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ABSTRACT: The research on Si/SiGe heterojunction bipolar transistors has led the
ultra-high-speed transistors that are compatible with the state-of-the-art silicon
integrated technology. The SiGe base regions of these transistors are grown selectively
on silicon subsirates. Self-aligned structures are used to reduce the external base
resistance and base collector parasitic capacitance. The germanium profile in the base
is graded to obiain a drift effect to reduce the base-transit time. Si/SiGe integrated
circuits for applications in optical-fiber link systems and Si/SiGe microwave power
transistors have been produced with remarkable speeds. The SiGe semiconducior
maierial system, HBT structures and fabrication, and device performance issues are
reviewed in this paper.
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Si/SiGe HETEROJONKSIYON BIPOLAR TRANZISTORLER
(DERLEME)

OZET: Si/SiGe heterojonksivon tranzistorler konusunda yapilan arastirmalar sonucu,
modern  yiiksek teknoloji kullanan silisyum  timlesik devre tiretme teknikieriyle
dretilebilen cok yiksek hizli wranzistorler dretilmektedir.  Bu tranzistorlerin baz
bolgeleri Si taban vzerine se¢meli SiGe kristal iiretme ile gergeklestirilmekte, aktif
bélge disinda kalan baz baglanti bolgesinin olabildigince kisa olmast ve baz-kollektir
parazitik sigasinin kiicuk iutulmas: i¢in kendinden hizali yapilar kullaniimaktadr. Baz
bolgesi iginde germanyum yiizdesi degisken tutularak azinhik tasiyicilar icin ek bir
stirtiklenme etkisi olugturulmakta ve boylece baz gegis sivesi azaltiimakiadir,  Fiber-
optik uygulamalar icin Si/SiGe timlesik devreler ve Si/SiGe mikrodalga gii¢
transistorieri diretilmis, ok iyi sonuglar alimmustir. Bu yazida SiGe yartiletken malzeme
sisteminin bazi ozellikleri, HBT yapilar: ve iiretim yontemleri, ve tranzistor performansi
konular: ele alinmustir.
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1. INTRODUCTION

The first generations of heterojunction bipolar transistors were fabricated about fifteen
years after the idea was first introduced by Schockley [1] in 1951 and later elaborated
by Kroemer [2] in 1957. Brojdo et al. [3] and Page [4] reported CdS/Si transistors in
1965. Jadus [5] produced GaAs/Ge transistors; Hovel and Milnes [6], ZnSe/Ge in 1967.
In 1970, Sleger et al. |7] reported ZnSe/GaAs heterojunction transistors. All these

transistors had current gains of 5 to 70.

There were problems with some of these structures. For instance, in a GaAs/Ge HBT
structure, As diffuses into the Ge base layer and converts the conductivity type. Instead
of an Npn structure, an N-GaAs/n-Ge/p-Ge/n-Ge structure results from this diffusion
[5]. The advances in crystal growth technology have led to the second-generation
heterojunction bipolar transistors: AlGaAs/GaAs HBT. In such a structure, a similar
diffusion from the emitter into the base would not alter the conductivity type of the base
region because Al and Ga are isoelectronic and one can replace the other without

altering the conductivity type.

The first AlGaAs/GaAs HBT was reported in 1972 by Dumke et al. [8], and many other
researchers produced high-gain AlGaAs/GaAs HBT's. Since the review of HBT's and
their potential applications by Kroemer [9] in 1982, the interest in HBTs has
skyrocketed.  Consequently, many other ternary and quaternary alloy systems have

been used for HBT fabrication.

InGaAsP/InP HBTs have been developed for long-wavelength (1-1.6 pm) optical
communication and high-speed digital circuit applications [10] -[12]. This alloy system
provides higher electron mobility and larger valence band discontinuity than
AlGaAs/GaAs system does. The AlGaP/GaP alloy system, too, has been experimented
to produce HBTs [13]. This alloy system does not offer high current gain, but it offers
transistor operation at elevated temperatures as high as 550°C with a § (common
emitter current gain) of 6. Also, AllnAs/InGaAs HBTs have been demonstrated {14] to
operate at 4.2 K with a 3 of 180. AlGaAs/InGaAs/GaAs alloy system, too, has been
used to produce strained layer HBTs [15].

