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ABSTRACT
The problems faced by the conventional bipolar technology are reviewed and the potential
as well as limitations of the advanced "double-poly" self-aligned bipolar technologies are
discussed. Also discussed are the technology concerns in scaling these advanced bipolar
transistors for both high-performance ECL and low-power vLsI circuits.

I.

INTRODUCTION

The very rapid progress in MOS technology in recent years has
extended MOS into applications, such as gate affay(1) and
static RAM(2) traditionally provided by bipolar. However, at
the same time, bipolar technology has also made such rapid
progress that it not only maintains its leadership in the very
high-performance applications(3,4) but has also demonstrated
its VLSI potential(5). In this paper, we review the problems
faced by the conventional bipolar technology in scaling and
put into perspective the potential as well as the limitations of
the advanced bipolar devices.

II.

INTRINSIC DEVICE AND CIRCUIT
CHARACTERISTICS

The exponential I-V relationship gives bipolar devices much
higher transconductance and hence much better "threshold
voltage" control than MOS devices. As a consequence of the
excellent threshold voltage control, bipolar circuits can be designed with supply voltages V, close to the minimum determined by the number of diode-drops in the circuit. Commonly
used Vs values are 2.2 - 4.0V for ECL, 1.5 - 2.0V for ISL and
STL, and 1.5 - 5.0V for TTL. V, can be less than 1.0V for

t2t

/t'tru.

Another important consequence of the tight threshold voltage
control is the very small logic swing V' practical in bipolar
circuits. V, is typically 400 - 800 mV for ECL, 500 - 700 mV
for ILL/MTL, and merely 150 - 200 mV for ISL and STL.
The high transconductance and small logic swing combine to
give bipolar transistors the best capacitance - driving capability of all silicon devices.
The power-delay product can be expressed in the form
KC VLVS, where K is a duty factor, C is the average loading
capacitance including the device parasitic capacitance. For
bipolar (static) circuits, K is between 0.5 and 1. NMOS dynamic circuits and CMOS circuits have the advantage of K
being less than unity. However, the small V,- and V, are definitely advantages of bipolar.

III.

PROBLEMS WITH SCALING CONVENTIONAL

BIPOLAR
Figure 1 illustrates the typical delay-power characteristics of
a properly designed bipolar circuit. At low power, the delay
is governed by the capacitance loading (including device
parasitic capacitances). The minimum delay at high power
dissipation is determined by the intrinsic base width.

Figure 2 shows the schematics of a typical state-of-the-art
conventional bipolar transistor structure and an advanced
"double-poly" self-aligned bipolar transistor structure(6) . The
conventional bipolar device in general has such large parasitic
capacitance that circuits must dissipate rather large power in
order to have speeds approaching that limited by the basewidth component.
To reduce the minimum delay in scaling, the vertical doping
profile must be reduced. Unfortunately, when the emitter
junction depth of a conventional bipolar transistor is thinner
than about 300 nm, current gain degradation due to the
shallow-emitter effect occurs(7). In an effort to restore the
current gain, designers often reduce the intrinsic base doping
in significantly reduced emittercollector punch-through voltagetel. such incompatible design
requirements imply that the conventional bipolar transistor
cannot achieve much performance improvement in scaling
beyond about 2 pm.

concentration, resulting

IV. ADVANCED BIPOLAR TECHNOLOGIES
Tremendous progress has been made in bipolar technology
within the past few years. The three key advanced technology
elements are (i) polysilicon base conta.l<e,r,ror , (ii) trench
isolation(6'11), and (iii) polysilicon emitter contact(4,6,7,e). Both
the polysilicon base contact, particularly the self-arigned version, and the trench isolation significantly reduce the device
area and the associated parasitic capacitance, and hence significantly reduce the power-delay product and increase the
density of bipolar circuits. The schematics in Fig. 2 illustrate
the device area and capacitance reduction.

The ultimate ideal structure having minimum
capacitance is achieved

in the symmetrical

parasitic

transistors(3'10)

il-

lustrated in Fig. 3. Such symmetrical transistors have comparable upward and downward I-V characteristics which, when
cleverly applied, can significantly improve circuit densities(3).

The polysilicon emitter contact provides a solution to the
problem of insulficient current gain in scaled bipolar
transistors(?) Thus, the advanced "double-poly" bipolar
transistors are not only fast and dense, but are also scalable to
sub-micron dimensions.

