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History and Future Perspective of the Modern
Silicon Bipolar Transistor

Tak H. Ning, Fellow, IEEE

Abstract—A brief historical account of the development of ad-
vanced silicon bipolar transistors (SBTs) at IBM Research is de-
scribed, with a focus on discussing the technical merits of the direc-
tions taken. A perspective on the future of silicon bipolar is given,
including a discussion on the merits of SiGe-base transistors, and
on the scaling limits of both Si-base and SiGe-base transistors. An
apples-to-apples comparison of SiGe-base transistors and GaAs
HBTs is made, showing that GaAs HBTs are inherently faster and
more scaleable than SiGe-base transistors.

1. INTRODUCTION

HE bipolar transistor was invented in 1947, and went

through periods of rapid development in the 1950s and
1960s. However, by the mid-1970s, it was generally believed
that silicon bipolar technology had become mature. Con-
sequently, research activities on silicon bipolar technology,
particularly in the United States, had fallen off very drastically,
as evidenced by the lack of publications on the subject. Of
the 281 papers published in the IEEE TRANSACTIONS ON
ELECTRON DEVICES in the 12 months between September
1976 and August 1977, only 19 were on silicon bipolar, and
of the 19, only five were by U.S. authors. Major universities
and industrial laboratories in the U.S. either never had research
programs on silicon bipolar to begin with, or had phased
them out by then. With silicon bipolar being the backbone
technology for mainframe computers, IBM had a very strong
program on silicon bipolar development. However, in IBM
Research, there was no research program on silicon bipolar at
that time, even though there had been very strong programs on
silicon MOSFET research for many years.

In 1976, upper management at IBM decided that IBM
Research should establish a research program on silicon
bipolar technology. In January 1977, an exploratory bipolar
devices and circuit group! was formed at IBM’s T. J. Watson
Research Center, thus began the exciting years of research in
silicon bipolar technology at IBM. The IBM team explored
several versions of advanced device structures. However, by
far the most successful version has been the double-polysilicon
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1When the group was first formed in January 1977, it consisted of 6 members:
H. N. Yu was acting manager of the group, D. D. Tang focused on device design
and modeling; P. M. Solomon focused on circuit design and modeling, T. H.
Ning focused on device technology, G. Feth focused on circuit applications,
and M. G. Smith focused on system applications. A bit later, additions to the
team included S. K. Wiedmann who focused on logic and memory circuits, and
R. D. Isaac who focused on process technology development.
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Fig. 1. Schematic cross-sectional view of a trench-isolated double-polysilicon
self-aligned bipolar transistor with a pedestal collector (advanced bipolar
transistor).
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Fig. 2. Schematic cross-sectional view of a state-of-the-art bipolar transistor
circa 1977 (conventional bipolar transistor). The base and collector contact
windows are about 2.5 zm, and the emitter-stripe width is about 3 pm.

self-aligned bipolar transistor [1], [2], shown schematically in
Fig. 1 with trench isolation and pedestal collector. Variations
of this transistor have been used widely both inside and outside
IBM.

In this paper, a brief historical account of the development of
the double-polysilicon self-aligned bipolar transistor is given,
focusing on the merits of the key elements of the transistor. The
theéory that guided the transistor design and scaling effort is also
discussed. Finally, a perspective on the future of silicon bipolar
is given, including a discussion on its scaling limits and exten-
sion to SiGe-base, and a comparison of the SiGe-base transistor
with the GaAs heterojunction bipolar transistor (HBT).

Although this paper focuses on the bipolar devices explored
at IBM, the technical discussion applies to advanced silicon
bipolar devices in general. Perspectives based on other advanced
silicon bipolar devices can be found elsewhere in this special
issue, and in the literature. For example, see [3].

II. THE CONVENTIONAL BIPOLAR TRANSISTOR CIRCA 1977

Fig. 2 shows the schematic of a state-of-the-art high-perfor-
mance silicon bipolar transistor (SBT) circa 1977. Typically it
has a 3 x 7 pm? emitter, base contacts on both sides of the
emitter to reduce base resistance, recessed field oxide formed
by a combination of silicon etching and oxidation, patterned n™
subcollector for reducing collector resistance, and p* pockets
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for isolation. Although the emitter area A g is 21 pm?, the base-
collector junction area A is about 284 ym?, giving an Ac/Ag
ratio of about 14 The total transistor area, including isolation, is
about 945 pm?, giving a tran51stor/enutter area ratio of almost
45!

