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ABSTRACT
Part I

The physical phenomena which will ultimately limit the packing
density of planar bipolar and MOS integrated circuits are examined.
The maximum packing density is obtained by minimizing the supply voltage
and the size of the devices, The minimum size of a bipolar transistor
is determined by junction breakdown, punch-through and doping fluctua-
tions. The minimum size of a MOS transistor is determined by gate
oxide breakdown and drain-source punch-through. The packing density of
fully active bipolar or static non-complementary MOS circuits becomes
limited by power dissipation. The packing density of circuits which
are not fully active such as read-only memories, becomes limited by the
area occupied by the devices, and the frequency is limited by the circuit
time constants and by metal migration. The packing density of fully
active dynamic or complementary MOS circuits is limited by the axea
occupied by the devices, and the frequency is limited by power dissi-
pafion and metal migration. It is conclqded that read-only memories will
reach approximately the same performance and packing density with MOS and
bipolar technologies, while fully active circuits will reach the highest

levels of integration with dynamic MOS or complementary MOS technologies.

Part IT

Because the Schottky diode is a one-carrier device, it has both
advantages and disadvantages with respect to the junction diode which is
a two-carrier device. The advantage is that there are practically no

excess minority carriers which must be swept out before the diode blocks



current in the reverse direction, i.e. a much faster recovery time., The
disadvantage of the Schottky diode is that for a high voltage device it
is not possible to use conductivity modulation as in the p i n diode;
since charge carriers are of one sign, no charge cancellation can occur
and current becomes space charge limited. The Schottky diode design is
developed in Section 2 and the characteristics of an optimally designed
silicon Schottky diode are summarized in Fig. 9. Design criteria and
gquantitative comparison of Jjunction and Schottky diodes is given in
Table 1 and Fig. 10. Although somewhat approximate, the treatment allows
a systematic quantitative comparison of the devices for any given appli-

cation.

Part II1

We interpret measurements of permittivity of perovskite strontium
titanate as a function of orientation, temperature, electric field and
frequency performed by Dr. Richard Neville. The free energy of the
crystal is calculated as a function of polarization. The Curie-Weiss
law and the IST relation are verified. A generalized IST relation is
used to calculate the permittivity of strontium titanate from zero to
optic frequencies. Two active optic modes are important. The lower
frequency mode is attributed mainly to motion of the strontium ions with
respect to the rest of the lattice, while the higher frequency active
mode is attributed to motion of the titanium ions with respect tc the
oxygen lattice. An anomalous resonance which multi-domain strontium
titanate crystals exhibit below 65°K is described and a plausible

mechanism which explains the phenomenon is presented.
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PART I

FUNDAMENTAL LIMITATIONS IN MICROELECTRONICS



FUNDAMENTAL LIMITATIONS IN MICROELECTRONICS

Development of the planar technology in the late 1950's made
integrated circuits possible. The number of devices per chip has
doubled every year since the first planar transistors were manufactured
in 1958, as shown in Fig. l*. Although the chip area has increased by
a factor of =20 in the last decade, the exponential growth in the num-
ber of devices per chip has largely been due to the steady decrease in
size of individual devices. In spite of the increasing circuit com-
plexity, the yields have remained approximately unchanged due to
improvements in the technology. Although it is expected that this
trend will continue in the near future, planar technology will soon
reach rather fundamental limitations and the number of devices per unit
area must level off.

The minimum size of present day devices is determined primarily
by the tolerances in alignment of successive masks. Even with present
day techniques, tolerances are improving steadily. As electron beam
pattern generation becomes more generally available, mask alignment to
a much higher precision may be envisioned. With these significant
developments approaching, it is important to identify clearly the
fundamental limitations which will ultimately limit circuit miniaturi-

zation.

The purpose of this study is to identify the physical phenomena

which will ultimately limit the packing density of planar bipolar and

%
G. E. Moore, private communication
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MOS (metal-oxide-semiconductor) integrated circuits. It must be
stressed that we consider only planar transistor circuits as we know
them today, i.e., with silicon substrate and silicon dioxide dielec-
trics. The fundamental limitations we determine can be approached as
tolerances and yields improve.

The limit we shall determine for fully dynamic MOS circuits is
presented in Fig. 1. The uncertainty in chip size contributes to the
uncertainty indicated in the figure. Notice that the maximum number
of transistors per chip is approximately three orders of magnitude
larger than present day circuits. At the current rate of growth such a
limit would be reached within a decade.

For both MOS and bipolar integrated circuits the maximum number
of devices per unit area is determined either by the power dissipation
density or by the area occupied by transistors, interconnections, and
passive devices. For a given frequency of operation, reduction of the
supply voltage and/or the circuit capacitances permits a reduction of
power dissipation and interconnection area per transistor. Reducing
the size of the devices not only reduces the area occupied by these
devices, but also reduces the circuit capacitances. In addition, lower
voltage devices can be made smaller. Thus to maximize the circuit
packing density it is necessary to minimize the supply voltage and the

size of the individual devices.
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1. Limitations of the Planar MOS Technology

1.1 Principal Limitations

To maximize the packing density of MOS integrated circuits it
is necessary to minimize the supply voltage and the size of the indi-
vidual devices.