V. SCALING
(a)

PROPERTIES AND CONCERNS

Scaling

It is clear from the device design

optimization procedure(l2)

that there is no universal design. In other words, a design optimized for high-performance ECL is^not necessarily optimal
for low-power VLSI circuits such as ILL/N4TL and STL. The
design procedure and the scaling rules for ECL have been described by Tang and Solomon(12'13).

From the process technology point of view, it is much more
challenging to develop technologies for scaled ECL, due to its
very shallow vertical doping profiles and very high current
densities, than for VLSI circuits where the vertical doping
profiles need not be very shallow and the current densities are
much lower. This fundamental difference between highperformance and VLfl circuits should be kept in mind as we
discuss the scaled device characteristics and technology concerns below.

(b)

Device characteristics

As the base width is reduced in scaling, the base doping concentration must be increased to prevent punch-throughtlz'trr.
Just as heavy-doping effect in the emitter increases the base
current and decrease the current gain, heavy-doping effect in
the base will increase the collector current and hence increase
the current gain. For subm-icron ECL with base doping concentration greater than 1018 cffi-3, the effect of heavy doping
can be quite significant(1a) For wider-base VLSI circuits, this
effect is minimal.

(d)

Schottky Barrier Diodes

Many bipolar circuits employ SBD's' It was shown
recently(16) that the minority-carrier storage in SBD at high
current densities is much less than previously predicted, indi-

cating that SBD can be scaled without worrying about
minority-carrier effect. However, it is likely that the series
resistance witl limit the miniatuization of SBD's in scaling'

(e)

Concerns

Three of the often mentioned technology concerns in scaling
bipolar devices are (i) pipe defects, (ii) electromigration, and
(iii) contact resistance. In the absence of reported data relevant to the advanced bipolar technologies, we can only discuss
these concerns qualitatively here.
Pipe defects are the result of localized enhanced diffusion of
dopant impurities. In conventional bipolar processes where
the deep emitter and base junctions are formed by diffusion
drive-in, the very long thermal cycles help the formation of
pipe defects. The use of ion implantation and polysilicon in
advanced bipolar processes has greatly reduced the thermal
cycles in the emitter and base formation, and hence should
significantly reduce the probability of pipe defect formation.
The current density is expected to reach 5 x 105 A/cm2 fot
0.25 pm ECL(13). Electromigration is definitely of great concern at such high current densities. For VLSI circuits operating at about 10 times lower current, electromigration effects
should be minimal with advanced metallurgy. Furthermore,
wider metal lines on upper interconnection levels can be used
for power distribution to reduce electromigration concerns'
Contact resistance, particularly the emitter polysilicon/silicon
contact resistance, is a concern in scaled bipolar transistors

Polysilicon emitter contact resistivity

of

about

7x

10-'

St-imz has been reported(16). This value can fluctuate widely

As the base doping is increased in scaling, the emitter-base

as the details of the emitter and base formation grocesses
change, but will probably remain larger than 1 x 10-7 O-cm2.
For high-performance ECL, it may be necessary to purposely
increase the emittef afea to achieve an acceptable emitter
contact resistance. For vLSI circuits operating at much lower
currents, contact resistance, unless abnormally large, is probably of little concern.

junction tunneling current increases very rapidly. However,
this tunneling current will remain negligibly small even for 0.5

VI. SUMMARY

P.m ECL(15).

(c) Circuit Characteristics
Figure 4 shows the expected scaled self-aligned ECL circuit
characteristics from Ref. 13. The power-delay characteristics
should be even better for the symmetrical or SICOS transistor
technologyt:'tor. The problems, due primarily to the very high
current density, that must be solved are formidable in order to
achieve 0.25 pm ECL(13) . The 0.5 pm 50 ps ECL, on the other
hand, is expected to be a challenging but achievable goal in the
near future.
The potential of bipolar VLSI circuits remain pretty much an
uncharted territory. The very limited work in this nlsnt:,s,e)
suggests that bipolar VLSI is surprisingly competitive with
MOS in density and performance. As will be discussed later,
bipolar VLSI circuits are much more readily scalable down to
and perhaps beyond 0.5 pm than ECT.. Based on the measured
power-delay of 600 fJ for a FO: L IZL/M,1TL gate at 3 ;.rm(3),
one.can project a power-delay potentially as low as 13 fJ for
anl'L/MTL gate with FO:3 in 0.25 pm SICOS technology.