Later, a new trend appeared in the fabrication of HBTs: Silicon substrates were used to
fabricate HBTs. Some of these HBTs had silicon bases. The emitter layers were made
of hydrogenated silicon or a silicon compound: «-Si:H [16], a-SiC:H [17] or B-SiC
[18]. The other HBTs on silicon substrates had GaAs bases and AlGaAs emitters. This
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so-called "GaAs on Si" material system allows GaAs and Si devicas to be combined on
a monolithic circuit. It also provides larger and less fragile wafers and higher thermal
conductivity than GaAs alone does. The effects of the large mismatch (4%) between
GaAs and Si are eliminated by various techniques including the growth of a thick

graded layer.

While the III-V heterojunction bipolar transistors are on their way to maturity, a
relatively new heterostructure has been experimented for bipolar transistors: Si/8iGe/Si
[19]-[21]. This system, too, uses silicon wafers and is compatible with the existing
silicon technology. There are reports of excellent device performance such as a cutoff
frequency of 130 GHz [22] and gate delays of 9.3 ps in ECL gates [23].

The SiGe semiconductor material system, HBT fabrication, and device performance

issues will be reviewed in this paper.

1.1 Si-Ge Alloy

Silicon and germanium can be mixed to produce the alloy Si,,Ge, for the entire
compositional range 0 < x < 1. The alloy has the diamond crystal structure and its

lattice constant is a linear function of the germanium fraction [24] as

a(Si,Ge,) = a(Si) + [a(Ge) - a(Si)] x (1

or with numerical values,

a(Si,.Ge,) = 0.54307 + 0.02268 x [nm] (2)
for low values of x. The room temperature mismatch between germanium and silicon is
4.17 % that increases slightly with temperature. When Si-Ge alloy is grown on a thick
Si substrate, the mismatch will cause non-uniformity in the lattice. Depending on the
growth conditions and the thickness of the grown layer, the mismatch may be
accommodated by the production of misfit dislocations at the interface or by the

tetragonal distortion of the lattice.

If the misfit dislocations are allowed during the growth, the lattice will be relaxed or
unstrained. The dislocations may be positioned at the interface or threaded through the
grown layer. When the misfit dislocations are not formed, the laftice constant in the

direction perpendicular to the substrate will be different from the lattice constant in the
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plane of the substrate surface. This creates strain in the grown layer, so the lattice is

called strained lattice; the growth, pseudomorphic growth.
1.2 Band Gap

The band gap of the SiGe alloy depends not only on the fraction of germanium but also
on the presence of strain. In the absence of strain, the band structure of the alloy
resembles that of silicon for & germanium fraction below 85 atomic percent. The
smallest gap occurs near the X Brillouin zone boundary. For larger germanium
fractions, the band structure is germanium-like, and the smallest indirect gap occurs
near the L Brillouin zone boundary [24]. The energy gap of the unstrained bulk alloy,
which is shown in Figure 1, may be approximated with three line segments. The

empirical expressions for the band gap of the unstrained Si,,Ge, at 90 K are as follow:

J 1.17 - 0.44 x eV for 0<x<035
E(x)= 1.05-0.1x eV for 0.35<x<0.85 (3)
10.95 -1.5(x-0.85) eV for 085<x<l.0
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Figure 1. The energy band gap of unstrained and pseudomorphic SiGe alloys [24]. The
pseudomorphic alloy is grown on a silicon substrate.

Figure 1 also shows the energy gap of pseudomorphic SiGe grown on silicon substrate.
The band gap of strained Si, Ge, on silicon substrate at 90 K may be expressed as

Ef(x)=1.17 exp(-0.8x) eV for 0 <x <07 4



The room temperature band gap is slightly smaller for the same germanium fraction for

the strained alloy grown on (100) silicon substrate [25]:
E(x)=1.12-0.74x eV 5

The comparison of the curves in Figure 1 indicates that the presence of tetragonal strain
significantly reduces the energy gap. The strain-split heavy hole band determines the
smallest gap in the band structure. The band gap of the pseudomorphic alloy on silicon

substrate can be smaller than the band gap of germanium for x > 0.6.

Growing strained Si,.Ge, on unstrained SiGe substrate is also possible. Depending on
both the composition of the substrate and the composition of the pseudomorphic layer, a
different value of the band gap will be obtained. Figure 2 displays the composition
dependence of the band gap of Si,.Ge. layers on four different substrates [24].
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Figure 2. The energy band gap of pseudomorphic SiGe alloy grown on different
substrates [24].

