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Preface

While the idea of combining the semiconductor silicon and the semiconductor ger-
manium for use in transistor engineering is an old one, only in the past decade has
this concept been reduced to practical reality. The fruit of that effort is the silicon-
germanium heterojunction bipolar transistor (SiGe HBT). The implications of the
SiGe success story contained in this book are far-ranging and likely to be quite last-
ing and influential in determining the future course of the electronics infrastructure
fueling the miraculous communications explosion of the twenty-first century.

This book is intended for a number of different audiences and venues. It should
prove to be a useful resource as: 1) a hands-on reference for practicing engineers
and scientists working on various aspects of SiGe technology, including: charac-
terization, device design, fabrication, modeling, and circuit design; 2) a textbook
for graduate or advanced undergraduate students in electrical and computer engi-
neering (ECE), physics, or materials science who are interested in cutting-edge
integrated circuit (IC) device and circuit technologies; or 3) a reference for tech-
nical managers and even technical support / technical sales personnel in the semi-
conductor industry. It is assumed that the reader has some modest background
in semiconductors and bipolar devices (say, at the advanced undergraduate ECE
level), but we have been careful to build "from-the-ground-up" in our treatment.

The spirit and vision for this book from day one was that it be "SiGe HBT from
A to Z." That is, the book is intentionally very broad as well as very deep, and pro-
ceeds from a basic motivation and history of the subject, to materials, to technol-
ogy and fabrication issues, to a detailed discourse on a wide range of fundamental
aspects of SiGe HBT operation and design, spanning dc and ac characteristics, in-
cluding noise and linearity. These fundamental topics are then supplemented by
an even closer look at some of the "fine points" which might be confronted by ex-
perts in the field, including second-order phenomena, temperature effects, radiation
tolerance, and numerical simulation. We conclude with a brief glimpse at likely fu-
ture directions for SiGe technology. While we recognize that not all readers have
need for exposure to all of these subjects, we like the notion of having a complete
reference on the subject contained under one cover.

XV
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We have written this book in a manner consistent with our own preferences.
Hence, it contains detailed, careful expositions of theory, a discussion of key de-
vice design trade-offs and constraints, "bottom-line" arguments on how important
this or that phenomenon may be in the overall scheme of things, supporting data
to bear out the various claims and theoretical arguments presented, and sufficient
breadth and depth to be useful to both the novice and the expert. We also prefer
a fairly informal writing style to ensure reader friendliness, and believe it is im-
portant to grasp the historical background, trends, and evolution of any subject.
We have gone to considerable length to carefully reexamine and explicitly state as-
sumptions in our theoretical treatments, and we have also intentionally not skipped
the intermediate steps in some of the more important derivations — they are not of-
ten seen and deserve to be appreciated. We have highlighted what we feel to be the
"open issues" associated with SiGe research that are in need of increased attention
by the academic and industrial communities. This book contains a fairly substan-
tial body of previously unpublished data and theory, as well as many careful and
critical reinterpretations of the various nuances of the theory of SiGe HBTs. We
have found again and again that while some particular theoretical discourse may
previously reside in the literature (and even be widely cited), the existing presen-
tation is often either confusing, is not correctly applied, does not fit the facts, or in
some way is in need of a closer look. We have done that here. As with any in-depth
work of this sort, there will be some among you who may disagree with our theory
or interpretations. That’s what science is all about! Feel free to contact us with any
questions (or gripes!).

As any honest professor will readily concede, our graduate students play an
absolutely essential role in our research. We professors may supply ideas, give en-
couragement, and guide interpretations (okay, and chip in some dollars as well!),
but in the end, the really hard work belongs to our students. No exception here.
Perhaps the greatest pleasure for us as professors is to behold the blooming of our
students and the career successes they enjoy once they "leave the nest." We would
like to take this opportunity to thank our graduate students, past and present, in-
cluding (J.D.C.) — David Richey, Alvin Joseph, Bill Ansley, Juan Roldan, Stacey
Salmon, Lakshmi Vempati, Jeff Babcock, Suraj Mathew, Mike Hamilton, Kartik
Jayanaraynan, Greg Bradford, Usha Gogineni, Gaurab Banerjee, Shiming Zhang,
Krish Shivaram, Dave Sheridan, Gang Zhang, Ying Li, Zhenrong Jin, QingQing
Liang, Ramkumar Krithivasan, Zhiyun Luo, Tianbing Chen, Yuan Lu, and Chen-
dong Zhu; and (G.N.) — Jin Tang, Jun Pan, Yan Cui, Yun Shi, Muthu Varadhara-
japerumal, and Seema Hegde. A special debt is owed to some of our students, since
we have borrowed (unpublished) passages from several of their dissertations and
theses (thanks especially to Alvin, David, and Stacey).

Much of the work presented in this book would not have occurred if our funding
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sponsors had not embraced our vision of what is important in SiGe research. Spe-
cial thanks are due to (industry sponsors) — IBM (Alvin Joseph, Dave Harame,
Jim Dunn, Seshu Subbanna, Dave Ahlgren, Greg Freeman, Dean Herman, and
Bernie Meyerson), Texas Instruments (John Erdeljac, Lou Hutter, Badih El-Kareh,
and Dennis Buss), On Semiconductor (Joe Neel and Julio Costa), Maxim Semicon-
ductor (Stewart Taylor), Analog Devices (John Yasaitis and Brad Scharf), Northrop
Grumman (Harvey Nathanson, Bill Hall, and Rowan Messham) Hughes Electron-
ics, now Boeing (Kay Jobe and Dave Sunderland), and the Semiconductor Re-
search Corporation (Justin Harlow, Dale Edwards, and Jim Hutchby); and (gov-
ernment sponsors) — NASA Goddard Space Flight Center (Robert Reed, Cheryl
Marshall, Paul Marshall, Hak Kim, Ken LaBel), the Defense and Threat Reduction
Agency (Lew Cohn), DARPA, the U.S. Army Space and Missile Defense Com-
mand (Charlie Harper and Aaron Corder), NAVSEA Crane (Steve Clark and Dave
Emily), Mission Research Corporation (Dave Alexander and Mary Dyson), the
Office of Naval Research (Al Goodman), the NASA Center for Space Power and
Advanced Electronics (Henry Brandhorst), the Naval Research Laboratory (Fritz
Kub), the National Science Foundation, EPSCOR, and the Jet Propulsion Labora-
tory (Jagdish Patel).

It is also true that much of the work presented in this book would have been
impossible without the generous support of the SiGe team at IBM, which provided
our research group with ready access to their state-of-the-art hardware. In fact,
the lion’s share of the data presented in this book was measured on IBM devices,
and we are especially grateful to Bernie Meyerson, Dean Herman, David Harame,
Alvin Joseph, and Seshu Subbana, in particular, for making that happen. Many cur-
rent members of the IBM SiGe team contributed directly to various aspects of our
research, including Greg Freeman, Dave Ahlgren, Rob Groves, Jim Dunn, Chuck
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Chapter 1

Introduction

Simply stated, silicon-germanium is "an idea whose time has come." ! While the
concept of combining silicon (Si) and germanium (Ge) into an alloy for use in
transistor engineering is an old one, only in the past decade has this concept been
reduced to practical reality. The implications of this success story are far ranging
and likely to be quite lasting and influential in determining the future course of
the communications explosion during the twenty-first century. This introductory
chapter sets the stage for the detailed look at the silicon-germanium heterojunc-
tion bipolar transistor (SiGe HBT) presented in this book. We first examine the
compelling features of the semiconductor Si, look at integrated circuit (IC) needs
to support the emerging Information Age, and then examine application-induced
design constraints. Armed with this background, the notion of using bandgap-
engineering in Si to create the SiGe HBT is introduced, and we address why SiGe
HBT BiCMOS technology has emerged as an important enabler for twenty-first
century communications systems. We conclude with an historical perspective of
this fascinating field, some performance trends, and a view of the looming technol-
ogy battleground between Si, SiGe, and III-V technologies.

