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Abstract—The silicon—germanium heterojunction bipolar tran-  extremely high-quality dielectric (SK) can be trivially grown
sistor (SiGe HBT) is the first practical bandgap-engineered device on Sj and used for isolation, passivation, or as an active
to be realized in silicon. SiGe HBT technology combines tran- layer (e.g., gate oxide); 2) Si can be grown in very large

sistor performance competitive with 1lI-V technologies with the irtually defect-f inal tals (200 . ducti
processing maturity, integration levels, yield, and hence, cost virtually defect-free single crystals ( mm in producton

commonly associated with conventional Si fabrication. In the ten- today, rapidly moving to 300 mm), yielding many (low-cost)
and-one-half years since the first demonstration of a functional IC’s per wafer; 3) Si has excellent thermal properties allowing
transistor, SiGe HBT technology has emerged from the research for the efficient removal of dissipated heat; 4) Si can be

laboratory, entered manufacturing on 200-mm wafers, and is . ] ) . o .
poised to enter the commercial RF and microwave market. State- controllably doped with both n- and p-type impurities with

. . NN .
of-the-art SiGe HBT's can deliver: 1) f in excess of 50 GHz; extremely high dynamlc range (114_9'192 cm=); 5) Si has

2) fmax in excess of 70 GHz; 3) minimum noise figure below excellent mechanical strength, facilitating ease of handling and
0.7 dB at 2.0 GHz; 4) 1/f noise corner frequencies below fabrication; 6) it is easy to make very low-resistance ohmic
500 Hz; 5) cryogenic operation; 6) excellent radiation hardness; gntacts to Si, thus minimizing device parasitics; and 7) Si

7) competitive power amplifiers; and 8) reliability comparable to . . . .
Si. A host of record-setting digital, analog, RF, and microwave is extremely abundant (think beach sand) and easily purified.

circuits have been demonstrated in the past several years using 1hUS, from an IC manufacturing standpoint, Si is a dream
SiGe HBT'’s, and recent work on passives and transmission lines come true.

on Si suggest a migratory path to Si-based monolithic microwave  Yet from a device designer’s viewpoint, Si is hardly the

integrated circuits (MMIC's) is possible. The combination of ; ; ; il ; ;
SiGe HBT's with advanced Si CMOS to form an SiGe BiCMOS ;ﬂeal slemtlcor;ctjﬁctor. The t(:atrirller m?blgtyl(pf’:)./SIfC.:all(ljy ][elaélnt%
technology represents a unique opportunity for Si-based RF e velocity of the carriers to the applied electric field) for bo

system-on-a-chip solutions. This paper reviews state-of-the-art €lectrons and holes in Si is rather small, and the maximum
SiGe HBT technology and assesses its potential for current and velocity that these carriers can attain is limited to about 1
future RF and microwave systems. 107 cm/s under normal conditions. Since the speed of a device

Index Terms—Bandgap engineering, BICMOS, heterojunction Ultimately depends on how fast the carriers can be “pushed”
bipolar transistor, microwave circuits, radio-frequency circuits, through the device under practical operating voltages, Si can

SiGe HBT, silicon-germanium. thus be regarded as a somewhat “slow” semiconductor. In
addition, because Si is an indirect gap semiconductor, light
|. BANDGAP ENGINEERING IN SILICON emission is painfully inefficient, making optical devices such

as lasers impractical. Many of the Ill-V compound semicon-

WE LIVE in a silicon world. Greater than 95% Ofductors (e.g., GaAs or InP), on the other hand, enjoy far

today S $200- b|II|o_q globa! sem|co_nductor mark_et higher mobilities and saturation velocities and, because of their
uses the semiconductor silicon (Si) to realize a host of |nt8

grated circuits (IC’s) ranging from 233-MHz microprocessorﬁ

To d64-det Qy?r?mlc randprtn—acces%ssrnemoryl(DtRAM) Chr']P ‘ompositionally tailored for a specific need or application.
ndeed, it is the very existence of Si microelectronics which, . “bandgap engineering,” as it is known, yields a large

has enabled the emergence of the Information Age whi I3rf0rmance advantage for IlI-V technologies. Unfortunately,

|s|aso Vﬁlrr? fogg)dI¥hritsashra;|?:)nugnéh;;\r/sgt Vggnl]'i\:]znir;d o\livosrikr:;]ts ese benefits commonly associated with 11I-V semiconductors
gn yé nu?/nbe-r of supr risinaly practical advantages Si hggle in comparison to the practical deficiencies associated with

P gy p antage making highly integrated low-cost IC’s from these materials.
over the other numerous semiconductors, including: 1)

Fhere is no decent grown oxide for GaAs or InP, for instance,
and wafers are smaller with much higher defect densities,
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400 - | , | constant if exposed to temperatures above the original growth
2 V' fatthows and Biakesiee (heoretical) temperature, generating device-killing defects in the process.
£ B \ _ For a manufacturable SiGe technology, it is obviously key
@ 300 \ Stiffler (UHV/CVD blanket wafer data) — . . . . .
2 \/ that the SiGe films remain stable after processing. Shown in
% \ Fig. 1 are actual ultrahigh vacuum/chemical vapor deposition
= 200~ Relaxed (defects) | (UHV/CVD) SiGe films used in the devices presented in this
2 paper, which are thermodynamically stable as grown with
S 100 - . respect to the empirical stability curve for UHV/CVD films
5 Unconditionally [3] .
0 Stavle | I l L Introducing Ge into Si has a number of consequences.
0 A 2 3 4 5 First and most importantly, because Ge has a larger lattice
Effective Strain (%) constant than Si, the energy bandgap of Ge is smaller than
Fig. 1. Film-stability space showing effective thickness as a function $hat of Si (0.66 eV versus 1.12 eV), and we thus expect
effective strain for SiGe films grown on Si. SiGe to have a bandgap smaller than that of Si, making

it a suitable candidate for bandgap engineering in Si. The

semiconductor technologies will never become mainstreamcpmpressive strain associated with SiGe alloys produces an
Si-based technologies can “do the job.” additional bandgap shrinkage, and the net result is a bandgap

While Si IC’s are well-suited to low-cost high-volumereduction of approximately 7.5 meV for each 1% of Ge
microprocessors and memory applications, RF and microwawgoduced. This Ge-induced “band offset” occurs predomi-
circuit applications, which by definition operate at muchantly in the valence band, making it conducive for use in
higher frequencies, generally place much more restrictiep-n bipolar transistors. In addition, the compressive strain
performance demands on the transistor building blocks. In thigs the conduction and valence band degeneracies at the
regime, the poorer intrinsic speed of Si devices becomes prétand extremes, effectively reducing the density of states and
lematic. That is, even if Si IC’s are cheap, they must deliver tfi@proving the carrier mobilities with respect to pure Si (the
required device performance to produce a competitive systéaifer due to a reduction in carrier scattering). Because a
at a given frequency. If not, then the higher priced, but fastgiactical SiGe film must be very thin if it is to remain stable
lI-V technologies will dominate (as they indeed have to dagnd, hence, defect free, it is a natural candidate for use in
in the RF and microwave markets). the base region of a bipolar transistor (which, by definition,

The fundamental question then becomes simple and imriust be thin to achieve high-frequency performance). The
nently practical: is it possible to improve the performance of $gsultant device contains an n-Si/p-SiGe emitter—base (EB)
transistors enough to be competitive with 111-V devices for RReterojunction and a p-SiGe/n-Si base—collector heterojunction
and microwave applications, while preserving the enormoagd, thus, this device is properly called an “SiGe double-
yield, cost, and manufacturing advantages associated wigterojunction bipolar transistor,” although for clarity we will
conventional Si fabrication? As will be argued in this papegontinue the standard usage of “SiGe heterojunction bipolar
the answer is “yes.” This work reviews the achievements teansistor” (SiGe HBT). The SiGe HBT represents the first
date in using silicon—germanium (SiGe) alloys to practigeractical bandgap-engineered Si-based transistor.
bandgap engineering in the Si material system, and to thusTechnical progress in bringing SiGe HBT technology to
achieve the stated goal. reality has been exceptionally rapid. The first functional SiGe