The band alignments and band offsets between the silicon and SiGe alloy depend on the
relative strains in the heterostructure. The strained Si layer grown on unstrained
Sis;Geys substrate, for instance, forms a type I alignment [24]. The valence band
discontinuity for the pseudomorphic Si,.Ge, on silicon is given in Figure 3. Theoretical
calculations and experimentally extracted values are included in the same figure [26].
The conduction band discontinuity for the strained alloy on silicon substrate is given in
Figure 4. The conduction band disconﬁnuity is much smaller than the valence band
discontinuity for a given germanium fraction; hence, the valance band discontinuity

may be approximated by the total band-gap difference.
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Figure 3. The valence band discontinuity between the pseudomorphic SiGe alloy and
silicon substrate [26].
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Figure 4. Conduction band discontinuity between the pseudomorphic SiGe alloy and
silicon substrate [26]

II. CRYSTAL GROWTH

During the growth of the pseudomorphic SiGe alloy on silicon substrate, care must be
taken so that the strain in the lattice is not relaxed to result in misfit dislocations. The
same care must be maintained during the processing of the grown layers for device
fabrication. For instance, the exposure to high temperatures will be detrimental for the
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pseudomorphic layer. Also, the thickness of the grown layer should not exceed the

critical thickness.

For quality epitaxial growth, the atomic mobility at the growth surface must be high.
This mobility increases with increasing temperature, making high temperature growth
desirable. On the other hand, islanding and strain relaxation by dislocation nucleation,
too, are enhanced at high temperatures resulting in poor epitaxial growth. Hence an
optimum growth temperature has to be found. Since, the strain in the lattice depends on
the germanium fraction of the alloy, the optimum growth temperature depends on the
germanium fraction, too. For "moderate” Ge fraction, which is below 15 atomic

percent, the optimum growth temperature is about 550 °C [24].

The thickness of the epitaxially grown SiGe layer on a silicon substrate is another factor
affecting the strain in the alloy. For the pseudomorphic growth, the layer thickness
must be smaller than the critical thickness that depends on the germanium fraction.
Figure 5 displays the critical thickness versus the germanium fraction. The theoretical
curves and some experimental values are given in the same figure. Iyer et al. [24]
suggest that the substrate preparation, the use of buffer layers, and the particulate
contamination during the epitaxial growth are the practical key factors to affect the
dislocation formation, and hence, the critical thickness.
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Figure 5. Critical thickness for the pseudomorphic SiGe alloy grown on silicon

substrate [24]

There are two common basic methods of growing pseudomorphic SiGe alloys on Si
substrates: Molecular-beam epitaxy (MBE) and chemical vapor deposition (CVD).
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II.1 Molecular-Beam Epitaxy

In the MBE growth of the pseudomorphic SiGe alloys the substrate is heated to the
proper temperature, and ¢lemental Si, Ge and dopant sources are used. In general, Ga is
used for p-type doping while Sb is used for n-type doping. The spontancous
incorporation of these dopants from the flux does not happen; instead, an adlayer of the
dopant is formed at the growth surface. In case of Sb, the adlayer is bombarded with
low energy Si+ ions that cause the secondary implantation of Sb atoms into the alloy.
This also creates some point defects in the layer that complicates the growth [24].

For the doping of MBE grown layers several other techniques are also used. For
instance B is incorporated from the flux through a complex process.  Direct
implantation and solid phase crystallization techniques are other doping techniques.
Both n-type and p-type doping up to 10* cm™ with a sharp profile is achievable in MBE
growth techniques [24].

IL.2 Chemical Vapor Deposition

For the CVD growth of the SiGe on silicon substrates, ultrahigh-vacuum/chemical
vapor deposition (UHV/CVD) is used [24]. Initial substrate surface cleaning and the
maintenance of the high-purity environment during the growth are key issues in this
technique. The traditional high temperature (above 1000°C) cleaning is not proper for
the pseudomorphic SiGe; the growth temperature is around 550°C. Also, high vacuum
(0.001 mbar) is needed for the proper adherence of the grown layer to the substrate.
The deposition takes place through the heterogeneous prolysis of silane, germane, and

diborane.

Another CVD technique is the limited-reaction processing (LRP) [24], [26]. In this
technique, a single substrate is radiatively heated in a cold-wall system in vacuum (1
mtorr). The sources are dicholorosilane, germane and diborane. The initial cleaning is
carried out at 1200°C in hydrogen ambiance, and then a 1-2 um thick Si-buffer layer is
grown. The growth of the pseudomorphic SiGe follows at 640°C. The growth rate is

given in Figure 6.
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Figure 6. Pseudomorphic SiGe growth rate [26]

All three of these techniques produce sufficiently high-quality crystals for device
fabrication.

