occupying traps faster at higher temperatures.
The device also showed faster recovery and electron detrapping at higher tempera-
tures as breakdown voltage decreased more rapidly after the removal of stress under
these conditions. Long term tests showed that the final value of breakdown voltage
after recovery degraded significantly from its initial value, which indicated that the
creation of traps may occur during breakdown stress in the device. This possible trap
creation also manifested itself as a rapid initial drop in drain—gate breakdown voltage
immediately after the application of stress. While the trapping and detrapping of
electrons may not be a permanent effect in the device, the creation of traps does

appear to be permanent.

The second section of Chapter 4 focused on RF characterization of walkout in
the Draper 2.3 GHz amplifier. Testing was performed using a stress cycle that was
designed to replicate operational conditions for the amplifier. Observations of average
reverse gate current showed that significant walkout occurred after use of the stress

cycle. While walkout led to a noticeable decrease in amplifier gain at lower levels of
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RF input drive, it had no negative effect on amplifier saturated output power, which
actually appeared to increase slightly after walkout. Walkout under RF conditions
also proceeded more quickly at lower temperatures, which is likely due to the increased
levels of reverse gate current seen under these conditions. The results of walkout
characterization of the amplifier present a dilemma about continuous operation since
the amplifier must be driven into saturation in order to maintain a steady level of
output power over time, but it is under these conditions where the amplifier is likely
to show the most walkout and degradation.

Chapter 5 described two circuit design techniques that might be used to mitigate
device degradation due to breakdown stress in microwave power amplifiers. The
first technique was temperature-compensated input drive, and involved the use of
attenuated input drive at lower temperatures to take advantage of higher amplifier
gain and reduce reverse gate current. The second technique was the use of a diode
to clamp negative voltage swing at the gate of the transistor, and thus reduce drain—
gate voltage stress. The use of a clamping diode showed great promise, but was
limited by the presence of several factors, including transistor package parasitics,
diode nonidealities, and inductive current preventing the diode from turning “off”,
which in turn restrained positive voltage swing at the gate. Methods for dealing with

these limitations were suggested.

6.2 Suggestions for Future Research

This thesis has explored several areas of interest related to breakdown in microwave
power amplifiers and PHEMTs, and has only scratched the surface of many of them.
There are many ways to build upon the research presented here, and investigate the
research possibilities that were not explored. This section describes a few potentially
useful avenues for future research.

As mentioned at the end of Chapter 3, on-state breakdown was not initially consid-
ered in this thesis as a possible mechanism for reverse gate current since the amplifier

is a high-efficiency switching power amplifier, and therefore has minimal periods of
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operation where the transistor is on and there is a large drain voltage. However, the
characterization of Chapter 3 does indicate that on-state breakdown is dominant in
the creation of reverse gate current in the amplifier under RF drive. Therefore, it
would be useful to investigate on-state breakdown under DC conditions in the TC2571
PHEMT since this was not considered in Chapter 2, where DC characterization of
only off-state breakdown was performed. A method of DC characterization of on-state

breakdown, called the gate current extraction technique, is described in [23].

Characterization of breakdown in the TC2571 PHEMT showed several interesting
features that appear to conflict with existing research described in the literature. The
prevalence of impact ionization in off-state breakdown in the TC2571 at low temper-
atures is one such direct contradiction of the literature, which states that tunnel-
ing and thermionic field emission should be dominant at all temperatures [7, 9, 10].
Additionally, the device showed faster walkout under DC two-terminal conditions
at higher temperatures, which is contrary to research that indicates that increased
phonon scattering at higher temperature should reduce device degradation due to
hot-electron stress [11]. Finally, while the gain of the Draper 2.3 GHz amplifier de-
creased after walkout for lower levels of input drive, the saturated output power of
the amplifier actually increased, which contradicts research that device characteristics
like output power should degrade during walkout [10, 11]. Investigation of each of
these interesting features of the TC2571 PHEMT may be difficult without more spe-
cific information from Transcom about the device’s design, but valuable information

may still be gained from further characterization of the device.

As seen at low levels of RF input drive in Figures 4-5 and 4-8, characterization
of walkout in the Draper 2.3 GHz amplifier under RF drive did not show the am-
plifier reaching a “steady state” where output power leveled off and was stable with
continued stress. Indeed, if the trends at lower levels of input drive are extrapolated,
it would appear that amplifier gain would continue to degrade indefinitely with con-
tinued stress. Therefore, further long term testing of walkout in the amplifier under
RF drive would be useful. Such testing could also help determine if the increase in

saturated output power seen after walkout in the amplifier is a temporary effect, or
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if it continues indefinitely.

The three-terminal model of breakdown current presented in Appendix A could
not be tested due to the lack of a model that accounted for the temperature depen-
dence of other device characteristics. If such a temperature-dependent model existed,
then it would be possible to test the usefulness and accuracy of the three-terminal
model in replicating breakdown effects in the TC2571, which would be incredibly valu-
able. Data from DC characterization of on-state breakdown in the TC2571 would also
be useful for testing of the three-terminal model. If the three-terminal model were
found to be useful and accurate, it could then be applied in circuit simulation to
optimize amplifier designs for minimal reverse gate current under RF drive, which

could decrease device degradation due to breakdown stress.

Temperature-compensated input drive was described in Chapter 5 as a potentially
useful technique for reducing device degradation due to breakdown stress. However,
the technique was not actually implemented in this thesis, and only data from char-
acterization of the amplifier under RF drive was used to defend the usefulness of the
technique. Implementation of temperature-compensated attenuation in the driver
stage for the Draper 2.3 GHz amplifier would help to confirm the value of the tech-
nique, and could be as simple as using a passive temperature-compensated attenuator

between the driver and power amplifier stages [21].

