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Pr_eface

Civilization has passed the threshold of the second industrial revolution.
The first industrial revolution, which was based upon the steam engine,
enabled man to multiply his physical capabilities to do work. The second
industrial revolution, which is based upon semiconductor electronics, is
enabling man to multiply his intellectual capabilities. VLSI (Very Large
Scale Integration) electronics, the most advanced state of semiconductor
electronics, represents a remarkable application of scientific knowledge to
the requirements of technology. This treatise is published in recognition of
the need for a comprehensive exposition that describes the state of this
science and technology and that assesses trends for the future of VLSI elec-
tronics and the scientific base that supports its development.

These volumes are addressed to scientist:*and engineers who wish to
become familiar with this rapidly developing field, basic researchers inter-
ested in the phyics and chemistry of materials and processes, device de-
signers concern' 4 with the fundamental character of and limitations to
device performa.ace, systems architects who will be charged with tying VLSI
circuits together, and engineers concemed with utilization of VLSI circuits
in specific areas of application.

This treatise includes subjects that range from microscopic aspects of
materials behavior and device performance —through the technologies that
are incorporated in the fabrication of VLSI circuits — to the comprehension
of VLSI in systems applications.

The volumes are organized as a coherent series of stand-alone chapters,
each prepared by a recognized authority. The chapters are written so that
specific topics of interest can be read and digested without regard to chapters
that appear elsewhere in the sequence.

There is a general concern that the base of science that underlies integrated
circuit technology has been depleted to a considerable extent and is in need
of revitalization; this issue is addressed in the National Research Council

Xi



Xii Preface
(National Academy of Sciences/National Academy of Engineering) report
entitled “Microstructure Science, Engineering and Technology.” It is hoped
that this treatise will provide background and stimulus for further work on
the physics and chemistry of structures that have dimensions that lie in the
submicrometer domain and the use of these structures in serving the needs of
humankind.
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2 ' J.S. T. Huang

i. INTRODUCTION

A. Historical Background

Bipolar transistors are traditionally known to have high switching speed
but low integration density, chiefly because of their high power consump-
tion. New bipolar circuit techniques such as I?’L and ISL represent attempts
by bipolar technologists to achieve higher integration densities. On the other
hand, the metal-oxide-semiconductor (MOS) technology with its low
power dissipation was intended at the outset for a high level of integration
while sacrificing switching speed. Over the last decade, great strides have
been made to improve the speed performance of MOS transistors by gradu-
ally shrinking the device geometry toward submicrometer dimensions.
More recently, complementary MOS (CMOS) has become the more domi-
nant MOS technology for VLSI, since its speed is comparable to #n-channel
MOS (NMOS), but dissipates much less power.

Ever since the inception of integrated circuits, the battle between bipolar
and MOS technologies to gain dominance in integrated circuit applications
has continued unabated. The inexorable trend toward VLSI suggests the
need for continuous assessing and comparing the prospect of bipolar and
MOS technologies. It is to this end that the present work is directed.

B. Scope

We shall restrict our discussion in this work to the silicon-based technol-
ogy of which MOS and bipolar are the main generic technologies. Such
devices as JFET, MESFET, static injunction transistor (SIT) [1], and perme-
able base transistor (PBT) [2] are considered offshoots of either bipolar or
MOS device and will be compared briefly. It turns out that the approach that
we adopted can be applied equally to devices made with semiconducting
materials other than Si. We are primarily concerned with device and circuit
properties in terms of performance, power, and density and their impact on
integrated circuit applications. Circuit fabrication techniques that give rise
to the desired feature size are beyond the scope of this work.

C. Charge Control Approach

Normally, MOSFETs are considered to be voltage-controlled devices and
bipolar transistors are considered to be current-controlled devices. Both can
also be viewed as charge-controlled devices. Our approach is based on this
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elementary charge-control concept whereby considerable physical insight
into device performance can be gained at the expense of mathematical rigor.
We will stress similarities as well as differences among various devices. Only
through this comparison can technology trends be perceived.

According to the charge-control model, the current I is related to the
charge Q by

I=9rr, | (1)

where 7 is the charge transit time between an emitting electrode and a
collecting electrode. Equation (1) simply states that a charge Qis sweptinto a
collecting electrode during each period 7. This movement of charge consti-
tutes the current flow. The reciprocal of 7 is defined as the intrinsic gain-
bandwidth product f; of the device.

The voltage buildup due to the charge flowing into a capacitor C is

V=Q/C. 2)
Combining Egs. (1) and (2) gives
1=CV/I=Clg,, 3)
where ‘
B =1/V ' G/

is defined as the transconductance. Equation (3) lends itself to easy physical
interpretation; that is, the delay time is the time taken to charge a capacitance
Cby a constant current I to the voltage level V. In general, the transconduc-
tance, the capacitance, and the transit time are indexes of performance for
practically all semiconductor devices. .

