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Bipolar Transistor Design for Optimized
Power-Delay Logic Circuits

D. D. TANG AND PAUL M. SOLOMON

Abstract-The optimization of the vertical structure of bipolar tran-
sistors in LSI circuits is described in this paper. This design optimiza-
tion scheme provides a procedure for tailoring the impurity doping pro-
file of the transistor so that the performance of the logic circuit can be
optimieed at a specific power dissipation level and a given lithographic
line width. It will be shown that the condition of the optimized cir-
cuit performance dictates a set of relationships between the transistor
structure, the logic voltage swing, and the value of the circuit elements,
This paper further discusses the relation between the circuit properties
and the transistor size, which becomes smaller as the lithography ad-
vances. It is concluded that as the horizontal dimensions are reduced,
the vertical dimension of the transistor must be reduced, the impurity

density increased, and the current density increased in order to increase
the circuit speed. A simple relationship between the lithographic line
widtlh and the vertical structure is given which enables one to predict
the power-speed performance for the reduced structure.

1. INTRODUCTION

I NTHE past, bipolar transistor logic circuits were analyzed.

Many generalized circuit design and optimization schemes

and computer programs are published [1], [2]. However, in

practice, the circuit design is frequently separated from the

transistor design. Starting from the model of a given transistor

structure, the circuit is designed by varying the circuit ele-

ments until the best circuit performance is obtained. The
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The authors are with the IBM T. J. Watson Research Center, York-

town Heights, NY 10598.

switching speed of the bipolar gates follows the constant

power-delay line at the low power dissipation level. The

switching speed reaches a maximum at a particular power

dissipation level, and then decreases as the power level further

increases. Frequently, the maximum speed occurs at a power

level higher than the power dissipation capability of the chip.

As the integration level of the integrated logic circuit increases,

this problem becomes progressively serious.

It is the purpose of this paper to explore the possibility of

incorporating the circuit performance information into the

transistor design. The transistor structure is “synthesized” in

such a way that a practical maximum slpeed will be achieved

at a preselected power level or, more specifically, the collector

current of the transistor.

It will be shown that:

1) the condition of optimized circuit performance at a given

power level generally dictates the relationship between the

device parameters.

2) there exists a simple procedure to,synthesize the tran-

sistor structure which is optimized to the power-delay per-

formance of the circuit.

In addition, we will discuss the performance of the bipolar

circuit when the transistor size is reduced and under the con-

ditions that: 1) the total power density per transistor is main-

tained relatively unchanged, and 2) the logic circuit remains
at the maximum speed operating point. We will show that a

coordinated shrinkage in the device structure can lead to a

predictable bipolar logic gate performance.
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II. RELATIONSHIP BETWEEN THE DEVICE PARAMETERS

AND THE CIRCUIT PARAMETERS

The logic circuit gate delay can be computed either with the

numerical method or analytically [3] - [5]. The analytical de-

lay equation is basically obtained from the differential equa-

tions that describe the node voltage or branch current of the

circuit, which are reduced to lower order or simply reduced to

the first order. Therefore, the gate delay can be analytically

expressed as the sum of the RC time constants, each weighed

by a constant determined by the circuit topology. The re-

sistance includes load resistors and the resistance in the tran-

sistor equivalent circuit, and C includes load capacitors and

the capacitors in the transistor equivalent circuit. However,

the analytical delay equation derived from the above method

usually has a limited accuracy. With the advent of the com-

puter simulation technique, the delay equation of a logic gate

can actually be derived from the sensitivity of the gate delay

to the device parameters [6], [7]. This is more accurate over

a given parameter range (about a factor of four); however, it

lacks the insight of the analytical method. In the following

section, a delay equation for the ECL logic gate, derived

numerically, is presented as an example. This delay equation

will subsequently be used in designing the transistor vertical

profile for a transistor whose layout is shown in Fig. 1(a). The

transistor is laid down with the minimum emitter stripe width

obtainable from a given lithography. With the advent of the

self-alignment [8] fabrication technology, the emitter-to-base

distance is reduced to about 0.5 ~m. This reduction of the

emitter-base contact distance reduces the extrinsic base re-

sistance to a value much less than the intrinsic base resistance.