The transistors were typically formed as follows. A patterned
n™* subcollector is first formed on a p~ silicon wafer by diffu-
sion. An n-type epitaxy layer is then grown on top. A p-type

- pocket for the base region is then formed by diffusion. The
nt emitter is then formed by diffusion. The p-type region di-
rectly underneath the emitter forms the intrinsic base, while the
remainder of the p-type pocket forms the extrinsic base. Typ-

ical emitter junction depth is about 500 nm, and typical in-

trinsic-base width is about 250 nm.

By the mid-1970s, the limitations of this conventional bipolar
transistor were quite apparent and appeared difficult to over-
come. With the advent of ion-implantation technology, forma-
tion of shallow base and emitter regions were quite feasible.
However, because of shallow-emitter effects [4], reducing the
emitter depth to less than 300 nm would increase the base cur-
rent, and hence reduce the current gain, significantly. To counter
the loss of current gain, the intrinsic-base sheet resistance would
have to be increased, causing emitter-collector punch-through
problems [5]. Thus, the conventional bipolar transistor is inher-
ently not extendable to thin base widths.

The conventional transistor structure has a number of other
limitations as well. With the extrinsic- and intrinsic-base regions
formed from the same doping step, it is extremely difficult to
optimize both regions simultaneously. Also, the large collector
area leads to large parasitic capacitance. And, the large overall
. .device area makes the trans1stor not suitable for dense memory
applications.

III. DEVELOPMENT OF THE ADVANCED BIPOLAR TRANSISTOR

At the time IBM formed a bipolar research group in January
1977, there were reports of several exciting developments in
bipolar technology already. First, using doped polysilicon as
a diffusion source to form and contact the emitter had been
demonstrated [6]-[8]. It opened up a way for forming shallow
"emitters without worrying about. metal penetration of the
emitter. Then there were reports of self-aligning the emitter and
base contacts employing doped polysilicon to form the emitter

-[91, [10]. This self-aligned transistor had an Ac/Ag tatio much
smaller than that of the conventional transistor. The concept of
using deep-trench isolation to replace. p-pocket isolation was
also evolving at the time [111, [12]. And, the pedestal-collector
transistor, where the -collector has a higher doping concen-
tration directly underneath the emitter but a lower doping
concentration elsewhere to minimize base-collector junction
capacitance, had been demonstrated [13], [14].

The IBM team quickly decided that the advanced blpola.r
transistor should incorporate most or all of these features. The
goal was to develop a high-performance manufacturable tran-

- sistor that was scaleable to small dimensions. The final result
was the transistor illustrated schematically in Fig. 1. The major
milestones in the research phase of this tran31stor are discussed
below.
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A. Self-Aligned Polysilicon-Base Contact

After considering several self-alignment schemes, the IBM
team decided to use p* polysilicon for forming and contacting
the extrinsic base, with the emitter-base separation determined
by a vertical sidewall insulator (see Fig. 1). This scheme has sev-
eral advantages. 1) It minimizes the base-collector junction area
by minimizing the emitter-base separation and by allowing the
metal-to-base contact to be located over the field oxide. 2) It de-
couples the extrinsic base formation from the intrinsic base for-
mation, allowing both to be optimized. 3) The emitter opening in
the p*-polysilicon layer provides a natural masking for ion im-
plantation of the intrinsic base, emitter, and pedestal collector.

By 1977, reactive-ion etching (RIE) was already widely used
in advanced technology devélopment in IBM [15], [16]. RIE
was used to form the vertical sidewall on the base polysilicon
layer. The sidewall thickness was typically 0.2-0.3 um.

B. Polysilicon Emirtter Contact

A systematic study of the effect of emitter contact on shallow-
emitter transistors was carried out. The conventional wisdom at
the time was that heavily doped polysilicon behaves like metal
in that a heavily-doped-polysilicon contact would behave like
an ohmic contact. Consequently, the early experiments treated
the heavily doped n* polysilicon as a contact material for the
shallow emitter, and not as the emitter itself. Perhaps the most
exciting finding of these experiments [17], [18] was that the
nt polysilicon contacts to silicon did not behave like ohmic
contacts at all. Minority holes injected from the base into the
shallow n-type emitter, instead of recombining at the polysil-
icon-silicon interface, as expected for an ohmic contact, recom-
bine primarily inside the nt polysilicon layer, leading to signif-
icant increase in current gain.