Equations (1)-(4) are large-signal parameters that are particularly rele-
vant to switching circuits. Since relationships between physical quantities
are often nonlinear, small-signal parameters can be defined as derivatives of
large-signal quantities. Since the large-signal parameter is usually propor-
tional to the small-signal parameter, the fact that we shall make no distinc-
tion between them will not prevent us from reaching valid conclusions.

Il. FUNDAMENTAL SCALING PRINCIPLES

A. Device Scaling

Figure 1 shows the horizontal geometries of a bipolar transistor, an MOS
transistor, and the cross section of an interconnect line delineating the di-
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Fig. 1. (a) Top and edge views of a bipolar transistor, (b) a MOS transistor, and (c) an
interconnect line.

mensions to be scaled. Table I lists one type of scaling relationship for
bipolar and MOS transistors where S is a dimensionless scaling parameter
greater than unity. The performance and power characteristics resulting
from scaling are summarized in Table II. Not surprisingly, the speed im-
provement in a scaled-down MOSFET is more readily attainable than in a
scaled-down bipolar transistor, since the gain and the bandwidth of a MOS
device depend on the horizontal geometry, whereas those of a bipolar device
depend on the vertical dimension (e.g., the basewidth, which is already near

TABLE 1
Scaling Relationships
Device parameter Bipolar® MOS?
Device dimension L, W, d /S 1/S
Doping concentration N 1 A
Oxide thickness X, /S 1/8
Junction depth X; /S 1/8
Voltage V' 1 /8
Current / 1/8? 1/S

Capacitance C 1/82 1/8

@ After Huang [4]."
b After Dennard ez al. [3].
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TABLE II
Speed and Power Comparison
Parameter Bipolar MOS
Delay time 7 = C AV/I 1 1/S
Power = V/ 1/S2 1/82
Power density = VI/A i I
Speed X power = VIt 1/82 1/83

minimum). However, with reduced voltage swing, narrower basewidth, and
. smaller parasitics, the delay of a bipolar transistor is decreased somewhat,
but certainly not as drastically as in the MOS transistor.
. Notice that for both technologies, the gate power is reduced by S2 and the
gate power density remains constant, implying that the circuit-cooling prob-
lem remains unchanged. Because of the greater speed improvement in MOS,
the speed power product is decreased by S as compared to only S2 improve-
ment for bipolar. Table. IIl compares present and projected properties of
MOS and bipolar current mode logic (CML) circuits as the minimum line-
width decreases from 3 um toward the submicrometer region. The speed
versus power is plotted in Fig. 2, showing the trend of speed power product
moving toward 10~!5-] range.

As seen from Table I11, the speed of the bipolar CML circuits is obtained at
the expense of high power. The speed of NMOS and CMOS is comparable,
but CMOS dissipates about one order of magnitude less power than NMOS.
Hence, CMOS is increasingly being used in power-critical circuits. It should

“TABLE 111
Present and Projected Characteristics -
Technology Gate size  Delay Power/gate

(min. linewidth, um) (mil?) (nsec)  (mW)
CML (high-speed bipolar) .

3.0 12.0 0.5 1.2

1.5 - 4.0 04 0.3

0.75 1.0 0.3 0.1
NMOS

3.0 24 2.0 0.3

1.5 0.6 1.0 0.1

0.75 0.2 0.5 £ 0.05
CMOS

3.0 ‘ 4.0 20 0.06/10 MHz

1.5 1.0 1.0 0.02/10 MHz

0.75 0.25 0.5 0.01/10 MHz
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Fig. 2. Speed-versus-power plot of emerging technology.

be noted that CMOS dissipates power only during the switching period T,
when the logic state is changing. It is the average power (i.e., P = CV%f)that
is given in Table 11I. The average power is proportional to the switching
frequency f. Therefore, in the speed power plot of Fig. 2, CMOS characteris-
tics appear as horizontal lines, indicating that for a given gate delay the power
increases with frequency of operation. A more useful figure of merit for

CMOS is the peak power delay product given by
Pr=P/f=CV? ‘ , (5)

which is simply the energy required to switch the logic state.

Although the straightforward scaling rules given in Table I do indicate
trends for future technology development, it is not the only scaling ap-
proach. In order to reduce further the basewidth for bipolar transistors, the
base doping will have to be increased to avoid punchthrough and to maintain
or reduce the base resistance Rp. As a result, the depletion layer capacitance
C, is decreased by less than S2. The depletion capacitance charging time,

10-2