1.1 The Magic of Silicon

We live in a silicon world. This statement is literally as well as figuratively true.
Silicates, the large family of silicon-oxygen bearing compounds such as feldspar
(NaAlSi30g), beryl (BeAl(Sis013)), and olivine ((MgFe),Si0O4), make up 74%
of the earth’s crust. Si is the third most abundant element on planet Earth (15%
by weight), after iron (35%) and oxygen (30%). One need go no further than the

"There is one thing stronger than all the armies of the world, and that is an idea whose time has
come." Victor Hugo
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beach and scoop up some sand to hold Si in your hand. More important, however,
Si, with its many compelling characteristics, has almost single-handedly fueled the
emergence of the Information Age. Global semiconductor sales, of which Si cap-
tured well over 90%, totaled $204,400,000,000 in 2000 [1]. We humans owe a
significant debt to this unique element. Indeed, it is the very existence of Si micro-
electronics that has enabled emergence of the Information Age, which is so pro-
foundly reshaping the way we live and work and play and communicate. Why Si?
This profound market dominance of Si rests on a number of surprisingly practical
advantages Si has over other competing semiconductors, including the following.

e Si is wonderfully abundant (there are a lot of beaches in the world), and
can be easily purified to profoundly low background impurity concentrations
(below 10'* impurities / cm?). Given that the atomic density of Si is 5x10%2
atoms / cm?, this means that in a production-grade Si wafer, the impurities
are smaller than 1 part in 10'? (0.000001 ppm), making them some of the
purest materials on Earth.

e Si crystals can be grown in amazingly large, virtually defect-free single crys-
tals (200 mm diameter wafers are in production today worldwide, and are
rapidly evolving to 300 mm). The resultant large Si wafer size translates
directly into more ICs per wafer, effectively lowering the cost per IC. Given
that a 200 mm Si boule is roughly 6 feet long, Si crystals are literally the
largest and most perfect on the face of planet Earth.

e Si has excellent thermal properties, allowing for the efficient removal of dis-
sipated heat. The thermal conductivity of Si at 77 K is actually larger than
that of copper.

e Si can be controllably doped with both n-type and p-type impurities to ex-
tremely high dynamic range (less than 10'* to greater than 10?! cm™?), at
moderate incorporation temperatures (e.g., < 1000 °C). In addition, the ion-
ization energies of the three principal dopants for Si (boron, phosphorus, and
arsenic) are all at shallow levels in the bandgap (< 50 meV), making them
essentially 100% ionized (electrically active) at room temperature.

e Si can be very easily grown or deposited in three different material forms:
crystalline Si, polycrystalline Si ("poly" Si), or amorphous Si, each of which
finds different uses in IC technologies.

e Si can be etched relatively easily, using either "wet" chemistries (e.g., KOH)
or with "dry" chemistries (e.g., with reactive ion etching using CFg).
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Figure 1.1 End-on view of the Si lattice along the <110> axis (after [2]).

e Like most of the technologically important semiconductors, Si crystallizes
in the diamond lattice structure (Figure 1.1 and Figure 2.1). The crystal
structure of Si is a direct consequence of its electron orbital configuration
(1522522p%3523p?), and is thus the underlying reason why Si has so many
desirable mechanical and thermal properties. (It’s a shame that crystallized
Si, despite the fact that it shares an identical lattice structure with that of
crystallized C (our beautiful diamonds), ends up with an opaque, fairly unin-
spiring, greyish-silver appearance.)

e The energy bandgap of Si is of moderate magnitude (1.12 eV at 300 K). If
the bandgap were too small (< 0.5 eV), the intrinsic carrier density would be
too large at 300 K, making parasitic off-state leakage currents too large. If,
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instead, the bandgap were too large (> 2.0 eV), then typically it becomes dif-
ficult to etch and diffuse dopant impurities (bandgap is a reflection of atomic
bonding strength).

Si is nontoxic and highly stable, making it in many ways the ultimate green
material (although its common dopant sources of di-borane, phosphine, and
arsine fall decidedly into the "nasty" category).

Si has excellent mechanical properties, facilitating ease of mechanical han-
dling during the fabrication process. For a 200-mm diameter crystal, for
instance, this allows the Si wafers to be cut to roughly 600-um thickness,
maximizing the number of wafers per Si boule. This mechanical stability
also minimizes wafer warpage with fabrication, and in addition allows pro-
cessing to occur under very large thermal gradients without serious conse-
quences (e.g., under rapid-thermal annealing conditions, ramping from 25°C
to 1,000°C in 10 seconds).

It is remarkably easy to form very low resistance ohmic contacts to Si, us-
ing a wide variety of metals and doping conditions. Specific contact re-
sistances below 10-20 Q,um2 can be achieved, for instance, with a heavily
doped polysilicon emitter contact, minimizing parasitic device resistances.

The damage and resultant interface states associated with cleaving or truncat-
ing a Si crystal to produce a crystalline surface are not excessively numer-
ous and, importantly, can be easily passivated to manageable levels (e.g.,
with hydrogen). In device terms, this results in a low surface recombina-
tion velocity for Si, and a reduction in parasitic leakage currents and noise
associated with surface leakage phenomena.

The diffusion coefficients of the common Si dopants are "reasonable,” mean-
ing that these dopants can be ion-implanted, and then effectively moved to
active substitutional sites using comparatively small thermal cycles (temper-
ature and time). This modest annealing cycle also very efficiently restores
the crystalline integrity of the Si lattice. This fact is crucial for allowing
the formation of shallow junctions, and the maintenance of the thin doping
profiles needed for making high-speed transistors.

Perhaps most importantly, an extremely high-quality dielectric can be triv-
ially grown on Si, simply by flowing oxygen across the wafer surface at an
elevated temperature (or even sitting it on the shelf for a few short minutes).
This dielectric, silicon-dioxide (SiO,, "quartz" to geologists) is one of na-
ture’s most perfect insulators (it possesses a breakdown strength greater than
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10 MV/cm) and can be used for electrical isolation, surface passivation, a
planarization layer, an etch stop, or as an active layer (e.g., gate oxide) in the
device. SiO; also acts as a wonderful diffusion and ion-implantation barrier
to dopants, and thus functions as an ideal masking material for layer-by-layer
stenciling of the features of our integrated circuits.
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Optical Fiber

0C-768
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''''''''' Mobile

foou \ b
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Figure 1.2 The global communications landscape in 2002, broken down by the
various communications standards, and spanning the range of: wireless
to wireline; fixed to mobile; copper to fiber; low data rate to broadband;
and local area to wide area networks. WAN is wide area network, MAN
is metropolitan area network, the so-called "last mile" access network,
LAN is local area network, and PAN is personal area network, the
emerging in-home network. (Used with the permission of Kyutae Lim,
Georgia Tech.)

