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1

General Int_roduction

Twenty years after the introduction of the first integrated circuit (which contained
a few transistors in combination with a few passive elements) silicon integrated circuit
technology has reached a very high level of perfection, resulting in 1.C’s with 10.000
transistors and an equal number of passive elements made in processes with economical
production yields. ‘

The process development has still not reached saturation level; in the future the
integration of even 10° - 10% and perhaps more transistors on a chip, known as VLSI
(= Very Large Scale Integration) and ULSI (= Ultra Large Scale Integration) are expected.
The factors responsible for this dramatic expansion are:

a) continuing improvement in processes, partly due to the introduction of better
chemical and physical processing steps, and partly due to elimination of first-order
and second-order process variations; this is all made possible by expertise built up
from the production of millions of I.C.’s (learning curve);

b) continuing improvement in photolithography and etching techniques, which means
that device sizes can be decreased, resulting in a better packing density of the
circuitry;

¢) invention of new devices and circuits, which means that basic electronic functions
can be performed with fewer or smaller basic elements (to improve the packing
density) and/or at lower power dissipation level (which allows more functions on

a chip).

Integrated Schottky Logic (ISL) is an example of the latter factor. It is a2 new
bipolar logic concept that can be realized using existing processes. It combines device
structures, which in fact were already known separately, with a very attractive type of
logic gate which can be used for high speed VLSI.

This book discusses a large number of aspects of ISL, such as the original concept,
its performance in different processes, switching speed (calculated and measured), first

order modeling, its behaviour as a function of temperature, the noise margins as a func-



tion of temperature and its applications.

The next section entitled: “Aspects of Integrated Schottky Logic (ISL) and com-
parison with 12L and STL”, is an extensive introductory discussion to the contents of the
book; for detailed information reference should be made to the subsequent sections,
where reprints of already published papers and not yet published papers are given. These
papers include an ovcrvliew article on “Devices and circuits for bipolar (V)LSI” (where
bipolar circuits are compared with MOS circuits in general, and where bipolar circuit/
technology-combinations which satisfy VLSI requirements are discussed), and an article

on “Static and dynamic noise margins of logic circuits” (where a general noise-margin

test method is proposed, which is applicable to every type of logic circuit).

The subsections of section 2 and the corresponding section 3 to 12 are arranged in
the following order: overview of devices and circuits for bipolar VLSI (section3), intro-
duction to pn-isolated and oxide-isolated ISL (sections 4 and 5), comparison speed of
ISL and I2L (section 6), analytical expressions for propagation delay times (sections 7
and 8), modeling of pn-isolated and oxide-isolated ISL (sections 9 and 10), static and
dynamic noise margins of logic circuits in general and of ISL in particular (sections 11
and 12), and the temperature behaviour of the static noise margins of ISL and STL
(section 13). Appendix A discusses ISL applications and appendix B is a product
specification of the 841200 ISL gate array.



2

Aspects of Integrated Schottky Logic (ISL) and
Comparison with 12L and STL

2.1. Introduction

Silicon integrated circuits are fabricated using two main-stream technologies:
bipolar and unipolar circuits. In the last group we find the MOSFET, MESFET and JFET
circuits. Anno 1981 both technologies (bipolar and unipolar) circuits employ litho-
graphy techniques allowing minimum details of 2-3 um in standard production lines.

Production yields are high enough to obtain IC’s with many thousands of transistors
on an economical scale.

The two technologies differ in the electrical performance and packing density that
can be obtained with the present 2-3 um lithography rules. Except for I2L, bipolar cir-
cuits, in general, exhibit higher speeds than unipolar circuits at the cost of a somewhat
smaller packihg density and/or a more complex technology, which means that the pro-
duction yield of bipolar circuits per unit area tends to be lower than that of unipolar
circuits. For this reason the minimum gate count in bipolar VLSI circuits is often taken
to be a factor of two lower than the gate count in unipolar VLSI circuits (5000 and
10000 respectively).

2.II. Comparison between bipolar and MOS-type circuits
To obtain an electrical comparison between bipolar and MOS-type circuits the
propagation delay times and power delay products will be discussed.
As explained in Secton 3.II, the first order average propagation delay times for
bipolar and MOS circuits are

(C;+C)AV W3
 abipolar = — + (1)
dbipolar i 2ukT/q

dMOS ™ (W/L)uC ,, Vr uVy




where Cj and C, are junction and on-chip wiring capacitances, AV the logic swing, 1 the
current per gate, Wp the basewidth of the bipolar transistor, W the width of the MOS
transistor, L the gate length of the MOS transistor, C,, the gate oxide capacitance per
unit square, and V1 the threshold voltage of the MOS enhancement driver transistor.
Fig. 1 shows a graphical representation of (1) and (2). The essential difference between
(1) and (2) is that in the bipolar case the current per gate i is easily increased (a factor of
10 for every 60 mV more base-emitter voltage at room temperature) without increasing
the transistor size, due to the exponential characteristic of the transistor. This means that
when no limiting effects occur due to series resistances, the bipolar propagation deliy

time can be minimized to the transit time (which is of the order of W%/(ZykT/q) for a

bipolar MOS

Fig. 1. Propagation delay times of bipolar and MOS circuits as a function of current per gate (in the

bipolar case) or transistor width (in the MOS case). The solid line is without on-chip wiring capacitance;
the dashed line is with on-chip wiring capacitance Cy,.

normal bipolar transistor) by increasing i.

As the first-order average propagation delay time in the MOS case is independent of
the power supply voltage, the only way to increase the speed (and the current) is to in-
crease the transistor W/L ratio as shown by (2), which means that W has to be increased
in a given technology where L had already been minimized. Thus transistors with a larger
minimum width have to be used, thereby increasing the packing density and causing
larger junction capacitances and larger on-chip wiring capacitances (both Cj and C,,
depend on W). This implies that it is impossible to improve the speed any further if C,,
increases linearly with W [1], and if Cy, increased more than linearly with W, the pro-
pagation delay time would even increase. MOS type of circuits are therefore less suitable
for high speed VLSI [2].

In GaAs where the first-order mobility u (disregarding velocity saturation) is a fac-

tor of 5 higher than in silicon, smaller transistors can be used to obtain the same current.



This gives a higher packing dehsity and consequently a smaller C,,, and thus the speed may
be about the same factor of 5 higher. The GaAs technology, however, is not yet con-
sidered mature enough for LSI and VLSI circuits and the advantages still cannot be
utilized on an economical scale [3].

Note that Fig. 1 shows only qualitative first-order effects. The theoretical mini-
mum propagation delay times are different for different types of transistors. In non-
-saturated ECL circuits, 7, of the normal operated n-p-n transistor can be as low as
T = W%/(ZﬂkT/q) = 20 ps when the base width Wg is 0.3 um. In the I12L case where
inverse operated n-p-n transistors are used 7, can be as large as 10 ns. In ISL, 7, is about
1.5 ns in the pn-isolated case and 250 ps in the oxide-isolated case. In MOS circuits with
3 pm minimum gate length 2L2/uV is about 500 ps.

Another point to be made is that in practical bipolar circuits, including ISL, the
theoretical minimum of the average propagation delay time is difficult to achieve due to
series resistances (base series resistance, collector series resistance, Schottky diode series
resistance) which limit peak currents which have to flow to charge and discharge capaci-
tances (see Fig. 2). Also in MOS circuits the theoretical minimum of the propagation
delay time is difficult to achieve due to the fact for instance that depletion loads in ED-

-logic do not behave as ideal current sources.

Rseries=0

l <Ttr

— i/qgate

Fig. 2. Influence of series resistances on the propagation delay time of bipolar circuits.

So far only propagation delay times have been discussed. Another important
figure of merit is the power-delay product Py = iV'ty which would be V'AVC,,, if the
on-chip wiring capacitances were dominant (V* is the power supply voltage); see Section
3.11. For bipolar circuits the V*AV: product can be minimized to 0.2 V? irrespective

of transistor size. For MOS type of circuits the same value can be obtained, but this



makes only sense for scaled devices (L < 0.5 um), otherwise the speed will be disap-
pointingly low. '

Thus the advantages of bipolar circuits over MOS circuits are that: a) optimum
speed can be obtained with- minimum size transistors (disregarding series resistances),
b) small voltage swings are possible (due to the exponential characteristics), resulting in a
relatively small speed degradation due to on-chip wiring capacitances, c) V* and AV can
be minimized independently of transistor size.

In Integrated Schottky Logic (ISL) where minimum-size transistors are always
used, the logic swing is as low as 200 mV, and using resistors as current sources instead
of p-n-p transistors the power supply voltage is about 1.5 V, which means that the V'AV
product is 0.3 V2; thus a low power-delay product is obtained (only 0.1 V2 more than
the minimum possible).

Note that in this sub-section (and in Section 3) bipolar and MOS gates are only
compared for speed and power-delay product and not for many other important prop-
erties such as packing density, wiribility, suitability for dynamic storage etc.

For instance MOS circuits with polysilicon gates have 2% effective interconnection
layers when using 1 layer metal, whereas in bipolar circuits 2 layers metal are needed to
obtain the same interconnect possibilities. Another point is for instance dynamic storage,
which is extremely simple in MOS circuits and very difficult in bipolar circuits.