The supply voltage has a lower bound which is determined by
reproducibility of the gate turn on voltage, by the minimum oxide
thickness which can be reliably manufactured and by noise margir con-
siderations.

The area occupied by a present day MOS transistor can be
reduced by decreasing its channel width and length. The channel
length reduction has a limit, however, since when the drain and source
depletion regions overlap, punch-through occurs. Further miniaturiza-
tion is possible if the depletion widths are reduced by reducing the
circuit supply voltage and increasing the substrate doping concentra-
tion. As the substrate doping concentration is increased the gate
oxide electric field required to invert the substrate also increases.
Thus the maximﬁm allowable oxide field sets an upper limit to the sub-
strate doping concentration. This concentration together with the
junction built in voltage determines the minimum depletion region
thickness of an operable device, which in turn determines the minimum
device size.

Other size limitations are considered in detail although it is
shown that they are not as stringent as the oxide field limitation

mentioned above. These limitations include drain-substrate breakdown,
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"corner" breakdown, and substrate doping fluctuations.

drain

It will be shown that for static non-complementary circuits
the maximum number of circuit functions per chip is determined by
power dissipation, except for circuits such as read only memories in
which a small fraction of the devices dissipate most of the power. The
maximum packing density of fully dynamic or complementary MOS circuits
is determined by the area.occupied by transistors and interconnections.

Since a positive voltage is normally applied to the gate of an
n-channel device, the silicon-silicon dioxide interface charge QSS 5
which is positive, does not have a tendency to increase with time(l).
As a result the flat band voltage of an n-channel MOS FET is inherently
more stable than that of a p-channel device*. This is an important
advantage in view of the high oxide fields and low threshold voltages
of minimum size devices.

We will now consider the ultimate limitations of planar MOS
transistors. More stringent limitations encountered in actual circuits
are examined in the following section. The substrate doping concentra-
tion has an upper limit of = 2 °1019cm'_3 determined by field emission
in the drain and source junctions. At higher doping concentrations the
junction characteristic approaches that of a tunnel diode and isolation
between the substrate and the drain and source regions is lost. Oxide
"breakdown" limits the substrate doping concentration to
9cm—3.

~ 1.3 '101 At higher concentrations the maximum electric field

which can be applied to the gate oxide, (= 6 -106V/cm) (2) does not

* ;
It is assumed that normal processing precautions have been used to

eliminate alkali ions in the oxide.
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invert the substrate. The junction built in voltage produces a
depletion thickness of 0.0lum into a substrate with 1.3 °1019 dopant
atoms per cm3. The channel length cannot be made smaller than
approximately two depletion region thicknesses, or =0.02um. Other-
wise the two junctions would be in punch-through even with no applied
bias.

The gate oxide thickness has a lower limit of ~508 determined
by tunneling through the silicon dioxide energy gap. The isolation
between gate and substrate is reduced for thinner oxides, since the
oxide conductance per unit area increases exponentially with decreas-
ing thickness(z).

Since high operating voltages preclude high packing density,
it is important to determine how low an operating voltage may practi-
cally be achieved. Ultimately this voltage will depend upon the
stability and reproducibility of the gate turn on voltage VGT {given
by Eq. (1A) of the appendix, page 42). For an n-channel silicon gate
device the constant additive term IVFB4-2¢] can be made as low as
0.1 to 0.3V depending on the silicon-silicon dioxide interface charge
density QSS , the oxide thickness X and the substrate dqping con-
centration CB 2 VFB is the flat band voltage and 2¢ is the
substrate band bending at onset of strong inversion. Consider the
source connected to the substrate, that is, VS =0 . As long as the
last term in Eq. (1A) is much larger than 'VFB4-2¢| , the gate turn
on voltage is proportional to xo/E; . Thus for a given relative

manufacturing tolerance of X and CB , the relative tolerance of

g 1e€ss as - ¥ is made smaller its

V.. is independent of V GT

GT GT
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absolute controllability increases provided VGT g, 'VFB-+2¢| . There-
fore gate turn on voltages as low as zIVFB-+2¢| , i.e. a few tenths
of a volt, can be achieved. For proper circuit operation the supply

voltage should not be made much smaller than approximately ZVGT.