Simply put, it is a remarkable fact that nature blessed us with a single material
embodying the features one might naively wish for when building low-cost tran-
sistors and ICs. From a semiconductor manufacturing standpoint, Si is literally a
dream come true. Why is Si the driver of the Information Age? There is literally no
other semiconductor that so nicely "fits the bill" as a material from which to con-
struct the roughly 2x10%° transistors that currently reside today on planet Earth.
Interestingly, the wonderful selling points of Si as a fundamental enabler of the
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Information Age have little to do with the device or circuit designer’s desires, or
needs, and in fact are largely driven by manufacturing, yield, and ultimately cost
issues. That is, mundane, but nonetheless compelling, economic issues command
the driver’s seat. They still do, and clearly will far into the future.
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Figure 1.3 Projected global growth in information flow for wired voice, wireless
voice, and Internet services (after [3]).

1.2 IC Needs for the Twenty-First Century

Despite the relative infancy of the Information Age, the requirement for integrated
circuits and systems is undergoing explosive growth in the global marketplace, a
growth that is unlikely to abate in the foreseeable future (Figure 1.2). Indeed,
there are few people today who would project any kind of saturation, at least un-
til the physical limits of our conventional semiconductor devices are reached in
the 2010-2015 time frame. Even as those horizons inexorably come into view,
the frantic search for faster and more complex circuits will only shift directions;
it will not cease. Clear evidence for these trends can be found in the growth in
average global information flow for wired voice, wireless voice, and Internet ap-
plications (Figure 1.3). As can be seen in the evolutionary path of Internet-based
services, the Information Age is rapidly evolving into what might be appropriately
termed the Internet Age, since the Internet appears to be the predominant enabling
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Figure 1.4 Trends in data transmission rates for optical fiber backbone networks.
TDM is time division multiplexing, and WDM is wavelength division
multiplexing (after [3]).

medium. The wireline data transmission rates along the global fiber backbone net-
work required to support this projected growth in Internet services are increasing
exponentially, fueling what can be termed the Communications Revolution (Fig-
ure 1.4).

Because of this relentless pace in global information generation, manipulation,
storage, and transmission, an insatiable appetite for exponentially greater system-
level computational complexity and performance has resulted, translating at the
IC level into a demand for increasingly faster logic, increasingly higher memory
density, and increasingly higher carrier frequencies for communications channels,
as embodied in the well-known Moore’s Law growth patterns in the various IC
metrics. All at a lower price! Faster, denser, cheaper, the motto of the IC marketer
in the twenty-first century. Often a disturbing oxymoron to us IC designers.

1.3 Application-Induced Design Constraints

Where does this evolutionary juggernaut of faster, denser, cheaper ICs leave us
poor device and circuit designers? Ask anyone working in the IC trenches, and
they will tell you that as IC operational throughput rises, life as a device and circuit
designer gets exponentially more difficult! To appreciate why this is so, one simply
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needs to consider the design constraints imposed by the various types of IC venues
that are required to support emerging Information Age applications. By way of
illustration, consider simultaneously a classical digital IC (e.g., a microprocessor),
a classical analog IC (e.g., a data converter), and a classical RF or microwave IC
(e.g., a low noise amplifier). If we deconvolve the various constraints a device
and circuit designer necessarily confronts when designing, modeling, laying out,
fabricating, testing, packaging, and selling such ICs, some fundamental observa-
tions can be made. (Cost is clearly a primary constraint for all application sectors.)
These application-induced IC design constraints include:

e Digital circuits (e.g., a microprocessor):

— switching speed;

— power consumption;
e Analog circuits (e.g., a data converter):

— frequency response;

— output conductance;

— current gain;

— 1/f noise;

— power consumption;

— temperature coefficient;

— device-to-device matching;

— resistor tolerance;
o RF and microwave circuits (e.g., a low-noise amplifier):

broadband noise;

1/f noise;

linearity;

power gain;

power consumption;

Q of inductors and capacitors;

impedance matching;

transmission lines;

modulation scheme (e.g., GSM versus CDMA, etc.).
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A cursory glance at these three disparate application arenas paints a very clear pic-
ture. The performance requirements at the device and circuit level vary radically
depending on the intended application. For instance, the key driving force in low-
noise amplifier (LNA) design might be transistor noise figure, but a logic designer
on a microprocessor design team most likely could care less about noise figure.
This design constraint disparity translates to the system level as well. If we con-
sider a generic radio frequency (RF) transceiver, which might, for instance, make
up a cell phone, we see that multiple device technologies are required, ranging
from: an RF power amplifier capable of large voltage swings, an RF LNA with very
low noise capability, RF mixers and oscillators, memory, passives for matching and
filtering, data converters, and digital complementary-metal-oxide-semiconductor
(CMOS) for baseband processing (Figure 1.5). In today’s cell phones, these in-
dividual functional blocks are typically packaged as separate ICs using distinct IC
technologies in order to achieve acceptable system performance at the lowest possi-
ble cost (e.g., GaAs metal-semiconductor field effect transistor (MESFET) or HBT
technology for the low-noise amplifier (LNA) and power amplifier (PA), Si BJT
technology for the mixer and oscillator and converters, and Si CMOS technology
for baseband processing and digital signal processing (DSP)).

Transmitter
Coding Pulse
ADC —> Interleaving Shaping | Modulator
Voice Pow_e_r
Amplifier
Carrier

Down - -
Converter [P| APC [ Demodulation [y Equalizer

Low-Noise ¢
Amplifier

] De-interleaving
Carrier Decoding
Voice
D]:' < ¢ DAC 14— Decompression <
Audio
Amplifier

Receiver

Figure 1.5 A generic RF transceiver architecture.

Given the over-arching theme of cost constraints at the IC level, however, we
are led to a logical conclusion. It would be nice if a single IC device technol-
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ogy was capable of simultaneously supporting all of the types of self-conflicting
circuit design needs: digital, analog, and RF. That is, a "one-technology-fits-all"
approach would seem to offer compelling advantages from a cost standpoint, po-
tentially enabling "system-on-a-chip" (SoC) integration (Figure 1.6). While the
extent to which SoC will dominate the global communications market over the
long haul remains a contentious issue, clearly the trend in most foreseeable com-
munications applications favors an increased level of functional integration in or-
der to achieve reduced form factor, lower chip count, longer battery life, reduced
packaging complexity, and ultimately lower total system cost.

RF
PA ™
IF Analog Digital ?
RF Baseband Baseband single
LNA RX Chip
Passives Power Memor
Management Y

Figure 1.6 Block diagram of a generic cell phone, suggesting a path to single chip
integration.

The system-level SoC dream can quickly translate, however, into a device de-
signer’s nightmare. Any practicing device engineer will tell you that a single tran-
sistor technology simultaneously capable of delivering low-power, high-linearity,
low-noise, and high-speed operation for RF, analog, memory, and digital circuits
all at a low cost just doesn’t exist. Or does it? If we scan the entire field of available
IC technologies, we are led inexorably to a logical conclusion. As SoC IC design-
ers we would ideally like to combine the superior RF and analog performance
properties of III-V technologies with Si CMOS for digital and memory functions,
all married together with the economy of scale and low cost associated with Si IC
manufacturing. A Si-compatible, III-V device technology? You bet!