This all means that bipolar circuits may be faster (gate-wise), but that they miss a

lot of convenient properties which are available in MOS circuits.

2.I11. Logic circuits for high speed bipolar VLSI

Nowadays most medium-size chip packages do not allow a higher power dis-
sipation than about 1 W, and therefore, for most VLSI circuits with more than 5000 gates
per chip the maximum power dissipation per gate has to be smaller than 200 uW.
Furthermore, with maximum chip areas of 25 mm?, packing densities better than 200
gates/mm? are required.

Section 3.VIII examines the question as to which logic circuit/technology com-
binations fulfil these requirements. Only the most important logic types such as LS, I2L,
STL, ISL, DTL, ECL, and NTL are considered.

The result of the comparison is that in oxide-isolated processes with 3 um mini-
mum details, STL, ISL and 12L satisfy the VLSI requirements, with about 1 ns average
propagation delay time for STL and ISL, and about 5 ns for 12L. ECL and DTL are VLSI

candidates only in more sophisticated processes using polysilicon electrodes.
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Table 1. Most relevant process parameters of processes in which ISL has been made.




2.1V. Bipolar processes for ISL
Section 3.IV-VII gives an extended survey of production and experimental pro-
cesses for bipolar LSI and VLSI circuits. ISL has been made in existing production
processes only. Initially, the pn-isolated SBC process (Standard Buried Collector) was

used with a 3 um thick epitaxial layer and 5 um minimum dimensions; later an oxide-
-isolated process was used with a 1.2 um thick epitaxial layer and 3 pm minimum dimen-

sions. Details of these processes are given in Section 8 and Section 10 respectively; table
1 lists the most important numbers.

In both processes Schottky diodes are made with PtNi-silicide (60% Pt and 40% Ni)
with a barrier height of about 0.78 eV. '

2.V. The original concept of ISL

ISL was initiated to fill the gap between low-powér Schottky TTL and I2L with-
out changing the technological standard process, for those circuits where low-power
Schottky TTL consumes too much power and takes up too much chip area, and when
I2L does not attain the required speed [4,5,6] (see Section 4). In fact, ISL is a com-
promise between Schottky-diistor logic [7] (also called Schottky Coupled Transistor
Logic (SCTL) [8]) which is made in a process with one type of Schottky diode, and
Schottky Transistor Logic [9] (also called Complementary Constant Current Logic (C3L)
[10]) which is made in a process with two types of Schottky diode. The electrical dia-
grams of Schottky-diistor logic, STL and ISL are shown in Fig. 3; all p-n-p transistors are
used in the standard downwards mode. All these logic types are of the wired-AND type; ‘
they have one input and a multiple output. The disadvantage of Schottky-diistor logic is
that it becomes heavily saturated which means that it is rather slow. STL, on the other
hand, is Schottky clamped and consequently relatively fast, but has the disadvantage
that the process in which it has to be made is much more complex due to the fact that
two types of Schottky diodes have to be made with different barrier heights (a high
barrier for the clamp diode and a low barrier for the output diodes) to obtain a reasonably
large voltage swing.

In ISL the clamp action is provided by a p-n-p transistor (see Fig. 3); the n-p-n still
goes into saturation, but as soon as the n-p-n base-collector junction is forward biased
the superfluous base current is drained to ground by the p-n-p transistor which means
that the n-p-n transistor goes less far into saturation.

The effectiveness of a p-n-p transistor as a fast clamp device depends mainly on
the minority carrier storage in its base, hence the base width has to be small.

Fig. 4 shows a top view and cross section of an ISL gate made in a standard pn-
-isolated process. A vertical clamp p-n-p is obtained by not extending the buried layer

under the base-contact of the n-p-n transistor. The parasitic lateral p-n-p action to the
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Fig. 3. Circuit diagrams of Schottky-diistor logic or SCTL [7,8], STL or C3L [9,10], and ISL.
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Fig. 4. Top view and cross-section of a pn-isolated ISL gate without current source; 5 pm minimum
details are used.

isolation diffusion is inevitable in pn-isolated processes.

To reduce the minority carrier storage in these lateral areas, the lateral p-n-p base
width is reduced by the application of a shallow isolation-diffusion overlapping p-ring
at a minimum-detail distance around the p-base (5 um for instance).

The base thickness of the vertical p-n-p is determined by the thickness of the
epitaxial layer; the thinner this epilayer, the faster the logic is.

A p-n-p clamp transistor has been proposed to control the saturation in an 2L type
of structure [11], but to implement a merged clamp p-n-p with an inverse operating n-p-n,
requires a dramatic deviation from the standard process [11].

Although ISL is, in principle, a wired-AND type of gate (see Fig. 5(a)), the extra
internal collector node (which does not exist in 12L) makes collector dotting possible
to obtain NOR functions and also AND TO OR NOT functons (see Fig. 5(b,c)). Col-
lector dotting is obtained either by placing more base areas in one collector island, or by
interconnection of more collector islands with n* collector contacts and an interconnect

wire.
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Fig. 5. (a) Wired-AND construction to obtain AND and NAND functions, (b) collector dotting to
obtain NOR functions, (c) combination of a and b to obtain AND TO OR NOT functions.

2.VI. Performance of pn-isolated ISL

As the n-p-n transistor in ISL is used in the normal (downward) mode, the current
source cannot be merged with this transistor as in 2L [12,13]. Either a separate transistor
or a resistor in a separate island has to be made. This means that the packing density is
about 30% lower than in I2L. The logic voltage swing is AV = (kT/g)In(oy 55140/ Tpo),
where I4q and Ip are the saturation currents of the Schottky diode and the p-n-p transis-
tor respectively. In processes with an epilayer thickness of about 3 um and PtNi-silicide
diodes (¢g = 0.78 eV) and using 5 um minimum details (see Fig. 4) a logic swing of
200 mV is obtained. With resistors as current sources, and washed emitters, a minimum
average propagation delay time of 2.7 ns at 200 pA/gate is obtained (see Fig. 6). Despite
a voltage swing which is about 500 mV smaller than that of 12L, most of the ISL noise
margins are larger than those of I2L. The main reasons, as explained in chapter 2.XV, are
that the current source is a resistor instead of a saturated p-n-p transistor (this improves
the power supply line and ground line noise margins) and that the current gain of the nor-
mal operating n-p-n is generally much higher than the current gain of the inverse operated
n-p-n (this improves the parallel current noise margin). This makes the ISL a more “for-

giving” circuit than 2L [4].
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Fig. 6. Average propagation delay times of the ISL gate of Fig. 5. The epilayer thickness is 2.9 pm; the
current sources are ion-implanted resistors.

As the ISL gates are made in a standard buried collector process, they can easily
be combined with 2L, low-power Schottky TTL and ECL on the same chip. Even in
analog processes with thicker epilayers, ISL has been demonstrated to have a 5 to 10
times better speed than I2L.

2.VIL Oxide-isolated ISL technologies

Using oxide isolation, ISL gates can be fabricated without the relatively slow lateral
p-n-p transistor which is inevitable in pn-isolated processes. As shown in Section 5, the
clamping action is provided either by a fast vertical p-n-p only, or a reverse operated n-p-n
(see Fig. 7 and 8); a 1.2 um thick epilayer and 3 um min. dimensions are used. Fig. 9
shows #,4 as a function of current per gate for type A (vertical p-n-p clamp) and type B
(reverse operated n-p-n clamp). Type A is the most successful one; zp4 is about 0.7 ns at
a current level of 200 pA/gate (tpgD ~ 0.2 pJ). The reason why type B is slower is due to

the fact that the saturation current of the minimum size inverse n-p-n is about a factor of

12



(a)

(b)

Fig. 7. Oxide isolated ISL with a vertical p-n-p clamp.

1

(b)

Fig. 8. Oxide isolated ISL with reverse operated n-p-n clamp.
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5 smaller than the saturation current of the vertical p-n-p. This means that the normal
operated n-p-n becomes much more heavily saturated than with p-n-p clamping, causing
much more hole storage in the n-epilayer undemeath the base. The speed could be
improved by increasing the size of the inverse n-p-n transistor, but the improvement may
be small if the size of the total structure then needs to be increased (which would cause

an increase in base-collector capacitance and an increase in island capacitance).

Using a small size vertical p-n-p clamp therefore ISL has been realized in a standard
oxide-isolated process, featuring sub-nanosecond propagation delay times with sub-pico-
joule speed-power products. This makes this type of logic very attractive for high speed
VLSI. Oxide-isolated ISL has also been tested by others with 5 um details [14] and even
1.25 pum details [15]; in the last case tpd = 0.7 ns at 100 pA/gate was reported.

PROPAGATION DELAY TIME [ns]

20 50 100 200 500
CURRENT PER GATE[mA]

Fig. 9. Measured propagation delay times of oxide isolated ISL with vertical p-n-p clamp (A) and reverse
operated n-p-n clamp (B).
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2.VIIL Speed comparison of ISL and I2L
As already mentioned, the minimum average propagation delay time of ISL is a fac-
tor of § to 10 better than the speed which can be obtained with I2L in the same process.
This is explained in Section 6.
For comparison, ISL and I2L gates are considered which are made in the same

process with the same epilayer thickness and the same minimum dimensions, see Fig. 10.

