UNDERSTANDING THE DYNAMIC OPERATION LIMITS AND RELIABILITY
OF HIGHLY-SCALED SILICON GERMANIUM HETEROJUNCTION BIPOLAR
TRANSISTORS

A Dissertation
Presented to
The Academic Faculty

Harrison Lee

In Partial Fulfillment
of the Requirements for the Degree
Master of Science in the
School of Engineering
Department of Electrical and Computer Engineering

Georgia Institute of Technology

APRIL 2024

© Harrison Lee 2024



UNDERSTANDING THE DYNAMIC OPERATION LIMITS AND RELIABILITY
OF HIGHLY-SCALED SILICON GERMANIUM HETEROJUNCTION BIPOLAR
TRANSISTORS

Thesis committee:

Dr. John D. Cressler
Electrical Engineering
Georgia Institute of Technology

Dr. Shaolan Li
Electrical Engineering
Georgia Institute of Technology

Dr. James S. Kenney
Electrical Engineering
Georgia Institute of Technology

Date approved: April 2024



To my friends and family,

Thank you for your never-ending support.



ACKNOWLEDGMENTS

I would like to thank my advisor, Dr. John D. Cressler, for his gentle mentorship and
patience throughout my research journey. Without his support, advice, and leadership, this
work would not have been possible. I would also like to thank Dr. Shaolan Li and Dr.
James S. Kenney for being on my thesis committee and their consideration of my work.

Special thanks are due to members of the Georgia Tech Silicon Germanium Devices and
Circuits Team for mentorship and support. Uppili Raghunathan, Rafael Perez Martinez,
and Brian Wier were all essential early mentors in my research journey and helped me get
my feet set in the world of academia. Thanks also to Adrian Ildefonso for the advice and
support that helped make me a better researcher. I would like to thank Nelson Sepulveda-
Ramos, Jeffrey Teng, and Arya Moradinia for collaboration and advice, as well as all other
members of the SiGe Devices and Circuits Team who were there to answer questions, help
with measurement, and provide support in countless other ways.

Thanks to my wife, Kristina, for always believing in me and pushing me to achieve all
that I can. Thanks also to my parents, Mark and Wanda, and sister, Rachel, for their support
and patience along my journey.

I am grateful to the following industry sponsors for their support for my research and
collaboration: Texas Instruments, InPhi, and GlobalFoundries, and especially grateful to
Texas Instruments and GlobalFoundries for providing hardware to test and measure. I
am grateful to Georgia Tech’s ECE department, GEDC lab, and SiGe Devices and Circuits
Team for access to labs and measurement equipment. Any views and conclusions contained
herein are those of the author, and do not necessarily represent the official positions, express

or implied, of the funders.

v



TABLE OF CONTENTS

Acknowledgments . . . . . . . . . . i ittt e e e e e v
Listof Tables . . . . . . . . . i i i it it et it i it i et vii
Listof Figures . . . . . . . . . @i it ittt it ittt ittt e e viii
SUMMATY . & & v v i vt e et e vt o ot o oo ot o oo oo oo oo oeesoees xi
Chapter 1: Introduction . . . . . . . . . i 0 i i i i i ittt ittt o e oo nas 1
1.1  SiGe BiCMOS Technology . . . . . . . . ... ... ... .. ....... 2
1.2 The SiGe HBT . . . . . . . . . . . . . e 2
1.3 Breakdown Due to Impact Ionization . . . . . . ... ... ... ...... 4
1.4 The Medium Breakdown HBT . . . .. .. ... ... ... .. ...... 7
Chapter 2: SiGe HBT Reliability Physics . . ... ................. 9
2.1 Introduction . . . . . . . . . . ... e 9
2.2 Trap Generation Due to Hot Carriers . . . . . . ... ... ... ...... 10
2.3 Mixed-Mode Damage . . . . . . . .. .. ... 11
2.4 High-Current Damage . . . . . . . . . .. .. .. ... ... .. ... 13

Chapter 3: Dynamic Behavior of Breakdown Mechanisms in SiGe HBTs . ... 16

3.1 Introduction . . . . . . . . . . . 16



3.2 Breakdown Mechanisms in SiGe HBTs . . . . . . .. . .. ... .. ...
3.3 Measurement Setup . . . . ... ..o e e
3.4 Measurement Results . . . . . . . .. ...

35 Summary ...

Chapter 4: Performance vs. Reliability Tradeoffs of Medium Breakdown and
High Performance Cascode AmplifierCells ... ...........

4.1 Introduction . . . . . . . .. L
4.2 Measurement SEtUP . . . . . ... L.
4.3 HP vs MB Operating Limits and Performance Comparison . . . . .. . ..
4.4 RF Reliability of MB vs. HP Cascode Structures . . . . . . . ... ... ..

4.5 Summary ... .. e e e e

Chapter S: Conclusion . . ... .. .. i i i ittt ittt teeeneeos
5.1 Contributions . . . . . . . . .. e e
52 FutureWork . . . . . ...

5.2.1  RF Breakdown and Reliability Comparison of SiGe HBTs Opti-
mized for Performance and Breakdown . . . ... ... ... ...

5.2.2  Profile Optimization of Performance and Reliability Tradeoffs of
SiGeHBTs . . ... ... ... ...

) 2] 3 ) 1 1o

vi



LIST OF TABLES

4.1 HP vs MB Device Comparison . . . .

4.2 Peak fr for Cascode Across Geometry

Vil



1.1

1.2

1.3

1.4

1.5

2.1

22

2.3

24

2.5

2.6

LIST OF FIGURES

Cross-section example of a first-generation npn SiGe HBT (after [3]). ... 3
Sample SIMS profile of a first-generation npn SiGe HBT (after [3]). . ... 3

Effect of graded germanium on the energy band profile of an npn bipolar
transistor (after [3]). . . . . . . .. .. 4

(a) Example measurement setup for base current reversal, where emitter
current is forced and collector-base voltage is swept, and (b) visual repre-
sentation of base currentreversal. . . . . . . ... ... L oL 6

Qualitative schematic of the doping profile of a high-performance and medium-
breakdown SiGe HBT demonstrating the introduction of a layered SIC.. . . 7

Sample output plane of a SiGe HBT, identifying SOA (green), annealing
region (magenta), damage regions (red and blue), and hard failure regions
(black). . . . . e e 9

Cross-section of a SiGe HBT illustrating the mechanism behind mixed-
mode damage (after [17]). . . . . . . . . . . ..o 12

Example Gummel evolution of a SiGe HBT after experiencing mixed-mode
SEEESS. . o o e e 12

TCAD representation of relative frequency of double-Auger events with
sufficient energy to create traps (after [19]). . . . .. .. .. ... .. ... 13

Cross-section of a SiGe HBT illustrating the mechanism behind high-current
damage (after [20]). . . . . . . . ... 14

Gummel evolution of a SiGe HBT subject to high current stress, demon-
strating three distinct damage regions (after [21]). . . . . . . . . ... ... 14

viil



3.1

32

33

34

3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4

4.5

(a) I and (b) I plotted vs Vg for forced-Vpg and forced-1p measure-
ments. The values for Vg and Iy were selected to produce the same I at
Ve =0 V. e e

Collector current as a function of collector-base voltage for three forced-
emitter currents demonstrating a pinch-in effect. (inset) SiGe HBT cross-
section simulated in TCAD showing the central current distribution at the
onsetof pinch-in. . . . . . ... .. ...