While the idea of using SiGe alloys to bandgap-engine&iBT was demonstrated in December 1987, only ten-and-one-
Si devices dates to the 1960’s, the synthesis of defect-fleglf years ago [4], [5]. Worldwide attention was directed
SiGe films proved quite difficult, and device-quality SiGdéoward the technology in mid-1990 by the demonstration of
films were not successfully produced until the early to mick nonself-aligned SiGe HBT with a cutoff frequengfy) of
1980’s. While Si and Ge can be combined to produce 7 GHz [6]. At the time, this result was roughly twice the
chemically stable alloy ($L.Ge, or simply “SiGe”), their performance of state-of-the-art Si bipolar junction transistors
lattice constants differ by roughly 4% and, thus, SiGe alloy8JT's) (see Fig. 2), and clearly demonstrated the performance
grown on Si substrates are compressively strained. (Thispistential of the technology. Eyebrows were lifted. Later that
referred to as “pseudomorphic” growth of SiGe on Si, witlsame year, the first emitter-coupled logic (ECL) ring oscillators
the SiGe film adopting the underlying Si lattice constantysing self-aligned SiGe HBT's were produced [7]. The first
These SiGe strained layers are subject to a fundamerfiéGe BiICMOS technology was reported in 1992 [8], and
stability criterion [1], [2], limiting their thickness for a given the first large-scale integrated (LSI) circuit (a 1.2-GSample/s
Ge concentration. Fig. 1 shows this stability diagram, whidfigital-to-analog converter) in 1993 [9]. The first SiGe HBT's
plots effective film thickness as a function of effective filnwith frequency response greater than 100 GHz were demon-
strain (i.e., Ge content). Deposited SiGe films that lie belostrated in 1993-1994 [10]-[12], and the first SiGe HBT
the stability curve are thermodynamically stable, and caechnology entered commercial production on 200-mm wafers
be processed using conventional furnace or rapid-thernal1994 [13]. During this ten-and-one-half-year evolution, a
annealing, ion-implantation, etc., without generating defectarge number of different SiGe HBT technologies have been
Deposited SiGe films that lie above the stability curve, hovdemonstrated at laboratories throughout the world, using a va-
ever, are “metastable” and will relax to their natural latticéety of SiGe epitaxial growth techniques [14]-[31], and during
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Fig. 2. Transistor cutoff frequency as a function of publication date showing TABLE |
the first high-frequency SiGe HBT result. ELEMENTS IN IBM's SiGe BICMOS TECHNOLOGY [28]
) Element Characteristics
the past two to three years, these technologies have produced a  Standard SiGe HBT 47 GHz f; at BVopo = 3.3 V
large number of impressive circuit demonstrations for practical High-Breakdown SiGe HBT 28 GHz fr at BVepo =5.3 V
digital, RF, and microwave applications [32]-[51]. Robust and — Sd'LC’:"OSI 0'36"m1L6HGf|3r 25VVpp
manufacturable SiGe HBT technologies potentially suitable fer arec Laieral pnp 0 GHz jy
. L Lo , Polysilicon Resistor 342Q/0
commercial applications now exist in the U.S., Europe, amd™jon-implanted Resistor 1600/00
Japan [1311.[1911_[21].—[2311 [26]., [27], [3O] Various review Thin-Oxide Decoupling Capacitof 1.5 fFjum?
papers dealing with SiGe materials, devices, and technologies MM Precision Capacitor 0.70 fFjum?
can be found in [52]-[60]. Inductor (6-turn) 10 nH with @ = 10 at 1.0 GHz
This review paper takes a somewhat different approach __Schotty Barrier Diode 213 mV at 100:A
and will examine the potential of SiGe HBT technology b-i-n Diode 790 mv at 100.A
licity for RF and microwave circuit applications. As Varactor Diode 810 mv a1 1oouA
explicitly pp . ESD Diode 1.2 kv

with any viable RF or microwave system, the transistor by
itself is only one component of the final product. For this
reason, technology issues associated with passive elemeatsl 4) provide an additional suite of passive and active
transmission lines, and manufacturability are also addressesthnology elements required for realizing monolithic RF and
Testing and packaging issues, though obviously very imicrowave functions. There are, in fact, a number of other
portant in this context, will not be discussed due to spaetable SiGe HBT technologies currently in existence with at
constraints. This paper is organized in the following manndeast potentially comparable transistor-level performance [19],
Section Il introduces the reader to state-of-the-art SiGe HBZ1]-[23], [26], [27], [30]. While the tenets shaping these
technology. Section Il addresses the transistor-level dc andasmpeting technologies are not necessarily coincident with
device physics and performance capabilities of state-of-those listed above, the results and conclusions presented in this
art SiGe HBT'’s. Section IV turns to the technology-relategaper are sufficiently general that they can be easily extended
issues associated with using SiGe HBT'’s for practical RF amgl all SiGe HBT technologies in a reasonably straightforward
microwave circuit applications. Finally, Section V reviews thenanner.
state-of-the-art device and circuit performance and addressepig. 3 shows a schematic device cross section of the SiGe
the fundamental performance limits of SiGe HBT technologHBT (for clarity, the deep-trench isolation and multilevel
metallization are not shown in this view). This SiGe HBT has
Il. SiGe HBT TECHNOLOGY a planar self-aligned structure with a conventional polysilicon
In order to provide a logical framework for this paper, th€mitter contact, silicided extrinsic base, and deep- and shallow-
experimental results presented will be largely from IBM’érench isolation. A three-to-five-level chemical-mechanical-
SiGe HBT technology [25]. This technology is representatiieolishing (CMP) planarized W-stud AICu CMOS metallization
of the state-of-the-art in 1998, is currently qualified and igcheme is used. The extrinsic resistive and capacitive parasitics
commercial production on 200-mm wafers in an advancéde intentionally minimized to improve the maximum oscil-
CMOS fabrication facility, and is thus arguably the modgtion frequency(fmax) Of the transistor, and the minimum
“real” SiGe HBT technology worldwide. The basic tenetglevice geometry has an emitter area of x51.0 pm?.
which dictate the final implementation of IBM’'s SiGe HBTThe fabrication steps used to produce this SiGe HBT are
technology are: 1) maintain strict processing compatibilitgovered in detail elsewhere [59]. This SiGe HBT has been
with existing CMOS tool sets and metallization schemespccessfully integrated with conventional high-performance
2) use only thermodynamically stable SiGe films that cdsi CMOS to realize a SiGe BiCMOS technology [28]. The
be deposited using a batch process in manufacturing mdsi&e HBT dc and ac characteristics in the SiGe BiCMOS
on large (200-mm) wafers; 3) choose an SiGe HBT devitechnology are essentially identical with the standalone SiGe
structure which naturally preserves a path to SiGe BiCMO3BT technology, and will only be explicitly distinguished
integration without compromising the SiGe HBT performancén this paper when appropriate. Table | shows the suite of
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TYPICAL PARAMETERS FOR ANSiGe HBT WiTH Ap = 0.5 x 2.5 pm? [28].

TABLE 1

ALL AC PARAMETERS WERE MEASURED AT Vg = 1.0 V AND finax
Was EXTRACTED UsSING MaxiMuMm AVAILABLE GAIN (MAG)

575

AEg ge(x=0)

l— AEg ge(grade) = AEg ge(x=Wy) — AEg Ge(x=0)
= drift field !
-

Parameter Standard SiGe HBT H'gh'ng.?o SiGe N
peakj 113 97 Ec N
Va (V) 61 132
B8V (V) 6893 12804 n* Si
peak fr (GHz) 48 28 emitter
ry, at peakfr (€2) 80 N/A Ey
peak fmax (GHz) 69 57 )
BVero (V) 3.3 5.3 n- Si
BViso (V) 4.2 4.1 p-Si ~ > \ collector
peakféHX BYoro 158 143 1 \
(GHz V) , \
Fig. 5. Energy band diagram of a graded-base SiGe HBT compared to an
TABLE I Si BJT.