1.2 Minimum Size MOS Transistor

In this section we determine the approximate minimum size of

MOS transistors as a function of the drain voltage VDD . The results
are approximate because they depend on a number of assumptions such as
circuit configuration, gate turn on voltages, maximum gate oxide field,
and flat band voltage, but should be within a factor of 2 of the actual
limiting geometry. The circuit considered is an inverter as shown in
the inset of Fig. 1A, page 44 . The source of the driver transistor 1
is connected to zero potential. The drain of the pull up transistor 2
is connected to V , while its gate is connected to V . A¥1

DD GG

voltages are referred to the substrate. We arbitrarily chose

VGG = ZVDD , the gate turn on voltage of transistor 1 to be
L : 0
VGTl = 2VDD and that of transistor 2 to be VGT2 = 2VDD when
V0 = VDD . This situation is a particular case of the more general

problem considered in Appendix 1 (see Fig. 1A). We shall assume that

the gate flat band voltage VFB is equal to -1V . This is approxi-
mately the flat band voltage of an n-channel MOS FET with an n+
silicon gate, if the silicon-silicon dioxide interface charge QSS is

made negligible (£ 10ll electronic charges per cm2 for the thin gate

oxides considered--an easily achievable value).

(2)

M. Lenzlinger and E. H. Snow have studied the conduction

mechanism of SiO; in detail. They conclude that conduction is contact
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rather than bulk limited and is due to electrons tunneling from the
metal or silicon contact, through part of the SiO2 energy gap, into
the SiO2 conduction band. Thus the current density for a given elec-
tric field is independent of oxide thickness X provided that X

is large enough. For an n-channel MOS transistor with an Al or n
silicon gate the oxide current density is(z) =10_10A/cm2 for an oxide
electric field of %6 '106V/cm, provided that x % 508. Since the
current density raises rapidly with electric field and destructive

(3)

breakdown of the gate oxide occurs at an electric field somewhat

higher than 6 '106V/cm , it is clear that practical devices must
operate with gate oxide fields substantially lower than this value.
For the present work we shall arbitrarily choose the maximum allowable
oxide electric field in a practical device to be Fox =3 °106V/cm .
The minimum size of a MOS transistor, for a given drain volt-
age and substrate doping concentration, will now be determined. The
device geometry considered is shown in the inset of Fig. 2. We shall
take the minimum channel length, limited by drain-source punch-through,
to be twice the drain depletion region thickness at the maximum drain
voltage. Then punch-through occurs at a voltage somewhat higher than

*
the maximum drain voltage. Neglecting junction curvature , the drain

depletion region thickness is

2€(VDD+ ®)

W = —TFB_ (1)

*
This is a reasonable approximation, since for the geometry considered
the depletion region thickness is never greater than the junction
radius of the curvature.
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o

0.0l

=10=

gate oxide
field

210" em3

drain-substrate
breakdown

drain "corner"

2.10'8 breakdown =
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Fig. 2 Minimum channel length 2r of a MOS tramsistor,
determined by oxide field (curves Al and A2), drain-
substrate breakdown (curve B) or drain "corner' break-
down (curve C), as a function of the drain voltage, V D*
Curve Al corresponds to the driver transistor and A2 go
the pull up transistor of an inverter. The oxide thick-
ness and substrate doping concentration of a minimum size
pull up transistor are shown along curve A2,
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where ¢ 1is the junction built in voltage. The minimum channel length
2r , limited by dréin—source punch-through, is obtained by setting
r=W.

Let us consider the gate oxide field limitation. The oxide
field is a maximum near the edge of the source of the pull up transis-
tor 2 when Vo = OV (see inset of Fig. 1A). The minimum gate oxide
thickness of the pull up transistor 2 is obtained from Eq. (2A) of the
appendix. The maximum substrate doping concentration is obtained from
Eq. (3A) or from Fig. 1A. The minimum channel length is obtained from
Eq. (1). The results are presented in Fig. 2, curve A2, It is assumed
that gate oxide growth is a critical manufacturing step so that it is
desirable to have both transistors 1 and 2 with the same oxide thick-
ness x_ . (Conversely, the substrate doping concentration of tran-
sistor 1 could have been chosen equal to that of transistor 2. The
oxide thicknesses of the transistors would then be different.) For a
given oxide thickness, the substrate doping concentration of transis-
tor 1 can be obtained from Eq. (1A) of the appendix and the required

gate turn on voltage (V = 0.5 VDD) . With this doping concentration

GT1
the minimum channel length of transistor 1 is obtained from Eq. (1).
The results are presented in Fig. 2, curve Al. Since both transistors
have different substrate doping concentrations it is necessary to

" start with a wafer appropriate for the substrate of transistor 2, and
then increase the doping concentration in the channel region of tran-
sistor 1 by ion implantation, for example.

For a given drain voltage, drain-substrate ''breakdown'" sets an

upper limit to the substrate doping concentration, as shown in Fig. 2A,
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page 45 . With this voltage and doping concentration, the minimum
channel length 2r is calculated using Eq. (1). The results are pre-

sented in Fig. 2, curve B.