Diagram of Keithley 4200 measurement setup with emitter ballast resistor
included. . . . . . ...

a) I and (b) Ip plotted vs Vi for forced-Vzp with ballast resistor and
forced-Ip measurements. . . . . . . . . . ... e e e

Collector current vs pulsed collector voltage sweep at set Vg for different
pulsewidths. . . . . . . . . .. L

Base current vs. pulsed collector voltage sweep at set Vg for different
pulsewidths.. . . . . . . . . ...

Oscilloscope captures of base current waveform at set Vp for three differ-
ent Vo, around the point of second BCR. . . . . .. .. ... ... ....

Vg corresponding to the location of each base current reversal point in
Figure 3.6. . . . . . . . e

Schematic representing HP and MB cascode structures used in the study.
AC contacts are placed at the Q1 base (input) and Q2 collector (output),
while the Q2 base is kept grounded and DC biased. . . . . .. ... .. ..

Point of pinch-in for HP and MB devices of 2um, 4um, and 8um emitter
length, for current biases up t0 Jopeare - - - - - - . o oo oo

Measured fr across swept Vg ¢ for 0.1 x 4.0ppm? HP and MB cascode
SIIUCTUIES. . . . vt v o e e e e e e e e e e e e e e e e e

(a) Output-referenced 1 dB compression point and (b) pre-compression
gain, for HP and MB cascode cells with equal emitter length. . . . . . . . .

Sample load-lines laid over the output curves for a cascode structure. Con-

dition 1: Vg = 0.91V, Vg = 2.0V; Condition 2: Vg = 0.85V, Vg =
3.0V . e

1X

22

24

25

31



4.6

4.7

Change in base current leakage for 8um HP and MB cascode structures
extractedat Ve = 0.7V. . . . .

Change in base current leakage for 4um HP and MB cascode structures
extractedat Ve =0.7V. . . . . .

34

34



SUMMARY

The objective of this work is to expand upon understood reliability effects in silicon-
germanium (SiGe) heterojunction bipolar transistors (HBTs) and bridge the gap between
a device-level understanding of reliability and system-level performance of circuits using
HBTs. The aim is to better understand the safe limits of transistor biasing and investigate
dynamic, transient swings past the traditional DC-defined safe operating area (SOA) of the
transistor.

Chapter 1 describes the need for understanding the reliability physics of SiGe HBTs.
This chapter will describe how the device SOA is measured and defined and will briefly
discuss the physical mechanisms at the limit of transistor operation, including avalanche
multiplication, thermal runaway, and base current reversal. This chapter will also briefly
discuss the design of an additional, medium breakdown (MB) transistor profile which al-
lows for a designer to include aggressively scaled high speed HBTs with a higher break-
down transistor in the same technology platform.

Chapter 2 discusses the common damage mechanisms at play in SiGe HBTs, namely
mixed-mode (MM) and high-current (HC). These two damage mechanisms occur at the
outer limits of the device SOA, and understanding of these mechanisms is critical to under-
stand how to maximize the potential of SiGe HBTs by operating at the edge of the device
limits. Understanding damage mechanisms will also enable designers to consider the in-
tended lifetime of the circuit to ensure the system meets specifications across the entire
target lifetime.

Chapter 3 uses pulsed-voltage measurements to investigate the dynamic breakdown of
SiGe HBTs under high field. As a high voltage is applied to the collector of the device,
self-heating within the transistor activates a positive feedback mechanism between device
temperature, collector current, and power consumed, resulting in an uncontrollable thermal

runaway. Measurements are performed by using pulsed voltage in conjunction with an

X1



emitter ballast resistor to reduce the effect of self-heating on the transistor. Results show
that as self-heating is reduced, the maximum voltage limit of the device increases, and
breakdown switches from being thermally dominated to impact-ionization dominated. This
is significant because high-speed RF and mmWave signals switch at faster speeds than the
device self-heating, and thus at high frequency, the dominant breakdown mechanism may
be different from the conventional DC-defined SOA. The data and analysis presented in
Chapter 3 has been published and presented at the 2021 IEEE BiCMOS and Compound
Semiconductor Integrated Circuits and Technology Symposium [1].

Chapter 4 compares the performance and reliability tradeoffs of cascode amplifier cells
designed using different transistor profiles. Test structures were created using the medium
breakdown (MB) and high performance (HP) variants of an advanced SiGe HBT technol-
ogy (GlobalFoundries 9HP). Small-signal (f7/f,...) and large-signal (gain compression)
measurements are performed to quantify the performance difference between cascodes with
HP and MB devices in the common base (CB) stage, and DC+RF stress measurements are
used to identify the reliability difference. The results show that large cascode cells oper-
ating well below the transistor peak fr show roughly equivalent performance between HP
and MB, and that the cascode reliability is largely dependent upon the selected bias point
and load-line swing in conjunction with the top device selection. Thus, it may be possible
for circuit designers to optimize the reliability of a circuit without sacrificing performance
by carefully selecting the device profile and the dynamic output swing of the cascode cell.
The data and analysis presented in Chapter 4 has been published and presented at the 2022
IEEE BiCMOS and Compound Semiconductor Integrated Circuits and Technology Sym-

posium [2].
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CHAPTER 1
INTRODUCTION

In recent years, the demand for low-cost, high-performance integrated RF and mmWave
circuit technologies has rapidly increased as several crucial industries have found need
for high-speed circuits and systems. These technologies are desired for civilian applica-
tions, namely 5G cellular networks, satellite internet, and smart devices; military appli-
cations such as radar and electronic warfare; and scientific applications like remote sens-
ing and space and extraterrestrial exploration. This growth has been achieved by constant
generation-to-generation scaling of transistors in order to increase core performance pa-
rameters, such as high operation speeds, low noise, and high dynamic range.

An unfortunate consequence of the scaling trend of transistors is a restriction of the
transistor safe operating area (SOA) that comes as a tradeoff with increased performance.
Traditionally, this SOA boundary is conservatively defined by foundries as a range of bi-
ases that will give minimum performance degradation over the lifetime of the device. This
may be acceptable for certain applications, but for circuit designers who wish to maximize
the performance of their circuits and systems, this conservative SOA may discourage an
aggressive bias that may improve performance over the intended application lifetime. Ad-
ditionally, the SOA measurements are generally performed as a series of DC measurements,
which can underestimate the actual dynamic range of the device during brief voltage and
current swings beyond the DC SOA.

Ultimately, in order to design circuits that maximize performance while selectively
violating the SOA guidelines, it is necessary to understand and model the dynamics of
transistor breakdown, and to qualify the tradeoffs between circuit-level performance and

reliability.



1.1 SiGe BiCMOS Technology

The introduction of germanium epitaxy into the development of bipolar silicon transistors
allows the introduction of bandgap engineering to improve performance along with the
classical advantages of silicon manufacturing, namely attractive thermal properties, high
yield, and low cost. SiGe HBTs are attractive due to their high cutoff frequency, low noise,
high transconductance per unit area, and on-chip integration with CMOS logic and RF
passives. Generations are defined by improvements in small-signal transistor performance
rather than lateral dimensions as in pure CMOS technologies [3].

Generational scaling has allowed SiGe BiCMOS technologies to achieve operation fre-
quencies that are competitive with III-V technologies, while maintaining cost, manufac-
turing, and integration advantages inherent to silicon platforms. Recent platforms have
achieved peak unity current gain cutoff frequency fr as high as 350 GH z and peak unity
power gain cutoff frequency of greater than 500 GH z [4], [5]. SiGe BiCMOS technolo-
gies are also attractive for cryogenic applications as the peak transit frequencies improve at

reduced temperature, with near-7'H z speeds measured at cryogenic temperature [6].