TypicAL PARAMETERS FOR AW/L = 20.0 pm/0.5¢m (drawn) n-FETAND
p-FET FRom THE SiGe BICMOS TECHNOLOGY DESCRIBED IN TABLE | [28]

Parameter n-FET p-FET Ge content in typical profiles ranges from 8% to 15% and are
gate material nt poly pt poly thermodynamically stable as grown. The metallurgical base
Leg (pm) 0.36 0.36 and single-crystal emitter widths range from 75 to 90 nm
Los (nm) 7.8 7.8 and 25 to 35 nm, respectively. A masked phosphorus implant
{’[’7(\(/\)/) 5;538 _%25 is used to tailor the intrinsic collector profile for optimum
G ome (MSIMM) 190 103 frequency response at high current densities.
Rs/p (Qum) 440 2000 Because of its compatibility with Si CMOS fabrication,
ID sat (1M) 468 231 with its inherently significant thermal cycle, the resultaniit-
ter/base/collectodoping profile of such an SiGe HBT looks
: : : : : | | 10 far more like that of a conventional ion-implanted base Si
&~ 107 2 X, (eb) = 35 nm BJT (with a heavily doped poly emitter and moderately doped
13 . Wy (met) = 90 nm base) than a conventional 1lI-V HBT (with a lightly doped
5 107 7S 9 emitter and very thin and heavily doped base). SiGe HBT's
8 gL g with doping profiles more closely resembling conventional
§ F 150 £ llI-V HBT's have been demonstrated [17], but by definition
s 108 | E they are typically zero-thermal cycle (“0-Dt") mesa-isolated
(5] C Q . . .
= C Jo5 G structures with metastable SiGe profiles and, hence, are not
g8 107 ' compatible with CMOS fabrication, high levels of integration,
S o1 : R 0 and low-cost manufacturing. For this reason, they will not be
0 200 400 600 800 addressed in detail here. We turn next to the basic dc and ac
Depth (nm) operational characteristics of this device.

Fig. 4. Typical secondary ion mass spectroscopy (SIMS) doping profile of

an SiGe HBT.

lll. THE SiGe HBT
This section gives an overview of the performance

resultant elements in this SiGe BICMOS technology. Tweapabilities of state-of-the-art SiGe HBT's. Basic device

SiGe HBT's are available, one with a reduced collector implaRhysics, dc and ac performance advantages over Si BJT's,
and, hence, highdBV o (5.3 V versus 3.3 V) that is suitable!ow-frequency and broad-band noise characteristics, radiation
for RF power applications. Tables Il and Il give the typicamlerance, temperature effects, and reliability issues are
SiGe HBT and Si CMOS device parameters at 300 K [28]_add_ressed. .For br.evit.y, only 'Fhe final resul_ts of the basic
A representative doping profile of an advanced SiGe HB_q‘ewce physics derivations are included. '.I'he. interested reader
is shown in Fig. 4. Thén-situ boron-doped graded SiGe basés referred to [58] for more complete derivations.
is deposited across the entire wafer using the UHV/CVD
technique [61]. In areas that are not covered by oxide, the DC Characteristics
UHV/CVD film consisting of an intrinsic-Si/strained boron- The dc consequences of introducing Ge into the base region
doped SiGe/intrinsic-Si stack is deposited as a perfect singtf-an SiGe HBT can best be understood by considering an
crystal layer on the Si substrate. Over the oxide, the deposittergy-band diagram of the resultant device and comparing
layer is polycrystalline (poly), and will serve either as thé to Si. As shown in Fig. 5 by the dashed line, the Ge is
extrinsic base contact of the SiGe HBT, the poly-on-oxideompositionally graded from low concentration at the EB
resistor, or the gate electrode of the Si CMOS devices. Obsejwaction to high concentration at the collector-base (CB)
that the Ge profile is graded across the neutral base. The ppadction. The impact on the SiGe HBT band diagram is also
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R — require large values of, the base can be more heavily doped

| Ae=0.8x2.5 um? § to reduce the base resistand®,) without a negative impact
4| ResS8kob on /3, as would be the case in an Si BJT. That is, we can
1077 = Vor=00 ¥ trade 3 for lower R, to yield enhanced frequency response
and better broad-band noise performance. This Ge lever can

SiGe HBT

Collector and Base Currents (A}

10° also be used to engineer an SiGe HBT wh@se independent

- of temperature [58], a decided advantage over Si BJT's from
108 a circuit standpoint.

| Another dc benefit to using a graded Ge profile is an
1010 L exponential enhancement in output conductance [reflected in

04 05 06 07 08 09 10 the Early voltaggV4)]. Compared to an Si BJT of identical
Emitter—Base Voltage (V) doping, V4 is enhanced according to
e o e T e e o nvarante g v, EEVasiGe _ ar, . (gradeyg | 1= ¢~ 8Fnc-(0rade)ir

Vasi AE  co(gradeY kT

_ . .y 2
shown and consists of a finite band offset at the EB junctighhysically, the Ge grading “weights” the base profile toward
[AEjce(x = 0)] as well as a larger band offset at the CBhe CB side of the neutral base, making it effectively harder to
junction [AEy c.(z = W;)]. The position dependence of thegeplete for a given bias than a identically constructed Si BJT.
band offset With_ respect to Si is conveniently expressed fge V., for the SiGe HBT and Si BJT (shown in Fig. 6) are
a bandgap grading termiE, . (grade)= AE, ce(Ws) — 53 V versus 18 V, respectively. An important figure of merit
_AEg,Ge(O)]- Physically this position depfendenC_e in the Geryr analog applications such as high-speed data converters and
induced band offset produces an electric field in the ”eU”@rlecision current sources is the so-called “current gain—Early
base region which aids the transport of minority carriers (ele\c;0|tage product” gV, product). For an SiGe HBT, thgV,,
trons) from emitter to collector, thereby improving frequencwoduct is strongly enhanced over a comparably designed Si

response. _ ) BJT according to

The important dc consequence of adding Ge into the base,
however, lies with the collector current density). Phys- BValsice _ e B e (O)/KT (A, co(Qrade)rr 3y
ically, the barrier to electron injection at the EB junction is BValsi

reduced by introdl_Jcing Ge into the basez yielding_more Ch_arg'ﬁ’\ce thesV4 product in an SiGe HBT depends exponentially
transport from emitter-to-collector for a given applied EB bla%n both the EB band offset and the Ge grading, it can thus be

Observe from Fig. 5 that in this graded-base design, the emi N . N . .
region of the SiGe HBT and Si BJT comparison are essentia yéde almost arbitrarily large in applications which require it.

identical, implying that the resultant base current densliy)

of the two transistors will be roughly the same. The net result
is that the introduction of Ge increases the current gain ofln most RF and microwave circuit applications, it is the
the transistor(3 = Jc/Jg). From a more device—physics-transistor frequency response that limits system performance.
oriented viewpoint, the Ge-induced band offset exponentialyn important figure of merit in bipolar transistors is the
decreases the intrinsic carrier density in the base which, in tutity—gain cutoff frequency f), which is given by

decreases the base Gummel number and, hence, inctgases 1

Meaningful in this context is the Ge-induced improvement in fr= L(Ceb +C) + 75 + Te + 7. (4)