1.4 The Dream: Bandgap Engineering in Silicon

As wonderful as Si is from a fabrication viewpoint, from a device designer’s per-
spective, Si is hardly the ideal semiconductor. The carrier mobility for both elec-
trons and holes in Si is comparatively small, and the maximum velocity that these
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carriers can attain under high electric fields is limited to about 1x107 cm/sec under
normal conditions. Since the speed of a device ultimately depends on how fast
the carriers can be transported through the device under sustainable operating volt-
ages, Si can thus be regarded as a somewhat "slow" semiconductor. In addition,
because Si is an indirect gap semiconductor, light emission is painfully inefficient,
making active optical devices such as diode lasers impractical. Many of the III-V
compound semiconductors (e.g., GaAs or InP), on the other hand, enjoy far higher
mobilities and saturation velocities, and because of their direct gap nature, gen-
erally make efficient optical devices. In addition, III-V devices, by virtue of the
way they are grown, can be compositionally altered for a specific need or applica-
tion (e.g., to tune the light output of a diode laser to a specific wavelength). This
atomic-level custom tailoring of a semiconductor is called bandgap engineering,
and yields a large performance advantage for III-V technologies over Si [4]. Un-
fortunately, these benefits commonly associated with III-V semiconductors pale in
comparison to the practical deficiencies associated with making highly integrated,
low-cost ICs from these materials. There is no robust thermally grown oxide for
GaAs or InP, for instance, and wafers are smaller with much higher defect den-
sities, more prone to breakage, poorer heat conductors, etc. These deficiencies
translate into generally lower levels of integration, more difficult fabrication, lower
yield, and ultimately higher cost. In truth, of course, III-V materials such as GaAs
and InP fill important niche markets today (e.g., GaAs MESFETs for cell phones,
AlGaAs or InP-based lasers), but III-V semiconductor technologies will never be-
come mainstream if Si-based technologies can do the job.

While Si ICs are well suited to high-transistor-count, high-volume micropro-
cessors and memory applications, RF and microwave circuit applications, which by
definition operate at significantly higher frequencies, generally place much more
restrictive performance demands on the transistor building blocks. In this regime,
the poorer intrinsic speed of Si devices becomes problematic. That is, even if Si
ICs are cheap, they must deliver the required device and circuit performance to
produce a competitive system at a given frequency. If not, the higher-priced but
faster III-V technologies will dominate (as they indeed have until very recently in
the RF and microwave markets).

The fundamental question then becomes simple and eminently practical: is it
possible to improve the performance of Si transistors enough to be competitive
with III-V devices for RF and microwave applications, while preserving the enor-
mous yield, cost, and manufacturing advantages associated with conventional Si
fabrication? The answer is clearly yes, and this book addresses the many nuances
associated with using strained SiGe alloys to practice bandgap engineering in the
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Si material system, a process culminating in the SiGe HBT. 2

While the basic idea of using SiGe alloys to bandgap-engineer Si devices dates
to the 1950s (Shockley considered it early in the transistor game), the synthesis of
defect-free SiGe films proved surprisingly difficult, and device-quality SiGe films
were not successfully produced until the mid-1980s. This difficulty has a very
obvious physical underpinning. While Si and Ge can be combined to produce a
chemically stable alloy, their lattice constants differ by roughly 4.2% and thus SiGe
alloys grown on Si substrates are compressively strained. This process is referred
to as pseudomorphic growth of strained SiGe on Si, with the SiGe film adopting
the underlying Si lattice constant. These SiGe strained layers are subject to a fun-
damental stability criterion limiting their thickness for a given Ge concentration
[5, 6]. Deposited SiGe films that lie below the stability curve are thermodynam-
ically stable, and can be processed using conventional furnace or rapid-thermal
annealing, or ion-implantation without generating defects. Deposited SiGe films
that lie above the stability curve, however, are "metastable" and will relax to their
natural lattice constant (> Si) if exposed to temperatures above the original growth
temperature, generating device-killing defects in the process. For a manufacturable
SiGe technology, it is obviously key that the SiGe films remain stable after process-
ing. Stability of SiGe strained layers will be discussed at length in Chapter 2.

1.5 The SiGe HBT

Introducing Ge into Si has a number of consequences. First and most important,
because Ge has a larger lattice constant than Si, the energy bandgap of Ge is smaller
than that of Si (0.66 eV vs 1.12 eV), and thus SiGe will have a bandgap smaller
than that of Si, making it a suitable candidate for bandgap engineering in Si. The
compressive strain associated with SiGe alloys produces an additional bandgap
shrinkage, and the net result is a bandgap reduction of approximately 75 meV for
each 10% of Ge introduced. This Ge-induced "band offset" occurs predominantly
in the valence band, making it conducive for use in tailoring npn bipolar transistors.
In addition, the compressive strain lifts the conduction and valence band degenera-
cies at the band extremes, effectively reducing the density-of-states and improving

21t is technically correct to refer to silicon-germanium alloys according to their chemical compo-
sition, Si;_,Ge,, where x is the Ge mole fraction. Following standard usage, such alloys are usually
referred to as "SiGe" alloys. Note, however, that it is common in the material science community to
also refer to such materials as "Ge:Si" alloys. In this book we will follow standard usage and denote
these materials as SiGe alloys. Believe it or not, this field also has its own set of slang pronunciations.
The colloquial usage of \’sig-ee™\ to refer to "SiGe" (begun at IBM in the late 1990s) has come
into vogue recently, although we remain purists in this regard, sticking with the more traditional
"silicon-germanium."
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the carrier mobilities with respect to pure Si (the latter due to a reduction in carrier
scattering). Because a practical SiGe film must be very thin if it is to remain stable
and hence defect free, it is a natural candidate for use in the base region of a bipolar
transistor (which by definition must be thin to achieve high-frequency operation).
The resultant device contains an n-Si / p-SiGe emitter-base heterojunction and a p-
SiGe / n-Si base-collector heterojunction, and thus this device is properly called an
"SiGe double-heterojunction bipolar transistor," although for clarity we will con-
tinue the standard usage of "SiGe heterojunction bipolar transistor" (SiGe HBT).3
The SiGe HBT represents the first practical bandgap-engineered transistor in the
Si material system.

Perhaps most importantly, SiGe HBTs can be quite easily teamed with best-
of-breed Si CMOS to form a monolithic SiGe HBT BiCMOS technology. While
this might seem at first glance to be a mundane advantage, it is in fact a funda-
mental enabler for SiGe’s long-term success, provided SiGe HBTs can be realized
without an excessive cost penalty compared to standard Si ICs. The integration of
SiGe HBTs with Si CMOS is also the fundamental departure point between SiGe
technology and III-V technologies. If SiGe technology is to be successful in the
long haul, it must bring to the table the RF and analog performance advantages of
the SiGe HBT, and the low-power logic, integration level, and memory density of
Si CMOS, into a single cost-effective IC that enables SoC integration (i.e., SiGe
HBT BiCMOS). This merger appears to be the path favored by most companies
today. Typically, SiGe HBTs (often with multiple breakdown voltages) exist as an
"adder" to a basic CMOS IC building-block core, to be swapped in or out as the
application demands, without excessive cost burden. Typical state-of-the-art SiGe
HBT BiCMOS technologies generally have a roughly 20% adder in mask count
compared to "vanilla" digital CMOS, and are viewed by many as an acceptable
compromise between performance benefit and cost, depending on the application.
In truth, SiGe HBT BiCMOS technologies are the future of the SiGe HBT, since it
enables system-on-a-chip solutions across a very broad market base for both wired
and wireless applications, all at an acceptable cost. This is clearly the evolutionary
path being traveled today by almost all companies with commercially viable SiGe