Subsequent experiments showed that a polysilicon emitter
contact improves the current gain of a transistor without af-
fecting its speed [19], [20]. This result is very significant for it
demonstrated for the first time that shallow-emitter transistors
(transistors having shallow single-crystalline emitter regions)
could be made without the problem of insufficient current gain.

C. Polysilicon Emitter.

Nowadays, all advanced SBTs employ polysilicon emitter,
where the shallow-emitter doping step is skipped altogether.
Instead, a heavily doped n-type polysilicon layer is formed
directly on the p-type base layer, followed by just sufficient
thermal cycle to obtain low emitter resistance. In IBM, the
polysilicon emitter was discovered unexpectedly. A series of
experiments, illustrated in Fig. 3, was designed to study the
differences among implanted-and-diffused - shallow emitters
contacted by silicide, aluminum, or arsenic-doped polysilicon.
To avoid any ambiguity, all three kinds of emitter contacts were
designed to be on the same wafers. The masking procedure was
such that one of the devices received no emitter implant at all
but had the n* polysilicon layer formed directly on the p-type
base layer. This device was not supposed to work, since the
conventional wisdom at the time suggested that the polysilicon -
contact would behave like an ohmic contact, and the device

“would not have meaningful current gain. However, we found
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Fig. 3. Schematics illustrating the emitter-contact experiments in which the
polysilicon emitter was discovered.

TABLE 1
TYPICAL MEASURED CURRENT GAINS OF THE BIPOLAR TRANSISTORS
SKETCHED IN FIG. 3, FOR A BASE SHEET RESISTANCE VALUE OF

ABout 7 KQ/O
Emitter stack | Al/silicide/n+ | Al/n+ | Al/nt+ poly/n+ | Al/n+ poly
(polysilicon emitter)
Current gain | 40 - 60 65-70]145-170 ~ 400

to our great surprise that the device not only worked properly
but also showed the largest current gain of all the transistors!
(See Table L.)

The advent of polysilicon emitter marked a major milestone
in the evolution of the SBT. With polysilicon emitter, emitter
junctions (the n* emitter region in the crystalline silicon)
can be very shallow, typically only 30 nm or less. Such
ultra-shallow emitters enable very thin intrinsic-base layers to
be formed. And, with polysilicon emitter, current gain ceased to
be a problem, overcoming a fundamental limitation in scaling
bipolar transistors. In IBM, we have been using polysilicon
emitter since 1981. ,

The physics and technology of polysilicon emitter have been
the subject of intense study in universities and industrial labora-
tories worldwide. Most of the papers up to 1989 were collected
in one publication [21]. It is a good reference and contains an ex-
cellent introduction to the theoretical and experimental aspects
of polysilicon-emitter bipolar transistors.

D. Bipolar Transistor Design, Scaling, and the Pedestal
Collector

Base-widening effect on fr was demonstrated in 1962 {22].
However, to demonstrate the detrimental effect of base widening
on a digital circuit requires the transistors to be operated at suffi-
ciently large current densities where diffusion capacitance dom-
inates the circuit delay. This usually implies operating the tran-
sistors at a collector current density of Jo > 0.3qust N [4],
where v, is the saturated velocity of electrons and N¢ is the
collector doping concentration. For a transistor circa 1977, with
Ag = 20 pm? and N¢ = 2 x 106 cm~3, base widening is not
significant until the operating current is larger than 2 mA. Even
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Fig. 4. Typical switching delay as a function of collector current density for
advanced bipolar transistors, with collector thickness as a parameter (after [23]).

at these currents, the circuit delays are often still dominated by
the load capacitance instead of diffusion capacitance.

With the double-polysilicon self-aligned bipolar transistor,
the load-capacitance delay component has been reduced suffi-
ciently that base widening can easily dominate circuit delays.
This is demonstrated in Fig. 4, which shows the circuit delay
versus collector current for two transistors of different collector
thickness (thickness between the intrinsic base and the subcol-
lector). The transistor with the thicker collector has a smaller
base-collector junction capacitance but larger minority-carrier-
storage volume in the collector region. This transistor slows
down as the collector current increases once the current den-
sity is large enough to cause significant base widening [23].