The collector area is also minimal for a given emitter size.

Fully recessed oxide further cuts down the collector and the

substrate capacitances. The equiwdent circuit of the transistor

is shown in Fig. 1(b).

A. The Relation Between the Delay of the ECL Gate and

the Device- Circuit Parameters

The delay equation of the ECL gate shown in Fig. 1(c) ob-

tained from the delay sensitivity of the transistor parameters

is given as

Td=kl XRl CC+k2 XRl Ce+k3XRl C~+kb XRl Cl

+k~ ~7+kb~RbiCC+kT~RbiCd~ks ~RbXCd

(1)

where

Cd = 2TIc/Vl , (2)

VI is the logic swing of the ECL gate, IC is the collector cur-

rent, I- is the charge storage time,

C.= Ac(q C~C/(Z Vbi ))0-5 (3)

is the collector depletion capacitance, AC is the collector area,
q is the electron charge, e is the dielectric constant, vbi is the

built-in voltage,

C,= Ae(q2~a/(12Vbi))0”66 (4)
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Fig. 1. (a) Bipolar transistor structure, side and top views; Xe is the

emitter stripe width. (b) Equivalent circuit of the transistor, R ~ and
Re are small and neglected in subsequent crdculation. (c) @CL cir-
cuit topology; note that emitter-follower is included. (d) Asymptotic
delay lines of the circuit.

is the emitter depletion capacitance, Ae is the emitter area, a

is the slope of the emitter protile, Cl is the circuit load capaci-

tance, the C~ is the substrate capacitance,

RI = V1/IC (5)

is the resistance of the pull-up resistors at the collector, R bi

is the intrinsic base resistance, and R b~ is the extrinsic base
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resistance. The k’s are determined by the circuit topology.

Also imbedded in the k’s are Miller effects and voltage modu-

lation of the depletion capacitances. The values of the k’s

are given in the Appendix. The charge control concept is ap-

plied to the diffusion capacitance. It is equal to the dif-

ference in stored charge between the on and off states of the

transistor divided by the difference of the Vbe between on

and off states, which is equal to half the logic voltage swing

of the ECL gate.

The asymptotic line of each term in the delay equation (1)

is shown as a function of the collector current in Fig. l(d).

The terms related to R ~ decrease as current increases, since

R 1 decreases as the current increases. This term also de-

creases as the area of the transistor decreases as a result of the

reduction of the lithographic line width. The termS R bcd

increase with current. These terms also decrease as the base

width of the transistor decreases. At low injection, the terms

RbiCC and t- vary very slowly with current. At high injection

[9], [10], ~ increases and Rb decreases. The RbiCC term

rapidly becomes insignificant as the transistor size shrinks.

Und[er most circumstances, the R ~CC, r, and R ~jcd terms in

(1) are dominant. Equation (1) predicts an optimum operat-

ing point either when klR I CC = k7Rb jcc for structures with

large RbiCd or when klR 1Cc = ks ~ otherwise. The first case

gives a sharp minimum delay versus current, while the second

gives a flat bottomed delay versus current. The optimum cur-

rent is

(6a)12 = (kl /k7) (V~Cc)/(~Rbi)c

when RbiCd is large and

(6b)1 = kl X VI Cc/(ks X ~)c

when ~ is dominant. Thus, there exist relations between the

transistor structure and the circuit parameters at the optimized

power- delay operating point. Knowing this, one can tailor

the transistor structure for a given operating current.