(3 over a comparably constructed Si BJT 9m

Frequency Response

Josice  Psice AE, Ge(grade)/k.TeAEg,GQ(O)/kT where g,,, is the transconductanc€;,, and C, are the EB
: =—— =7 : ; - and CB capacitances, angl, 7., 7. are the base, emitter, and
Bsi 1— G—AEg,Gc(grade)kT o . . .
(1) co_lle(_:tor transit times, respect!vely. th@ of a t_ranS|stor in
principle samples only the vertical profile, and is thus a useful
where v = NcNy(SiGe)NeNy(Si) is the ratio of the metric for comparing various technologies. In conventional Si
density_of-states product between SiGe and S|7 and: BJT,S, Ty typ|Ca”y limits the maXimUme of the transistor.
Do, (SiGe)D,y.,(Si) accounts for the differences between th&he built-in electric field induced by the Ge grading across
electron and hole mobilities in the base. As can be seentii¢ neutral base effectively decreasgsince, physically, the
Fig. 6, which compares the measured Gummel characteris@ifiers are more rapidly accelerated across the base. With
for two identically-constructed SiGe HBT's and Si BJT's'espect to an identically constructed Si BJT we find
these theoretical expectations are clearly borne out in practice, sice
The exponential dependence ©fin an SiGe HBT on the T Si
EB boundary value of the Ge-induced band offset provides 9 LT 1 — AE, c.(grade)rr
a powerful lever for tailoring3 for a specific need and, = _<—> % |1 =
importantly, effectively decouples from the specifics of the n\ AEg qe(grade) [ AEy ce(gradey kT
base doping profile. For instance, in applications which do not (5)

Jossi
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60 I I T I T T 17T I I a 120 T T T LI ' T T T T T rrr
. I 1 = r R Ap=05x2.5 ym?>
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I} - Si BJT Ag=0.5x2.5 pm? 4 = - . ¢
3 10| Ry=5-8 kob | S we— fr \ \, 4
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Fig. 7. Comparison of the cutoff frequency as a function of bias current féig. 8. Transistor cutoff frequency, base resistance, and maximum oscillation
an SiGe HBT and an Si BJT of comparable doping profile. frequency as a function of bias current for a <52.5 um? commercial
UHV/CVD SiGe HBT.

In addition, sincer, is reciprocally related to the ag of the

transistor, the band offset at the EB junction also serves to Average Power Per Gate (mW)
improve the SiGe HBT frequency response since 70 10 20 38 74
—_ T I I I
TeSi _ PsiGe AE, c(gradeykT e Es.ce(O)/FT 2 gg - Ag=05x25 ym? ]
Tesice  fBsi 1 — ¢~ AE; c.(grade)rr % a0 |
[=]
6) e a0l SiBJT |
[1:]
While 7. is not typically a limiting transit time in state-of- i," )

- . . _ : . o SiGe HBT
the-art polysilicon-emitter devices, it will become increasingly m 20 - —
important as the vertical profile is scaled to thinner dimensions “é, 2]%31—1" CVL=5‘:° mv
with further technology evolution. The net result is that the g Rg=5-8 m",fs F
peak fr of an SiGe HBT will improve significantly over < 10 [ B L1
a comparably designed Si BJT, as is shown experimentally 01 02 0.5 10 20 5.0
in Fig. 7, where the improvement is about %.7Observe Average Switch Current (mA)

that in Fig. 7 the frequency response of the SiGe HBT iSg. 9. Comparison of the gate delay of an unloaded ECL ring oscillator as
significantly higher than for the Si BJT over a wide range function of bias current for an SiGe HBT and an Si BJT of comparable
of operating bias (they do, in fact, converge at sufficient§PPing profile.

low bias currents). The potential thus exists to operate the

SiGe HBT at a frequency lower than the pefk, but at a ) , ) L
significantly reduced bias current to realize a significant powgph"j‘m:edfmaX of SiGe HBT's over Si BJT's yields an

savings. This frequency-power dissipation tradeoff is a potellqurovement in ECL switching delay, as evidenced by the

tially important one for portable system applications, whicHnloaded ring oscillator results shown in Fig. 9. A number of
frequently have stringent power consumption constraints. fgPressive ECL circuit results have been published in recent
Fig. 7, for instance, if a given circuit application requires a§¢a's using SiGe HBT's [7], [13], [15], [16], [21]-{23], [27],
fr of only 30 GHz, the bias current for the SiGe HBT can b[§1], [34]-

dropped by almost 6 compared to the Si BJT.

The unity power-gain frequency, or maximum oscillatiofs- Low-Frequency and Broad-Band Noise
frequency (fmax), is @ more relevant figure of merit for Transistor noise performance, which can be virtually ig-
practical RF and microwave applications since it depends nfired in digital systems, becomes an important issue in RF and
only on the intrinsic transistor performan¢gr), but also the microwave communications system design. Transistor high-

parasitics of the device, according to frequency (broad-band) noise plays a major role in system
7 sensitivity since it sets the signal-to-noise level on the low-
Sinax = L (7) noise amplifier (LNA) at the input of the system. In addition,

87 CesT iy low-frequency(1/f) noise places a fundamental limit on the

where C, is the total CB capacitance angl;, is the total spectral purity of the system because it up-converts to phase
ac base resistance. Fig. 8 shows the bias dependengg, of noise in the requisite mixers and oscillators in the system.
Jumax, andry,, for a 0.5x 2.5 um? transistor from the state- Minimizing transistor broad-band and f noise are thus key
of-the-art SiGe HBT BiCMOS technology [28]. Thg,.. of concerns in RF and microwave system design.

the transistor peaks at 65-70 GHz, competitive with current-Because they are vertical transport bulk devices, high-
generation Ill-V devices, with a total base resistance of lespeed Si BJT’s are well known for their excellentf noise
than 8012 at peakf,,.x. Given thatf,... is better correlated performance [62], far lower than what can be realized in
to actual circuit performance, it is not surprising that theither Si CMOS, GaAs MESFET, GaAs high electron-mobility
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Fig. 11. Power spectral density at 10 Hz as a function of emitter area folg- 13.  Measured minimum noise figure as a function of current density at
comparably designed SiGe HBT's and Si BJT's. 2.0 and 10.0 GHz.

transistor (HEMT), or GaAs HBT technologies. It is thus ver@ver GaAs MESFET's. This result will provide a key design
important that SiGe HBT's exhibit./f noise performance advantage for SiGe HBT’s in mixer and oscillator applications.
comparable to that obtainable in Si BJT’s. As can be seenlf the excellentl/f noise properties of SiGe HBT's can

in Fig. 10, this is indeed the case [63]-[65]. The SiGe HBipe combined with excellent broad-band noise performance,
shown in Fig. 10 achieves a sub-500 Hizf noise corner then the technology would be uniquely suited for use in
frequency, comparable to the best Si BJT technologies, and &l transceiver building blocks, leading the way to more
superior to that obtained in Ill-V HBT or FET technologieidgressive integration of transceiver functions, and presumably
[66], [67]. Fig. 11 shows statistical measurements of the powl@ver system cost. From basic noise theory, one clearly wants
spectral density at 10 Hz for a number of SiGe HBT’s an minimizery,, increasefr, and increasg to improve broad-

Si BJT’s of differing geometry. The fact that thg/ f noise band noise performance. Given that bandgap engineering is
magnitude is comparable between the SiGe HBT's and & ideal tool for accomplishing this, one might intuitively
BJT’s of identical area is significant since it suggests that theg¥pect SiGe HBT's to be capable of excellent broad-band
is no penalty paid inl/f noise performance by using SiGenoise performance. This is indeed the case. Fig. 13 shows
strained layers in the base region of the device. In additiomgasured minimum noise figureNK,,;,) at both 2.0 and

the noise magnitude decreases with increasing transistor siz&0&® GHz as a function of current density for a <520 x

fact that is commonly exploited in noise-sensitive applicationd..m* multistripe transistor that might be used, for instance,
The combination of an observeg, bias dependence and thén an LNA. TheseNF',,;, results, while not as low as what
1/Agr geometry dependence can be used to infer the physicah be obtained in state-of-the-art 1lI-V HEMT devices, are
location of the traps participating in the noise processes [68].¢ampetitive with current-generation GaAs MESFET's and,
this case, the noise appears to be distributed uniformly acrdsgortantly, can be obtained simultaneously with ldvif

the emitter area of the device and are most likely associateeise. Even more aggressidé',,,i, results have been obtained
with the polysilicon emitter contact [69]. It is interesting tan MBE-grown mesa-isolated SiGe HBT’s [70].

compare the magnitude of the f noise between a current- Profile optimization to achieve even low&F ., in the
generation Si CMOS transistor and an SiGe HBT of identicatesent SiGe HBT technology appears feasible. Fig. 14 shows
geometry and operated at the same bias current. As canthie simulated noise factor at 10 GHz as a function of col-
seen in Fig. 12, the SiGe HBT enjoys nearly two orders ddctor current density. In the present-generation SiGe HBT
magnitude improvement it/ f noise, and even a larger margirthe collector partition noise dominates, not the base thermal
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Fig. 14. Simulated noise factor as a function of collector current densig{g 16. Collector and base currents as a function of EB voltage showing
showing the various components of broad-band noise in an SiGe HBT. the.effécts of proton irradiation on SiGe HBT's.