1. DEVICE FABRICATION

The MBE and CVD grown heterostructures are processed to form the HBTs. During
the processing steps the strain in the lattice has to be preserved. This prohibits
processing steps that require high temperatures. For instance, deposited oxides are used
rather than the thermally grown oxides. Also rapid thermal annealing is used rather
than the traditional furnace annealing,

The SiGe device structure may be classified into three categorics: mesa structures, non-
self-aligned structures and self-aligned structures [27]. While the growth of SiGe layer
takes place over the entire wafer in the mesa structures, selective crystal growth over the
substrate is required for the non-mesa structures.

L1 Mesa Structures

The mesa structures used in 11-V technology were borrowed for the fabrication of early
SiGe heterojunction bipolar transistors. Various mesa structures are formed for
emitter/base definition or for device isolation. A mesa defined transistor structure is
given in Figure 7. In this structure dry etching is used to define the mesa. The base
contact resistance is reduced with Ga implantation below the contact. The passivation
for the surface is accomplished with a low temperature oxide deposition. A mesa
isolated device structure is given in Figure 8. In this structure, the active device has a
completely planar structure while a mesa is formed for isolation. The base layer is
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reached from the surface with a boron implant with a deposited oxide mask. An As
implant is carried out for the emitter contact. The devices pictured in F igure 7 and

Figure 8 have single crystal emitters.

Collector

Figure 7. Mesa defined transistor structure [24]
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Figure 8. Mesa isolated planar transistor structure [26]

111.2 Non-Self-Aligned Structures

The non-self aligned structures may be grouped into three: simple emitter window,
extrinsic base before SiGe base epitaxy, and extrinsic base after SiGe base epitaxy [27].
In the first group, the base layer is grown immediately after isolation processes. An
oxide/nitride passivation layer is deposited over the base layer. Then, the emitier
windows are opened. The region of the base layer extending over the isolation layers
could be used to contact the base, yet the thickness and the doping level would be
insufficient for low external resistance. The single-crystal base laver can be reached for
contact from the top, yet that would require larger isolation window at the expense of
increased base-collector junction area. Another major drawback of this type of structure

Is that the base layer is subject to all subsequent thermal processes.

To reduce the external base resistance, a heavily doped polysilicon is formed
immediately before the growth of SiGe base layer. A window is opened for the intrinsic
base. After the base growth, oxide/nitride passivation layer is formed. Then emitter
windows are opened. The structure is complete with the deposition of nt+ polysilicon



for the emitter. Such a transistor structure is given in Figure 9. In this structure the p+
poly layer under the SiGe base layer reduces the external base resistance and provides

low-resistance contact for the base.

In the third group of non-self aligned structures, the extrinsic base layer is formed after
the SiGe layer growth. The structure can be described as a blend of other two non-self-
aligned structures.
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N+ Subcollector
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Fig. 17. Schematic cross section of the non-self-aligned bipolar structure
with & base formed by UHV/CVD low-temperature epitaxy [107].

Figure 9. Schematic cross section of a non-self~aligned bipolar transistor structure [24]

HI.3 Self-Aligned Structures

New structures were developed to reduce the total base resistance and the base-collector
junction capacitance. These techniques aim at reducing the lateral distance the base
current has to travel and minimizing the base/collector junction area. There are four
main types of self aligned structures [27]: (a) Mesa-like structure, (b) Epi-SiGe-base
after extrinsic base in a predefined emitter opening, (c) Extrinsic base after epi-SiGe-
base overgrowing a pre-defined emitter pad, and (d) Disposable emitter mandrel.

In mesa-like structures, the SiGe base layer is grown over the entire wafer area. Then
the base mesa is formed. The complete mesa-like self-aligned structure is given in
Figure 10. In this device, the pseudomorphic base layer undergoes two relatively high

temperature processes: external base growth and emitter drive-in cveles.

The second self-aligned structure type, epi-SiGe-base after extrinsic base in emitter
window, is an extension of the "implanted-base double-poly self-aligned" bipolar
technology. The intrinsic epi-SiGe-base is grown selectively in an emitter window
using a low-temperature growth process. A finished device structure is given in Figure
I1. To obtain this structure, first a thermal oxide is grown over the entire wafer. Then
p+ polysilicen is deposited and boron-implanted to obtain a low sheet resistance. Third,
a Si:N, deposition is carried out to pattern the p+ polysilicon to form the external base.