3A common misconception persists in the literature that the SiGe HBT is not a "true" HBT, but
rather some sort of "mutant" bipolar junction transistor (BJT). While it is true that the fundamental
doping profile design of most SiGe HBTs in production today does not follow the lines of their III-V
HBT brethren, the SiGe HBT is still an HBT. Traditional III-V HBTs exploit a wide bandgap emit-
ter to reduce the back-injected base current (i.e., improve the emitter injection efficiency), thereby
allowing an acceptable current gain while using a lightly doped emitter and a very heavily doped
base. SiGe HBTs, on the other hand, typically employ a graded-Ge-base design with a heavily doped
emitter and moderately doped base, similar to what might be found in a conventional Si BJT. Never-
theless, SiGe HBTs do in fact still contain dual SiGe/Si heterojunctions and thus should be properly
referred to as HBTs.
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technologies.

1.6 A Brief History of SiGe Technology

The concept of the HBT is an old one, dating to the fundamental BJT patent issued
to Shockley in 1951 [7]. Given that the first bipolar transistor was built from Ge,
it seems quite likely that Shockley even envisioned the combination of Si and Ge
to form a SiGe HBT (he was a bright guy!). The basic formulation and opera-
tional theory of the HBT was pioneered by Kroemer, and was in place by 1957
[8, 9]. * Reducing the SiGe HBT to practical reality, however, took 30 years due to
material growth limitations. Once device-quality SiGe films were achieved in the
mid-1980s, progress was quite rapid from that point forward. An interesting his-
torical discussion of early SiGe HBT development is contained in [10]. Table 1.1
summarizes the key steps in the evolution of SiGe HBT technology.

The first functional SiGe HBT was demonstrated in December of 1987 [16], >
but worldwide attention became squarely focused on SiGe technology in June of
1990 with the demonstration of a non-self-aligned SiGe HBT grown by ultra-high
vacuum/chemical vapor deposition (UHV/CVD), with a peak cutoff frequency of
75 GHz [18, 19]. At the time, this SiGe result was roughly twice the performance
of state-of-the-art Si BJTs (Figure 1.7), and clearly demonstrated the future per-
formance potential of the technology. Eyebrows were lifted, and work to develop
SiGe as a practical circuit technology began in earnest in a large number of labora-
tories around the world.

In December of 1990, the first emitter-coupled-logic (ECL) ring oscillators us-
ing self-aligned, fully integrated SiGe HBTs were produced [20]. The first SiGe
BiCMOS technology was reported in December of 1992 [22], and the first LSI
SiGe HBT circuit (a 1.2 GSample/s 12-bit digital-to-analog converter) was demon-
strated in December of 1993 [23]. The first SiGe HBTs with frequency response
greater than 100 GHz were described in December of 1993 [24, 25], and the first

4Kroemer was awarded the Nobel Prize in 2000 for his work in bandgap engineering.

3Tt is an interesting and often overlooked historical point that at least three independent groups
were simultaneously racing to demonstrate the first functional SiGe HBT, all using the molecular
beam epitaxy (MBE) growth technique: an IBM team [33], a Bell Labs team [34], and a Linkoping
University team [35]. The IBM team is fairly credited with the victory, since it presented (and
published) its results in early December 1987 at the IEDM (it would have been submitted to the
conference for review in the summer of 1987) [16]. Even for the published journal articles, the IBM
team was the first to submit their paper for review (on November 17, 1987), followed by the Bell
Labs team (on November 23, 1987), and the Linkoping University team (on February 22, 1988). All
three papers appeared in print in the spring of 1988. The first SiGe HBT demonstrated using (the
more manufacturable) CVD growth technique followed shortly thereafter [17].
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Table 1.1 Key Steps in the Evolution of SiGe HBT Technology

Historical Event | Year | Reference |
Fundamental HBT patent 1951 [7]
Drift-base HBT concept 1954 [8]
Basic HBT theory 1957 | 9, 12, 13]
First growth of SiGe strained layers 1975 [11]
First growth of SiGe epitaxy by MBE 1985 [14]
First growth of SiGe epitaxy by UHV/CVD 1986 [15]
First SiGe HBT 1987 [16]
First ideal SiGe HBT grown by CVD 1989 [17]
First high-performance SiGe HBT 1990 | [18,19]
First self-aligned SiGe HBT 1990 [20]
First SiGe HBT ECL ring oscillator 1990 [20]
First pnp SiGe HBT 1990 [21]
First SiGe HBT BiCMOS technology 1992 [22]
First LSI SiGe HBT Integrated Circuit 1993 [23]
First SiGe HBT with peak fr above 100 GHz 1993 | [24, 25]
First SiGe HBT technology in 200-mm manufacturing | 1994 [26]
First SiGe HBT technology optimized for 77 K 1994 [27]
First SiGeC HBT 1996 [28]
First high power SiGe HBTs 1996 | [29, 30]
First sub-10 psec SiGe HBT ECL circuits 1997 [31]
First SiGe HBT with peak fr above 200 GHz 2001 [32]

SiGe HBT technology entered commercial production on 200-mm wafers in De-
cember of 1994 [26]. The 200-GHz peak fr barrier was broken in November of
2001 for a non-self-aligned device [32], and for a self-aligned device in February
of 2002 [36]. SiGe HBT technologies with fr above 300 GHz are clearly a real-
istic goal at this point, making SiGe HBTs quite competitive in performance with
competing III-V HBT technologies.

To date, the IC with the highest SiGe HBT device count on a single chip is
a 69 x 69 cross-point switch containing greater than 100,000 0.5-um SiGe HBTs
[37]. The highest demonstrated level of SiGe HBT BiCMOS integration to date is a
10.8 x 10.8 mm? mixed-signal, single-chip OC-192 10 Gb/s SONET/SDH mapper
with integrated serializer/deserializer, clock and data recovery circuits, and syn-
thesis unit, containing 6,000 0.5-ym SiGe HBTs and 1,200,000 CMOS transistors
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Figure 1.7 Historical trends in published peak cutoff frequency values for various
Si BJT technologies compared with the first high-performance SiGe
HBT result.

[36, 38].

Not surprisingly, research and development activity in SiGe devices, circuits,
and technologies in both industry and at universities worldwide has grown rapidly
since the first demonstration of a functional SiGe HBT in 1987. This global inter-
est is nicely reflected in the number of SiGe HBT technical publications in IEEE
journals and conferences from 1987 until present, as shown in Figure 1.8.

During the evolutionary path of SiGe HBTs, a large number of SiGe HBT de-
vice technologies have been demonstrated at laboratories throughout the world, us-
ing a variety of different SiGe epitaxial growth techniques. Commercial SiGe HBT
technologies now exist in companies around the world, including: IBM [36], ¢ Hi-
tachi [39], Conexant (Jazz) [40], Infineon [41], NEC [42], IHP [43], IMEC [44], TI
[45], Philips [46], Lucent [47], ST Microelectronics [48], TEMIC [49], and CNET
[50].7 In recent years, these various SiGe HBT technologies have been leveraged
to demonstrate a large number of impressive digital, analog, RF, and microwave
circuit results for wireless and wireline communications applications [51]-[100].