2.5 . . o
—Si cooling systems, but the impact of radiation is much more
@ | — Calibrated Profile severe since effective shielding of sensitive electronics from
o —eo— Optimized Profile high ticl . tical (it is hard to | h
= 5 Scaled Base igh-energy particles is impractical (it is hard to launch a

u_'§1_5 satellite with two feet of lead shielding!). Depending on the

z orbital position and altitude, satellites are routinely exposed

E 1 to large and potentially lethal fluxes of high-energy protons,
E neutrons, electrons, gamma rays (high-energy photons), x-rays,

505 T=300K and cosmic rays (high-energy heavy ions). It is not uncommon

N T for a satellite to be exposed to Y9102 cm™2? of protons

2 4 6 8 10 12 14 16 18 and 10-1000 krad (Si) of gamma dose over their flight

Frequency (GHz) lifetimes. Given the cost of building and launching a satellite,

Fig. 15. Simulated minimum noise figure as a function of frequency for ra?'dlatlon'mduced failures are highly unwelcome. For this
Si BJT and SiGe HBT'’s with differing vertical profiles. reason, space-born electronics are subjected to exhaustive

radiation testing, and usually require very costly “radiation-

noise, as might be naively anticipated. Observe as well ﬂﬂaa%rdenlng process, layout, and circuit-design modifications

the lowest value ofNF,,;, occurs at a current density of efore they can be flown in space.

2 . The “holy grail” in this context is to have a standard (ter-
only 0.1 mALm-, over an order of magnitude below therestrial) device technology which is inherently radiation-hard
current density at whiclf,... peaks, suggesting that very low- gy y

power, very low-noise LNA’s should be feasible in SiGe HBF® c;ab_rlcated da.lpd’ t_henc; ' T_pa_ce—quallfulatd W'thomtiﬂy tptchgss
technology [45]. This also suggests that alternative dopir? e5|gnfm()S.|(;|ca|_||(ér_1r.t rilm:nary riﬁu S sugtgtes attis Is
and Ge profiles designed explicitly for optimizing broad-ban € case for Sie echnology with réspect 1o gamma rays

noise performance should be possible [71]. Fig. 15 sho 52]’ [73|]’ Eeutr(ins_ [,[7.4]’ afnd p;qéonzgf]. Fr:g.hlﬁ shovzsbthe
simulation results for minimurlVF,.,;,, as a function frequency ummet characleristics ot an Sit-€ (which has not been

for a number of Ge profiles, one of which is calibrated t{)adiation hardened in any way) both before and after exposure

H 1 4
measured results. Observe that: 1) SiGe provides significé‘?\tiG'MelY prc_>t20ps a;, flhuenfclzes ran%mg frlclJm iao 10
leverage over Si; 2) Ge profile optimization can provide furth&™ (10~ cm™= is a higher fluence than will be encourcl;[gred
improvements; and 3) additional base profile scaling will 8 Practical space orbits). For proton fluences up 610

beneficial. Sub-0.5 dBF..... at 2.0 GHz. sub-1.0 dBF.... cm~2 only minor shifts in the base current are observed,
at 10 GHz. and sub-2.0 dBF. . at 20 GHz appear to be @nd negligible degradation in frequency response occurs [75].

reasonable goals for optimized SiGe HBT technology. Fig. 17 compares the impact of extreme radiat_ion exposure of
protons, neutrons, and gamma rays on fhef SiGe HBT's.

As expected, proton irradiation has the most serious impact on

D. Radiation Tolerance device operation, since it produces both displacement damage
An important emerging market for RF and microwav@s well as ionization damage. The observed degradatigh in

circuit technologies is in space-born satellite systems, k& all three radiation types is much smaller than that found
components in the requisite infrastructure to support globial conventional Si BJT's (even radiation-hardened versions),
communications networks for voice, video, and data trangs well as other SiGe HBT technologies [76], indicating
mission. Space is an amazingly hostile environment, dtigat this SiGe HBT technology is inherently radiation hard.
not only to the extreme temperature variations encounteregperiments addressing the immunity of SiGe HBT circuits
between solar shade and solar illumination, but importantly cosmic-ray induced single-event effects (SEE’s) and low-
from a radiation standpoint. The temperature extremes cdose-rate gamma exposure are planned for the near future to
be dealt with when needed by adding (costly) heating amdmplete the picture.
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80

Comparison of the radiation tolerance of these SiGe HBT’s ¥ 0 ooy T e (3000
to epi-base Si BJT's from the same fabrication run suggest S 60 JUSL ST N .
that the SiGeper seis not the origin of the inherent radiation F 85K ,.*” \'\ _
hardness of this technology, but rather is the result of the g 40l o o-0°%_ % _
device structure itself. From a radiation immunity viewpoint, g | ./o’ " °\°\
this SiGe HBT structure has several intrinsic advantages: ;'; o o W]
1) the EB spacer is very thin and composed of a radiation- = 20 -y~ 007 300K b% a
hard oxide-nitride composite; 2) the extrinsic base doping o r ° T
under the EB spacer is very high, effectively confining any o= 1' e 1'0 — ""1'00

ionization damage in that region; 3) the active device region
is very thin 200 nm) and, hence, the total volume exposed
to particle displacement damage is minimal; and 4) the dedjig- 19. Cutoff frequency as a function of bias current at 300 and 85 K for
and shallow-trench isolation minimizes the exposure of oxid&8 SiGe HBT.

that can contribute to junction leakage. Preliminary radiation

experiments using the Si CMOS devices in the full SiGsignificantly higher than their 300-K values. These advantages
BICMOS technology suggest that while the Si n-FET's argarry over to the circuit domain, yielding a record 22-ps
significantly less tolerant to ionizing radiation (gamma) thagCL gate delay at 84 K, the first Si-based bipolar circuit
either the Si p-FET or the SiGe HBT, they are still as goo@ achieve faster speed at 84 K than at 300 K. While the
as conventional radiation-hardened Si CMOS (with a dofgge power dissipation associated with conventional bipolar
tolerance of at least 50 krad). Thus, SiGe technology offegital circuit families such as ECL would preclude their
promise as a high-speed low-cost alternative for applicatiofgdespread use in cooling-constrained cryogenic systems, the

Collector Current (mA)

requiring some level of radiation tolerance. combination of cooled low-power Si CMOS with SiGe HBT's
offering excellent frequency response, low-noise performance,
E. Temperature Effects radiation hardness, and excellent analog properties represents

Bandgap engineering generally has a very positive influengainique opportunity for the use of SiGe BICMOS technology
on the temperature characteristics of SiGe HBT’s and thiis Cryogenic systems.
allows the SiGe HBT to operate well in the cryogenic envi- Independent of potential cryogenic applications that may
ronment (e.g., liquid-nitrogen temperature77 K), a regime exist for SiGe BiCMOS technology, all electronic systems
which is traditionally forbidden to Si BJT's [77]-[81]. At must operate well over an extended temperature range (e.g.,
present, cryogenic electronics represents a small, but importa®5 °C—-125°C for military specifications). Having the ability
niche market, with applications such as high-sensitivity cooléd controllably vary the Ge profile shape can serve as a
sensors and detectors, superconductor hybrid systems, sppogerful lever for the device designer in this context, since Ge-
born electronics, and further down the road, low-temperaturgluced changes in the bandgap couple strongly to temperature
computers. A cursory examination of (1)—(6) shows that both the device equations [refer to (1)—(6)]. For example, the
the dc and ac properties of SiGe HBT's should be favorabfyoper choice for the Ge profile shape can yield an SiGe
affected by cooling. This is indeed the case. Figs. 18 and HBT which has a/ with a zero temperature coefficient
show the Gummel characteristics and frequency response/af], a decided advantage for many circuit applications. There
an SiGe HBT which has been explicitly optimized for 77is a down side, of course. Unintentional and sometimes
K operation [81]. At 84 K, this SiGe HBT has an outputunavoidable effects associated with the presence of Ge-induced
current drive greater than 1.0 m#h?, a peak/3 of 500, band offsets in the device can be troublesome. For instance,
a peak fr of 60 GHz, and a peakf,..x of 50 GHz, all unique phenomena such as parasitic energy barriers due to
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BJT and an SiGe HBT.