(@ 121

©) a 5"1“_

I \ Wepi

ISL

Fig. 10. Cross-section of I2L (a) and ISL (b) made in the same pn-isolated process. Active charge will be
found mainly in areas I and II'(12L) and I, Il and III (ISL).

For small currents ISL will be faster than 12L because of the smaller voltage swing
(200 mV instead of 700 mV), whereas the junction capacitances are comparable.

At high current levels, at maximum speed, the active charges dominate. It is charac-
teristic of I2L that the active charge is found mainly in the n-p-n emitter area (see Fig.
10(a)), whereas in ISL the active charge is found mainly in the n-p-n collector area
(= p-n-p base) because of the saturation of the n-p-n (see Fig. 10(b)). These active charges
can be represented by non-linear capacitances between base and emitter in I2L and
between base and collector in ISL (see fig. 11(2) and 12(a) respectively). As shown in
Section 6, the ratio of the intrinsic current-independent average propagation delay times
of I”L and ISL is about 2V Bypesr fT pNP ISL//T NPN up 12L-

For processes where Wep; is 2 um, fr pnp s and fr NpN up 121 are both about
15 MHz. Fig. 11(b) shows for this case the typical switching behaviour of 2L when
Bup eff =B =4 and fT NpN up 121 = 15 MHz.

The transient behaviour of the currents illustrated is obtained with a computer

simulation program. At t = 0 the switch is opened and TN1 starts to conduct. The collec-
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tor cirrent of TN1increases relatively slowly: iy = B7.1[1 — exp(— £2mf/B)].

It takes a relatively long time to discharge Q, due to the fact that TN2 is heavily
saturated. After 30 ns TN2 is no longer saturated and it takes another 7 ns to completely
switch OFF TN2. So the average propagation delay is 37/2 = 18.5 ns.

switches ON switches OFF ‘—_TL
3ig
- ie1 Pnpn=4
o 2ig
& f1,,n= 15MHz
E npn
3 ig -
) IC2 \
0 T L L T
0 10 20 30 40 50
time [ns)

Fig. 11. Inverter chain made with I12L (a) and the behaviour of 4¢1 and iy as a function of time (b),

TN1| TP1 TN2| P2 ¢icpnp2

switches ON switches OF.F ‘%—

3ig
- 2ig] Bnpn=100
(V) i _
-g - Icnpm prnp'15 MHz

s .

© i

0 <pnp2 anpn>> prnp

0 10 20 30 40 50
time [ns]

Fig. 12. Inverter chain made with ISL () and the behaviour of icpppng and icpnp2 as 2 function of time (b).
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Fig. 12(b) shows the ISL case with f1 pnp 151 = 15 MHz. We assume that
fT NpN > f1 pnp- In this case, shortly after £ = 0, TN1 can sink any amount of current up
to femax = Bppnfs- This maximum current will not be reached since the discharge path to
remove Q, goes through the fan-out diode D2 and is limited to ;.

This means that i p-;l-PZ decreases linearly (i¢ pnpz =45 (1~ £27fy pnp)) and icppng
increases from 7 to 2i; with the same amount. The charge Q, is thus removed in about
10 ns and so the average propagation delay time in this particular ISL-case is 5 ns (com-
pare with 18.5 ns in the I2L case).

Measurements of 12L and ISL made in the same process show about the same or

an even larger factor in maximum speed, because in most cases

fr NeN 1SL > fT NPN wp 12L-
p

2.IX. Propagation delay time of I2L at low current levels
Before the propagation delay times of ISL and STL are calculated (for low and
intermediate current levels), first the propagation delay time 6f I2L at low current levels
is calculated, because with its simple electrical diagram it gives a convenient introduction
to the more complicated ISL/STL case.

rise
(b)

Fig. 13. Chain of I2L inverters (a) and the behaviour of the node-voltages as a function of time (b).
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As shown in Section 7, the calculation of the I2L case is relatively simple due to
the low number of electrical nodes, see Fig. 13(a). For the calculation the following
simplification is introduced: the transistor is assumed to be ON as soon as V. reaches it
maximum value Viemax = Vo, and OFF when Vi, <V, (see Fig. 13(b)). This simpli-
fication is justified by the exponential current/voltage characteristic of the transistor, and
also verified by computer simulations. It implies that V3 and V5 start to decrease and in-
crease respectively at the same time when V; reaches V; this means that the average
propagation delay time is equal to t;,./2 When tge >ty (see Fig. 13(b)). It is shown in
Section 7 that t4,. > tg, in a 3-stage ring oscillator when B¢ > 2 and that ¢4 is equal
to (3Cpe + Cpe)Vp/is. In ring oscillators which have more than 3 stages fs is permitted

to be somewhat lower than 2; with an infinite number of stages B.¢ can be very close to 1.

2.X. Propagation delay times of ISL and STL at low and intermediate current levels

The calculation of the propagation delay times of ISL and STL at low current
levels is more difficult than of I2L due to the fact that ISL and STL have more electrical
nodes than I2L (compare Fig. 14 with Fig. 13(a)).

As shown in Section 8, the voltage swing at the internal nodes V,, Vy, etc. is twice
as large as the voltage swing at the input/output nodes V;, V3, Vs, etc.

Here the propagation delay time is not determined oniy by t4e of the input node,
because V5 does not start to rise immediately after V| has reched Vyep .y, due to the
fact that the internal node V, first has to be discharged sufficiently to forward biase D1
and to switch OFF T2 (V5 starts to rise when V3 < Vpenay). The average propagation -

V-b

Cch | CdZ

e v,
AR o
1L 1

Fig. 14. Chain of ISL inverters.

delay time is now determined as fqp,pe/2 Where ¢, is tyee plus the times it takes to

charge
decrease the voltage of the next internal node to sw?::gch OFF the subsequent n-p-n tran-
sistor. As the internal node voltages do not reach their eventual DC-level, an exact expres-
sion for fep,ye is difficult to derive. With empirical factors a reasonable approximation
is obtained for instance for a 21-stage ring oscillator:
Lchage = (4.0 Cpe + 1.3 C5 + Cyye) AV/ig, where AV is the voltage swing.

As shown in Section 8, the average propagation delay times of ISL and STL are
very similar at low current levels; at intermediate current levels, the intrinsic average pro-

pagation delay time of ISL being about a*T;/Z has to be added in the ISL case only (a* is
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the effective a of the p-n-p transistor; r; is the effective forward transit time of the p-n-p
with the active charge stored in the n-p-n-collector added to the charge stored in the
p-n-p-base). At high current levels the propagation delay times of both ISL and STL are
increased by series resistance effects. It is shown by calculation and measurements that,
when compared in pn-isolated processes with 3 um epilayer, the speed difference, at inter-
mediate and high current levels between ISL and STL can be quite large due to the
relatively high value of ‘r;.

This high value of 1'; (1.5 ns) is caused both by the relatively thick epilayer and by
the presence of the relatively slow lateral p-n-p. In oxide isolated processes with a thinner
epilayer, r; is much smaller (250 ps), also because the lateral p-n-p, which is inevitable
in pn-isolated processes, is fully eliminated. In an oxide isolated process with 3 um mini-
mum details tpq 1y and fp4 gy are about 0.95 ns and 0.75 ns respectively at 100
uA/gate.

2.XI. Fan-in and Fan-out aspects of ISL and STL

Both ISL and STL suffer from speed degradation due to fan-in. Fan-out, in general,
has a speeding-up effect. In real logic circuits combinations always occur, and thus that
speed degradation due to fan-in may be compensated or partly compensated by speed im-
provement due to fan-out. Nevertheless, critical paths are always found where speed de-
gradation due to fan-in is dominant, so this determines the worst case situation. Fig. 15
shows the effect. Here the fan-in is F;, and » gates switch OFF simultaneously. Now the
current source i has to charge more than one base-collector capacitance (Cy.) and island

capacitance (C). In Section 8 expressions are derived for £y where this fan-in effect is

Vg Ve (g <+
N\
Vi Vine B8 L
Vi ' Ve
_\_ )
VU Vine c
Vo
VL— N+l
Vino D i
Ve
F
V —_ 1
t Vine 3

Fig. 15. ISL situation with fan-in > 1. The current source has now to charge more capacitance if 7 input
gates switch OFF simultaneously.
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included. Measures of obtaining delay times that are independent of fan-in are also dis-
cussed. One of them is to use dummy gates as shown in Fig. 16. Here the speed im-

provement of fan-out is used to compensate a speed degradation of fan-in.

i —I‘—} not

isié’_??_ connected

dummy gate

)’: Vs :z:}to logic
vk K

Fig. 16. A dummy gate is used to compensate the speed degradation due to fan-in.

2.XIIL Performance, temperature behaviour and first-order modeling of ISL

So far analytical expressions for the average propagation delay time have been
derived, where series resistances and non-linearities of c;).pacit;nccs have been ignored.
With an appropriate model and a circuit simulation program the more refined behaviour
of the gate can be studied.