®For fascinating historical insight into the development of SiGe technology at IBM, see [10].

"Only the most recently published version of the SiGe technology from each respective company
is given. For the interested reader, each paper contains relevant references to earlier versions of that
respective company’s SiGe technologies.
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Figure 1.8 Historical trends in the yearly number of SiGe HBT papers published
in IEEE journals and conferences (source: IEEE Xplore).

A large number of commercial products using SiGe HBTs are currently on the
market, and a foundry service through MOSIS for SiGe HBT BiCMOS technol-
ogy is available [101], all healthy signs for a new device technology. A variety of
review papers on SiGe materials, devices, circuits, and technologies can be found
in the literature [102]-[119], and four books (excluding the one you are reading)
dealing in one way or another with SiGe materials and devices have been published
[120]-[123].

1.7 SiGe HBT Performance Trends

While performance trend charts should always be taken with a grain of salt as
to their predictive power, it is nonetheless instructive to examine how SiGe HBT
performance has progressed from 1987 until present. For reasons that may or may
not meet with approval from all quarters, we have chosen to limit these SiGe HBT
trend data in the following manner:

e Consider only results published in the peer-reviewed technical literature.

e Consider either SiGe HBTs or SiGeC HBTs.?
8A SiGe HBT that has carbon-doping (e.g., less than 0.20% C) in the base to suppress boron
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Figure 1.9 Historical trends in peak cutoff frequency for integrated, self-aligned
SiGe HBT and SiGeC HBT technologies.

e Consider only self-aligned, fully integrated, Si-processing-compatible SiGe
HBT technologies. This eliminates, for instance, non-self-aligned device re-
sults that were primarily intended as profile demonstrations. It also elim-
inates III-V-like mesa-isolated technologies, which cannot be easily inte-
grated with high-transistor-count IC processes, although such device tech-
nologies clearly have merit for certain microwave and millimeter wave ap-
plications.

e Consider either SiGe HBT or SiGe HBT BiCMOS technologies.
e Consider only room-temperature (300 K) results.

This definition captures greater than 95% of published SiGe HBT results, and lim-
its the trend data to SiGe device technologies that are at least potentially manufac-
turable and hence in principle commercially viable.

We note that while peak cutoff frequency (f7) is reasonably straightforward to
measure using standard S-parameter techniques (assuming proper calibration and

out-diffusion is properly referred to as a SiGe:C HBT, or simply SiGeC HBT (pronounced "silicon
germanium carbon," not "silicon germanium carbide"). This class of devices should be viewed as
optimized SiGe HBTs, and is distinct from HBTs fabricated using SiGeC alloys with a much higher
C content (e.g., 2-3% C) needed to lattice-match SiGeC alloys to Si.
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Figure 1.10 Historical trends in peak cutoft frequency as a function of collector-
to-emitter breakdown voltage for integrated, self-aligned SiGe HBT
and SiGeC HBT technologies.

parasitic de-embedding is performed), the same cannot be said for fy,,. It has
become common practice in the literature to cite f,,, numbers using unilateral
gain (U) extrapolations, which often gives more optimistic numbers than those
determined from extrapolations of the maximum available gain (MAG). The fax
data presented does not distinguish between the two techniques, and thus adds a
level of uncertainty to the f,,,, data presented.

Figure 1.9 shows the historical trends in peak fr from the first self-aligned
device demonstration in December of 1990 [20] until present. It is interesting to
note that until about 1998, peak fr remained in the 50-75 GHz range, suggest-
ing that most research groups were on a profile design and fabrication learning
curve, or else attempting to migrate their technologies from research-level demon-
strations into commercial IC technologies, and thus worrying less about transistor
performance than manufacturability, qualification, and yield. It is interesting to
note that both the 100-GHz and 200-GHz fr barriers were broken within 6 months
of each other, 100 GHz being reached in September 2001 by four separate groups
[48, 124, 125, 126], and 200 GHz being reached in February of 2002 [36]! o Ttis

Note that non-self-aligned SiGe HBTs with fr > 100 GHz were demonstrated as early as 1993
[24, 25], and a 210-GHz non-self-aligned SiGe HBT was demonstrated in November of 2001 [32].
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also clear from Figure 1.9 that after 2001, many groups began migrating towards
C-doping of their SiGe HBTs to reduce boron out-diffusion in the base profile, and
thereby improve fr.
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Figure 1.11 Historical trends in peak maximum oscillation frequency for inte-
grated, self-aligned SiGe HBT and SiGeC HBT technologies.

It has been appreciated since 1965 that a fundamental reciprocal relationship
exists between transistor peak fr and BVcgo [127], and the SiGe HBT data qual-
itatively bear out this trend (Figure 1.10). Most published SiGe HBT results are
centered upon an fr x BVcge product of about 200 GHz-V, slightly higher than
original "Johnson limit" for Si of 170 GHz-V. More recent results suggest that
higher values of the f1 x BV o product are attainable as SiGe device technologies
evolve, and have been clustered in the 250-300-GHz-V range over the 1999-2001
time frame. The present record for the f1 x BV o product for a SiGe HBT is 420
GHz-V [36], substantially higher than one might naively expect given past trend
data. 1°

Whether this is indirect evidence of an alternative transport mechanism (i.e.,
ballistic transport) at this level of vertical scaling remains to be seen. It is also
worth noting that the current density at which peak fr is reached has also been
steadily rising over time, from about 1.5 mA/um? in 1990 (50 GHz at BVcgo =

"Note added in press: the demonstration of a SiGe HBT with 350-GHz peak fr (BVcgo = 1.4
V), to be presented at the IEDM in December of 2002, increases this number to 490 GHz-V [128]!
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Figure 1.12 Historical trends in peak maximum oscillation frequency as a function
of peak cutoff frequency for integrated, self-aligned SiGe HBT and
SiGeC HBT technologies.

3.2 V) to about 10.0 mA/um? in 2002 (210 GHz at BV o = 2.0 V). This J¢ rise
over time clearly presents a host of challenges in terms of device reliability and
technology metalization needs, not to mention system-level, voltage-compression
design constraints induced by the ever-shrinking BVcgo.

While peak fr is very useful as a technology figure-of-merit, f,, is a more
relevant circuit-level performance metric. Figure 1.11 shows that the SiGe HBT
peak fnqx data has risen over time is a similar manner to that of peak fr, as might
be naively expected. In 2002, best-of-breed SiGe HBTs have attained peak fi,qx
in the 200-GHz range (the present record being 285 GHz [129]), quite impressive
even by III-V HBT standards. Figure 1.12 shows that for most SiGe technolo-
gies, peak finqx is generally comparable to or even exceeds peak f7.!! Achieving
comparable fr and f, is highly desirable for many types of high-speed circuit
applications, and this trend for SiGe is different from that seen in most traditional
III-V HBT designs, where f,,, greatly exceeds fr. This ability of SiGe HBTs to
simultaneously maintain both high fr and high f,, is a direct result of the inher-
ently low-parasitic nature of highly-scaled, self-aligned Si device structures, and is
a decided advantage from an application standpoint.

Please see the above cautionary note concerning the interpretation of f,,,, data extrapolations.
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Figure 1.13 Historical trends in unloaded ECL gate delay for integrated, self-
aligned SiGe HBT and SiGeC HBT technologies.