After the patiern etching, another deposition and etch-back is carried out to form the
Si;N, sidewall.  Then, the oxide is removed through the patterned pt polysilicon
window to expose the silicon substrate surface and to produce an overhanging p+ poly
edge. The selective growth of polysilicon under the overhanging structure and the
selective growth of SiGe base over the substrate surface take place at the same time.
When the poly touches the SiGe base, the growth is stopped. Before the deposition of

the emitter polysilicon, a borosilicate glass sidewall is formed in the window [28].
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Figure 10. A self-aligned mesa HBT structure [27]
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Figure 11. A "super self-aligned" selectively grown SiGe-base HBT
cross-sectional view [28].

In the third self-aligned structure, the external base is formed after the SiGe base
growth. The structure is also known as SEEW--Selective-Epi Emitter Window structure.
The self-alignment is achieved by the "selective epi lateral overgrowth over a thin
nitride/oxide emitter pad and subsequent oxidation to form the emitter window and the
bulk of the extrinsic base layer simultaneously" [27]. The extrinsic base link resistance
can be reduced with boron implantation. The SiGe base layer is subject to all thermal

cycles required for the extrinsic base processes.



The final self-aligned structure, disposable emitter mandrel, is an extension of the
conventional implanted-base single-poly self aligned structure. This structure is the
bipolar section of @ BICMOS basic structure [27], [29]. The devices are formed on a p+
wafer with a p- epi layer. First the buried n+ subcollector is formed, and a thin layer of
n-type silicon is grown everywhere. This is followed by polysilicon-filled deep trench
device isolation and oxide-filled shallow base isolation. Next, a deep phosphorus
diffusion is formed to reach the buried collector layer from the surface. After this
diffusion, p-well and n-well are implanted and annealed. Then a thin gate oxide is
grown. This oxide is protected with a polysilicon layer. Later, this polysilicon is
patterned to expose the bipolar transistor area. SiGe base layer is grown over the entire
surface. The region over the exposed silicon grows pseudomorphic while the rest of the
areas grow polv. These poly regions serve as external base contacts or gate electrodes
for the MOSFETs. Following the base growth, a passivation oxide is grown using low
temperature HIPOX to minimize base dopant diffusion. Then, a thin layer of nitride
and a thin layer of polysilicon "conversion layer" are deposited. The emitter "mandrel”
is formed with the deposition and patterning of PECVD nitride and thick PECVD oxide
layers. This mandrel is used to block the high-dose extrinsic base boron implant. After
the base implant, this mandrel is removed to leave a window for the emitter. In the final
steps, polysilicon is deposited, implanted and patterned for the emitter contact. For the
patterning of the base and the gates, highly selective etches are used. Self-aligned
titanium disilicide was formed over the extrinsic base poly and the gates, and
salicidation of the extrinsic base is carried out to reduce overall base resistance. The

structure of a finished device is given in Figure 12.
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Figure 12. BiCMOS device structure with SiGe-base transistor [29]
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1.4 An Alternative Approach

As an alternative to the crystal growth with MBE or CVD, Ge implantation in Si is used
to form the Si,,Ge, base layer. Lombardo es al. [30]-[31] fabricated such npn bipolar
transistors with high dose of Ge implant. A rapid thermal anneal at 1000°C for 10 s in
nitrogen ambient was sufficient to restore the crystal. The wafers are processed with the
standard self-aligned, double polysilicon process. They demonstrated that a high-dose
Ge implantation in the base improved the current gain, base resistance, and forward

transit time for the silicon transistors.
1115 Somie Fabrication Issues

There have been many issues regarding the commercial production of SiGe HBTS.
Some of these issues are related to the crystal growth whereas some are related to the

integration with the state-of-the-art silicon integrated circuit technology.

One of the problems with the crystal growth is the surface preparation of the silicon
substrate. If a blanket growth is required over bare silicon, the surface preparation is
relatively easy. A 10-second dip in dilute HF:H,O (1:10) is sufficient for the hydrogen
passivation of the growth surface. The wafers may be loaded to the growth chamber
without blow-drying. If the wafer is patterned and a selective growth is required, then
additional precautions must be taken. For instance, oxide regions have 1o be protected
by an additicnal layer of polysilicon. Also blow-dryving is needed for the patterned
walfer. Some structures may prevent wet passivation of the surfaces.