1.2 The SiGe HBT

From a process perspective, silicon-germanium HBTs have a similar structure to pure sil-
icon BJTs, but with the edition of an epitaxial grown SiGe layer in the base. An example
cross section of a first-generation npn HBT is shown in Figure 1.1 and the corresponding
doping profile in Figure 1.2.

The principal effect of introducing germanium to the transistor is an offset in the energy
band diagram proportional with the germanium content. Figure 1.3 demonstrates the effect
of a graded germanium base, which introduces a built-in drift field within the base. The
intrinsic band offset due to the introduction of the germanium occurs in the valence band,

not the conduction band as illustrated, but due to the p-type doping, the offset between the



Emitter

Base Collector
poly-Si
n+
S _T
7
, Shallow Trench 777 p-SiGe
L

n+

Deep Trench

p-

Figure 1.1: Cross-section example of a first-generation npn SiGe HBT (after [3]).

Fermi level and the valence band remains constant. Because the Fermi level must remain

constant in equilibrium, the band offset appears in the conduction band instead [3].
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Figure 1.2: Sample SIMS profile of a first-generation npn SiGe HBT (after [3]).

The conduction band offset provides several improvements to the DC operation of the
transistor. The germanium content at the emitter-base junction reduces the barrier for elec-
trons to travel from the emitter to the base, resulting in an increase in electron current for a
given bias, and accordingly an increase in the transistor current gain . The graded bandgap
reaches a minimum value in the collector-base junction which weighs the minority carrier

profile in the base such that the backside depletion of the neutral base is limited [3].
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Figure 1.3: Effect of graded germanium on the energy band profile of an npn bipolar tran-
sistor (after [3]).

The germanium grading also provides benefits to the AC performance of the transis-
tor. The graded conduction band acts as a built-in drift field within the base, reducing the
base transit time 7, which in turn helps improve the unity current and power gain cutoff
frequencies fr and f,,... Additionally, the enhanced majority carrier mobility in the base

that results from the introduction of germanium helps reduce the transistor 7; [3].

1.3 Breakdown Due to Impact Ionization

With increased operating speeds comes a reduction in the maximum operation voltage
of transistors. The established tradeoff between maximum cutoff frequency fr/ fy.q. and
breakdown BV go is known as the Johnson Limit [7].

In principle, the transistor fr increases with Jo bias until the onset of the Kirk effect
[8]. State-of-the-art SiGe HBTs look to delay the onset of the Kirk Effect to the highest bias
possible by using a heavy implant to achieve a highly doped collector. A consequence of the
heavy collector doping is an increased electric field across the collector-base (CB) junction,
increasing the impact ionization rate. The rate of impact ionization can be characterized by

the avalanche multiplication factor (M — 1). The multiplication factor is defined in [3] as
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1 (1.1)

where [, ;,, 1s the electron current flowing into the collector-base space charge region
and I, ., is the current that flows out. Any difference between the two can only be caused
by extra electrons generated due to impact-ionization. It is important to note that the mul-
tiplication factor will also be a function of the input bias (Vzg, I, or Ig). In principle, a
higher M — 1 will result in a lower breakdown voltage, which partly explains the reduction
in breakdown voltage as devices are scaled to improve f7/ fiaz-

Advanced SiGe BiCMOS processes tend to achieve high performance under bias con-
ditions where the CB field is large, and accordingly impact ionization presents a key re-
liability challenge for advanced transistors. Classically, the device operation limits un-
der impact ionization are defined using the open base collector-emitter breakdown voltage
(BVego) and the open emitter collector-base breakdown voltage (BVopo). Importantly,
the impedance provided at the base terminal will determine which breakdown limits the
device [9]. BVggo is lower than BV o and represents a worst-case breakdown when the
base resistance is very large (Rp — 00). Conversely, BVpo will represent a best case
when the base resistance is low (Rg = 0 (2). To account for the dependence of breakdown
on base resistance, the literature sometimes uses BV g as a figure of merit for breakdown
with resistance dependence [9].

BVego is often defined as the location of base current reversal. As the name suggests,
the base current can reverse from positive to negative as impact-ionization increases. At
the point of reversal, the base is effectively open (no current flowing), and thus BVogo
is defined. Figure 1.4 illustrates (a) the measurement setup used for base current reversal
and (b) the physics behind current reversal. As collector-base voltage increases, impact
ionization causes excess holes to flow back into the base. Eventually, these holes outnumber
the holes flowing out across the EB junction, and base current switches direction as the

difference must flow out of the base terminal. Mathematically, this occurs at the bias where



the product of 5 and M — 1 becomes greater than unity. Note that because S and M — 1

have bias dependence, so too will BV go.
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Figure 1.4: (a) Example measurement setup for base current reversal, where emitter current
is forced and collector-base voltage is swept, and (b) visual representation of base current
reversal.

_IV

BVepo 1s instead the result of breakdown across the collector-base pn junction. As
the junction field increases, impact ionization also increases until the current across the
junction becomes excessive. Unlike BVopo, BVeopo 1s more loosely defined and will
typically be defined by the foundry based on a specific increase from the zero-bias collector
current as collector-base voltage is swept.

While BVego is the classically-defined SOA boundary, literature has shown safe op-
eration beyond BVpo [10] and even beyond BV [11]. In general, operating beyond
these limits will come at a risk for stress damage, as described in the next chapter. Addition-
ally, operation at these high voltages requires careful optimization of the base impedance
of the transistor and output waveform-design to minimize the time overlap between volt-
age and current swings. Being able to design amplifier circuits to operate in these regions
beyond the traditional SOA-defined breakdown voltages is desirable to improve circuit
performance and requires a strong understanding and model of the transistor breakdown

effects.



1.4 The Medium Breakdown HBT

Because transistor speed and breakdown voltage must necessarily be traded off as described
by the Johnson Limit, device designers may elect to additionally include a lower speed,
higher breakdown device to complement the aggressively scaled device that is the center-
piece of the technology. From a process integration standpoint, it is costly and impractical
to keep substantially different recipes for the growth of the MB and HP npn devices. For
this reason, the two process are integrated together using the same process with the excep-
tion of a single mask step. This keeps all structural aspects of the devices the same with the
exception of the collector profile [12]. The process variation centers around suppressing or
altogether removing the effect of the selectively-implanted collector (SIC), and is shown

qualitatively in Figure 1.5.

n* Emitter p Base n Collector n" Sub-Collector

— n+ SIC Implant (HP + MB)
—— p+ Layered SIC (MB only)

Doping Level

Depth

Figure 1.5: Qualitative schematic of the doping profile of a high-performance and medium-
breakdown SiGe HBT demonstrating the introduction of a layered SIC.

In aggressively scaled SiGe npn devices, the SIC is used to reduce parasitics and delay
the onset of base push out (the Kirk effect). The tradeoff resulting from the SIC implant is
increased impact-ionization in the collector-base junction and accordingly reduced break-
down voltages. For the MB device, designers may choose to omit the SIC or use additional
implants in order to reduce the impact of the SIC. One such method would be a “layered

SIC”, using an additional p-type implant to reduce the electric field near the base (similar



to a pn “superjunction” [13]). This layered SIC distributes the field throughout the base,
reducing impact-ionization at a given voltage and thus allowing for higher breakdown volt-
ages, at the cost of an earlier onset of Kirk effect and greatly reduced fr.