Fig. 17 shows a complete model of pn-isolated ISL, including all series resistances,
junction capacitances and non-linear diffusion capacitances (minority carrier storage).
The p-n-p is split into two parts, the lateral and the vertical one. Fig. 18 shows 2 to-scale
cross section of the lateral p-n-p, the vertical p-n-p and n-p-n transistors. The depletion
layers and hole distributions are indicated. Hole storage is found in three regions: in the
base of the lateral p-n-p, in the base of the vertical p-n-p and in the collector of the n-p-n.
The storage is calculated from all junction depths, and forward and reverse transit times
for the n-p-n, and both p-n-p’s are derived. Beta’s of transistors are measured and capaci-
tances are measured and/or calculated. In Section 9 it is shown, both by measurements
and simulations, that the voltage swing decreases with increasing temperature due to the
different temperature coefficients of the base-emitter voltage of the combined p-n-p’s
and of the anode-cathode voltagé of the Schottky diodes. At room temperature the
voltage swing is about 200 mV; at 150°C the swing is reduced to about 150 mV.
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Fig. 17. Complete model of pn-isolated ISL.
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Fig. 18. To-scale cross-section of a typical pn-isolated ISL gate. Minority carrier storage is indicated.

It is further evident from measurement that the vertical p-n-p has a very large
collector series -resistance of 8 k€2 at room temperature when ISL is processed in the
original low-power Schottky TTL process with a substrate resistivity of 5-14 Q<cm.
Moreover, this resitance has a very high temperature coefficient which means that the

series resistance increases to 16 k2 at 150°C. The consequence is that, already at inter-
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mediate current levels, the vertical p-n-p goes into saturation, causing a dramatic increase
in the propagation delay time (see Fig. 19). The only way to get rid of this effect is to
decrease the resistivity of the substrate below 5 £2+cm at the cost of higher island capaci-
tance of the n-p-n. Using the higher doped substrate (called ISL process) therefore the
average propagation delay time at low current levels will be somewhat higher than in the
LS-process, but the minimum tpd is much lower, due to the elimination of the saturation
of the vertical p-n-p (see Fig. 19). The intrinsic delay time being 1';/2 is 750 ps. As ex-
plained in Section 9, all results are obtained with minimum design rules of 5 pm causing
a lateral p-n-p base width of 2.5 um. It may be asked whether a similar performance with
a similar delay time could be obtained with a lateral p-n-p only. Of course this would
be possible, but then the base width of the lateral p-n-p would have to be 0.7 um, which
means that instead of 5 um, 2.8 um minimum details would have to be used in the same

process. However, for standard production lines this value is much too small.

s
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Fig. 19. Average propagation delay times of ISL made on a 5-14 §*cm substrate (dashed lines) and on a
1-3 £2*cm substrate (solid lines).
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2. XIII. First-order modeling of oxide-isolated ISL

-Oxide-isolated ISL, in the p-n-p clamped version, can be modeled in a similar way
to pn-isolated ISL. As the lateral p-n-p does not exist, the most simple model would con-
tain only one n-p-n transistor and one p-n-p transistor to model the merged n-p-n/p-n-p
structure. However, in oxide isolated processes with a thin epilayer, a very shallow base
diffusion (0.5 um) and a very shallow emitter (0.25 um), the base series resistance tends
to be very high, especially in cases where the emitter is oxide-walled on two sides. This
causes a relatively large voltage drop across this resistance and the base collector junction
thus injects more holes outside the intrinsic n-p-n region than inside the intrinsic n-p-n
region when the transistor goes into saturation. As a first-order approximation all hole
injection is modeled by a diode, and the hole storage under the n-p-n is then assumed to
occur as a result of lateral flow of holes (see Fig. 20). Fig. 21 shows the complete model
derived in Section 10. All parameters for this model are obtained from measurements and
calculations. Due to the p* channel stop in the process, the collector series resistance of
the clamp p-n-p is relatively small (~ 1.5 k§2), which means that low doped substrates
can be used. It is shown that, already at 100 pA/gate, series resistances affect the pro-
pagation delay time seriously. Without series resistances tpy would have been 0.8 ns in-
stead of the measured value of 1 ns (at room temperature). Simulations have shown that
the relatively high base-series-resistance of the n-p-n causes the largest speed degradation.
Special attention is paid to all temperature coefficients of the device parameters, to ob-
tain a good agreement with the measurements in the temperature range from 25°C to
125°C.

T —1 .
idiodei npr\

=

Fig. 20. Subdivision of the merged transistorstructure in oxide-isolated ISL into a p-n-p, a diode and an
n-p-n transistor. The hole storage under the base of the saturated n-p-n is associated with the diode. Hole
storage is indicated for the p-n-p (triangle) and diode (box).
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Fig. 21. Complete model of p-n-p clamped oxide-isolated ISL.

2.XIV. Static noise margins of logic circuits

The noise margins of logic circuits are often the subject of confusion because there
are different types of noise, and the worst case situations depend on fan-in, fan-out and
the way the noise sources are applied.

In Section 11 it is shown that four basic noise sources can be considered: series-
-voltage noise (8Vpes), parallel-current noise (87), voltage noise at the ground line
(8Vgna) and voltage noise at the power-supply line (8Vqupply). When identical noise
sources of opposite sign in the even and odd stages of an infinitely long chain put this
chain on the very edge of switching to the wrong state, the amount of noise is considered
the worst case noise margin A (A = §,..). Instead of an infinitely long chain, a flip-flop
(made with two inverters) can also provide the same result [16]. When the often dis-
regarded condition that the output impedance of a gate is very much smaller than its in-
put impedance (R, < Ry,) is satisfied, AV .. can be found using the maximum square
method of the voltage transfer characteristics of the logic gate [16]; see Fig. 22.

To explain what happens in a flip-flop, Fig. 23 shows series voltage noise in a
fan-in = fan-out = 1 flip-flop. It is assumed that Ry, < Rj,. When the noise sources are
incorporated in gate 1 and gate 2, overall transfer characteristics can be obtained (for

gate I and gate II respectively). Fig. 24(a) shows the two transfer characteristics when

8 Vscries

gain A* = (dV,/dV,);*(dV{/dV, )y is smaller than 1 (at cross points A and C) and 2

metastable state where A* > 1 (at cross point B). Let us assume that the flip-flop is in the

= 0. There are three states: two stable states where the small signal voltage loop-

stable state A and the noise amplitude starts to increase. In Fig. 24(b) the intermediate
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Vout \ AVseries

condition: Ry 4{<Rjn

Fig. 22. Determination of the worst-case series voltage noise margin AVeges of an inverting gate, when
Rout < Rip, by mirroring the voltage transfer characteristic and by finding the maximum square which
fits between the characteristics [16].

Vv
1 H -~ 2 L + N\~
Vseries Vseries
~ Vs /S Vs > 4
gatel gate II

Fig. 23. Flip-flop built up with two identical gates, disturbed by series voltage noise sources 8 Vgeries

situation is shown where 0 < §Viepes < AViepes; the transfer characteristics are shifted but
the flip-flop still remains at point A (at this point the loop gain has increased but is still
smaller than 1). In Fig. 24(c) the noise margin AV . is reached; points A and B merge
together (B = A) and at this point the loop gain is exactly 1. When 8§ V. is made larger
than AV .., the flip-flop switches to state C.

In cases where R, is not much smaller than Ry, the voltage transfer character-

istics have no relevance any more, because the output voltage depends now both on R,
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Fig. 24, Transfer characteristics of the gates I and I1 of Fig. 23 for different values of 8§ Veries;
(2) 8Vseries = 0, (b) 0 < 8Vgeries < AVigeries and (€) 8 Vieries = AVieries In the last case the small signal
voltage loop gain is 1.

and Ry,. In this case the noise margin can be found as the amount of noise which has to
be applied to achieve a situation in which both small signal voltage and small signal
current loopgains are equal to 1. This method is explained in Section 12 [17] where, as
an example, AV is calculated for I2L (fan-in = fan-out = 1).

As a reaction to [17] Seevinck showed [18] that instead of a careful examination
of the small signal loops and of assuming that current loopgain and voltage loopgain are 1,
it is possible to calculate instead the condition for which the Jacobian of the complete
set of Kirchoff equations is zero. This provides a more mathematical approach, but
physically it is exactly the same, so both methods deliver exactly the same value for a

particular noise margin.

26



Only simple mathematical results are obtained when series resistances are ignored.
12L, SI2L, ISL and STL circuits are then translinear circuits [19], and the noise margins
are current independent.

When calculations are too difficult (which certainly is the case when all series
resistances are included), computer simulations have to be carried out.

The best way is to carry out quasi-static transient simulations by increasing the
noise sources slowly compared with the switching speed of the flip-flop, and detect the

noise amplitude at which the flip-flop switches to the wrong state.