The results shown in Fig. 4 imply that a device design op-
timized for one operating point may be far from optimum for
another operating point. This important point is central to a new
procedure for designing the optimal bipolar transistor [24]. The
procedure “synthesizes” the optimal transistor instead of an-
alyzes a given design. It optimizes the collector doping con-
centration for the intended operating current density. A theory
for scaling this optimally designed transistor to smaller dimen-
sions was also developed [25]. Several constraints and require-
ments are imposed in scaling the transistor. These constraints
and requirements and the resulting scaling rules for ECL cir-
cuits are shown in Tables II and ITI {25]. Here V is the power
supply voltage, AV is the logic swing, Cp is the emitter diffu-
sion capacitance, and Cygc is the base-collector junction de-
pletion-layer capacitance. The power supply voltage remains
constant in bipolar scaling because the turn-on voltage of a p-n
diode is relatively independent of its area. Reducing the diode
area by 10x increases its turn-on voltage by only 60 mV.

The scaling theory serves as a valuable guide for under-
standing the potential and limitation of small-dimension bipolar
transistors. It indicates that circuit speed can be improved in
proportion to the scaling factor « if both collector current
density and doping concentration are increased in proportion
to k2. To increase collector doping concentration and yet mini-
mize base-collector junction capacitance, the pedestal collector
design [13] was used. As discussed earlier, the self-aligned
polysilicon-base transistor allows the pedestal collector to
be formed readily by ion implantation. In the literature, the
implanted pedestal collector is often referred to as self-aligned
implanted collector (SIC).
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TABLE II
CONSTRAINTS AND REQUIREMENTS IN ECL SCALING (AFTER [25])

Parameter Constraint or requirementv:
Voltage V, AV = constant
iCapacitance CDE/Cd;;c = constant

:Base doping concentration N o< Wy

Collector dop‘ing concentration Nc < Je

TABLE I
SCALING RULES FOR ECL CIRCUITS (AFTER [25])

Parameter Scaling rule

(‘Scaling factor x> 1)

Feature size or emitter-stripe width 1/«
Base width W3 1/&*
éollector current density J¢ ©
‘Circuif_ .delay l/x

E. Deep Trench Isolation

Even with recessed field oxide, the p* isolation pockets in
the conventional transistor take up a lot of area because doping
impurities diffuse laterally as well as vertically. A 2-um-deep
p* isolation formed by diffusion through a 1-um wide window
typically has a lateral dimension of about 4 ym. In addition, the
p™ pockets must not be too close to the n* subcollector in order
to minimize collector-substrate junction capacitance.

. The isolation area can be reduced significantly with
deep-trench isolation. The advanced transistor structure shown
in Fig. 1 has a device area that is typically about half that of the
conventional transistor shown in Fig. 2. This area reduction is
particularly important in memory applications.

_ There are other benefits of using trench isolation as well,
For example, with trench isolation, there is no need to pattern

the subcollector. A blanket subcollector layer is patterned auto- -

matically by the isolation trenches. Also, the collector-substrate
junction capacitance of a trench-isolated transistor is reduced to
a relatively insignificant level.

Deep-trench widths are determined by the lithography rules
used. The deep trenches are formed by first etching the silicon
trenches, then filling the trenches with oxide or with a combina-

- tion of oxide and polysilicon, followed by planarization using
chemical-mechanical polishing. In IBM, the first successful i in-
tegration of all the advanced elements of the bipolar transistor

shown schematically in Fig. 1 was carried out usmg 1. 25 ,um'

hthography [1]
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IV. SCALING LIMITS OF SBTs

Bipolar scaling theory [25] suggests that SBTs can be
scaled down in size and achieve performance improvement in
proportion to the scaling factor «. However, there are several
limitations to bipolar scaling. These include limits due to
collector current density, base-collector junction avalanche,
chip power density, and emitter series resistance [4]. For device
performance, it is the base-collector junction avalanche effect
[26] that limits the scaling of silicon bipolar.

The limitation due to avalanche breakdown can be understood -
as follows. In bipolar scaling, voltages remain constant while
collector current density and doping concentration increase as
x? in order to achieve performance improvement in proportion
to x. This leads to increased base-collector junction avalanche.
Once the base-collector junction avalanche limit is reached, col-
lector doping concentration, and hence collector current density,
cannot be increased further, leading to limited performance im-
provement in further scaling.