Including the MB device in the package with the aggressively-scaled HP device is ben-
eficial for circuit designers, but necessarily adds complexity to any reliability studies, as
the varied collector profile will result in different breakdown behavior within the two types

of transistor.



CHAPTER 2
SIGE HBT RELIABILITY PHYSICS

2.1 Introduction

As generation-to-generation scaling has led to the creation of higher performing devices, it
has become necessary to bias and operate SiGe HBTs as aggressively as possible in order
to leverage the enhanced performance. As a result, the reliability of transistors at the edge
of the SOA has become a key concern for understanding device operation limits and device
lifetime. In order to reach higher peak fr and delay the onset of the Kirk effect, the high
collector doping results in a large field across the collector-base junction. Additionally,
high current biases near the onset of Kirk effect are needed to maximize the frequency
response of the transistor. This combination of high internal field and high current bias
leads to hot carrier damage effects within the transistor that contribute to damage over the

course of the device lifetime.

Electromigration i
High-Currént |

L
Annealing

Mixed-Mode

JC, peak

Conventional i
SOA |

Collector Current (A/um?)

BVcEo BVceo

Collector Voltage (V)

Figure 2.1: Sample output plane of a SiGe HBT, identifying SOA (green), annealing region
(magenta), damage regions (red and blue), and hard failure regions (black).



An example of the damage mechanisms on the output plane of the transistor is shown in
Figure 2.1. While extreme biases will result in a complete junction failure and catastrophic
failure, known as “hard failure”, of interest in this work is the gradual degradation in device
parameters as damage is accumulated up to the end of device lifetime. This gradual aging of
the device is generally attributed to hot, or high-energy, charge carriers, which create traps
at the EB spacer and STI oxide interfaces. These traps can be visualized as an increase in
base leakage current in the low-injection region of the Gummel plots. In general, EB spacer
traps will be prominent in the forward-mode Gummel, and STI traps will be prominent in
the inverse-mode Gummel.

Section 2.2 will discuss in more detail the physical mechanism behind hot carrier dam-
age. Two common damage mechanisms will then be described: Section 2.3 will discuss
mixed-mode damage [14], and Section 2.4 will include a discussion on high-current dam-

age [15].

2.2 Trap Generation Due to Hot Carriers

The generation of traps in SiGe HBTs due to hot carriers can be split up into two mech-
anisms. The first is the generation of hot carriers and their propagation to the oxide in-
terfaces. The second is the generation and annealing of traps as the hot carriers expose
dangling bonds at the oxide interface.

During the growth of the transistor, the interface between the silicon crystal and the
silicon oxide has dangling bonds, because the two crystals have different structure and thus
do not form together perfectly. Because these dangling bonds can trap carriers, leading to
unwanted Shockley-Read-Hall (SRH) mechanisms which increase leakage current, process
engineers flood the crystal with hydrogen during an annealing step. The hydrogen atoms
passivate the dangling bonds, removing potential traps from the crystal. Literature has
shown [16] that 2.3 eV are required to de-passivate a silicon bond at the oxide interface.

Thus, in order for a trap to be generated, charge carriers must receive 2.3 eV of excess

10



energy, and then travel to the oxide interface while avoiding energy-robbing collisions. The
mechanisms by which these hot carriers are generated will be discussed in the following
sections.

Once the hydrogen atom has been knocked free of the dangling bond in the oxide inter-
face, it can diffuse away from the newly created trap. After traps are generated, it is possible
for an annealing mechanism to occur, with positive temperature dependence, wherein loose
hydrogen atoms return to the oxide interface and re-passivate dangling bonds. This reverse
process can help a device recover some, but not all, of the damage accumulated due to
stress. From a measurement perspective, it is important to quickly measure damage after
performing electrical stress to minimize the amount of time during which the transistor can

self-anneal damage away.

2.3 Mixed-Mode Damage

Mixed-Mode (MM) describes the damage region when the device is subjected to a large
collector-base field and a moderate to high collector current [14]. In general, mixed-mode
damage starts to become prevalent when a device is subject to a field greater than BV go.
Impact-ionization is the primary force behind the generation of hot carriers, and accord-
ingly this damage mechanism is most prevalent in aggressively-scaled technologies where
a high collector doping is used to improve peak fr by delaying the Kirk effect and hetero-
junction barrier effects, at the cost of an increased built-in collector-base junction field and
increased impact-ionization.

Figure 2.2 illustrates the generation (P;) of hot carriers and their propagation (/) to
the STI and EB spacer interfaces. Carriers travel from the emitter through the base and
undergo impact-ionization in the high field region of the CB junction. After undergoing
impact-ionization, the newly-energized hot carriers then travel with some probability to
either the STI region or the EB spacer, where they can de-passivate bonds and create traps.

An example Gummel stress evolution for a device under mixed-mode stress conditions

11



Collector

Figure 2.2: Cross-section of a SiGe HBT illustrating the mechanism behind mixed-mode
damage (after [17]).

is presented in Figure 2.3. The increased traps at oxide interfaces result in an increased
non-ideal base current in low-injection. This results in a degradation in transistor 3 over
device lifetime. The forward Gummel will show trap generation at the EB spacer and the
inverse Gummel shows trap generation at the STI interface. Changes in base current from
measured data can be implemented back into both TCAD [17] and compact modeling [18]

environments.
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Figure 2.3: Example Gummel evolution of a SiGe HBT after experiencing mixed-mode
stress.
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2.4 High-Current Damage

High-Current (HC) damage refers to the damage region where the device is subjected to
a large bias current and a relatively small collector-base field. Unlike MM damage, the
hot-carriers are produced not by high fields, but rather by Auger recombination effects
occurring within the emitter of the transistor [15]. Because the energy required for de-
passivation (2.3 eV, from [16]) is roughly twice the bandgap of silicon, hot-carriers are
only generated with sufficient energy to cause damage when multiple Auger events occur
in quick succession.

Figure 2.4 gives an example from TCAD of the probability of double-Auger events to
create hot carriers with sufficient energy to break traps. In general, this rate increases both
with temperature and current density, as these both contribute to a larger density of Auger
events occurring within the emitter. A cross-section visualizing the movement of these hot

carriers to oxide interfaces is shown in Figure 2.5.
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Figure 2.4: TCAD representation of relative frequency of double-Auger events with suffi-
cient energy to create traps (after [19]).

Figure 2.6 plots the Gummel evolution of a SiGe HBT after high current stress. As with

the MM stress condition, low-injection base leakage increases, resulting in a degradation
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Figure 2.5: Cross-section of a SiGe HBT illustrating the mechanism behind high-current
damage (after [20]).
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Figure 2.6: Gummel evolution of a SiGe HBT subject to high current stress, demonstrating
three distinct damage regions (after [21]).
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in 5. However, in medium-injection, the base-current decreases and /3 is enhanced. This
has been known as the current gain enhancement (CGE) effect and is attributed to damage
at the poly-silicon grain boundary interfaces under the same HC damage mechanism [21].
Damage at the polySi grain boundaries alter the resistivity of the crystal, thus changing the
carrier mobility (causing the shift in region 2) and the resistance (causing the slight shift
in region 3). The leakage current can be modeled in the same way as that caused by MM
damage, but the damage to the polySi grain boundary is exclusive to HC damage and can be
more challenging to model. Additionally, the magnitude of the damage will be dependent

on the quality of the polySi crystal grown during the process flow.
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CHAPTER 3
DYNAMIC BEHAVIOR OF BREAKDOWN MECHANISMS IN SIGE HBTS

3.1 Introduction

SiGe HBTs are an attractive option for implementing power amplifiers [22], wireline drivers
[23], and high-speed op-amps [24], due to their good linearity, ease of integration with
BiCMOS technology, and low manufacturing cost. As SiGe HBTs are scaled for higher-
frequency operation, breakdown effects such as thermal runaway and impact-ionization,
which limit their maximum voltage and current ratings, become more prevalent. Increased
doping in the selectively implanted collector (SIC) region boosts cutoff frequency (fr),
but at the cost of increased impact-ionization and reduced breakdown voltage [25]. Addi-
tionally, state-of-the-art high-performance SiGe HBTs use oxide trench isolation to reduce
parasitics at the cost of increased thermal resistance and self-heating inevitably worsens
with technology scaling [26].