Ge misplacement [82], Ge-ramp effect [83], [84], neutral base

Collector and base current as a function of EB voltage showing the

effects of reverse-bias EB stress on an SiGe HBT.

e RN ) & 60 T | T T
recombination [85], [86], and high-injection barrier effects [87] c S BYT (6 /’
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It is obvious that the introduction of SiGe strained layers
into Si bipolar devices must impose no additional reliability
risk if SiGe technology is to become commercially viablerig. 22. Base current degradation as a function of stress charge for a variety
While literature results on SiGe HBT reliability are sparsgf SiGe HBT profiles and a comparably designed Si BJT.

[88]-[90], results to date suggest that there is no additional

risk imposed by introducing SiGe into the base, provided thimpacts bothf,... and noise figure). With epitaxial growth
thermodynamically stable films are used (there is at presenttechniques, on the other hand, the doping can be easily reduced
device reliability literature for metastable SiGe films, althought the EB junction, even for very heavily doping bases,
it gives one pause for thought). Given that IBM’s technolstrongly decreasing the reverse EB tunneling current and thus
ogy, for instance, has been fully qualified for manufacturinignproving the device reliability of SiGe HBT's with respect
strongly suggests that no show-stopping reliability hurdldés implanted base Si BJT's [25].

were encountered. Fig. 21 shows the typical response of a x52.5 ;m?

The use of epitaxial growth in place of traditional iorto reverse-bias EB stress. Slight base current and, héhce,
implantation for the formation of the intrinsic base profile cadegradation associated with hot carrier damage of the EB
actually allow important reliability advantages to be realized ispacer is observed, but it is well within the accepted relia-
SiGe HBT's with respect to reverse-bias EB stress. Considdglity constraints for advanced bipolar technologies. Fig. 22
Fig. 20, which overlays the base doping profiles for a 60-GHopmpares the average decreaseSirat Vg = 0.7 V as a
SiGe HBT [7] and a 40-GHz state-of-the-art ion-implanted Sunction of injected stress charge for three different Ge profiles
BJT. To maintain a thin base profile using ion implantatioras well as an epitaxial base Si control (with nearly identical
the combination of low-energy implantation and screen oxid&B doping profile). Within the statistical scatter of the data,
are used. The resulting base profile, while thin100 nm all four profiles show similar degradation with injected charge,
in this case), by necessity has a peak doping concentratindicating that Ge profile shape and content has little influence
at the EB junction. This is problematic since band-to-barmh the device reliability with respect to Si. This is good news.
tunneling, the dominant leakage source for reverse-bias stresssinally, since the SiGe technology discussed in this pa-
depends exponentially on the electric field at the EB junctioper employs a conventional five-layer CMOS metallization
Since the EB doping is high, the field will be high andscheme there are no new variables to be encountered with
hence, the Si BJT is more susceptible to hot carrier damagspect to electromigration and interconnect reliability. The
of the EB spacer under reverse-bias stress conditions. Tte#iability of the other active and passive devices in this SiGe
EB doping constraint fundamentally limits the amount of bagechnology (refer to Table I) have not been reported, but again,
dopant that can be introduced into a conventional implantédcan be logically inferred that there are no serious reliability
technology and, hence, sets a fundamental limit of achievalslencerns in these elements since the technology has been
RF and microwave performance (via the base resistance whighalified for manufacturing.

Stress Charge (C)
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IV. TECHNOLOGY ISSUES
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The previous section gave an overview of the performance | Veg=10V
advantages of SiGe HBT’s. Viable RF and microwave circuit 1073 | Yield = 61%

technologies obviously require more than just high-quality

transistors. In this section, a number of other technology
related issues are briefly addressed, including: 1) growth and
film stability; 2) profile design; 3) passives; 4) transmission

lines; 5) SiGe BICMOS for system-on-a-chip; 6) manufac-

turability; and 7) cost. Where possible, common myths and
misconceptions will be highlighted and clarified.

107%

1077

Collector and Base Currents (A)

0.1 0.3 0.5 0.7 0.9
_ _ - Emitter-Base Voltage (V)
A. Growth Techniques, Film-Stability Issues

and Ge Profile Design Fig. 23. 4000 transistor-chain yield for a commercial UHV/CVD SiGe HBT
technology.

There are at present a number of different SiGe growth tech-

niques which have been used successfully around the worldiQqe results, which are in fact nearly three years old now,

realize functional SiGe HBT’S’ including: 1) molecular bean,gicate a 61% yield on the 4000 transistor array from early
epitaxy (MBE) [4], [10], [12]; 2) rapid-thermal chemical-vapory o facturing hardware. Current manufacturing lots routinely

deposition (RTCVD) [14]; 3) UHV/CVD [6]-[9]; 4) reduced- 5y yields in excess of 85% [28]. CMOS yields in the SiGe
pressure (or atmospheric-pressure) chemical-vapor deposiia\os technology have been verified with aggressive 64k
(RPCVD) [19]; and 5) various other “home-built” derivativeSgiatic random-access memory (SRAM) to be comparable to
There is, of course, a big difference between growing @nyentional Si CMOS [60]. SiGe technology using stable
functional device and making a manufacturable technolog¥ms can and does look like Si from a yield point of view.
There are proponents for each of the growth techniquesgiapijity constraints limit the maximum (stable) Ge content
listed apove, but in basu; terms, for realizing a low-cost Sjg around 8%—12% (depending on the Ge shape) for base
processmg-compatlble SiGe technology, several key feat“()%ths in the 80—100-nm range and 16%—24% for base widths
are required: in the 40-50-nm range. Misconceptions persist in the literature
1) film uniformity and control for both doping, Ge contentconcerning the optimal Ge profile shape in an SiGe HBT.
film thickness, and Ge profile shape must be excelleRpfany groups favor a graded-base design (e.g., see Fig. 4),
(e.g.,<5% variation across the wafer) on large Si waferghile others employ constant Ge (“box”) profiles. What is
(200 mm currently, and extendable to 300 mm); the best Ge profile shape? There is no simple answer, and
2) film contaminants (e.g¢' and O) must be miniscule, the tradeoffs can be subtle. If we limit the discussion to
with excellent interface quality between the epi layemanufacturable SiGe technologies employing stable Ge pro-
and the underlying substrate; files, then we can generally say that for devices which are
3) growth conditions (i.e., rate and temperature) must allofnited by the base transit time, it makes sense to use at
very abrupt doping transitions with large dynamic rangegast a partially graded Ge profile to induce a drift field in
4) batch wafer processing for high wafer throughput ighe base (i.e., low Ge content at the EB junction, ramped up
highly desirable. to high Ge content at the CB junction). Base transit time-
Clearly, these prerequisites are not satisfied for MBE atlichited devices (e.g., the present SiGe technology) typically
RTCVD (the latter essentially being a university research toohave base widths greater than 50 nm, poly-emitter contacts
Recent manufacturing data on UHV/CVD [25], [28] suggestshich have inherently high# to naturally reduce the emitter
that it is capable of meeting all of these requirements, but taansit time, and heavily doped collectors which minimize the
present, published manufacturing data simply does not exisilector transit time. In this case, the peak Ge content can be
on the other growth techniques. significantly larger than for a box profile at the same stability
As mentioned above, thermodynamically stable SiGe filnpint, and has the advantage of also improving the Early
are a necessity for a CMOS-compatible SiGe technology sinegitage. As the base width is scaled, of course, the base transit
exposure to processing temperatures above the original growithe naturally decreases, and at some point, the emitter transit
temperature (typically around 600C) will result in film time will become just as important, even in a poly-emitter
relaxation via defect generation. Obviously the presence tethnology. In this case, the box Ge profiles begin to offer a
defects is incompatible with a high-yield low-cost technologyspeed advantage, and since the base is already heavily doped
It has been clearly established for the present SiGe HBG maintain reasonable base resistance at the thin base width,
technology that Si-like device yield can be achieved. Fig. 2Baintaining high Early voltage is relatively easy. A logical
shows results from a typical yield monitor on a 200-mm waferompromise at a given design point is a combination of a box
consisting of 4000 minimum geometry SiGe HBT's with amrofile with a linearly graded profile to form a trapezoidal Ge
emitter area of 0.5x 1.0 ym? which have been wired in profile. It is interesting to note, however, that in the recent
parallel. Transistor arrays which have even one bad deviaport of a very aggressive 130-GHz SiGe HBT [92], the
will show significant off-state leakage under collector—baggaded Ge profile still maintains a slight edge over the box
bias, and are called “fails” (refer to the sample fail in Fig. 22profile design. These Ge shape and performance tradeoffs have
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100 above 2 GHz will be challenging, but research in this area