Unloaded ECL ring oscillator gate delay has historically been used as a "one-
step-better” technology performance metric, since it is easy to implement and is the
simplest "real" circuit demonstration vehicle, with a delay that depends strongly on
both fr as well as the resistive and capacitive device parasitics. Figure 1.13 shows
the SiGe HBT ECL gate delay trend data. The fact that this data is roughly fol-
lowing a linear decrease on log-linear scales indicates that this performance data is
following a classical Moore’s Law exponential growth pattern. The long-standing
10 psec ECL delay barrier was broken in December of 1997 [31], and has since
marched steadily downward to the present record of 4.3 psec [36].

1.8 The IC Technology Battleground: Si Versus SiGe Ver-
sus III-V

And the winner is? From the very beginning it has been, and remains to this day, a
highly contentious issue as to whether SiGe technology will be able to successfully
position itself to dominate existing and future IC market sectors across a broad ar-
ray of application fronts. Even broad-brushed comparisons of the relative merits of
the competing IC device technologies can be perilous, given that there is no such
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Figure 1.14 Headline News: "SiGe ‘Pac-Man’ gobbles up GaAs competition!"
(Used with the permission of Michael W. Davidson, Florida State Uni-
versity.) This SiGe Pac-Man was found on a SiGe RFIC designed by
TEMIC Semiconductors. Pac-Man was originally designed by Toru
Iwantani and programmed by Hideyuki Mokajima and his associates.
The name Pac-Man is derived from the Japanese slang "Paku-paku,"
which means "to eat."” Originally, the Japanese named the game "Puck-
man," but it was changed to "Pac-Man" upon launching in the United
States. Pac-Man is the best-selling video game in history.

thing as a true "apples-to-apples” comparison, and one will inevitably be accused
of a personal bias of this or that sort, or be charged with comparing one inferior
example of a given technology with a superior example of a competing technology,
thus artificially skewing the result. In addition, the potential circuit applications of
any given technology are so diverse, some favoring one performance metric, oth-
ers favoring another performance metric, that sweeping generalizations are simply
impossible, and the reader should be wary when they are attempted. Given this dis-
claimer, however, it is nonetheless instructive in this context to make some general
comparisons of the performance metrics that might be encountered, for instance,
while designing an radio-frequency integrated circuit (RFIC) using each of the
various device topologies (Table 1.2).

From an RF viewpoint, state of the art SiGe HBTs offer frequency response,
noise figure, and linearity comparable to current-generation III-V devices, and bet-
ter than both Si BJTs and Si CMOS (even highly scaled CMOS). SiGe HBTs offer
better low-frequency (1/f) and phase noise than all of the competition, with the
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Table 1.2 Relative Performance Comparisons of Various Device Technologies for
RFICs (Excellent: ++; Very good: +; Good: 0; Fair: —; Poor: ——)

Performance SiGe | Si Si III-v II-v | 1I-Vv
Metric HBT | BJT | CMOS | MESFET | HBT | HEMT
Frequency response + 0 0 + ++ ++
1/f and phase noise ++ + - —_ 0 —
Broadband Noise + 0 0 + + ++
Linearity + + + ++ + ++
Output conductance ++ + - - ++ -
Tranconductance/area | ++ | ++ - - ++ -
Power dissipation ++ + - - + 0
CMOS integration ++ ++ N/A — _ __
IC cost 0 0 + - — _

possible exception of Si BJTs. Being a bipolar transistor, the transconductance per
unit area of a SiGe HBT is much higher than for either Si or III-V FETs, and for
profile designs with a graded Ge base, the output conductance of a SiGe HBT is
also superior to either Si or III-V FETs. SiGe HBTs also have the beneficial feature
that their broadband noise is minimized at very low current densities (typically 10x
lower than peak f7), in direct contrast to FETs (Si or III-V), making them very at-
tractive from a power dissipation point of view for portable applications.!? III-V
devices, especially high-electron-mobility transistors (HEMTs), will continue to
provide the very best noise performance, albeit at a higher cost, and given their
larger bandgaps and hence breakdown voltages, III-V devices will make the best
power devices. The long-term advantage of SiGe HBTs over the competition is a
strong function of system-level integration and cost. That is, the ability of SiGe
HBTs to integrate easily with conventional CMOS distinguishes them fundamen-
tally from all III-V technologies. SiGe technology is essentially equivalent to Si
technology in that sense, and enjoys all of the advantages associated with the econ-
omy of scale of Si IC manufacturing, including yield and die cost.

Which device technology is likely to walk away from the IC technology battle-
ground? The SiGe advocates obviously embrace the notion depicted in Figure 1.14,
in which SiGe swallows the GaAs competition. Wishful thinking? The III-V ad-

12That the SiGe HBT exhibits far lower power dissipation than CMOS at fixed RF noise figure
is wonderfully ironic, given that the large power dissipation associated with ECL is ultimately what
doomed Si BJT technology to CMOS domination in the digital world. Sweet revenge!
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vocates clearly see no need for a SiGe upstart! As a interested spectator on the
device technology battleground, however, it has been mildly amusing to witness
the III-V camp at technical conferences slowly but surely change from a "SiGe is
no threat at all, please go away" mentality in the early to mid-1990s, to a grudg-
ing but gradual acceptance of SiGe as a serious contender in the late 1990s, to a
recent near-paranoia of being supplanted and marginalized by SiGe technology.
SiGe technology is indeed evolving rapidly, and given its happy marriage to con-
ventional high-volume, low-cost Si fabrication (and CMOS), it does embody the
best of both the III-V and Si worlds, a decided advantage. The CMOS advocates,
of course, confidently and zealously maintain that it is simply inevitable that scaled
CMOS will "conquer the world," leading to little or no need for either SiGe or I11I-
V devices. Perhaps. While the CMOS tsunami did in fact effectively gobble up Si
BJT-based ECL in the high-end server market in the early 1990s, and now dom-
inates the digital microprocessor world, the wireless and high-data-rate wireline
domains are another matter entirely, and place far more stringent demands on the
devices than simple digital logic.

To this question of long-term market dominance, there is simply no easy an-
swer: only time will tell. In the end, the outcome is likely to be the obvious one:
SiGe, III-V, and CMOS will all be around 10 years from now, and each will con-
tinue to hold important market share for the foreseeable future, in sectors that value
their respective strengths. Clearly CMOS will continue to dominate the digital
world, and will grow in importance in the low-end wireless sector. SiGe will make
steady inroads into a broad array of both wireless and wireline markets, particularly
as frequency bands and data rates continue to rise. III-V technologies will continue
to dominate the small but important microwave market and the RF power ampli-
fier market. Given the fact that the global electronics market is already enormous
($1,128,000,000,000 in 2000 [1]), and growing rapidly with no real end in sight,
holding even a small niche market is likely to be sufficient to provide long-term
sustenance for a variety of device technologies.