2.XV. Static noise margins of ISL, STL, I2L and SI’L

A. ISL and STL

Fig. 25 shows the logic swing and the worst case room temperature static noise
margins (simulated) of pn-isolated ISL with F; = F, = 4, By = 20 and o = 0.9. The
results are obtained with an asymmetric flip-flop (see Section 11). The figure shows the
logic swing, AV eres, AVgng and Ai/i as a function of Ig,/Iy,. Stable flip-flop operation
starts when I4,/1p, > 120; the logic swing increases with increasing I4o/7p, -

Fig. 26 shows the same as Fig. 25, but this time for more parameter values (8gy = 20
and 100, F; = F, =1 and 4) [20]. Measurements have been done for 14,/1, = 4.103;and
they coincide with the simulations. As shown by Fig. 26, AV .. is about 100 mV

300

200}

100+

106

ISL Aili

0.5r
TAHi

0 L .

Fig. 25. Logic swing and worst-case room temperature static noise margins (simulated) of pn-isolated
ISL with F;=F, =4, fay = 20 and ap = 0.9 as a function of Ido/lpo-
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Fig. 27. Logic swing and worst-case room temperature static noise margins (simulated) of STL as a func-
tion of I441/1do2-
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smaller than the logic swing; AVgng is about 50 mV smaller than half of the logic swing;
Ai/i increases to (Bgy — F)/(Bgy + F) for large values of I45/Ipo - Fig. 27 shows the logic
swing and noise margins of STL [20]. The curves are very similar to those of ISL; along

the abscissa is 14,1/1 45 instead of Iyo/I},.

B.SPLand I’L

Fig. 28 shows the logic swing, AVeres, AVpng and Ai/i for SI2L [21] and J2L for
the case where By eff = 2, Bgown = 100 and F; = F, = 4 at room temperature {20]. Along
the abscissa are the saturation currents I4,/I,,, for SI2L, where I4, is the saturation
current of the Schottky diode and I, the saturation current of the inverse operated n-p-n.
A saturated p-n-p current source is used both for SI2L and I2L. The voltage swing and
AVpies Of I2L are not indicated in Fig. 28 because those values’(~ 700 mV and ~ 600 mV
respectively) are outside the scale of this figure. Fig. 29 also shows F; = F, =1 and 4,
and fyp eff =2 and 10.

It has been suggested in the literature [12,22] that AV ., would be equal to
(kT/q)InByp eff; this is not true however.

The ground line noise margin AV, is rather small due to the fact that the p-n-p

current sources have their bases connected to ground, which implies that the current

300
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.t 10 102 103 104 105 106
T T T L T T
Ido/Ino
L S2L S
0.5
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Fig. 28. Logic swing and worst-case room temperature static noise margins (simulated) of SI2L and I2L
for the case where Byp eff = 2, Bdown = 100, and F; = F, = 4. The voltage swing and AVeges of 121
(~ 700 mV and ~ 600 mV respectively) are outside the scale of this figure.
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Fig. 29. As Fig. 28, but also for the parameters F; = F, = 1 and 4, and Byp ff =2 and 10.
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+

Fig. 30. Ground line voltage noise in SI2L and 12L (a) and in ISL and STL (b). As SI2L and 12L have a
pn-p current source which is exponentially modulated by 8Vyng, AVgng is much smaller than in ISL
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sources are exponentially modulated by 5Vgnd (see Fig. 30(a)). In ISL and STL this
mod_ulation is not very effective (see Fig. 30(b)), so AVgnd and also AVS“PP‘Y will be
essentially higher for ISL and STL.

For I2L, AVgnd is equal to % (kT/q)lnﬁup ff>» Which is half the value given in [12]
and [22].

The relative parallel current noise margin A#/i increases with increasing voltage
swing to a maximum value of Ai/i = (Byp eff = 1)/Bup et +1)-

No separate computer simulations have been done to determine AV, , because
this value can directly be calculated from A#/i as the power supply is only connected to
the emitter of the p-n-p. Calculation shows that AVmpply ~ (kT/q)In(1 + Ai/f), which is
5 mV for Ai/i= 0.2 for instance.

2.XVL. Dynamic noise margins of logic circuits
. The static noise margins indicate the maximum DC noise amplitudes that can be
withstood by the logic. This means that the noise may be present for an infinitely long
time without bringing gates into the wrong state.
It is very well known that if the noise is present in pulse foﬁn, the noise amplitudes
are allowed to be higher than the static margins, without affecting the proper logic states.
Fig. 31 shows this phenomenon. For very long pulses the situation is quasi-static and the

margins are determined by the static worst-case margins Ag, ..

—

noisemargin (A)

Astatic—————— ———————==

0 ) 0
0 pulselength (T) —» L -
t; t¢

Fig. 31. General behaviour of the dynamic noise margins; amplitudes of noise pulses are allowed to be
higher for short pulse widths. For very long pulses, the situation is quasi-static and the noise margins
will reach their minima.

For short pulses the noise margins increase. The combination of the pulse length
and amplitude now depend also on the switching speed of the gates.
Section 11 gives a first-order explanation as to wat happens in a logic cirucit when

series voltage noise and parallel current noise is applied in pulse-form. During such a pulse
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energy is delivered to or sinked from (= negative delivery) the circuit to bring it into
the wrong state. It appears thdt the energies in these noise pulses are generally different
for series voltage noise sources and parallel current noise sources; it is impossible there-
fore to speak of a typical energy noise margin as a figure of merit. In general, the energy
delivered by a series voltage noise pulse increases with decreasing pulse-width, and the
energy delivered by a parallel current pulse decreases with decreasing pulse width; this has

also been demonstrated with pulsed noise in ISL.

2 XVII. Dynamic noise margins of ISL
Fig. 32 shows four noise sources in an pn-isolated ISL flip-flop (F; = F, = 1) with-
out series resistances. These noise sources have been investigated separately for dynamic

noise margins (the noise sources are not applied simultaneously, but separately).

Fig. 32. Four noise sources in an ISL flip-flop (F; = F, = 1), which are investigated for the dynamic
noise margins. The noise sources are not applied simultaneously.

Fig. 33(a) shows computer simulated dynamic voltage noise margins and relative
current noise margins as a function of pulse width for the four noise sources. Fig. 33(b) l
shows the energy content of the same noise pulses (energy noise margins). Indeed the
energy in the voltage pulses increases with decreasing pulse width and the energy in

current pulses decreases with decreasing pulse widths.
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Fig. 33. Computer-simulated dynamic noise margins (a) and Ydyvna.mic energy noise margins (b) of the ISL
flip-flop of Fig. 32.

2 XVIII. Temperature behaviour of the static noise margins of ISL and STL

When, at room temperature, the voltage swings of ISL and STL are equal, then the
room temperature values of the noise margins of ISL are a little better, due to the fact
that in ISL the superfluous base-current of the saturated n-p-n transistor is sinked to
ground (by the p-n-p transistor), whereas in STL this current has to flow through the
n-p-n transistor. With a temperature increase, however, the noise margins of ISL are very
soon smaller than those of STL, mainly because of the high negative temperature coef-
ficient (— 0.6 mV/°C) of the voltage.swing of ISL (as a first-order approximation the
voltage swing of STL is independent of the temperature). Section 13 gives an analysis
of the voltage swings of ISL and STL, and analytical expressions for the low-current
worst-case static noise margins of ISL and STL. At high current levels series resistances

can no longer be ignored and the noise margins are obtained with computer simulations.
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Fig. 34(a) shows half the voltage swing and the worst-case static ground-line voltage
noise margins of oxide-isolated ISL at 100 pA/gate with F = fan-in = fan-out as para-
meter, as a function of temperature. In this case the noise margin AV for F =4 is
quite low and even negative for temperatures higher than 50°C. Fig. 34(b) shows similar
results but this time with a gate input current of 50 pA and an internal pull-up current

of 50 pA. It is obvious that the noise margins have been increased dramatically; for F = 4
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Fig. 34. Half the voltage swing and the worst-case static ground-line voltage noise margins at 100 pA/gate
of oxide-isolated ISL without internal pull-up current (a) and with internal pull-up current (b), as a
function of temperature, with F = fan-in = fan-out as parameter.
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save operation is now possible up to 200°C. The noise margins of STL are always some-
what better due to the temperature-independent voltage swing, but without pull-up cur-
rent AVgng s is zero at 80°C for oxide-isolated STL at 100 uA/gate; also for STL the
application of an internal pull-up current improves the noise margins (see Section 13).
Thus the application of internal pull-up currents improves the noise margins and decreases

the propagation delay time depending on the fan-in (see Section 2.XI) of ISL and STL.

2.XIX. Applications of ISL

Untl now ‘all ISL applications have been made in a pn-isolated process with a
3 um epitaxial layer and 5 um minimum details.

In appendix A some designs are discussed; a 256 bits shiftregister, a pipeline-
-multiplier, a counterchip (which combines ECL, I2L, ISL and TTL), a custom library
called CCL (= Composite Cell Logic) with as example a FIFO memory controller and a
1200 gate array (8A1200).

Appendix B summarizes the main characteristics and specifications of the 8A1200
gate array.