MiM-Capacitors is intensifying. Recent developments in low-resistance copper
Areas from 10x194pn? to 80x24.5 un? 180 interconnects potentially offer promise in this context.

For higher frequency microwave and millimeter-wave sys-
tems, low-loss transmission lines are clearly required. Ad-
vocates of IlI-V technologies have long pointed to the lack
of suitable transmission lines in Si technology as a funda-
120 mental show stopper for realizing Si-based MMIC's. After
‘ 0 all, there is no such thing as a semi-insulating Si substrate

4 6 8 0 12 (at room temperature), and high-resistivity Si is difficult to
Frequency (GHz) make, costly, and significantly complicates conventional Si
Fig. 24. Capacitance and quality factor as a function offrequencyforaMlmbncatlon' Typlcal transmission-line Iosges on_conventlongl
capacitor in an SiGe technology [94]. Si wafers are nearly an order of magnitude higher than in

GaAs, precluding any practical use. Si technologists are clever,
rik however, and should never be underestimated. Recent work
180878 [41] indicates that thick (e.g»10 um) benzo—cyclo—butene
o Tz A (BCB) polymers, deposited directly on top of the (planar)
S S . .
processed SiGe wafer and followed by gold interconnect
deposition can yield high-quality transmission lines in SiGe
technology. Losses as low 1.5 dB/cm at 10 GHz have been
achieved using this scheme, slightly higher than GaAs, but
certainly competitive for MMIC’s. High-quality passives can
i also, in principle, be realized on top of the thick BCB layer.
T 05 1 2 B 10 50 50180 While this post-Si BCB interconnect technology will not come
inductance (nH) for free, it clearly provides a potential path for integrating
SiGe technology with future microwave and millimeter-wave
¥ansmission systems.
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Fig. 25. Quality factor as a function of inductance at various frequencies
three different spiral inductor designs in an SiGe technology [94].

been addressed via simulation, and are discussed at ler@itSiGe BiCMOS for System on a Chip?

in [91]. Increasingly in this day and age, cost is the deciding factor

) o , . in RF technology decisions. The stark reality is that system

B. Passives and Transmission Lines on Silicon designers could care less whether the technology is GaAs or

High-quality passive elements (resistors, capacitors, a8idGe BICMOS, or even Si CMOS, provided that it meets the
inductors) which are required for both transistor biasing arsystem specifications and is the cheapest solution for their
monolithic matching networks are key to realizing a viablparticular need. A cursory glance at IBM’s SiGe technology
RF and microwave technology in SiGe. In contrast to populatearly shows that it represents a high level of complexity.
opinion, high-quality passives are increasingly being demolt-represents the belief that a single technology is capable
strated in Si. Precision resistors with modest sheet resistantesatisfying many different applications and needs. Even
(342%/00), nearly zero-temperature coefficient, and low paraghough complex, it has been proven to be: 1) competitive
sitic capacitance can be made from heavily doped polysilicam performance; 2) manufacturable; 3) high yielding; and
on oxide [28]. More conventional implanted resistors can b reliable. The exact cost remains to be seen. It is hard to
used when higher sheet resistances are required. High-qudlitagine, however, that having the ability to fabricate SiGe
factor () precision capacitors which are made in the uppéechnology in a high-volume CMOS fab using preexisting
levels of the five-level metallization in a metal—insulator—-met&MOS tool sets, isolation technology, and metallization would
(MIM) structure yield a 0.7-fRém? specific capacitance [93]. not provide some cost leverage over competing technologies.
As can be seen in Fig. 24)'s above 50 for 1-2-pF capacitorsTime will tell.
can be easily achieved at 2 GHz [94]. Highinductors are  There are other factors to consider as well. If, for instance,
the most challenging passives to build in Si, but significa®Ge technology can be used to gain a power savings ad-
progress has been made in the past several years throughtage by trading performance for power, the impact for
careful design and optimization [95], [96]. Fig. 25 sho@ss a broad class of portable applications could be dramatic. In
a function of inductance at practical frequencies of 900 MHagddition, one of the tremendous advantages that Si has over
2.4 GHz, 5.7 GHz, and 12 GHz for several different inductarompeting llI-V technologies is its capability for high levels of
geometries. In the present SiGe technolo@ys above 5 at integration. Witness, for instance, the case of microprocessors,
900 MHz can be achieved for reasonable inductance valuegich have evolved over time to include not only the processor
At higher frequencies@)’s approaching 10 can be achieveditself, but also embedded SRAM and DRAM, multimedia
though at lower inductance values. Realizing inductors witlignal processing, etc. Let us not forget that SiGe is truly
both high ¢ and high inductance in SiGe at frequenciean Si technology and is capable of similar feats.
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TABLE IV
SUMMARY OF MEASURED LOAD—PULL RESULTS FOR A40-um? SiGe HBT RWER-ADDED EFrFiciEncy (PAE) CeLL
OPERATING AT 1.8 GHz [109]. HE DevICE WAS TUNED FOR MAxiMum PAE

Class Operation Bias Current Maximum PAE Output Power at max PAE Gain
B 2.0 mA 69% 15.2 dBm 24.9 dB
AB 6.5 MA 60% 15.2 dBm 28.9 dB
AB 12.5 mA 52% 15.2 dBm 29.0 dB
A 25.0 mA 42% 15.2 dBm 30.1 dB
One of the great areas of debate today in the RF community 7.0 1T
is centered on the extent to which RF transceiver applications S 60l o Gae MESFET [97] h
can benefit from integration. Is it possible to produce a viable g L ®SiGe HBT [45] 19-2.0 GHz LNA 1
transceiver “system-on-a-chip” solution? And if it can be done, z 7]
is it cost-effective to do so? Cellular phones, for instance, 5 4.0 A GaAs HBT [¢7] —
prese_ntly consist of mos_tly discrete components_, a primitive E s0L ]
situation compared to digital systems. In the digital world, g f I Fratiadiie 1
the merits of integration are obvious and logical, almost an < 20 Yoo o 7
unquestioned law of nature. In the RF world, however, issues & 10  * m s e oo o]
such as signal isolation between the power amplifier at the ool 1. B ]
output and the low-noise amplifier at the input, for instance, 05 1.0 1.5 20 25 3.0 35 4.0 45 50 55
add significant complexity to the problem. While this remains Noise Figure (dB)