*
Drain "corner" breakdown can be estimated using an expression
by A. S. Grove et al(4):
e 2(V+ ) ! (Vp+ @) = (Vo= Vgr) -
c W €
—_—
£ o

ox

Here F_ is the '"corner" electric field and W the drain depletion
region thickness in absence of the gate. VD and VG are the drain
and gate voltages referred to the substrate. VFB is the gate flat
band voltage referred to the substrate, and & s is the SiO2 permit-
tivity. Notice that the "corner" electric field is assumed to be
simply the arithmetic sum of the drain junction electric field and the
electric field induced in the silicon surface by the gate. When Fc
reaches the critical value FB shown in Fig. 4A, page 49 , drain
"corner'" breakdown occurs.

Let us again consider the inverter shown in the inset of Fig.
1A. The driver transistor 1 may have drain '"corner" breakdown when

its gate is low (V, = OV) and its drain is high (V0 Sy [ &

: DD
is assumed that the gate oxide thickness X is chosen the same for
both transistors. Then X is obtained, as before, by applying Eq.

(2A) of the appendix to transistor 2. The minimum channel length 2r

*
To insure that the '"corner" electric field is correct in the two
limiting cases W >> 3xo and W << 3x, , a factor of 2 has been added
to the first term on the right hand side of Grove's (4) expression.



i i
of transistor 1, limited by drain "corner" breakdown, is estimated by
setting r =W , where W 1is obtained from Eq. 2 with FC = FB =
¥55 '106V/cm as shown in Fig. 4A. The results are presented in Fig.
2, curve C. The maximum substrate doping concentration limited by
drain "corner" breakdown can be obtained from Eq. (1).

Notice that both the drain-substrate and drain "corner" break-
down limitations are less severe than the oxide field limitation. For

this reason the junction radius of curvature can be made somewhat

smaller than half the channel length as indicated in the inset of Fig.

2

A minimum size transistor with VD = 0.7V has a gate oxide

D
thickness of 508 as shown in Fig. 2. Since thinner oxides cannot be
used due to tunneling from gate to substrate, VDD = 0.7V 1is a lower
limit to the supply voltage of minimum size transistors. To reduce the
supply voltage further it is necessary to reduce the substrate doping

concentration, and therefore increase the device size.

1.3 Example

As a specific example we shall choose VD = 2V and VGG = 4V ,

D
The gate oxide thickness is calculated by applying Eq. (2A) of the
appendix to transistor 2. The result is 5, ¥ 1408 as indicated in

Fig. 2, curve A2. The substrate doping concentration of transistor 2

is obtained from Eq. (1A) and the required gate turn on voltage

= = g B < L
(VGT2 = 3V when V0 = 2V). The result is CB2 =9,2+10" cm as
indicated in Fig. 1A and in Fig. 2, curve A2. The substrate doping
concentration of transistor 1, C_, = 2.7 ‘1017cm_3, is obtained from

Bl
Eq. (1A), the oxide thickness X = 140%, and the required gate turn
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on voltage of transistor 1 (V = 1V). The maximum electric field in

GT1
the gate oxide of tramsistor 1 is 1.5 '106V/cm , which is smaller than

E .
ox

For the voltages and doping concentrations considered in this
example, drain-substrate breakdown and drain '"corner" breakdown do not
occur as shown in Fig. 2. From Eq. (1) the drain depletion regicn
thickness is 0.12um for transistor 1 and 0.205um for transistor Z. The
minimum channel length, limited by drain-source punch-through is
approximately twice the drain depletion thickness or 0.24um for tran-
sistor 1 and 0.4lum for transistor 2, as shown in Fig. 2, curves Al
and A2. A typical minimum size silicon gate MOS transistor is shown
in Fig. 3. The drain-family and load line of the minimum size inverter
we have just designed are presented in Fig. 4. These characteristics
have been calculated using a MOS transistor model which includes veloc-

ity saturation of the charge carriers and is detailed in Appendix 3.

1.4 Doping Fluctuation Limitation

As the device size is reduced, the number of dopant atoms in a
characteristic volume of the device becomes small enough so that its
statistical fluctuations can no longer be neglected. The effect of
substrate doping fluctuation is to alter the devices I-V characteris-
tics, e.g., gate turn on voltage, and the devices breakdown charac-
teristics, e.g., drain-source punch-through voltage. A chip with 10
devices will be considered. We shall require that, with an 807 cer-
tainty, the substrate doping fluctuations do not alter the gate turn on
voltage or the punch-through voltage of any one of the 106 transistors

by more than = 20% . This 207% variation corresponds to a substrate
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VG=2.0 volt

Fig. 4 Drain family of the driver transistor and load line
of the pull-up transistor of a minimum size static inverter.
= Z; = 0.96 ym, Cpy = 2.7:10!7 cm~3,

Ly = Zp = 0.214611m, %.2 =
Cga = 9.2:10°° em~y % = 140 A, p = 250 em?/V sec and VFB £

-1.0 V for both transistors. (o = 1, see Appendix 3).
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doping fluctuation of approximately 407 when measured in a volume W3,
W being a characteristic depletion thickness of the device. For a
minimum size transistor with the geometry indicated in the inset of
Fig. 2 we have W = r . With an 80% certainty, the doping fluctuation
does not exceed 407 in any one of the 106 cubes of volume r3 A Ui
these cubes have on the average 170 ionized dopant atoms. The small-
est size transistor shown in Fig. 2 corresponds to a driver transistor
with a gate oxide thickness of SOX, a substrate doping concentration

3, and a channel length 2r = 0.15um . Such a transis-

of 4 °1017cm_
tor has =170 dopant atoms in a volume r3 of the substrate. Since
this is an extreme case, we conclude that doping fluctuation is an

important device limitation although less severe than oxide 'break-

down"'.