The use of a diode to clamp negative gate voltage swing in Chapter 5 also showed
great promise to reduce device degradation due to breakdown stress. However, several
limitations were imposed on the technique due to nonidealities and parasitics, and
these will need to be overcome for the technique to be a viable method of reducing
device degradation. The mitigation of transistor package parasitics is necessary to
remove resonance effects from gate drive, and could be accomplished by fabricating
the amplifier in a multi-chip module (MCM) process where components are more
tightly integrated. The mitigation of package parasitics could also help in reducing
the effect that inductance has on keeping the diode in conduction when the amplifier
enters its “on” state, which limits the positive swing of voltage at the gate of the device

and decreases amplifier gain. However, it may also be necessary to add additional
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circuitry to deal with the problem of inductance, like a “snubber” circuit. Diode
nonidealities like diffusion and depletion capacitance and ohmic resistance also need
to be dealt with, but these can probably be taken care of through careful device
selection and reoptimization of input network parameters.

Additional circuit design techniques may also be discovered to have useful effects
in mitigating device degradation in microwave power amplifiers. One such technique
might be the use of differently “shaped” input drive waveforms to the power ampli-
fier. In this thesis, only standard sine wave input drive waveforms were used with
the Draper 2.3 GHz power amplifier. With a more carefully chosen input drive wave-
form shape, it may be possible to effectively “predistort” the input drive such that
the drive waveform at the gate of the transistor minimizes drain—gate voltage stress
while maintaining output power and efficiency. Such a change in input drive wave-
form would also likely remove the need for a diode to clamp negative gate voltage
swing. However, the technique will likely be limited by the same issue of transistor
package parasitics that limits the use of a gate voltage-clamp diode. Furthermore, im-
plementation of the technique will likely require additional driver amplifier circuitry,
which may pose a drawback in terms of additional circuit area, complexity, and power

consumption.
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Appendix A

Breakdown Modeling for Circuit

Simulation

Circuit simulation is a valuable tool that aids the design process by allowing for
accurate and rapid evaluation of circuit designs. In order for circuit simulation to
be useful, though, accurate models of circuit components are required. For PHEMT
microwave power amplifiers where breakdown stress is a factor, this means having an
accurate model of reverse gate current due to breakdown can be incredibly valuable.
Unfortunately, existing models of reverse gate current due to breakdown are often
overly precise and complex physics-based models that require extensive information
about the device’s design and are not suited for use in circuit simulation software like
SPICE [9]. Other models that are designed for use specifically in circuit simulation
software tend to be overly simplistic, and often neglect aspects of breakdown like
impact ionization current [24]. Therefore, creating a simple, yet accurate, model that
is suitable for use in circuit simulation software could be extremely valuable.

This appendix consists of two sections, each of which covers a different model
that might be used to simulate breakdown. The first section covers a simple two-
terminal model that describes reverse gate current as solely dependent on the drain—
gate voltage Vpg, and is perhaps most applicable to off-state breakdown in certain
regions of operation. The second section covers a more complex three-terminal model

that should be able to accurately model both on-state and off-state breakdown effects.
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Breakdown Modeling for Circuit Simulation

A.1 Simple Two-Terminal Model

As described in Chapter 2, three-terminal DC characterization of the TC2571 PHEMT
showed relatively little effect on drain—gate voltage Vpg by gate—source voltage Vg
in the off-state. Therefore, it might be practical to create a two-terminal model of
off-state breakdown current from the drain to the gate that depends only on Vpg. A
schematic of this model is given in Figure A-1. As indicated by the schematic, the
two-terminal model of Ipg can be added to an existing model for the transistor that

does not account for breakdown current.
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Figure A-1: A schematic of the simple two-terminal model of reverse gate current due
to off-state breakdown.

As an initial guess, a rough possible model for the drain—gate current was suggested
as:

Ipg = It + Itpg + Iy

where the total drain—gate current Ipg is represented as the sum of tunneling current
(It), thermionic field emission current (Itgg), and impact ionization current (Iyy).
Possible equations for each of these components, based on temperature dependence,
were suggested as:

Iy = Ig - eVpa/Bi

Itpg = Igo - e(A2T+Vpa)/B2

Iy = g3 - e(—A3T+Vpa)/Bs
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A.1 Simple Two-Terminal Model

where Ig,, A,, and B,, are positive constants, T is the temperature in kelvin, and
Vpg is the drain—gate voltage. Each component has an exponential dependence on
Vba, and the role of A,, is to provide a positive temperature coefficient for Itpg and
a negative temperature coefficient for Iy;.

After this model was created, the parameters Ig,, A,, and B, were optimized
to match the two-terminal off-state breakdown characteristics shown in Figure 2-1.
Surprisingly, as shown in Figure A-2, given the roughness of the model, the model
appears to fit the measured data fairly well. In particular, the transition between the
region where impact ionization current dominates and the region where thermionic
field emission current dominates appears to match well for this transistor. The model
also seems to accurately replicate the observation made in Chapter 2 that the tran-

sition between these regions occurs at lower temperature for lower currents.

VDG vs. Temperature at Various Current Levels for Transistor #2 (Comparison of Simple Model and Measurement)
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Figure A-2: Comparison of simple model and measurement values for Transistor #2
drain—gate voltage Vpg versus temperature at various current levels.

This simple two-terminal model has several limitations though. The first is its
applic