While breakdown limits and the defined device safe operating area (SOA) are tradition-
ally characterized via DC measurements [27], it is well-known [28] that the dynamic SOA,
the RF-SOA, of devices may be expanded well beyond DC limits, as RF signals spend little
time at the high voltages and currents that induce the thermal runaway evident in DC mea-
surements. Therefore, for amplifiers and drivers where high output voltages and currents
are produced by high-frequency RF signals, it is more useful to measure the SOA under
pulsed-mode conditions, which help alleviate self-heating. In pulsed-mode measurements,
the device is turned on and measured before significant self-heating occurs, resulting in
current-voltage data that more closely represents the actual device operating conditions
with the operative circuit.

In the present paper, pulsed-mode measurements are used to suppress the impact of
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self-heating on the transistor, and thereby explore the dynamics of device breakdown for
high-speed SiGe HBTs. At high input voltage, self-heating is the dominant breakdown
mechanism (i.e., thermal runaway) and tends to suppress impact-ionization related effects
within the device [29]. By using pulsed-mode measurements, and adding a small bal-
lasting resistor to reduce the effects of self-heating on conventional forced-voltage out-
put curves, it is possible to partially decouple the two breakdown mechanisms and show
a time-dependence of the dominant process. This paper concludes with a discussion of
the implications of a dynamic breakdown mechanism and how that might be used to reli-
ably expand circuit operating conditions, as well as a provide better understanding of the

performance-reliability tradeoffs as we approach the SOA limit.

3.2 Breakdown Mechanisms in SiGe HBT's

Two common sets of output curves used to assess the SOA limits of a SiGe HBT are
the common-emitter (CE), forced base-emitter voltage (Vpg), and the common-base (CB)
forced emitter current (/) curves. For both sets of curves, an input signal (Vg or Ig)
turns the device on, and then the collector voltage (V) is swept. The collector current (/)
and base current (/) are then measured at each V> bias point.

Impact-ionization induced breakdown, referred to as avalanche breakdown, occurs when
high voltages are applied to the collector-base junction. Avalanche breakdown is most ev-
ident in forced-/p measurements, since /o ~ [ regardless of the amount of self-heating.
As the collector-base junction voltage Vg is swept, impact-ionization in the collector-
base junction generates extra electron-hole pairs. These excess generated electrons flow
out of the collector, while the extra holes flow back into the base. The additional electrons
increase /- rapidly, eventually causing damage or failure to the device.

Thermal runaway, on the other hand, occurs in forced-Vzg curves, because /- exhibits
a strong temperature dependence when driven by Vgg. If Vg is large enough to present a

high I, self-heating of the device will occur as the power delivered to the device increases.
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As the device heats up, /- increases, creating a positive feedback loop between device
temperature and power consumed, causing /- to increase uncontrollably (often termed
thermal runaway).

Because both thermal runaway and avalanche breakdown cause an increase in /¢, the
dominant breakdown mechanism can be most clearly determined by examining the behav-
ior of Ip. In the case of thermal runaway, the base current will grow along with collector
current as the output voltage is swept. In the case of avalanche breakdown, however, the
holes generated within the collector-base junction flow back into the base, replacing the
holes flowing out across the emitter-base junction. Eventually, the direction of /5 is physi-
cally reversed as excess holes begin to flow out of the base contact. This process is called
base current reversal (BCR). The two breakdown mechanisms are compared in Figure 3.1.
Observe from /o in Figure 3.1(a) that the forced-Vzr measurement experiences thermal
runaway well before /- begins to shift in the forced-/p measurement. On the Iz plot in
Figure 3.1(b), the forced-/z curve changes sign due to impact ionization (indicated by the

notch in the log-scale plot) while the forced-Vz 5 curve remains positive throughout.

a) b)

Ic
log(ls)

Vce Vce

Figure 3.1: (a) I and (b) I plotted vs Vg for forced-Vpg and forced-Iz measurements.
The values for Vzp and [ were selected to produce the same /- at Vg =0 V.

In cases where avalanche breakdown dominates, and the current flowing out of the base
becomes sufficiently large, device “pinch-in” occurs [30]. During pinch-in, the base current

creates an internal voltage gradient across the distributed intrinsic base resistance, with a
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peak voltage located at the center of the device. The electron current flowing through the
HBT is then constricted primarily to the center of the device. This concentration of current
leads to bias instabilities within the device, resulting in an abrupt decrease in /-, as seen
in Figure 3.2. The simulation inset shows the current distribution in a cross-section of the
device at the onset of pinch-in.

Modeling pinch-in is a challenge, as it requires either the use of multiple transistors
[30] or a bias-dependent base resistance [31]. Both of these solutions increase the com-
putation time and complexity of compact models, and are difficult to implement. Because
pinch-in results in bias instabilities, small-signal performance near pinch-in cannot be eas-
ily captured. The result is that device operation in and around the pinch-in region remains
unmodeled, and circuit designers cannot predict how circuits that swing dynamically into
the pinch-in region will perform. This situation is clearly problematic. It is thus necessary
to characterize the dynamic behavior of SiGe HBTs in this region of operation to enable

complete large- and small-signal pinch-in models to be developed.
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Figure 3.2: Collector current as a function of collector-base voltage for three forced-emitter
currents demonstrating a pinch-in effect. (inset) SiGe HBT cross-section simulated in
TCAD showing the central current distribution at the onset of pinch-in.

19



3.3 Measurement Setup

The devices measured were the high-performance npn SiGe HBTs from GLOBALFOUNDRIES
90-nm 9HP SiGe BiCMOS platform. The devices feature an open-base breakdown voltage
BVego of 1.7 V and open-emitter breakdown voltage BVipo of 5.2 V, along with unity
current and unity power gain frequencies f7/ fina. of 300/350 GHz, respectively.

DC measurements were performed using an Agilent 4155 Semiconductor Parameter
Analyzer. Pulsed-mode measurements were performed using a Keithley 4200A-SCS Pa-
rameter Analyzer, with pulse-measure unit (PMU) extension. The PMU is capable of si-
multaneously sourcing voltage and measuring current at pulse widths down to 100 ns. The
measured structures were AC test structures with 50 €2 traces and ground-signal-ground
access to the emitter, base, and collector terminals.