1.5 Power Dissipation Limitation

In this section we shall show that for fully dynamic MOS cir-
cuits, the power dissipation density does not limit device size or
packing density although it does set an upper limit to the frequency
of operation. In static MOS circui;s power dissipation is the most
important limitation of the number of circuit functions per chip.

First we shall consider a fully dynamic or complementary in-
verter in which both transistors are never on simultaneously. Power
dissipation occurs only when charging and discharging the load capaci-
tance. It is assumed that each inverter output is connected to the
input of the following inverter (fan out = 1), so that the load
capacitance C 1is the sum of the gate and drain capacitance of tran-

sistor 1 (see inset of Fig. 1A). The power dissipation density of



=18=

densely packed dynamic inverters is

c v*

5 DD
P = S f (3)

where f 1is the switching frequency, S the area occupied by an

inverter, and %-CV%D is the energy dissipated while charging or
discharging the load capacitance C . It has been assumed that the
clock driver is off the chip. The power dissipation required to gate
the pull up transistor 2 on and off has not been taken into account,
since it is dissipated off the chip. The power dissipation density at
10 MHz of several densely packed minimum size dynamic inverters is
presented in Table 1.

In static inverters the gate voltage VGG is constant so
that the pull up transistor is always on. Thus, in addition to the
power dissipation associated with charging and discharging the load
capacitance, there is power dissipation due to current flowing through
both transistors when they are simultaneously on. The drain charac-
teristics of transistor 1 and the load line of a particular static
inverter are shown in Fig. 4. From characteristics such as these the
power dissipation density of several densely packed minimum size
static inverters have been calculated assuming 507 duty cycle. The
results are also presented in Table 1.

The power dissipation density of densely packed minimum size
static inverters is seen to be very large. Thus power dissipation is
the principal limitation of the number of circuit functions per chip,

except in circuits such as read only memories in which only a small

fraction of the devices dissipate most of the power.
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TABLE 1. Power dissipation density P of an integrated silicon
chip with densely packed, minimum size inverters.
Assumptions: VGG - ZVDD 5 VGTl = 0.5 VDD 3 VGTZ = 1.5 VDD'
For dynamic inverter Ll = L2 = Z1 = 22 = 2r . Inverter
surface S = 90r2 . Power calculated at 10 MHz. For

- = o - ~ i 2
static inverter Ll = Z2 = 2rh L2 = Z1 =8, S 180r"~.
The load capacitance C 1is equal to the gate plus drain
junction capacitances of transistor 1.
VoD 2r *o c S A
Type volt pm R F cm? W/cm
-16 -8

Dynamic 1 0.25 72 4.6 <10 1.4 10 032

Doinate T3 G410 6.1 +1078 3.8 -10°8 0.71

ponside ¢ & 072 2746 11.0 16700 120 -107° 15

Static 1 0.18 72 1.5 -1078 960.0

Static 2 0.24 140 2,7 +1073 2000.0

Static 4 0.32 274 4.9 1078 4100.0

Static 7 0.41 475 8.0 + 1078 6900.0
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The reason for this high power dissipation density is that for
a minimum size static inverter the current through the pull up tran-
sistor is higher than necessary. If the current through the pull up
transistor could be reduced until the charging time constant of the
load capacitance were, say, 1/10 of one cycle, the current through the
pull up transistor would be 10+ CV__ *f when Vo = 0 volt, and the

DD
G
power dissipation density would be P = 6 —— f . In this case, as

S
with a fully dynamic MOS FET circuit, power dissipation would only
limit the operating frequency. The use of an MOS pull up transistor
with the required current results in a channel length which is too
long for the efficient use of area. This problem could be avoided if
the pull up transistors are replaced by high §! per square resistors.

However, 10 MQ resistors would typically be required. This problem

will be discussed in detail for bipolar circuits.