Another problem with the base layer is the dopant out diffusion. Since very high levels
of doping is used in the thin base layer, some out diffusion of the base dopant during the
consequent process steps at elevated temperatures is unavoidable. Undoped spacers are
used to prevent the diffusion front from reaching the collector and emitter layers.

A third problem with the base layer is the maintenance of the strain in the layer.
Although the critical thickness is not reached for the initial base growth, the high-
temperature exposure will cause the formation and propagation of defects at the
interfaces. This will cause a partial relaxation of the strain in the base and provide

recombination centers,

Despite all of these problems, excellent Si/SiGe heterojunction bipalar transistors have
been produced with some modifications of the state-of-the-art silicon integrated circuit

technology.
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IV. DEVICE PERFORMANCE

The initial research on Si/SiGe heterojunction bipolar transistors aimed at the
demonstration of better intrinsic transistor characteristics such as the common emitter
current gain, Early voltage, and cutoff frequency. Later, optimum device design
concepts were developed. The germanium profile in the base is optimized for various
purposes. Finally, large-scale integration issues were focused. Self-aligned silicon
device structures have been modified to incorporate the SiGe base into the current

technology. The outcome is very pleasing.

The performance of a transistor is evaluated using several figures of merit such as
common emitter current gain (1), unity-gain cutoff frequency (f;) and ECL gate-delay.
Due to the reduced band gap in the base, very high values of current gain is easily
achievable with SiGe heterojunction transistors. For example, a £ of 29000 was
reported by Oda e al. [33]. Also temperature dependence of the current gain reveals
that SiGe HBTs keep their high gain at lowered temperatures as well (Figure 13).
Grading the band gap in the base provides a drift field that improves the gain, cutoff
frequency and Early voltage. However, the reduced band gap in the base also lovers the
breakdown voltage for the base collector junction. A record high f£ of 130 GHz has
been reported by Oda et al.[22], [32]. A comparison of the reported cutoff frequencies
of the SiGe base and Si base bipolar transistors is given in Figure 14. Tt is clear from
the figure that the SiGe base heterojunction bipolar transistors have about 50% higher

cutoff frequencies [33].
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Figure 13. Temperature dependence of current gain for Si- and SiGe-base devices
formed by UHV/CVD low-temperature epitaxy [24].
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The improvements in the device parasitics also reduced the gate delay of ECL circuits.
For instance, Washio reported "ultra-high-speed" ECL circuit with an 8.0 ps gate-delay
[34]. The gate delay time trends for ECL circuits over last two decades are given in

Figure 15 for comparison among bipolar technologies. These transistors have been

used in integrated circuits for optical-fiber link systems. Examples of such integrated

circuits include a 1/8 static frequency divider operating at 50 GHz, a time-division

multiplexer and a demultiplexer operating at 40 Gb/s, a preamplifier with a 35 GHz

bandwidth, and a decision circuit operating at 40 Gb/s [34].
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Figure 14. Si and SiGe device performance over the past years. (The year scale of the
original graph by Warnock [33] has been extended to 2000. The solid squares are for Si
devices; blank squares, for SiGe devices.)
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Figure 15. Gate delay time trends for ECL circuits [29]. (Data for the years between
1995 and 2000 have been added to the original graph by Nakamura and Nishizawa [29].
The blank squares are for Si devices; solid squares, for SiGe devices.)
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There have also been power applications of SiGe-base heterojunction transistors.
Schuppen er al. [35] reported 1-W SiGe power HBT for wireless communication.
Potyraj er al. [36] fabricated 230-watt S-band SiGe power transistor operating in Class
C. Recently 7. Jinshu et al. [37] reported 5-W SiGe HBT which had 60 emitter stripes
and no emitter ballasting resistors.

V. CONCLUSION

The research on Si/SiGe heterojunction bipolar transistors has led the ultra-high-speed
transistors that are compatible with the state-of-the-art silicon integrated technology.
The SiGe base regions of these transistors are grown selectively on silicon substrates.
Self-aligned structures are used to reduce the external base resistance and base collector
parasitic capacitance. The germanium profile in the base is graded to obtain a drift
effect to reduce the base-transit time. Si/SiGe integrated circuits for applications in
optical-fiber link systems and Si/SiGe microwave power transistors have been produced

with remarkable speeds.
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