Oxide-isolated ISL applications such as a high performance gate array, and a
12x12 bit parallel multiplier are in preparation. Samples of both chips are expected in
December 1981.
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3
Devices and Circuits for Bipolar (V)LSI

Abstract — It is shown that bipolar circuits can continue to play an important role in
high-performance LSI and VLSI circuits, because power supply voltages and logic swings
can be minimized independently of transistor dimensions, and because the speed degrada-
tion due to on-chip wiring capacitances is less severe than in MOSFET/MESFET types of
circuit. General performance improvements (in speed and packing density) of logic gates
are obtained by increasing transistor f, and decreasing parasitic capacitances, series resis-
tances and device areas, by using oxide isolation, self-aligned techniques and polysilicon
electrodes. Fast switching diodes (such as Schottky barrier diodes and lateral polydiodes)
improve the flexibility of circuit design. Logic circuits (such as I2L, LS, DTL, ISL, STL,
ECL, and NTL), which already perform in LSI and VLSI circuits or are realistic proposals
for them, are discussed.

3.1 Introduction

Although a clear definition of VLSI is hard to find, the most common opinion is
that pure digital VLSI circuits should have at least 5000 (bipolar) or 10 000 (MOS) gates
per chip. Analog VLSI is much more difficult to define; multifunctionality is here re-
quired, for instance 20 operational amplifiers on a chip. Also combined analog/digital
functions can lead to VLSI chips (analog/digital, digital/analog converters with other
systems). Both digital and analog VLSI will benefit from shrinking dimensions and reduced
current levels. Power supply voltage reduction, however, is much more difficult to realize
in analog circuits, due to high signal-to-noise ratio requirements, which means that large
power supply voltages are needed. This also means that breakdown voltage requirements
are much more stringent in analog circuits than in digital circuits; consequently the
process developments for analog and combined analog/digital IC’s do not always coincide.

As this article is focused on digital VLSI, only digital developments will be dis-
cussed.

Reprinted with permission from Proc. /EEE, vol. 69, no. 7, pp.
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Nowadays most medium-size chip packages do not allow a higher power dissipation
than about 1 W, which means that for most VLSI circuits with more than 5000 gates/chip
the maximum power dissipation per gate has to be smaller than 200 uW. Furthermore,
with maximum chip areas of 25 mm?, packing densities better than 200 gates/mm?2 are
required.

By extrapolating the development of IC technology from 1960 to 1980, forecasts
have been made about the state of the art of silicon VLSI at the end of this century. Such
forecasts envisage logic chips of 30 mm? having 25 000 gates per chip with gate-delay

times of 100 ps, using standard production minimum details of 0.7 um [1]. Memory chips,
according to these predictions, will be much larger (~ 3 ¢m?), containing at least 5x10°
bits/chip and using the same minimum dimensions of 0.7 um [1]. For large memory VLSI
chips > 64 bit) which fit into main-frame memory systems with relaﬁvély long cycle
times (300-800 ns),A the Si MOSFET technology will be the favorite one. For fast
memories (needed in cache-memory structures to bridge the gap between fast processors
and the relatively slow main-frame memories) and for fast logic chips, five technologies
can be considered: Si bipolar, Si MOSFET or MESFET, Si CMOS, Si JFET, and GaAs
MES- or JFET. To make the right choice for a given application, a set of specific require-
ments has to be fulfilled, such as speed, power dissipation, packing density, noise margins,
temperature stability, radiation hardness, sensitivity to power supply variations, costs (the
latter depending on process complexity and yield in a given process), etc.

Section II gives a first-order comparison between bipolar and MOS-type circuits. It
will be shown that the speed degradation in bipolar circuits due to on-chip wiring capaci-
tances is less severe than in MOS/MES — FET types of circuits. In Section III the general

behaviour of switching speed and power-delay product of bipolar circuits is explained.

In Sections IV-VII the processes for n-p-n transistors, p-n-p transistors, Schottky
and polysilicon diodes, and resistors are treated. In Section VIII, logic circuits are given
and a comparison is made. It will be shown that some types of circuits in combination
with the appropriate technology are good candidates for high speed VLSI. _

Whether the bipolar technologies will really become commercially successful as
VLSI technologies not only depends on their technical potentials. For instance reduced
power supply voltages (e.g., 0.8-3.0 V) have to be accepted for system applications.
Further market factors as second-sourcing and accessibility of a technology for custom
design as well as yield cost tradeoffs are very important. These items, however, will not

be included in this technical article.
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3.IL. Comparison Between Bipolar and MOS-Type Circuits

Fig. 1 shows two basic inverter stages of a ring oscillator built with arbitrary
devices. The logic swing is given by AV =Vy — V. The load capacitance C; is the sum
of the junction capacitance Cj, the on-chip wiring capacitance C,,, and a third capacitance.
In the bipolar case this third capacitance is a non-linear one with charge Q =ir,, (where
Ty is the transit-time of the bipolar transistor); in the MOS case this capacitance is the
(linear) gate capacitance C g+ As a very first-order approach, neglecting series resistances,

the propagation delay times are given by

(C!- + Cy)AV
tabipolar ~ i t Ty (1)

(C;,+C,)AV C,AV
~ 1 » } £
tamos & i i . @)

Due to the exponential current/voltage characteristic of the bipolar transistor, the current
in the bipolar case can be increased many decades by changing Vg with some amounts
of (kT/g)ln 10 (=60 mV at room temperature) without increase of transistor size. This
means that the idealized propagation delay time of the bipolar circuit can be minimized
down to 7, by increasing the current level and/or decreasing AV.

In the MOS-case it is much more difficult to increase the current level, due to the
quadratic current/voltage characteristic. The current is increased by increasing the tran-
sistor size, but by doing so, also Cy will increase. The minimum propagation delay time is
calculated in the following way. With V; = V" the output voltage of the inverter has to
be about half the threshold voltage (V/2). This means that AV = V*— V;/2. The driver

transistor, which operates in the triode region, has to draw the current 7, which means

Ve
load .
device é‘l li
VH VL
switchin _ L
| — %

Fig. 1. Two basic inverter stages of a ring oscillator built with arbitrary devices. Cy represents the total
capacitance (logic gate capacitance + on-chip wiring capacitance).
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that (W/L)Bo(V/2)AV =i where W is the transistor width, L the transistor length, and
Ba the gain factor.

Furthermore, B is given by fg =puC,y, where p is the surface mobility and C,
the gate oxide capacitance per unit square. With the above mentioned formulae, and
neglecting velocity saturation, equation (2) is easily transformed to

tamos ~ (W/LC)’; Cu"/ 21{/2 '
ox’T kYT

3)

Equation (3) says that the MOS propagation delay time can be minimized down to
2L2/uV by increasing W (the current level increases linearly with W).

This means that larger transistors than minimum-size transistors have to be used to
obtain this minimum. This measure, however, affects the packing density of the circuits
(which is a disadvantage for VLSI). Further with increasing W, and decreasing packing
density, the length of the interconnect wires will increase and thus C,, is going to increase,
which means that in reality the minimum 2L2/uVT can never be reached [2]. This all
means that the performance of MOS circuits with minimum-size transistors is strongly
affected by wiring capacitances. In GaAs where u is about a factor of 5 higher than in Si
this is still true, but there the speed can be anyhow the same factor of 5 faster.

Another figure of merit is the power-delay product Pt; =iVt . In the bipolar case
Ptyyp, = V'AV(C; +Cy) + V'iry and in the MOS case Pt p05 = VIAV(Cj+ Cy, + Cp).

In scaled Si MOS and CMOS, V' and AV are not allowed, for noise margin reasons, to be
lower than 0.5 and 0.4 V respectively, [3]. In bipolar circuits V},;, can be between 0.8
and 1 V (being Vg plus a voltage drop across the load device), independent on scaling,
while AV,
mum V*AV product is quite independent of the technology (~ 0.2 V2). In large chips

in can be between 150 and 200 mV [4]. This means that eventually the mini-
with dominating C,, the power-delay product would be independent of the technology
when using this minimum V*AV product! .

A comparison of Si bipolar and Si MOS shows that, when the wiring capacitance is
neglected, the Pt; product is smaller for bipolar circuits when using minimum details
>1um [5,6]; furr_hermpre tamin is smaller for bipolars when using minimum details
> 0.5 pm [5,6].

Summarizing it can be said that the advantages of bipolar circuits over MOS circuits
are that: a) optimum speed can be obtained with minimum size transistors, b) smal volt-
age swings are possible (due to the exponential characteristics), resulting in a relative
small speed degradation due to on-<chip wiring capacitances, ¢) V* and AV can be mini-
mized independent of transistor size.

This all means that bipolar circuits can keep an edge in the IC market where ulti-

mate speed performance is required. GaAs MESFET’s can take over a part of the market



share, but this technology is not yet considered as a mature one [7], and if it does reach

maturity its success will dépend on the cost/performance ratio.

3.111. General Behavior of Switching Speed and
Power-delay Product of Bipolar Circuits

In general, the switching speed of bipolar circuits increases (propagation delay time
decreases) when the current per gate is increased. At relatively low current levels the
storage of minority carriers can be disregarded, and the switching speed is determined
only by the capacitances C;, = C; + C,, (junction capacitances + on-chip wiring capaci-
tances). In this case the approximated average propagation delay time t; equals C; AV/i,
where AV is the logic swing and 7 the current per gate. The power-delay product yields
C, V'AV.