Pinch-in is typically measured using forced-/g output curves on common-base (CB)
structures, but the Keithley is not equipped to provide pulsed current. Instead, measure-
ments here are performed pulsing both terminals to measure forced-V g output curves on
a device in common-emitter (CE) configuration. Due to the high thermal resistance of the
SiGe HBTs, pulsed-mode measurements alone are not enough to replicate pinch-in with
forced-voltage. Thus, an alternative method was devised in Figure 3.3. One technique al-
ready used in amplifier design is the introduction of a ballasting resistor on the emitter of
the SiGe HBT [32]. With the addition of the ballast resistor, an increase in I results in a
decrease in the V5 delivered to the device, breaking the feedback loop that results in ther-
mal runaway. In addition to the improved thermal management, ballast resistors have been
shown [33] to improve RF amplifier performance. This approach will be used to replicate
dynamic swings into a high voltage region where impact-ionization is significant, but that
are also fast enough to limit thermal effects, as might occur, for instance, in a high-power

amplifier circuits.
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Figure 3.3: Diagram of Keithley 4200 measurement setup with emitter ballast resistor in-
cluded.

3.4 Measurement Results

DC measurements were taken first in order to verify that the ballast resistor reduces self-
heating effects in the forced-voltage output curves sufficiently to recreate pinch-in. These
measurements were also used to tune the value of the ballast resistor before beginning
pulsed-mode measurements. If the ballast resistor is too small, it will be unable to reduce
the base-emitter voltage enough to offset the impact of device self-heating, and thermal
runaway will still occur. Conversely, if the chosen resistor is too large, it will substantially
change the operating point of the device and prevent extrapolation back to the performance
of the intrinsic device. The ballast resistor was selected by sweeping the collector voltage
through a small range (Vorp = 0 — 2 V), while biasing at a high input base-emitter voltage
(Vg = 1 V). When the change in the collector current remained within 5% across the
limited voltage sweep, the ballast resistor was deemed large enough to counter the effects
of self-heating. In this paper, a 30 € resistor was chosen for emitter ballasting, which is

optimal for this technology platform.
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I measurements.

DC measurements using this setup are shown in Figure 3.4. With the addition of the bal-
lasting resistor, thermal runaway is effectively suppressed and the forced-Vzp and forced-
I curves track closely, as desired. The key difference between these two measurements is
the high-field region where pinch-in occurs. From the forced-/g curve, the collector current
decreases slightly at pinch-in. This is because the emitter current concentrated in the center
of the device raises the emitter voltage as it flows across the intrinsic emitter resistance. In
the forced-Vp curve, both the emitter voltage and base voltage are set by voltage sources,

and are not able to shift as drastically, resulting instead in a sharp increase in both currents

that will lead quickly to catastrophic failure.

Figure 3.5: Collector current vs pulsed collector voltage sweep at set Vg for different

pulse widths.
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After the ballast resistor was selected, pulsed-mode voltage measurements were made.
In Figure 3.5, the collector current decreases with pulse width, as expected, since the device
has less time to self-heat. From the base current plot in Figure 3.6, each curve has a reversal
point at the same point of about 2.4 V, just slightly past the BV o of the device. However,
a second base current reversal, with a dependence on pulse width, occurs at higher voltages
as the base current switches back in the positive direction. A second base current reversal
has been discussed before [34] in high voltage SiGe HBTs, where impact ionization effects
are weaker overall due to reduced collector doping, but in that work was not explored as a

function of the time duration of transient signals.
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Figure 3.6: Base current vs. pulsed collector voltage sweep at set Vzp for different pulse
widths.

To probe deeper into the underlying cause of this second reversal, oscilloscope captures
have been taken, and are plotted in Figure 3.7. From the scope captures, the base current
waveform becomes negative almost immediately, as a result of impact-ionization. The
waveform then gradually increases as the device begins to self-heat. If the pulse width is
sufficiently long, the base current will reverse again as self-heating begins to dominate.
From the waveforms, it is also evident that impact-ionization and self-heating occur at
different time scales. The impact-ionization response occurs immediately as the device

turns on, while self-heating occurs gradually over the 1.6 us pulse. This is expected given
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Figure 3.7: Oscilloscope captures of base current waveform at set Vg for three different
Vg, around the point of second BCR.

the magnitude of the thermal time constant in these devices. Figure 3.8 shows the Vg
at which base current reversal occurs, versus the pulse width used in the measurement.
The first reversal point remains constant as a function of pulse width, suggesting that self-
heating doesn’t influence the physics of the first base current reversal. By comparison, the
second base current reversal occurs at lower Vg as pulse width increases. At lower pulse
widths, more power must be consumed within the SiGe HBT in order to heat it enough
to reverse for a second time. The shortest pulse never reverses, indicating that for short

enough pulse widths, this second reversal can be avoided altogether.

3.5 Summary

In this paper, pulsed-mode voltage measurements were implemented using a modified de-
vice characterization test bench, in order to investigate the two dominant breakdown effects
under high fields. With the pulsed-mode measurement setup, it is possible to reduce the
effects of device self-heating enough to allow an investigation of impact-ionization at high
power, where thermal effects typically dominate. Measurements also indicated two base
current reversals are operative in these conditions: a pulse width-independent base cur-

rent reversal caused by impact-ionization, and a second base current reversal, which is
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Figure 3.8: Vo corresponding to the location of each base current reversal point in Fig-
ure 3.6.

pulse width-dependent because of self-heating. Additionally, the pulsed-mode voltage bias
was safely applied beyond conventional DC-defined SOA, allowing for extra output power
compared to the DC limit.

The paper also showed that short pulse width measurements can maintain a steady
bias as the device approaches pinch-in. The logical next step is to implement pulsed-RF
measurements, in which a RF signal is modulated with a pulsed biasing voltage. This is
underway. Pulsed-RF measurements can be used to explore the small-signal response of
transistors near pinch-in, including how the linearity, small-signal gain, and noise perfor-
mance of devices changes when biased near pinch-in. A complete understanding of large-
and small-signal performance of SiGe HBTs near pinch-in will give circuit designers ac-
cess to a new range of potential operating points to maximize device performance while

maintaining reliable performance.
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CHAPTER 4
PERFORMANCE VS. RELIABILITY TRADEOFFS OF MEDIUM BREAKDOWN
AND HIGH PERFORMANCE CASCODE AMPLIFIER CELLS

4.1 Introduction

In recent years, SiGe HBTs have become attractive options for high-speed communica-
tions due to the addition of germanium bandgap engineering to the existing manufacturing
advantages of silicon; namely high-yield, low cost, and high integration levels. Generation-
to-generation evolution of SiGe platforms has seen advancements in lateral scaling, vertical
profile optimization, and careful bandgap engineering, enabling unity-current gain cutoff
frequency fr in excess of 300 GHz, and unity power gain cutoff frequency f,.. in excess
of 500 GHz [4]. This increase in f7/f,,.. comes with an inevitable tradeoff in the device
safe voltage operating limits [7]. The reduced voltage limits pose a challenge for appli-
cations requiring high RF power handling. One solution is to utilize distinct variants of
the SiGe HBTs available, each optimized for different breakdown voltages and peak transit
frequencies, in order to provide extra flexibility for any given application. In fact, many
commercial SiGe platforms offer both high performance and high breakdown variants of
SiGe HBTs to facilitate having a single platform which provides for multiple targeted de-
signs [12].

One key application space for RF front-end modules is the power amplifier (PA) block.
SiGe HBTs possess favorable thermal properties and reliability compared to III-V alterna-
tives such as GaAs [35], but are limited by lower comparative breakdown voltage, in part
due to the smaller bandgap. In order to obtain high output power density, designers must
either increase the available current swing by using multiple larger devices in parallel, or

increase the available output voltage swing by using cascode [36] or stacked [37] amplifier
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topologies.