Often there are reports of silicon transistors running at
“record” speeds. Unfortunately, many of these reports do not
state clearly if the transistors also have acceptable breakdown
voltages. Without such information, it is impossible to judge
the significance of the record speeds claimed.

V. BIPOLAR TRANSISTOR BEYOND SILICON
A. SiGe-Base Bipolar Transistor

‘In recent years, the most exciting development beyond the
double-polysilicon self-aligned bipolar transistor is perhaps the
SiGe-base bipolar transistor. The first successful SiGe-base
transistor was made using an MBE process to form the SiGe
layer [27]. With the advent of UHV-CVD for forming SiGe
layers [28], progress in the development of SiGe-base transis-
tors accelerated [29]-[31]. It should be noted that all advanced
SiGe-base transistors have been built upon the foundations of
advanced Si-base transistors. That is, they employ polysilicon
base contact to reduce area and capacitance, and polysilicon ,
emitter to ensure adequate current gain and to achieve thin
intrinsic base [29]-[31]. The most advanced SiGe-base tran- -.
sistors use the same self-alignment and deep-trench isolation
schemes as Si-base transistors [31]-[33].

- A linearly graded Ge profile is often used in SiGe-base
bipolar transistors [29]-[31]. The Ge profile and energy-band
diagram of a typical SiGe-base transistor are illustrated in
Fig. 5. Also shown for comparison are the same schematics for -
a Si-base transistor. The base bandgaps of the two transistors
are about the same near the base-emitter junction. The base
bandgap of the SiGe-base transistor narrows gradually toward
the base-collector junction. Both transistors employ the same
polysilicon emitter. Since the base current of a bipolar transistor
is a function.of the emitter parameters only, and is independent
of the base parameters [4], the Si-base and SiGe-base transis-
tors have the same base current. Only the collector currents,
which depend on the base parameters, are different for the two
transistors. In other words, the commonly practiced SiGe-base
transistor is NOT a true heterojunction bipolar transistor
(HBT) since it does not make use of the heterojunction to
provide a wide-bandgap emitter. A wide-bandgap emitter
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Fig. 5. Schematics showing the energy bands and Ge profile of a typical
SiGe-base transistor (dashed). Also shown for comparison are the energy bands
of Si-base transistor (solid) (after [30]).

would have resulted in greatly reduced base current. Instead,
it is a graded-base-bandgap bipolar transistor. This distinction
is important when we compare SiGe-base transistors with
true HBTs made of compound semiconductors. (See next
subsection.)

Compared to Si-base transistors, SiGe-base transistors offer
greatly improved device characteristics for analog and high-
frequency applications. For a linearly graded Ge profile, the
improvement factors in current gain [, Early voltage Va,
and base transit time tp, are given by (1)-(3), respectively,
where AFE, sige is the maximum bandgap grading across the
SiGe-base region [4]. Fig. 6 is a plot of these improvement
factors as a function of AE sige/kT. For digital logic appli-
cations, current gain and Early voltage have relatively little
effect on circuit speed [20], although base transit time does
have some effect [34]. SiGe-base transistors have the same
scaling limitations as Si-base transistors. Both are limited by
the conflicting requirements of suppressing base-widening and
maintaining acceptable base-collector junction avalanche:

B(SiGe) AE, sige/kT "
B(Si) 1 - exp(—AE,sige/kT)
Va(SiGe) kT . )
Vi) = BE, gge O A Basice/kT) ~ 1] @
tp(SiGe)  2kT

ip (Sl) - AEg,SiGe
kT

X |1l———-
AEg,SiGe

(1 — exp(-AE ,SiGe/kT))] .
3)

B. Comparison With GaAs HBT

Ever since the first successful demonstration of SiGe-base
transistor more than ten years ago [27], there have been many
reports comparing the performance of SiGe-base transistors and
GaAs HBTs. Unfortunately, instead of clarifying the merits and
limitations of the two transistors, these reports often cause more
confusion. For a fair comparison, the devices should be of com-
parably advanced structure and design rule, and the comparison
should be made at the same collector current densities. Once the
two transistors have been “normalized” in terms of device struc-
ture, design rule, and current density, a fair comparison can be
made simply by comparing the intrinsic device parameters [35].
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Recently, GaAs HBT devices comparable in structure to the sil-
icon transistor shown in Fig. 1 have been reported [36]. Here we
discuss the comparison results for such advanced devices.