The worldwide interest in SiGe as a commercial IC technology is growing
rapidly. Very rapidly. For those with lingering doubts as to the beautiful efficacy
of the SiGe solution for a wide variety of twenty-first IC needs, it should be noted
that there are virtually no companies in the world with a vested interest in commu-
nications ICs that do not at present have SiGe technology either in production or
under development, or at least in use via foundry services. That message in itself
is instructive, and should be considered carefully by SiGe pundits. With this requi-
site background, we now dive into the deep, rich, and fascinating subject of SiGe
HBTs. Enjoy!
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Chapter 2

SiGe Strained-Layer Epitaxy

It is ironic, in the present context, that the first functional transistors were in fact
fabricated from Ge. Little time elapsed until the recognition that Si would prove
to be a much better commercial platform for the emerging transistor field than Ge,
and except for a few niche applications, Ge dropped out of vogue and was soon for-
gotten as a viable device material. Interestingly, however, it was appreciated very
early in the game that the appropriate combination of Si and Ge, being chemically
compatible semiconductors with differing bandgaps, would present interesting de-
vice engineering opportunities. Unfortunately, it took nearly 30 years to reduce
that idea to the practical reality of device-quality SiGe strained-layer epitaxy. In
this chapter we examine the creation of strained-layer epitaxy from Si and Ge, and
explore the stability constraints that the SiGe world is governed by. We then ad-
dress the resultant band structure and transport parameters of SiGe alloys, followed
by a brief discourse on remaining open issues that merit further attention.

2.1 SiGe Alloys

Si and Ge are both Group IV elemental semiconductors, and crystallize in the di-
amond lattice structure, as depicted in Figure 2.1. For a comprehensive table of
the bulk structural, mechanical, and electrical properties of both Si and Ge, refer to
the Appendix. Si and Ge are completely miscible over their entire compositional
range, giving rise to chemically stable SiGe alloys that preserve their parent dia-
mond crystal structure and that have a linearly interpolated lattice constant given
to first order by Vegard’s rule,

a(Sii_xGey) = as; + x (ag. — asi), (2.1)

where a is the lattice constant, and x is the Ge fraction. Diffraction measurements

35
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Figure 2.1 Unit cell of the diamond lattice (after [1]).

of actual SiGe films show minor departures of this linear dependence and can be
fit by a parabolic relationship of the form

a(Siy_xGey) = 0.002733 x> + 0.01992 x + 0.5431 (nm), 2.2)

as depicted in Figure 2.2 [2].

2.1.1 Pseudomorphic Growth and Film Relaxation

The lattice mismatch between pure Si (a = 5.431 A) and pure Ge (a = 5.658 A)
is 4.17% at 300 K, and increases only slightly with increasing temperature. When
SiGe epitaxy ! is grown (actually it is more properly said to be deposited) onto a
thick Si substrate host, this inherent lattice mismatch between the SiGe film and
the underlying Si substrate can be accommodated in only one of two ways.

First, the lattice of the deposited SiGe alloy distorts in such a way that it
adopts the underlying Si lattice constant, resulting in perfect crystallinity across
the growth interface. In essence, the SiGe film is forced to adopt its host’s smaller

'The word "epitaxy" is derived from the Greek word epi, meaning "upon" or "over."
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Figure 2.2 Theoretical and experimental lattice constant of a Si;_,Ge, alloy as a
function of Ge fraction.

lattice constant. This scenario is known as "pseudomorphic" % growth, and is the
desired result for most device applications. Under processing conditions that favor
pseudomorphic growth, the SiGe film is forced into biaxial (in-plane) compression.
In this case, the SiGe lattice constant in the growth plane is determined by the Si
substrate, and the result is a tetragonal distortion (extension) of the normally cubic
SiGe crystal in the orthogonal direction, in accordance with the Poisson ratio. The
SiGe alloy is now under strain, and "SiGe strained-layer epitaxy" results. Because
of the additional strain energy contained in the SiGe film during pseudomorphic
growth, it embodies a higher energy state than for an unstrained film, and hence
nature does not favor this growth condition except under a very narrow range of
conditions, as discussed below.

Second and alternatively, the SiGe film can "relax" during growth to the natural
lattice constant determined by its Si and Ge fraction, as given by (2.2). The SiGe
film relaxes via misfit dislocation formation, resulting in a break in crystallinity
across the growth interface, and a defected film unsuitable for high-yielding de-
vice applications. Relaxation during SiGe growth occurs when the pent-up strain
energy is sufficiently large that misfit dislocations nucleate and then glide (move).

>The word "pseudo" is derived from the Greek word pseudés, meaning "false," and the word
"morphic" is derived from the Greek word mor phe, meaning "form." Hence, pseudomorphic literally
means false-form.
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Figure 2.3 Schematic 2-D representation of both strained and relaxed SiGe on a Si
substrate.

In essence, when the strain energy in the film exceeds the activation energy re-
quired for misfit formation and movement, the film will relax, releasing the stored
strain energy. Not surprisingly, this relaxation mechanism is complex, and vary-
ing degrees of residual (post-growth) strain can reside in relaxed SiGe films. The
misfit dislocations formed during the relaxation process may be either confined
to the original growth interface plane, or "thread" their way up through the over-
laying SiGe epitaxy, or both, and in either case represent a bad situation from a
device design perspective, since such defects can act as generation/recombination
(G/R) trapping centers, and high-diffusivity pipes for dopants, which are well-
known yield "killers" in bipolar technologies. * These two growth scenarios are
depicted schematically in Figure 2.3 and Figure 2.4.

Practically speaking, if we imagine an unrestricted SiGe growth process for
some arbitrary Ge fraction, it would proceed as follows. Since the Si substrate is
very thick (about 600 um for a 200-mm wafer), and very stiff, it remains essentially
unchanged during the epitaxial growth process. Assuming a pristine initial growth
interface, the growth of the SiGe film will begin pseudomorphically, adopting the

3Tt is worth pointing out that SiGe-based FET device technologies are inherently less sensitive to
such strain relaxation induced defects, simply because the FET is a majority carrier device. Minority
carrier devices such as the pn junction and bipolar transistor will always be less tolerant of growth
induced defects.
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Figure 2.4 Schematic representation of misfit dislocation formed at the Si/SiGe
growth interface.

underlying Si lattice constant, but when a given "critical thickness" is reached, the
strain energy becomes too large to maintain local equilibrium and the SiGe film will
relax to its natural lattice constant, with the excess strain energy being released via
misfit formation. In practice, it is also common for the film to remain pseudomor-
phic until the end of the growth cycle, even though it may have exceeded the critical
thickness. Such a SiGe layer is said to be "metastable." Metastable films will relax
during subsequent thermal processing steps that add energy to the system, and thus
are not suitable for use in Si-fabrication-compatible SiGe technologies. During the
relaxation process, whenever it occurs, chaos results, as can be clearly seen in the
plan-view TEM micrograph of a relaxed and heavily defected SiGe film shown in
Figure 2.5.
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Figure 2.5 Plan-view TEM (top down image) of an unstable SiGe film that has
been annealed and undergone relaxation. The visible linear structures
are misfit dislocations.

2.1.2 Putting Strained SiGe into SiGe HBTs

Regardless of the growth technique used, or the structure and self-alignment schemes
employed in the transistor, strained SiGe films found in today’s commercially vi-
able SiGe HBTs all have a similar form. As depicted in Figure 2.6, the deposited
SiGe film actually consists of a three-layer composite structure:

o A thin, undoped Si buffer layer;
o The actual boron-doped SiGe active layer;
e A thin, undoped Si cap layer.

The Si buffer layer is used to start the growth process off on the right foot, and
serves two purposes. First, the Si buffer layer helps ensure that a pristine SiGe epi-
taxial growth interface is preserved between the original Si substrate, which was