Previous investigations exist on the RF reliability of cascode structures [38] and on
reliability differences between MB and HP transistors [39]. However, the performance-
reliability tradeoffs for MB and HP cascode amplifier cells remains unexplored. The
present paper measures single devices and cascode cells to investigate the performance
and reliability of MB and HP cascode cells in order to define best practices for designers

regarding the selection of MB and HP devices for high output power cascode amplifiers.

4.2 Measurement Setup

This study used devices from the GLOBALFOUNDRIES 90 nm 9HP SiGe BiCMOS plat-
form, which offers high performance (HP) and medium breakdown (MB) variants of npn
SiGe HBTs. The device performance operating limits and breakdown voltages (from [40])
are summarized in Table 4.1.

Table 4.1: HP vs MB Device Comparison

Device fr Jmaz JepeaksT | BVoro | BVepo
HP 300GHz | 360GHz | 20 mA/qu 1.7V 2V
MB 135 GHz | 350 GHz | 5mA/um? | 24V | 79V

The MB device is fabricated with a nearly identical structure and profile, with a simple
alteration to the collector profile using ion implantation [12] to increase breakdown voltage
at the cost of both peak fr and the current-handling capability of the transistor.

Of interest to a circuit designer will be how MB devices can be leveraged to improve
amplifier reliability under large output voltage swing, and what the resulting tradeoff will
be between achieving this increased reliability at the expense of reduced performance from
lower fr and Jopeqrsr. To test this, measurements have been performed on custom-
designed cascode test structures, as shown in Figure 4.1. For each test structure, the

common-emitter (CE) device and the common-base (CB) device are of identical emitter

27



(-

VC
/3
VB2 Q2 HP/MB
) V4
VB1 Q1 HP/HP

(-

Figure 4.1: Schematic representing HP and MB cascode structures used in the study. AC
contacts are placed at the Q1 base (input) and Q2 collector (output), while the Q2 base is
kept grounded and DC biased.

area to facilitate comparisons. The emitter width for all devices is 0.1pm, and structures
are available with emitter lengths of 2, 4, and 8um. HP devices are always used for the
CE stage, but variants of the CB stage are available using either HP or MB devices. The
cascodes will be distinguished based on the top device and the emitter length of the tran-
sistors. Single device DC structures are also measured for each size of HP and MB device

to decouple device vs. circuit effects.

4.3 HP vs MB Operating Limits and Performance Comparison

Before characterizing reliability, it is important to first demonstrate the circuit-level merits
of using MB devices. The CB device in the cascode will be subject to large collector-base
voltage V5, both from the biasing and from the large output RF swing. As V5 increases,
impact ionization will first cause base current reversal [41]. Then, excess holes flow out of
the base, leading to device pinch-in instabilities [30].

Figure 4.2 plots measured pinch-in limits from single-device DC structures. Each de-

vice was biased across a range, from low-valued forced emitter current (~ 1% J¢ peqr) up to
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Figure 4.2: Point of pinch-in for HP and MB devices of 2um, 4um, and 8um emitter
length, for current biases up t0 J¢ peak

twice Jc peqk» With the base grounded and the collector voltage swept. The point of pinch-in
is visible as a sudden change in the slope of the collector and base currents, but is more ro-
bustly defined as the point of a significant instantaneous reduction in measured base-emitter
voltage. The MB devices roughly double the limit Viog pinen, at the cost of roughly half of
the maximum /¢ pinc,. With regards to cascode biasing limits, Vs + Vg pinen represents
the bias limit of V- for a given current bias, driven by Vz;. At equivalent /-, the larger

devices are generally able to handle a slightly larger V-5 before pinching in.

Table 4.2: Peak fr for Cascode Across Geometry

Device || Ly =2um | Ly =4um | Lg = 8um

HP 23bGHz | 244GHz | 238GHz
MB 213GHz | 215GHz | 206 GHz

While the extra available output voltage is an obvious advantage of using MB devices,
circuit designers will be concerned with potential tradeoffs from the reduced fr. Table 4.2

shows the peak measured f for each cascode test structure. For these measurements, Vg,
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and Vp, are swept, as done in a cascode gummel measurement, with the collector voltage
set so that the top device Vg is held at the value that gives an individual device peak fr
(0.3 V for HP, 1.0 V for MB). From the table, there is a drop of about 10% in f7 from HP
to MB, substantially smaller than the single device difference.

Figure 4.3 compares the cascode fr behavior across V-5. The structures are first biased
at their peak fr from the previous measurement, and then Vi is swept. The base current
of the CB stage device is plotted in order to give insight into when the device experiences

base current reversal, and when it experiences pinch-in instablities.
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Figure 4.3: Measured fr across swept Vop o for 0.1 x 4.0um? HP and MB cascode
structures.

From the measurements, there is no change in fr after base current reversal, and in fact
the peak fr increases with more impact-ionization. The f; reaches a maximum at a critical
Ve, which notably is about 2 V' higher for the MB cascode than for the HP cascode. In
addition, it is significant that although the fr of the MB cascode is smaller at low bias, at
high Vg, the peak f exceeds that of the HP cascode. For applications with a large power
budget or access to high voltage bias, MB cascode cells can provide higher peak fr than
the HP cells, an interesting and potentially important result.

For high-power RF applications, designers will also be concerned with device linearity,
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specifically the maximum output power achievable before gain compression. For compar-
ison, the cascodes are measured at a single frequency as the input power was swept. The
chosen frequency of 5 GHz represents a common application frequency (Wi-Fi) and is in-
tentionally far away from the peak fr of the cascodes in order to compare performance
when operating far from the maximum frequency limits. The input power was swept from

—35 dBm to —5 dBm in order to capture amplifier behavior before and after compression.
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Figure 4.4: (a) Output-referenced 1 dB compression point and (b) pre-compression gain,
for HP and MB cascode cells with equal emitter length.
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Figure 4.5: Sample load-lines laid over the output curves for a cascode structure. Condition
1: Vgg = 0.91V, Vg = 2.0V; Condition 2: Vgg = 0.85V, Vg = 3.5V.
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The sweep results are summarized in Figure 4.4. The scatter plots display three samples
of each cascode cell in order to reduce the impact of device-to-device variation on the
results. The set bias condition is Vg; = 0.91 V, Vg = 2.02 V, Vo = 4.02 V for all
samples. This condition forces a bias current near the Jc pcqr, and an aggressive output
voltage intended to increase output voltage swing headroom. In practice, a higher V¢
could be chosen for the MB cascode to further leverage the increased voltage headroom,
but the MB performance at this bias isn’t substantially worse, especially for the largest
device. From Figure 4.4(a), the smallest MB cells see a reduction of a few dB in the output-
referenced 1-dB compression point (OPy4p), but the 8 pm variation has equal OPy 5.
Since most PA applications will try to maximize output power, the largest device will be
preferred, and the performance difference between MB and HP is insignificant. The gain
referenced in Figure 4.4(b) is the maximum gain as the input power was swept. For HP and
MB devices at the set frequency, there is no substantial difference in gain.

The takeaway for cascode amplifier cell design is that MB devices expand the usable
output voltage range at the cost of a reduction in current-handling capability. Using an MB
CB device in the cascode does not result in a large reduction in the maximum operation
frequency, or in the gain, or the 1d B gain compression of the cell at frequencies well below
the peak fr. For high power applications, larger devices should be selected due to their

high gain and O P, 45.