11[. INTERELATION BETWEEN THE DEVICE PARAMETERS

FOR AN OPTIMIZED ECL GATE PERFORMANCE

A. The Relation Between the Charge Storage Time,

the Collector Current, and the Collector Doping

Tl~e storage time is dominated by the stored charge in the

neutral base region when the base width is wide (more than

0.5 pm). In such cases, the storage time is proportional to

the square of the base width. As the base width is reduced to

the 0.1 Mm range, the mobile charge stored in the depletion

region of the emitter-base junction [11] and in the depletion

region of the base-collector cannot be neglected. Fig. 2(a)

shows a simulated electron density in the base of an n-p-n

trar~sistor (wb = 0.13 Urn). This result is obtained from a

numerical simulation computer program [12] which solves

the Poisson equation and the current continuity equation
of electrons end holes. There is a large amount of ~tored

charges in the emitter-base depletion region which adds to

the diffusion capacitance at the low current. The minority

carrier concentration at the collector-base junction at a

given current density is ~C/(q X us) where ~C is the current

density and us is the saturation velocity of the carrier.
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Fig. 2. (a) The dktribution of the electrons inside the base of an n-p-n
transistor; the base width is 0.13 ~m. (b) Storage time constant at
low current density and the peak base doping versus base width; the
base doping is the peak base doping suggested by [ 14]; the voltage
across the base-collector junction is O V. (c) Storage time constant
versus collector current in a one-dimensional transistor.

Numerical computation of the charge storage time ~ versus

base width using the carrier nobilities given in [13] is shown

in Fig. 2(b). Also shown in the same figure is the correspond-

ing peak density of the base doping suggested in [14] as the
punchthrough limit, amurning that the collector doping is

much higher than that of the base. Since the collector doping

is less than the base doping in most high performance tran-

sistors, the built-in voltage is mostly absorbed by the collector

depletion layer, and a finite base sheet resistance remains.

For the same base width, r decreases as the sheet increases,
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since the lower the base doping, the higher the diffusion coef-

ficient and the narrower the neutral base region. When the

minority carrier density in the base-collector junction ap-

proaches the doping density of the collector, the base broadens

and the base storage time increases rapidly, which is known as

the Kirk effect [9]. Fig. 2(c) shows the normalized charge

storage time constant as a function of the normalized current

density. Thus, to prevent strong base stretching, the col-

lector doping should be kept greater than No and

iVO =IC/Aeqv~. (7)

Since the collector capacitance contributes significantly to

the power-delay product, the collector doping density should

be reduced with the collector current density until the wiring

capacitance becomes the dominant delay component. The

ECL gate with emitter-follower output has a good current-

driving capability (comparing the delay sensitivity coefficients

kl of CC and kb of Cl given in the Appendix); the delay con-

tributed by Cl becomes significant only when C’l is one order

greater than CC. Fig. 3 shows how the circuit speed-power ad-

vantage can be realized by tailoring the transistor collector

doping to the operating current. The solid line shows the

circuit delay obtained from a circuit in which the transistor

structure is fixed and only the value of the circuit elements

are changed. The delay follows a constant power-delay

product line. The delay at the lower current side can be

reduced further if the collector doping and the collector

capacitances are allowed to vary according to (7) and (3) at

each current. The dotted line of Fig. 3 shows the delay versus

current when both the circuit elements and the collector

doping of the transistors are changed. Instead of approach-

ing a constant power-delay product line, the delay is ap-

proximately proportional to 1/1~ 5 as the current decreases.

B. Relation Between the Transistor Emitter-Base Structure

and the Collector Doping

The structure of the emitter-base can be characterized by

the emitter stripe width, emitter depth, emitter doping, base

width wb, and the base sheet resistance Rdb (or the average

base doping density JVb). We shall assume further that the

emitter doping is fixed and the emitter depth is deeper than

the diffusion length of the carriers. The optimum base width

and the base doping (thus, the base sheet resistance) depend

somewhat on the transistor horizontal layout. However, for

any layout, the base sheet resistance must be large enough to

giw the transistor wfi%ient collector current [14], and thus

sufficient current gain. This current gain requirement thus

sets the minimum value of base sheet resistance.

However, the base sheet resistance also determines the in-

trinsic base resistance, which is

Rbi ‘RdbXe/(G X le) (8)

where G is a function of emitter geometry and Xe and le are
the emitter stripe length and width, respectively. From (6a)

and (8), the optimized base doping should satisfy

Rdb T= (kI/k,) - (G X le/xe) “ V~CC/l~ (9)
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-\-

Nc = 2.1016 cm-3= CONSTANT
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Fig. 3. Circuit delay versus collector current of the switching transistor.