Fig. 7 shows the electron drift velocity in silicon and GaAs as
a function of electric field [37]. At low fields electrons in GaAs
have much higher velocity, and higher mobility, than electrons
in Si. However, for fields greater than 10* V/cm, which are typ-
ical in the base-collector junction depletion region, the veloc-
ities are comparable. Some other relevant properties of Si and
GaAs, as well as device parameters of a typical SiGe-base tran-
sistor and a typical GaAs HBT are compared in Table I'V. To first
order, the two materials have about the same dielectric constant,
suggesting that comparison of the junction capacitances can be
made simply by comparing the junction doping concentrations.

For the emitter-base diode, a SiGe-base transistor has the
same emitter-base junction capacitance, CypE, as a Si-base tran-
sistor. On the other hand, the emitter-base heterojunction of a
GaAs HBT suppresses the base current and allows its emitter
to be very lightly doped. Therefore, a GaAs HBT has a much
smaller Capg than a SiGe-base transistor.

For the intrinsic-base region, the emitter-base heterojunction
allows the intrinsic base of a GaAs HBT to be much more
heavily doped than the intrinsic base of a Si-base transistor. For
the parameters shown in Table IV, the base resistance, y, of a
GaAs HBT is 10x smaller than that of a SiGe-base transistor.

As for the base transit time, SiGe-base bipolar transistor ben-
efits from its graded base bandgap, as discussed earlier. How-
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TABLE 1V
COMPARISON OF Si AND GaAs, AND SiGe-BASE BIPOLAR AND GaAs HBT

Properties Si and SiGe-base Tx GaAs and GaAs H'BT%
Dielectric constant 11.9 13.1 »

Energy gap (eV) 1.12 1.424

Typical emitter doping conc. (em™) 2 x 10 5 x 1017

Typical base doping conc. (cm™) 2x10'® 4x iOw

Typical base Jayer-resistivity (Q-cm) " 3 x 1072 Ix107°

“Electron drift mobility (cm*/V-s) 1500 8500

" (at typical base doping conc.) (~200 at 2x10% co™®) . (> 700 at 4x10" coi®)

ever, it should be noted that graded base bandgap is also possible
in GaAs HBT [38]. Even without base-bandgap grading, GaAs
HBT benefits from the higher electron mobility. For the param-
eters in Table IV and Fig. 6, it can be shown that a SiGe-base
transistor with AFg sige = 150 meV has about the same tp asa
GaAs HBT with the same base width but without base-bandgap
grading.

For the collector region, the two transistors have about the
same collector doping concentration when designed to operate
at the same current density. This implies that the two transistors
should have about the same Capc and the same base-collector
Jjunction depletion-layer transit time, tgc.

The cutoff frequency is given by

i
!

1 kT -t
= - —(C, C 4
fr 5 (TF + ch( dBE + dBC)) )
and the maximum oscillation frequency is given by
fr 1/2
max — ~ 5
f ( 8 Tb CdBC ( )

where 7r = (tg + tg + tE + tBc) = (tB + tnc) is the sum
of the transistor transit times [4]. As discussed earlier, Cypg is
smaller for a GaAs HBT than for a SiGe-base transistor, but the
“two transistors should have about the same Cygc and about the
same tgc. Also, for the parameters shown in Table IV, the two
transistors have about the same ¢ g, while 7} is much smaller for

the GaAs HBT. Therefore, when compared at the same collector a

current densities, we should expect a GaAs HBT to show higher
fr and fo., than a SiGe-base transistor, if thc transistors are
comparably advanced.

Fig. 8 is a plot of fr as a function of collector current density
for a SiGe-base transistor [39] and a GaAs HBT [36]. Both tran-
sistors are comparably advanced. Fig. 8 clearly shows that the
GaAs HBT has higher fr than the SiGe-base transistor. More-
over, the larger energy gap of GaAs means that GaAs HBT is
much less susceptible to base-collector junction avalanche ef-
fect. Therefore, a GaAs HBT can be designed to operate at
much higher collector-current densities than a SiGe-base tran-
sistor and still meets the breakdown voltage requirements. That
is; GaAs HBTs can be scaled down to smaller dimensions than
Si-base or SiGe-base transistors.
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Fig. 8. fr as a function of collector current density for a GaAs HBT (after
[36]) and a SiGe-base bipolar transistor (after [39]) of comparably advanced
device structures.