_an open 'Ssu.e' It dqes seem |Og|ca| in RF trgnscelvers Ft|8 26. Comparison of an LNA figure of merit for a variety of different
integrate the increasingly complex baseband signal processsce technologies. LNA gain as a function of dc power dissipation is plotted

ing and control functions with the high-performance mixergs 2 function of noise figure. Referenced works are enclosed in brackets.
oscillators, LNA's, etc. Even if the power amp, for instance,

must stay on a separate IC to preserve signal isolation,

single-chip integration of all other transceiver functions woulime and these higher frequency markets develop and mature,
appear to decrease die count, improve performance, simpf surely they must, SiGe HBT technology will be increasingly
packaging, improve reliability, and presumably reduce cod@vored over other Si technologies because of its performance
SiGe BICMOS technology is, in principle, ideally suited tgdvantages. SiGe technology appears to clearly be capable of
this task, since the single device technology can deliver tAeeting performance specs at system frequencies as high as
high-performance SiGe HBT needed for critical functions, th#0 GHz, and probably 40 GHz, at least for applications not
passives for monolithic matching, possibly the power amp (sEduiring high-breakdown voltage.

below), as well as the Si CMOS for baseband processing and\Pples-to-apples comparisons between SiGe technology
control. Only time will tell the extent to which integrationand other competing technologies are difficult to make for
plays a role in the RF transceiver market, but SiGe BiCMO®rious reasons, but as an example, consider Fig. 26, which
technology is clearly poised to make an impact should gempares LNA's in the critical 2.0-GHz RF band. As a figure

become a deciding factor. of merit, the ratio of LNA gain to power dissipation is plotted
as a function of noise figure for LNA’s built from SiGe HBT's,
V. STATUS AND FUTURE DIRECTIONS GaAs MESFET's, Si BJT's, GaAs HBT's, and Si CMOS [45],

In_the ten-and-pne-half :_short years since the first demou'per left, with high gain per unit power dissipation operating
stration of a functional device, SiGe technology has emergg very low noise figure. While comparisons such as this

from_ the research lab anq enf[ered mangfacturing. In this ﬁrfﬁhst be taken with a grain of salt, clearly SiGe HBT's offer
section, state-of-the-art circuits are reviewed, followed by mpetitive performance compared to existing (published)
brief look at fundamental device limits and future dlrectlonsLNA,s_ This SiGe HBT LNA achieves an impressive 0.95 dB

NF ,in and 10.5-dB gain at 2.5 mW with an input third-order
A. The State-of-the-Art intercept point (IP3) of-4.5 dBm [45].

The past three years have seen a dramatic increase i€ontrary to popular opinion, SiGe HBT's are capable of
the number of practical circuits implemented in SiGe HBTelivering competitive power amplifiers at 900 MHz and 1.8
technology [32]-[51]. The targeted applications range in fr&sHz [107]-[109]. Table IV shows representative load—pull
guency from cellular phones at 900 MHz to optical data linkesults at 1.8 GHz off a single 4@m? power cell from the
at 40 Gb/s. The present high-volume RF market exists ptesent SiGe HBT technology in various classes of operation.
900 MHz and 2.0 GHz. Clearly, a 70-GHz,., transistor is These results are shown for the high-breakdo® o =
not needed here. The emphasis instead centers on trading 3tafV) transistor (refer to Table 1). In Class B operation, for
raw performance to gain an advantage in some other meiristance, this single 49m? power cell delivers 0.83-mVum?
over a competing technology (e.g., power dissipation, noipewer density and 69% efficiency when tuned for maximum
figure, etc.). As application frequencies continue to rise ovefficiency, and 1.10-mW/m? power density and 61% effi-

['_957]—[106]. The desirable LNA design point in this figure is the
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P, (dBm) Fig. 29. Cutoff frequency as a function of bias current for an aggressively

designed SiGe HBT.
Fig. 27. Load-pull data showing output pow@fous ), gain, and PAE as a
function of input power for a 64@gm? SiGe HBT power amplifier operating at
900 MHz. Results are shown for tuning to achieve both maximum efficiendyhis has indeed been the case for SiGe HBT's. How high will

and maximum output power [109]. fr go in SiGe HBT’s? As discussed by Johnson 33 years ago
[110], there is a fundamental reciprocal relationship between
maximum achievablgr and theBV ¢go of a transistor. SiGe

35 - T T T T helps to alleviate this constraint somewhat by introducing an
30'_ Vg =3V P ) e 7 additional degree of freedom (effectively decoupling the base
N =4 — q60 doping from 3 and fr), but the gain is modest. The SiGe
c BT Jso technology described in this paper has &mBV cgo product
& 20-_<\Gain - of 158 and 143 GHz V, for the low- and high-breakdown
R R e 1 & HBT's, respectively, not far from the Johnson limit of about
£ e {30 & 170-180-GHz V. SiGe HBT's withf;'s above 100 GHz
CARTI ///AE:SOOpm2 120 (see Fig. 29) were demonstrated in nonself-aligned device
QS I’ C 290 mA ; structures in 1993 [10], [11], and the current record sits at
5T fc: 0.9 GHz 1% 130 GHz [92]. The recordf; for a self-aligned SiGe HBT
0 - L - L L lg is 95 GHz [31], [111]. It seems reasonable to expges in
05 0 5 10 15 20 excess of 150 GHz for nonself-aligned devices, and 120 GHz
Pin (dBm) . in self-aligned devices in the near future, althouBl cro

Fig. 28. Load—pull data showing output poweP... ), gain, and PAE as a Will clearly be less than 2.0 V. Given the trend in portable
function of input power for a 80@-m? SiGe HBT power amplifier operating communications systems, the devices may still prove useful in
at 900 MHz under a bias of both 3.0 and 4.5 V [109]. certain applications even with their 0BV cro.
Placing too much emphasis on the maximum achievgple
in SiGe HBT's can be misleading, however, sinfg,« is a
ciency when tuned for maximum power output [109]. Thedar more relevant metric for real RF and microwave circuits.
efficiencies and power densities compare favorably with boBfor high f...«, one needs a self-aligned device structure with
GaAs HBT results (50% efficiency and 0.60 myi#?) and minimal external parasitics, and while one obviously still needs
GaAs MESFET results (65% efficiency and 0.15 mi#?). high fr, the Johnson limit is not so fundamental in this
The 33-mW output power of the single power cell is obviouslgontext. In the realm of,,,., structural and process innovation
too small to be of practical use in transceivers. Impressiig king, and room for improvement still remains. The record
results from upscaled versions of this single cell have recenify.x for SiGe HBT's is currently 160 GHz [112], although
been reported [109]. Load—pull data for a 64@¥ SiGe HBT this technology is not compatible with low-cost Si fabrication.
power amplifier operating at 900 MHz is shown in Fig. 2@he highestf,,.x in an Si-compatible technology is 74 GHz
and indicates that when tuned for maximum output poweaf present [22]. It seems reasonable to expect this number to
this SiGe HBT can deliver 1.25 W (1.97 mWh?) with climb into the 110-120-GHz range for manufacturable SiGe
excellent efficiency (65%) and high gain (25 dB). Results fdechnologies using stable Ge profiles, provided care is taken
an 800um? SiGe HBT power amplifier are shown in Fig. 28jn profile optimization [91]. Evolution tan-situ doped poly-
and when biased at 4.5 V delivers an output power of 2énitter contacts, and metal base contacts may be required.
W (2.5 mWjm?) at greater than 50% efficiency, which is The most serious constraint in the further scaling of the
competitive for cellular applications. vertical profile in SiGe HBT's for higher performance is the
minimization of boron out-diffusion with the annealing steps
o ) ) needed for extrinsic base implant activation and emitter drive-
B. Fundamental Limits and Future Directions in. A recent discovery which may prove fruitful in this context
Key to the long-term success of any device technology is tiethat the introduction of small amounts @f(perhaps as low
potential for sustained performance improvements over times <0.05%) into the base of an SiGe HBT strongly suppresses



586 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 5, MAY 1998

boron out-diffusion [113]. If it turns out that the addition 6f (Fig. 29). The wafers used in this work were fabricated at IBM
has no serious consequences on performance and reliabiRgsearch, Yorktown Heights, NY, and IBM Microelectronics,
this (simple) technique may allow a straightforward migratiokast Fishkill, NY.
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