Solid line is the delay of the circuit which is built with one fixed tran-

sistor structure; its collector doping is 2 X 1016 1/cm3. The dotted

line represents delay of group of circuits. Each circuit uses transistors

with their collector doping density adjusted to the operating current

according to (7).

Transistor Transistor Transistor

horizontal vertical operating

layout parameters point

I A, [c
1

4..
r

I (Nb, Wb)

Fig. 4. Transistor design flowchart.

when RbiCd is large. The requirements on the Rdb imposed

by the current gain and the circuit speed are mutually oppos-

ing, and a tradeoff should be made. For most designs, a range

of Rdb can be found for which both requirements can be satis-

fied. Under some conditions where large power is needed in

order to obtain ~mall delays, the constraints on ~db may not

be met. One should either reduce the operating current with

a corresponding reduction in the circuit speed or modify the

emitter layout to reduce Rbi. For the other case, where ~ is

dominant (6b), the base width is of primary importance. The

base doping density is allowed to be decreased further to en-

hance the current gain as long as the term k6RbiCc is smaller

than k5 T and the base punchthrough limit is exceeded.

The design procedure can thus be summarized as in Fig. 4.

Starting from the desired current vahre and the emitter size

from the transistor layout, the collector doping can be cal-

culated. From this, the first four terms of the delay equation
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associated with the depletion capacitances and the wiring

capacitance are determined. From this delay, the choice of

the Rdb and r (or the base-emitter structure) would be

determined by weighing the contribution of k, X RbiCd and

k~ X ~ to the total delay at the operating current.

C. Relation Between the Current and the Transistor Size

As the lithographic technology advances, the transistor size

is reduced according to the ground rule of the technology.

The reduction of the lateral dimension reduces the area-

dependent depletion capacitance, Its effect can be shown

on the asymptotic delay plot in Fig. 1(d), The dotted lines

show the delay components that are reduced as a result of

redu~ction of the depletion capacitances. Let us consider the

transistor layout in Fig. 1(a). The variation of the current at

the minimum delay depends on whether k~ X r is dominant

or not. If ~ is dominant, the minimum circuit delay will not

be improved by reducing the horizontal dimensions. How-

ever, the operating current (the intersect between R ~(k X C)

and k~ ~) is reduced. In this case, since the current density is

constant, the power- delay is improved. Speed can only be

increased by reducing T and increasing the current density.

On the other hand, if k, X RbiCd is the dominant delay, the

current at the minimum delay (the intersect between R ~(k X

C) and k7 X RbiCd) decreases linearly with the emitter width

or the square root of the collector capacitance. Thus, the cir-

cuit speed increases and the current density at the maximum

speed is roughly inversely proportional to the emitter width.

In d cases, where one component is dominant, reducing this

corn ponent will tend to accentuate the previously neglected

one, Good design should strive to keep the contribution of

J%5)( ~ and k, X RbiCd to the total delay comparable to that

from the terms associated with R ~ of(1). Further increases

in circuit speed can be realized by reducing the base width,

which reduces T and cd.