1.6 Metal Migration Limitation

When a high current density flows through a metallic conductor,
migration of the metallic atoms occurs(5). This phenomenon is an
important reliability consideration in both MOS and bipolar integrated
circuit design. Divergence of the metallic migration current produces
thinning of the conductor, which ultimately leads to catastrophic
"strip burn out'. Thus the instantaneous current density in aluminum
conductors of integrated circuits should be kept substantially below

3) Ohmic drop must also be considered. At 106A/cm2 the

lO6A/cm2 .
ohmic drop in aluminum conductors is ~3V/cm. We shall see that metal

migration and power dissipation are two closely related limitations.
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Let us consider the supply lines. For a given power dissipa-
tion P and supply voltage Véc , the total average current that must
be carried by the supply lines is I = P/VCC . Therefore for a given
power dissipation, supply voltage and conductor current density, the
total supply line cross section area is independent of circuit com-
plexity. Maintaining the present day power dissipation density and
metalization thickness (= lum) we can expect the relative chip area
occupied by supply lines to remain approximately independent of cir-
cuit complexity. For a given clock pulse rise and fall time constant
T the maximum instantaneous clock line current is I = CVCC/T , Where
C is the load capacitance. If T 4is, say, 1/10th of a cycle, the
total instantaneous current in the clock lines is I = 10Pd/VCC 3
where Pd is the dynamic power dissipation associated with C . The
total current is again proportional to power dissipation, so we can
expect that the relative chip area occupied by clock lines will also
remain approximately independent of circuit complexity, provided that
the metalization thickness is not reduced.

As power dissipation, metal migration does not limit the device
size, but rather limits the packing density of static (noncomplemen-
tary) circuits and the frequency and/or packing density of dynamic (or
complementary) circuits.

As an example, consider a chip with 106 fully dynamic minimum
size inverters with VDD = 2V and VGG switched between 0 and 4V. We
shall assume that an aluminum line of width and thickness equal to 2r
(i.e., 0.41um) is connected to Yor, « 0F 107 dnvertars. . The gate

capacitance of the 103 transistors is =0.42 pF . With a maximum
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allowable instantaneous current density in the metal line of 107A/cm
and a rise time equal to, say,1/10 of a cycle, the maximum frequency

of this particular circuit, limited by metal migration, would be 10 MHz.
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2. Limitations of the Planar Bipolar Technology

2.1 Principal Limitations

To maximize the packing density of bipolar integrated circuits
it is necessary to minimize the supply voltage and the size (or
capacitance) of the individual devices.

The supply voltage cannot be lower than one diode drop
(= 0.6V). Otherwise, the transistors could not be turned on. The
minimum supply voltage for proper circuit operation is typically 2 to
3 diode drops depending on the circuit. For example, the minimum
supply voltage of an RTL (resistor-transistor logic) gate is approxi-
mately two diode drops.

For a given supply voltage and doping concentration profile,
the minimum transistor size is determined by punch—through,.a condition
where depletion regions overlap. To further reduce the device size it
is necessary to reduce the depletion thicknesses by increasing doping
concentrations and reducing the supply voltage. The maximum doping
concentrations are determined by junction field emission '"breakdown'.
(At high doping concentrations the principal reverse-conduction
mechanism of p-n junctions is tunneling of carriers across the junc-
tion, as discussed in Appendix 2). Thus a minimum size transistor has
its breakdown voltage equal to its punch-through voltage. Statistical
fluctuations of the doping concentration can reduce the breakdown or
punch-through voltages. It is therefore necessary to set the supply
voltage somewhat lower than the breakdown or punch-through voltage of

the device.
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It will be shown that the maximum packing density of fully
active bipolar circuits is determined by power dissipation. The packing
density of integrated circuits which are not fully active (e.g., read-
only memories in which only a small fraction of the devices dissipate
most of the power) becomes limited by the area occupied by transistors,
interconnections, and passive devices.

The analysis is necessarily approximate since it requires a
number of assumptions such as the geometry of the devices, the circuit

configuration and the maximum allowable power dissipation.

2.2 Breakdown and Punch-Through Limitation

An isoplanar bipolar transistor is shown in Fig. 5a. Since the

base region is lightly doped compared to the emitter and collectcr, the

depletion regions of the two junctions extend mainly into the base. For
given voltages and base doping concentration, the minimum base region
thickness is determined by punch-through, a condition where the

depletion regions extending from the emitter and collector junctions

overlap. The maximum base doping concentration CB is determined by
collector junction "breakdown'" as shown in Fig. 2A of the appendix,

page 45. The minimum base thickness r will be set equal to rC+-rE >

where r, = VQE(VCB-HP)/qCB is the collector junction depletion

thickness and Ip < /2€¢7qCB is the emitter junction depletion thick-
ness when the emitter is connected to the base. VCB is the
collector-base voltage, € the silicon permittivity, ¢ the junction