The advanced "double-poly" self-aligned transistors are expected to be scalable down to at least 0.5 trrm for highperformance ECL and to 0.25 pm and beyond for low-power
VLSI circuits. significant reduction in pipe defect density is
expected from the reduced thermal cycles in these advanced

technologies. 50 ps 0.5 pm ECL and 13

Pf/Vfff

fJ 0.25 pm

appear to be two of the many realizable potentials

of scaled bipolar.
ACKNOWLEDGMENT
This paper is based on the works of many colleagues at the
IBM Thomas J. Watson Research Center, particularly those
of D. D. Tang, P. M. Solomon, R. D. Isaac, J. M. C. Stork and
C. T. Chuang.

REFERENCES

1.

T. Saigo, H. Tago, M. Shiochi, T. Hiwatashi, S. Shima and

T. Moriya, "A zDK-Gate CMOS Gate Array,"

1993

ISSCC, pp. 156-157.
2.
3.

S. Schuster, B. Chappell, V. Dilonardo and p. Britton,
"420 ns 64K NMOS RAM," 1984ISSCC, pp. 226-227.

T. Nakamura, K. Nakazato, T. Miyazaki, T. Okabe and

M. Nagata, "Integrated 84 ps ECL with I2L,,,

1gg4

ISSCC, pp. 152-153.
4.

5.

F.

Tokuyoshi, H. Takemura, T. Tashiro, S. Ohi, H.
Shiraki, M. Nakamae, T. Kubota and T. Nakamura, ,.A
2.3 ns Access Time 4K ECL RAM,,, IgB4ISSCC, pp.
220-221.
S.

K. Wledmann and K. Heuber, " A 25 ns 8K x 8b Static
1983 ISSCC, pp. 110-111.

MTL/IZLRAM."
6.

D. D. Tang, P. M. Solomon, T. H. Ning, R. D. Isaac and

R. E. Burger, "1.25
7.

,um Deep-Groove-Isolated Self-

Aligned Bipolar Circuits," IEEE J. Solid-State CircuitsVol. SC-17, pp. 925-931, l9BZ.
T. H. Ning and R. D. Isaac, ,,Effect of Emitter

Contact

on Current Gain of Silicon Bipolar Devices,',IEEE Trans.
Electron Devices, Vol. ED-2 7, pp. ZO5 1, -ZO5 5, 1 980.
8.

S. Gaur, "Performance Limitations of Silicon Bipolar
Transistors," IEEE Trans. Electron Devices, Vol,
ED-26, pp. 415-42I,

197 9.

9.

H. Nakashiba, I. Ishida, K. Aomura and T. Nakamura.
"An Advanced PSA Technology for High-Speed Bipolar
LSI", IEEE Trans. Electron Devices, Vol. ED-27, pp.

10.

D. D. Tang, V. J. Silvestri, H. N. yu and A. Reisman,
"A Symmetrical Bipolar Structure," 1980 IEDM, pp.

11.

K. Toyoda, M. Tanaka, H.Isogai, C. Ono, y. Kawabe and
H. Goto, "A 15 ns 16 Kb ECL RAM with a pNp Load
Cell," 1983 ISSCC.pp. 108-109.

1390-1,394, 1990.

s8-60.

12. D. D. Tang and P. M. Solomon, "Bipolar Transistor De-

sign for Optimized Power-Delay Logic Circuit,"IEEE J.
Solid-State Circuits, Vol. SC-14, pp. 679-694,1979.

13.

P. M, Solomon and D. D. Tang, ,,Bipolar Circuit
Scaling," 1979 ISSCC, pp. 86-87.

14. D. D. Tang, "Heavy Doping effects in pNp Bipolar
Transistors," IEEE Trans. Electron Devices. Vol.
ED-27, pp. 563-570, 1980.

15.

J. M. C. Stork and R. D. Isaac, "Tunneling in

Base-

Emitter Junctions," IEEE Trans. Electron Devices. Vol.
ED-30, pp. 1527 -1534, 1983.
16. C. T. Chuang and

L. F. Wagner, "Probing the Minority
Carrier Quasi-Fermi Level in Epitaxial Schottky BarrierDiodes,"1984 Device Research Conference.

r7. T. H. Ning and D. D. Tang, "Method for Determining the
Emitter and Base Series Resistances of Bipolar Transistors,"IEEE Trans. Electron Devices, Vol. ED-31, pp.
409-41,2,1994.

Log
Delay

\^ ..- CaPacitance
Component
\f
\..
\""--------\\ L
Base Width
\
\ Component
Log Power

Fig. 1. Typical delay-power
characteristics of
a properly designed
bipolar transistor.
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3.

Schematic of the ideal symetrical
bipolar transistor structure
(from Ref. 10).
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Projected Performance
scaling of an average
loaded ECL circuit.
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