4.4 REF Reliability of MB vs. HP Cascode Structures

In order to make educated decisions about the use of HP vs. MB devices, the reliability of
cascode amplifier cells clearly must be explored in addition to the performance discussed
above. To quantify the reliability tradeoff of HP and MB cascode cells under large out-
put swings, RF stress measurements were performed, combining aggressive bias and large
output swing to accelerate damage. RF stress was performed for 3,600 seconds, stopping

periodically to measure the stress damage in the CB transistor. Because both mixed-mode

32



(MM) and high current (HC) stress result in increased base leakage, change in base current
for the CB device is used to monitor the relative rates of damage. By monitoring the change
in base current, it is possible to monitor the relative rate of damage in each cascode cell.

Fig. Figure 4.5 gives two example load-lines overlaid on a set of output curves for
a cascode structure. Both load-lines represent an output power of 6 dBm fed into a load
impedance of 50€2. Condition 1, at Vzr = 0.91V and Vo5 = 2V, represents a bias near the
peak fr of the structures. The second condition, at a reduced Vg = 0.85V and increased
Vep = 3.5V, is chosen arbitrarily with increased Vi-p and decreased [;;,s as an alternate
condition a designer might use to take advantage of the different operating limits of the MB
device. The DC bias is represented on the two plots by a solid dot at the center of the load
line.

Because the load-line swings across high voltages and currents, the CB device will be
subject to both mixed-mode and high-current stress. Mixed-mode (MM) damage occurs at
large collector-base voltage and moderate-to-low current bias (below J¢ ,eqr), and is driven
by the creation of hot carriers across the collector-base junction [14]. High current (HC)
damage occurs under high current density (>> J¢ peqr) and low field, and is driven by high
Auger recombination [15]. DC stress of single devices suggests that MB devices are more
resilient to MM damage, while HP devices are more resilient to HC damage [39].

The results for the largest structure, with CB and CE device Ly = 8.0um, are de-
picted in Figure 4.6, where the relative shift in base current at constant Vg = 0.7V is
shown. Under both conditions, the MB cascode exhibits negligible damage compared to
the substantial damage experienced by the HP version.

Figure 4.7 shows the same outcome for a smaller device structure. Under the first
stress condition, the damage is higher for the MB device, but for the second condition, the
HP device is more heavily damaged. The reliability difference results because the load-
line for each stress condition swings into a different operative damage region. Condition

1 swings the output current well past the HC damage threshold for MB devices but not
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Figure 4.6: Change in base current leakage for 8um HP and MB cascode structures ex-
tracted at Vg = 0.7V
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for HP devices, thus subjecting the MB device to more damage. Conversely, condition 2
doesn’t swing to as high an output current, and the MB device is not subjected to extra
HC damage. Condition 2 is at a higher voltage bias, however, meaning that it swings to a
high enough Vg for the HP cascode to experience MM damage but not the MB cascode,
resulting in overall worse reliability for the HP cell.

It is important to note that both size cascodes are driven to the same output power
and output load, meaning they have the same output current swing. The smaller device
experiences a larger Jo swing due to its reduced area. Because HC damage is dependent
on current density, the smaller device will thus be more susceptible to HC damage. This
is the key reason why condition 1, with a higher bias current, has a geometry dependence
for the “most reliable” cascode, whereas condition 2, which has a bias current low enough
to avoid swinging into the HC damage regime, shows consistently better reliability with a
MB top device.

Overall, the results demonstrate that the MB cascode reliability can be improved by
adjusting the biasing scheme, in order to operate at a higher voltage but a lower current.
At frequencies well below fr, this can be accomplished with minimal cost to performance,
and results in improved lifetime of the cascode. For applications requiring operation closer
to peak fr, it will become necessary to use HP devices for the CB stage of the cascode.
For these applications, circuit designers should aim instead to bias at low voltage and high

current in order to maximize circuit lifetime.

4.5 Summary

This paper has investigated the reliability and performance trade-offs of cascode structures
using high-performance (HP) and medium breakdown (MB) common-base (CB) devices.
First, the performance and reliability differences of HP and MB transistors were discussed.
DC Measurements were performed on single devices and then on cascode structures to

establish a DC safe operating limit. Small- and large-signal RF measurements indicated a
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small decrease in peak fr for cascodes with MB CB devices, but that the gain and O P45
at frequencies well below f; were comparable between HP and MB structures. RF stress
measurements indicate that the MB cascodes are more stress resilient than HP cascodes,
especially at large transistor sizes. For smaller devices, careful selection of the bias point
will determine whether HP or MB devices are more reliable. At frequencies approaching
fr, designers have no choice but to use HP devices, and will instead have to maximize

device current swing and minimize voltage swing to improve device lifetime.
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CHAPTER §
CONCLUSION

5.1 Contributions

The results presented in Chapter 3 on dynamic breakdown mechanisms in a fourth-generation
SiGe BiCMOS technology are significant for circuits in which aggressive biasing schemes
are applied to maximize device performance. Conventional device characterization in-
volves using purely DC measurements in order to establish a “traditional” safe operating
area (SOA). It was shown that as rapid measurements were taken to vary the amount of self-
heating within the transistor, the dominant mechanism causing uncontrollable /- increase
and breakdown was changed. For practical applications, where the device may be dy-
namically biased to minimize idle power consumption or where the output waveform may
dynamically swing beyond the traditional SOA, it is important to identify the dominant
breakdown effect so that the circuit may be designed for maximum lifetime. The results
in this chapter were published and presented at the 2021 IEEE BiCMOS and Compound
Semiconductor Integrated Circuits and Technology Symposium.

The results in Chapter 4 focus on the performance and reliability tradeoff of cascode
cells comprised of SiGe heterojunction bipolar transistors when multiple device profiles are
available within a technology platform, with different performance metrics and operation
limits. In this study, a cursory advantage into the small- and large-signal performance
of these cascode cells was combined with stress measurements to quantify the change in
performance and reliability of the high performance (HP) and medium breakdown (MB)
device variants. The results and analysis were published and presented at the 2022 IEEE
BiCMOS and Compound Semiconductor Integrated Circuits and Technology Symposium.

An extension of the work is currently in preparation and will be submitted for publication
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in IEEE Transactions on Electron Devices.

5.2 Future Work

5.2.1 RF Breakdown and Reliability Comparison of SiGe HBTs Optimized for Performance

and Breakdown

In order to elevate device-level understanding of device performance and reliability to
circuit-relevant guidelines, it is necessary to expand measurement of devices to imitate
how devices will be used, and how devices are likely to fail, in practical applications. RF
breakdown is a measurement technique that sets a hard limit for bias voltage plus output
swing of a high output power amplifier. These limits will be of interest to circuit designers
because they establish absolute limits for the operation of devices in amplifier circuits.
Load-pull measurement techniques can also be used to alter the dynamic output swing
of the amplifier. Coupled with the results from Chapters 3 and 4, this analysis can be
used to co-optimize device SOA, lifetime, and performance in “reliability-aware” circuit
designs. These designs can then help push both the performance and lifetime of existing

technologies.

5.2.2 Profile Optimization of Performance and Reliability Tradeoffs of SiGe HBTs

As mentioned in Chapter 1, and measured in Chapter 4, SiGe BiCMOS technology plat-
forms often compensate for the reliability tradeoff of a highly-scaled device by including
an alternate profile with more conservative performance but improved reliability. For the
technology in question, this is achieved by altering the selectively implanted collector pro-
file in order to delay breakdown, but other techniques are likely available to create device
variations in a single technology platform with minimal mask deviation. Measurement of
experimental hardware, coupled with TCAD simulation of different profiles can allow de-
vice designers to determine profile alterations to optimize performance and reliability of

SiGe HBTs based on the intended application.
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