built-in voltage and q the electronic charge. The minimum base thick-

ness r of an isoplanar transistor, determined by collector junction

breakdown and base punch-through, is presented in Fig. 6 curve A. The
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. Fig. 5 Approximate cross section of minimum size bipolar transistors. An isoplanar
transistor is shown in Fig. 5a and a transistor with diffused isolation is shown in
Fig. 5b. The minimum size isoplanar transistor occupies an area of approximately 22r
x 9r = 200r2, where r 1s the base thickness.
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Fig. 6 Solid line indicates the minimum base thickness of an
isoplanar transistor for a given collector-base voltage, deter-
mined by collector-junction breakdown and base punch-through.
The collector-base voltage must be derated due to base doping
fluctuations as indicated by the dashed line.
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maximum substrate doping is equal to CB , since both the substrate and
base doping concentrations are limited by collector junction breakdown.
If the substrate has a doping concentration CB , the depletion region
extending from the collector into the substrate has a thickness o
For a given base thickness, the minimum size of an isoplanar transistor
can be determined approximately by geometrical considerations as shown
in Fig. 5a. The isolation regions are broad enough to avoid punch-through
between the collectors of adjacent transistors. The etch required to
define the isolation regions is assumed isotropic and the silicon dioxide
layer is grown thick enough to avoid inversion of the underlying silicon.
The minimum size isoplanar transistor shown in Fig. 5a, with a substrate
doping concentration equal to CB and with square emitter, base and
collector contacts, occupies an area of = 200 r2 and has a collector
capacitance of = 350 ¢e°r . If the circuit packing density is limited
by power dissipation rather than by the area occupied by the devices, it
is convenient to reduce the collector capacitance by reducing the sub-
strate doping concentration. The isolation regions must then be made
broader to avoid punch-through between the collector regions of adjacent
transistors. A transistor with the geometry shown in Fig. 5a except for
broader isolation regions, with square emitter, base and collectoer con-
tacts and with a substrate doping concentration equal to-}; e , occupies

10 B
an area = 280 r2 and has a collector capacitance of == 180+e*r .
A planar bipolar transistor with diffused isolation is shown in
Fig. 5b. The area occupied by a minimum size transistor of this type
can be estimated by making several approximations., The emitter region

it

is degenerate and has a doping concentration of == lO2 cm-3. The doping

concentration of the base, which is made lower than that of the emitter
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to insure good emitter efficiency, can be as high as = lOl9cm—3. We
make the simplifying assumptions that the doping concentration of the
epitaxial collector region is considerably iower than that of the base,
and that the collector Jjunction depletion region does not reach the n
buried collector. For a given collector-base voltage, the maximum col-

lector doping concentration C, determined by collector junction break-

C
down can then be obtained directly from Fig. 2A of the Appendix. The

collector junction depletion thickness is r, ™ fZE(VCB+cp)/qCC . With
this depletion thickness, the minimum size of a transistor with diffused
isolation can be estimated using geometrical considerations as shown in
Fig. 5b. The result is that a minimum size transistor with diffused
isolation occupies == 2.1 times more area and has a collector capacitance
> 2.5 times greater than a minimum size isoplanar transistor with the
same voltage rating, contact area, and substrate doping concentration.
The increased area and capacitance of the transistor with diffused
isolation is mainly due to the separation between the base and isola-
tion diffusion which is required to avoid punch-through between these

regions., In what follows only the isoplanar transistor is considered.

2.3 Doping Fluctuation Limitation

As devices are made smaller the number of dopant atoms in a char-
acteristic volume of the device decreases until its statistical
fluctuations become important. Consider a minimum size isoplanar tran-
sistor designed to have a collector junction breakdown voltage equal to
the base punch-through voltage VCB , as in the previous section. The

effect of base doping fluctuation is to decrease the breakdown voltage

(if Cr increases) or decrease the punch-through voltage (if Cy decreases).
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Thus due to base doping fluctuations the maximum allowable collector-

base voltage must be derated. A chip with 106 isoplanar transistors
will be considered. We shall arbitrarily choose the maximum gllowable

collector-base voltage VCBM in such a way that, with an 80% certainty,

none of the 106 transistors will have a collector breakdown or punch-

through voltage lower than VCBM .

The amount by which the collector-base voltage VbB must be de-

rated due to base doping fluctuations can be estimated as follows. The
breakdown or punch-through voltages are altered significantly only if

the base doping fluctuation causes a doping concentration variation in

eyl
a volume rC c

ness. The collector junction depletion region of a minimum size isoplanar

or greater; r, is the collector junction depletion thick-

transistor such as the one shown in Fig. 5a, can typically be divided into

30 cubes of volume rg. The doping fluctuation ACy which, with an 80%
certainty, is not exceeded in any of the 30'106 cubes of volume rg is

given by

AC = 5.8 > ‘g = 5.8 y: (&)
C

This calculation assumes that the number of dopant atoms in a volume rg

C r3 and standard deviation

B " C
/7. The result does not depend strongly on the number of cubes assumed.

n

has a Gaussian distribution with mean n

The maximum allowable collector-base voltage VCBM is determined either
'by breakdown (with a base doping concentration Cy + ACB) or by punch-
through (with a doping concentration CB - ACB), whichever is smaller, and

is presented in Fig. 6 curve B. Notice that the maximum collector-base

voltage determined by breakdown and punch-through must be derated by
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about 1.4V due to base doping fluctuations. In a practical design the

collector-base voltage must be derated further due to the manufacturing

tolerances of the base doping concentration .