Compared to GaAs HBTs, the real advantage of SiGe-base
bipolar transistors is their compatibility with silicon VLSI
processes. SiGe-base bipolar transistors can be low cost, if
produced in large volumes, and can be readily integrated
with CMOS devices on the same chip to produce SiGe-base
BiCMOS.

VI. SUMMARY

A brief account of the development of advanced silicon
bipolar in IBM Research has been given. A modern SBT
typically has the following salient features: 1) self-aligned
polysilicon base contact; 2) polysilicon emitter; 3) pedestal col-
lector; and 4) deep-trench isolation. Replacing the Si-base by
SiGe-base greatly improves the current gain, Early voltage, and
frequency response of the transistor. However, both the Si-base
and the SiGe-base transistors are limited in scaling by the con-
flicting requirements of maintaining acceptable base-collector
junction avalanche and minimizing base widening.

The commonly practiced SiGe-base transistor is not a true
HBT, but a graded-base-bandgap bipolar transistor. As aresult, a
GaAs HBT inherently has higher f and fr. thana SiGe-base
transistor when compared at same current densities. Further-
more, GaAs HBT is inherently more scaleable than SBT be-
cause of the larger energy gap of GaAs.
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6.3 CHARACTERISTICS OF A TYPICAL n—p-n TRANSISTOR

6.3.3.2 BASE WIDENING AT HIGH CURRENTS
At high current densities, the assumption of An being small compared to N¢ is no
longer valid, and the above équations cannot be used to estimate the base-widening
effect. With the mobile-charge concentration comparable to or larger than the fixed
1onized-impurity concentration, the depletion approximation is certainly not valid.
Furthermore, the excess electrons in the n-type collector can produce a substantial
electric field in the collector, according to Eq. (6.4), and the classical concept of
a well-defined junction boundary in the base—collector diode is no longer valid.
. Also, in order to maintain quasineutrality, the excess electrons induce an excess
“of holes in the n-type collector. The region of the collector with excess holes
becomes an extension of the p-type base. In other words, the base region widens
into the collector region, until it reaches the subcollector where the excess electron
concentration is small compared with the n-type doping concentration. As a result,
the high-field region, originally located at the physical base—collector junction, is
relocated to near the collector—subcollector intersection (Poon et al., 1969). The
numerical simulation results (Poon et al., 1969) shown in Fig. 6.11 illustrate clearly
the effects of base widening at high currents. They show that the relocation of the
high-field region is accompanied by a buildup of excess electrons and holes in the
collector region.

It is instructive to estimate the collector current density at which substantial
base widening occurs. The saturated velocity v, for electrons in silicon is about
1 x 107 cm/s, as indicated in Fig. 2.9. At low collector currents, the maximum
electron concentration in the n-type collector region is equal to the collector doping
concentration N¢. The maximum electron current density that can be supported by
an electron concentration Nc¢ iS Jmax = ¢ UsarNc- When the injected electron current
density approaches Jyay, there is an increase of the electron concentration in excess
of N¢ in order to support the injected electron current flow. As the excess electrons
build up, there is a buildup of excess holes in order to maintain quasineutrality,
and a relocation of the high-field region. The results shown in Fig. 6.11 suggest
that significant base widening starts at a collector current density of approximately
0.3 Jmax. This value is consistent with the reported peak cutoff-frequency data for
modern VLSI bipolar devices (Crabbé et al., 1993). Thus, fo avoid significant
base widening, a bipolar transistor should not be operated at collector current
densities approaching J.y. For a relatively high N¢ of 1017 cm™3, Jpa is about
1.6 mA/um?. To avoid significant base widening, J¢ should be less than about
0.5 mA/pum?.
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FIGURE 6.11. Numerical simulation results showing the effects of base widening in an n-p-n
transistor at high collector current densities: (a) the doping profiles of the device simulated, (b) relo-
cation of the high-field region from the physical base—collector junction to the collector—subcollector
intersection, (c) buildup of excess holes in the collector, and (d) buildup of excess electrons in the
collector. (After Poon ef al., 1969). '
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