Without series resistances the propagation delay time decreases linearly with in-
creasing current, whereas the power-delay product remains constant (see low-current part
of curve A in Fig. 2). At relatively high current levels the storage of minority carriers

starts to play a dominant role. As the storage increases linearly with the current (assuming

*=tdmin
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Fig. 2. General behaviour of the switching speed as a function of current per gate of bipolar circuits.
A: no series resistance(s), constant fr; B: no series resistance(s), decreasing fr; C: as A or B with series
resistance(s); D: as A or B with high series resistance(s); E: as A or B with very high series resistance(s);
F: as D with a higher load capacitance.
Arrow I: less capacitance; Arrow 1I: less minority carrier storage (higher fr).
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that the transition frequency fr of the transistor is constant ), no speed improvement is
possible; t; remains constant (see the high current part of curve A in Fig. 2). Note that
timin is found at a higher power-delay product than the delay times at low—currevntrlevels.

In practical cases fr will decrease with increasing current at sufficiently high-current
levels, which means that ¢, tends to increase with higher currents (see curve B in Fig.2).
So far the ideal case has been considered where series resistances are disregarded. In
practice however series resistances can affect the performance of the logic seriously. If
series resistances are present in paths where switching peak currents have to flow, they
limit these peak currents and consequently the switching speed of the gates is reduced
[8,9]. The most troublesome series resistances are base- and collector-series resistances of
switching transistors and series resistances of Schottky diodes. Depending on the values of
the series resistances, deviations of curve A and B can occur. With very small series resis-
tances the same £g.,;, can be obtained as for curves A and B (see point 1 on curve C in
Fig. 2). At higher currents t; increases strongly because the minority carrier storage
increases, whereas the available current to discharge this charge remains limited by the
series resistances.

With higher series resistances point 1 cannot even be reached because t; already
starts to increase at lower current level (see curve D with ¢ ... at point 2 in Fig. 2).
With very high series resistances t; remains limited by RC-time effects (Rgpe Cy ). long
before minority carrier storage plays 2 role, and increases again as soon as minority
carrier storage is no longer negligible (see curve E with ¢, at point 3 in Fig. 2;remark
that in this case a plateau occurs in the curve).

When C; in a given circuit is increased by adding a relatively large wiring capaci-
tance to the logic gate, £4.,;, can start to be limited by RC-time effects as shown by curve
F in Fig. 2, which has the same series resistances as curve D. Due to the larger capacitance
Cy, the power-delay product is increased, and due to the larger value of Reeges Cry Eamin
is found at point 4, instead of at point 2.

From this information, it can be concluded that the performance of bipolar circuits
is optimized by: a) minimizing V*, AV, and Cy (see arrow I in Fig. 2); b) minimizing the
minority carrier storage by realizing a high f7 for the switching transistors and eliminating
or minimizing saturation effects (see arrow II); ¢) reducing critical series resistances to
acceptably low values.

As already mentioned in Section 11, the VAV product can be minimized to about
0.2 V2, independent of the feature sizes in the process. Junction and dielectric capaci-
tances can be decreased by scaling the process to smaller dimensions. The transition fre-
quencies of the transistors can be increased by making shallower layers and steeper
doping profiles [10]. In scaling down, physical limitations such as punchthrough and base-

-stretching (Kirk effect) must be avoided by increasing the base and collector doping
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respectively, as base width and the current density increases [8]. This processes can con-
tinue until other limitations such as contact resistance, tunneling, or base doping fluctua-

tions [11] are encountered [8,12]. Further, unless higher base dope levels are used, tran-
sistor base series resistances may increase when shallower junctions are used, which means

that a tradeoff between forward current gain and base series resistance. has to be made.
Also, due to smaller dimensions, the current densities tend to increase, causing transistors
to go into high injection at lower current levels, which affects f. This, therefore, means
that it is impossible to give the best combination of measures beforehand, because many
tradeoffs can be made, depending on the type of logic circuits and the type of specific
technology used.

In the following sections it will be shown how process modifications can improve
the performance of n-p-n transistors, p-n-p transistors, Schottky diodes, polysilicon

diodes, and resistors.

3.IV. The n-pn Transistors
A. SBC, CDT, and 3D Processes .

Since the early 1960’ integrated circuits have been made with p-n isolation, either
with or without the application of an epitaxial layer.

The process most commonly used has been the standard buried collector (SBC)
process, which uses an n* buried layer to reduce the collector series resistance, an n-epitaxial
layer and a p* isolation diffusion (Fig. 3(a)).

B E C oxide

p+

(a)

(c)

Fig. 3. Cross-sections of three junction-isolated processes. (a) Standard buried collector (SBC) process.
(b) Collector diffused isolation (CDI) process. (c) Tripple diffused (3D) process.
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Another process, called collector diffused isolation (CDI), uses a p-epitaxial layer
and an n” isolation diffusion which also provides the contact to the buried layer. The base,
which is relatively thick, is formed by the epitaxial layer (Fig. 3(b)) [13,14]. To obtain
an epilayer thickness independent base-width, the dope level of the epilayer can be de-
creased and an extra base-diffusion can be applied.

By application of an accurate ion implantation for the n-collector well, n-p-n tran-
sistors can be made directly in a p-substrate in a process called triple-diffused (3D) [15] or
also called guard-ring isolated monolithic IC (GIMIC-O) [16], see Fig. 3(c). Due to its sim-

plicity this process has a high yield and relatively low manufacturing costs.

B. VLSI Process Requirements

Although the aforementioned technologies are used in MSI and some LSI circuits,
the areas of the transistors are not small enough for the packing densities needed in VLSI
circuits. Also the junction capacitances are rather high due to the relatively large areas,
and some transistors suffer from either a low f (CDI) or large collector series resistance
(3D); this makes that neither a small power—dcl:iy product nor a small tg,;, can be ob-
tained with these technologies. '

Several processes have been developed to obtain the required properties for high-
-speed LSI and VLSI. These properties are: small active transistors areas (for packing
density and reduction of capacitances), shallow layers and diffusions and steep doping
profiles (to obtain high f7) and small series resistances.

Most efforts are directed to the following:

a) minimizing the emitter area to reduce Cj, and the base series resistance Rp’, (a
very narrow emitter stripe is the most effective one, because of the current crowding
effect);

b) placing the base contact as close as possible to the emitter, to reduce the size of the
base area (reduction of Cp,) and to reduce R,,;’;

c) applicatdon of oxide isolation to obtain walled emitters and walled base a'rcas, .
which means that Cj,, Cj., and the collector substrate capacitances are reduced
(furthermore, oxide isolation provides the possibility to make small-area walled
pn-p transistors and JFET’s instead of the area-consuming ring-p-n-p and ring-

-JFET transistors which have to be made in p-n-p isolated processes).

C. Oxide Isolation Processes

Oxide isolation can be obtained by different means. The best known technique
uses the mask properties of Si;N4 to obtain local oxidations. The technique has been
described by several authors, using different acronyms: LOCOS [17,18]; Isoplanar [19,20,
21]; OXIM [22]; Planox [23]; OXIS [24]; and ISAC [25].



The processes use either n-type or a p-type epitaxial layers and are well established.
Production yields are reasonable high and small transistor sizes are obtained with thin
epitaxial layers and small dimensions. These processes will be the standard in the 1980’s.

When the epilayer is too thick > 1.5 um) for oxide isolation, a combination of
oxide isolation and p-n isolation can be made called recessed oxide isolation (ROI) [26,27].

Fig. 4 shows a part of the LOCOS process sequence. After implantation and oxida-
tion of the walled base area (the base-mask overlaps the thick oxide), contact holes are
made with a composite mask, containing the base contact, the collector contact, and the
emitter area which is usually walled at two sides. After covering the base contact with
photoresist (with an extra noncritical mask), an arsenic ion implant is done to form the
washed emitter and the collector contact. As the base contact to emitter contact distance
is not influenced by an alignment procedure, this distance can be minimized to the mini-
mum metal spacing. For this reason the area of the transistor can be relatively small and

the base series resistance is minimized.

LOCOS, ISOPLANAR, OXIS, ISAC
with composite masking

regéégt*l*l“l”ll””‘@

(b)

(c)

Fig. 4. Part of process sequence of an oxide isolated process. (a) Base formation. (b) Contact holes for
base contact, emitter, and collector contact plus laquer coverage of base contact plus arsenic ion implant.
(c) Removing laquer plus stripping of thin oxide for washed emitters.
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With a thin epitaxial layer and small minimum dimensions, small-area high-
-performance transistors are made with fr’s between 3 and 5 GHz. Table I compares
transistors made in the SBC process with 3-um epitaxial layer and 5-um minimum details,
and in a typical LOCOS process with 1.2-um epitaxial layer and 3-pm minimum details.
Both transistors have a single base contact. The packing density of the LOCOS transistors

is a factor three higher than of the SBC transistors. All capacitances and resistances of the

SBC LOCOS
3pm epi 1.2 pm epi
Sum min.details | 3 pm min. details
area [pm2] |- 1500 500
Che [pF ] A .07
Che [pF] A2 .05
Ces [pFI - 52 A3
Rpp [a] 250 800
Re [al . 6 9
Re  I[al 40 20
fr [GHz | 1 3-5
TABLE I

Comparison of Transistors Made in the SBC Process with 3 um Epitaxial Layer and 5 um Minimum
Dimensions, and in a Typical Oxide Isolated Process with 1.2 um Epitaxial Layer and 3 um Minimum
Details.