2.4  Power Dissipation Limitation

All bipolar transistor circuits have some sort of current limiting
devices such as resistors and current sources. These current limiting
devices can usually not be avoided even in complementary circuits due to
the low impedance of the base-emitter junctions. The power dissipation
of a circuit can be divided into static power dissipation (associated
with the steady state currents) and dynamic power dissipation (associated
with transient current which cha;'ge and discharge the circuit capacitances).
The dynamic power dissipation is proportional to frequency. The static
power dissipation of digital circuits is determined primarily by the
current limiting devices in the circuit and not by the active transistors,
since these are either on or off. The resistors can be chosen to obtain
the desired static power dissipation density. These resistors and the
circuit capacitances then determine the circuit time constants, which in
turn set an upper limit to the frequency of operation. The maximum
frequency of operation of bipolar integrated circuits is therefore de-
termined either by dynamic power dissipation, by the circuit time constants
which depend on the static power dissipation, or, in saturating circuits,by
the lifetime of minority carriers in the base,

Let us examine the simple circuit shown in the inset of Fig. 7.

The circuit consists of a series of resistor-transistor logic (RTL)
inverters connected in cascade (fan out = 1), so that half of the inver-

ters are in the high level state and half are in the low level state.
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Fig. 7 For a given frequency of operation £ and static power
dissipation Pgs the maximum number of inverters n and resistor
value R are determined for the particular circuit indicated.

At the frequency f the dynamic power dissipation is Pa™ 0.36 Ps.
It is assumed that the equivalent capacitance of the resistors is
equal to the collector junction capacitance of the transistors (i.e.
180°e+r with r = 0.07um).
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The supply voltage is 1.2V so the minimum base thickness of the isoplanar

transistors is r = 0.07um as shown in Fig. 6, If the substrate doping
concentration is equal to l/loth of the base doping concentration, the
minimum size isoplanar transistor occupies an area of = 280 r2 and has

a collector capacitance of = 180*e*r , as indicated in a previous section.
We assume that each resistor (including inter-connections) occupies the
same area as a transistor, so that each inverter occupies == 840 r2 .
This area corresponds to a maximum density of == 2.1#.107 inverters per cm2.
At this packing density, the value R of the resistors required to have
a static power dissipation density of 1 W/cm2 is =20M2 ., The rise-
time of the collector of a transistor that is turned off is approximately
T =RC , where C 1is the total capacitance associated with the col-
lector node, i.e., collector junction capacitance plus capacitance of the
two resistors connected to the collector. In our example T = 77 nsec if
we assume that the equivalent capacitance of each resistor is equal to
the collector junction capacitance. Assuming that the recovery time of
the transistor is shorter than T , the maximum frequency of operation
is determined by the collector risetime and is of the order of 1/57 =
2.6MHz . The dynamic power dissipation density at 2.6MHz is approxi-
mately O.36W/cm2.

This example illustrates two important limitations of densely
packed bipolar integrated circuits. First, the resistor values required
to have a reasonable static power dissipation density are exceedingly
large. Secondly, the maximum frequency of operation is limited to quite

low values by both the circuit time constants and by dynamic power dis-

sipation. Notice that at the maximum frequency f = 1/5RC , the dynamic
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pover dissipation of n inverters is P, = nf Ve = nVZ/SR, which is
approximately 0.36 Ps for the circuit considered above and is indepen-
dent of C. PS is the static power dissipation of n inverters.

For a given frequency of operation f and maxiﬁum power dissipa-
tion per chip P , the maximum number of inverters per chip n and the
resistor value R can be determined from Fig. 7 for the particular cir-
cult considered.

We conclude that the minimum power dissipation per circuit func-
tion is determined by the required frequency of operation and by the
supply voltage and circuit capacitances. This minimum power dissipation
sometimes can not be achieved because high enough ohm per square resistors
are not available, DPower dissipation limits the number of circuit func-
tions per chip in fully active bipolar circuits. In circuits which are
not fully active such as read-only memories in which only a small fraction

of the devices dissipate most of the power, the area occupied by the

devices and interconnections becomes the limiting factor.

2.5 Metal Migration Limitation

The considerations on metal migration made for MOS circuits are also
valid for bipolar circuits. We limit our discussion here to a ﬁarticular
example, Consider a 1 cm2 chip with lO6 minimum size inverters, a supply
voltage of 1.2V, a static power dissipation of 1W and a dynamic power
dissipation of 0.36W at 100 MHz, as shown in Fig. 7. We assume that a
supply line is connected to 2-103 inverters. The maximum mean current in
this line is 2.3 mA. If a maximum current density of lOsA/cmB is allowed,

the minimum conductor cross section area required would be 2.3 (um)z.
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For a metallization thickness of lum, all supply lines would occupy an

area of approximately 0.23 cmz.

2.6 High Valued Resistors

To improve the yield it is convenient to 