To illustrate the practicality of this design procedure, we

examine the transistor structures of different sizes, each

tailored to a given current. The layout of the transistors is

the same as the one shown in Fig. 1(a). The Rdb is also

chm~en to be constant to give a constant current gain (as-

suming the emitter vertical structure is fixed). Table I shows

the transistor structures and the circuit performances. In the

case of Xe = 2.5 ~m, Fig. 3 indicates that the current has a

minimum at 0.5 mA. The operating currents of the other two

cases are allowed to decrease linearly with the emitter stripe

width to achieve maximum speed. The corresponding col-

lect or doping increases due to the higher current density. Fol-

lowing the flowchart in Fig. 4, the delay contributed by the

first four terms of (1) can be evaluated since the layout and

doping of the collector are known. The delays due to k5 X I-

and k, X R ~iCd are comparable to the sum of the first four

terms of (1) if ~ is 12.5 and 10 pS for the cases of 1.0 and

0.5 Mm emitter stripe widths, respectively. The correspond-

ing base width is 0.12 and 0.07 pm for Xe = 1.0 and 0.5 pm,

respectively. The base sheet resistance can be kept constant

by increasing the base doping. The value of ~ chosen above is

not necessarily unique. The delay can be improved further if

~ or the base width is made smaller. IHowever, the improve-

TABLE I
TRANSISTORSIZE VERSUSPOWERPERFORMANCE

Transistor 1 2 3 unit

min hnc 2 5 1 0.5 pm
Ic 050 020 010’ mA

I 25 1 05 gm
Ae 2 5x2 5 1X1 o 5X05 fimz
Ac 8 5x7 5 4x3 25.x1 5 pm2
NC 0625x 10]6 I 56x 1016 3 14x Io16 I /cm3
R)(kC’$)* 103 67 55 ps
, 19 125 10 ps

Td
ASTAP 320 I 70 126 ps
Eq(l) 333 159 112 ps

condmon wrong capacitance Iq not included,
Rdh= 10 kdo-ohm/sq
Rbx=O 4 kilo-ohm/sq
Ce=l 75 fF/pm sq
C,= 1 fF/#m sq
VI=()6 volt

* sum of the delay of the ffrst four terms of Eq ( I )

ment in the speed of the circuit due to the reduction in base

width starts to diminish if the base width is reduced further.

The delay calculated using ASTAP is compared with the result

of the delay equation in the same table. Clearly, the accuracy

of the design equation is acceptable. Llore importantly, we

had found that the numerical ar-dysis (ASTAP results) actu-

ally shows that the maximum circuit speed occurs at the same

current level predicted from the simple design procedure.

The value of the wiring capacitance is approximately propor-

tional to the length of the wire. As the lithographic line width

decreases, the circuit pitch reduces proportionally. Thus, the

fraction of the gate delay due to the wiring remains constant.

There are other emitter-base designs. Each leads to different

circuit power performance. For the case where the power dis-

sipation has to be maintained constant per unit area (or lC

roughly proportional to collector area), there is no need for

the reduction of r as the transistor size is reduced. However,

the speed of the circuit is expected to remain unchanged, as

indicated in the asymptotic delay plot, Fig. 1(d).

IV. SUMMARY

In this paper, a simple transistor design procedure for the

integrated bipolar logic circuit has been described. The design

procedure provides a guideline to tailor the transistor struc-

ture so that the performance of the logic circuit is optimized

at a given power dissipation level. It has been shown that with

a given layout ground rule, there is a well-defined set of rela-

tions between the emitter-base structure and the collector

doping density that is optimized to a given operating current.

The flowchart of this design procedure is shown in Fig. 4.
We further discuss the relation between circuit properties and

the transistor size, which becomes smaller as the lithography

advances. It is shown that as the lateral dimension of the tran-

sistor shrinks, the base width should shlink, and the base and
the collector doping density should both be increased in order

to realize the full speed advantage. One simple “coordinated

shrinkage” procedure relating the emitter width and the verti-

cal structure of the transistor is suggested. The suggested pro-

cedure for optimization is given whereby the current is varied

inversely proportional to the emitter stripe width. The base



684 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. SC-14, NO. 4, AUGUST 1979

width (and thus the charge storage time) and the circuit delay

are reduced more slowly than this (see Table I).

APPENDIX

THE COEFFICIENTS OF THE ECL DELAY EQUATION

The coefficients of (1) derived from the sensitivity of the

circuit parameters to the delay of the gate shown in Fig. 1(c)

are given as follows:

k, = 2.50 +0.413 X FO

kz = 0.24X FO

k~ = 1.10

kq = 0.233

k~ = 2.2+ 0.39X FO

k6 = 1.27

k? = 5.19

k8 =2.21.

In (1), all units of capacitance are in femto farad, time is in

picosecond, resistance is in kilohms, voltage is in volts, and

current is in milliamperes. The fan-in of the gate is 4 and the

number of the fan-out is FO.
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