LOCOS transistors are smaller, except for the base-series resistance, which is larger, due
to the more shallow base. Very often the extrinsic base area is provided with an extra
boron dope to reduce R,;" (base boost). Also a double-base contact can be applied to re-
duce Rp," with a factor of 2 to 4; this of course increases the transistor size. A non-
-walled transistor (which is larger in size) will also have a lower Ry’ [28].

A type of transistor isolation which has not gained very wide acceptance is the
Polyplanar process [29] or IOP (isolation by oxide and polysilicon) process [30], usés
V-grooves (obtained by anisotropic etching) which are oxidized and backfilled with poly-
silicon. Some improvements in transistor size and in reduction of sidewall capacitances

are obtained.
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D. Polysilicon Processes

The introduction of polysilicon in bipolar processes has opened up a number of
new ways to improve both packing density and/or the performance of the transistors. In
most cases the processes are much more complicated than the standard oxide isolated
processes, which means that production yields will be relatively low; however, the yields
may improve when the experience with polysilicon increases in the future.

An example is a process called elevated electrode integrated circuits (E21C) where
As-doped polysilicon is used for the emitter diffusion source as well as for the elevated
emitter and collector electrodes as shown in Fig. 5(a) [31]. The polysilicon is processed
to form an overhanging edge; consequently, the evaporated metal on the rooftop of
polysilicon is isolated from the metal on the lower ground level. This means that the
separation between base and emitter electrodes is self-aligned and less than 0.4 um. The
lateral gap between electrodes from the top view is apparently zero. The process features
an emitter size of 3x4 pm?, together with a base area of 64 um?2, Rpp' =111 Q, and
fr=7GHz [31]. '

Another recently publisl;ed process [32] has the same aim as Ele, but tries to
achieve it by a more direct method. Here too the emitter is out-diffused from As-doped

polysilicon, but the metal contact to the emitter is not directly on top of the structure;

Si-oxide + Si-nitride

oxide :
As doped poly-Si
B h C
ox = ox | ox
G )
p-.
(b}

Fig. 5. (a) Cross-section of the E2IC process. (b) Cross-section of the self-aligned preferential-oxide-etch
polyprocess.
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a piece of lateral polysilicon remains between the emitter and metal contact (see Fig. 5(b)).

By oxidation of the polysilicon and by doing a selective etch it is possible to
remove the oxide on the transistor base area while maintaining the oxide on the poly-
silicon. Metal can now be deposited which contacts the base and which is isolated from
the emitter. In this manner, the base contact is self-aligned to the emitter.

Base emitter self-aligned technology (BEST) is another process that can be used to
make the base area and the distance from base contact to emitter smaller than determined
by the metal spacing on top of the structure (Fig. 6(2)) [33]. In this process, which starts

with an n-epilayer and non-doped polysilicon, two boron and one arsenic implants and

[BEST] B E c

Fig. 6. (a) Cross-section of the BEST process. (b) Crosssection of the APSA process.

diffusions through the polysilicon are done successively to achieve the intrinsic base, base-
-contact and emitter, respectively. Although the transistor size can be very small, some
extra base series resistance has to be accepted due to series resistance in the boron-doped
polysilicon. The extra resistance makes this process unsuitable for very high speed.

The resistors are simultaneously made with the boron-doped polysilicon; this gives
a reduction of parasitic capacitances and of the distance between resistors.

A poly-self-aligned process (PSA) is quite similar to BEST except for the fact that
the polysilicon electrodes and interconnections are alloyed with platinum to reduce the
sheet resistivity to 3 /0 [34]. The most advanced type of this process, called advanced

PSA (APSA) uses two layers of polysilicon, allowing for small emitters with close base
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contacts and overlapping electrodes (Fig. 6(b)) [35]. Emitters 1 um wide are made by
using fine lithography and Si; N4 masking. Transistors have been fabricated with 2 1x 3 um?
emitter area, and a base area of 42 um?, Cp. = 13 fF, Cp, = 22 {F, C = 110 fF, and
Ry’ =367 Q.

E. Influence of Polysilicon on the Emitter

Having the emitter covered with polysilicon has advantages in processes where
silicide Schottky diodes are made as well and where the silicide step is maskless in all the
contact holes. In that case the silicon-consuming silicide step does not consume n*-mono-
crystalline silicon from the emitter region, which means that the emitter Gummel number
and consequently the current gain of the transistor are not affected. When a very thin
layer of SiO, is present between the polysilicon and the n™-emitter, the emitter Gummel
number is increased, which means that the transistor current gain is increased [36,37,38].
A selectively grown epitaxial layer on top of the emitter can also provide the same effect
[39]. In this way the base thickness may be increased if the higher current gain is hot

wanted; in that case Ry, is reduced (at the expense of a somewhat lower fr).

UPDIFF B C oxide
n p+ ? n 5 p+
{a) p
n+ E

(b)

Fig. 7. (a) Cross-section of the inverse-operated up-diffused n-p-n transistor. (b) Cross-section of the
short-channel vertically normally-off n-channel JFET (BSIT).

F. Up-Diffused Base Processes
In some logic circuits, such as I2L, n-p-n transistors are used in the reverse mode,
the buried layer operating as the emitter. To obtain a steep emitter-base diffusion profile

and a base width that is nearly independent of the thickness of the epilayer an up-diffused
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technology has been developed in which B and Sb are implanted prior to the growth of
the epilayer. During n-epi growth and subsequent high-temperature processing the p-type
boron up-diffuses in the n-epi film at a rate faster than that of the n* buried layer dopant,
creating a vertical n-p-n with a heavily doped n* emitter, a sharply graded p-base region
(Wg ~ 0.3 um) and a lightly doped collector region (Fig. 7(a)) [40]. Ohmic contact to
the buried p-base and definition of the n-epi collector area is then obtained by diffusing a

p” annular ring down through the n-epi to touch the up-diffused base. Oxide isolation

can be combined with this technology [41].
Although these processes show attractive electrical features, the yield and repro-

ducibility is not proven at this moment.

G. Short-Channel JFET Transistors (SIT)

A transistor structure called static induction transistor (SIT), which is in fact a
shortchannel vertical JFET, is made on a2 low-doped epitaxial layer (Np =1013-10%cm3 ),
which means that for channel widths in the um region the channel is pinched-off in the
nonbiased condition, resulting in a normally-off transistor [42,43,44]; see Fig. 7(b).

For small forward biased base-emitter (gate-source) voltages a punchthrough
current flows from emitter (source) to collector (drain) [45,46]. Due to its highly two-
-dimensional behaviour, the internal voltage barrier (which determines the punchthrough
current [47]), is modulated by both V, and V. Thei, - V}, characteristicis exponential
with a non-ideality factor which is fundamentally larger than one [45,46]; this means that
in the low-current region the transistor behaves like a bipolar transistor, but with a lower
transconductance than a normal bipolar transistor. At higher current levels the depletion
layers withdraw and an n-channel JFET current flows from emitter to collector. The
injection of holes further causes conductivity modulation, providing a highly conductive
channel; in that case the minority carrier storage will affect the f considerably.

Due to the high influence of V, on the collector current, the output conductance
of the SIT transistor is very poor compared with a real bipolar transistor. .

It has been shown [43,45,46], that the current through the SIT device is very
sensitive to lateral dimensions, which makes it doubtful whether the SIT transistor is a
reliable device for VLSI.

3.V. p-n-p Transistors
The p-n-p transistors are mostly used as load devices for n-p-n switching transistors,

and have to be made in n-p-n compatible processes.

A. Lateral p-n-p Transistor Types

In most cases a lateral p-n-p device is made using the n-p-n-compatible shallow
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p-diffusion (n-p-n-base) for emitter and collector, while the n-epilayer provides the p-n-p
base. The thickness of the p-n-p base is mask-determined and also dependent on lateral
out-diffusion of boron, which owing to process variations, makes it difficult to make
reliable basewidths below 0.5 um. Further hole injection from the p-emitter area is also
downwards into the epilayer, which means extra storage of minority. carriers; and when
holes diffuse through the buried layer a loss current flows to the substrate (parasitic
vertical p-n-p). This all means that the f of the lateral p-n-p is low and that the current
gain is rather limited. Further the transisitor will go into high injection at relatively low-
-current levels owing to the low-doped epilayer. With oxide isolation a walled structure
can be achieved in processes where the channel-stop diffusion under the thick oxide does
not make a short circuit between collector and emitter.

When using a p-type epitaxial layer a submicrometer base-width can be obtained by
doing a double diffusion (phosphorous first, then boron) through the same contact
opening [48,49]. Details of the reliability of this last method have not yet been published.

B. Vertical p-n-p Transistor Types

Vertical p-n-p transistors can have much better properties than the lateral type. In
the n-p-ncompatible processes with thin epilayers a relatively fast vertical p-n-p is ob-
tained between the shallow p diffusion and p substrate, when the n* buried layer is not

inserted at this point. However, as the substrate has to be connected to a fixed voltage,

[SBIZ] I B c %

Fig. 8. (a) Cross-section of a vertical inverse-operated p-n-p switching transistor used in Schottky base
12L. (b) Cross=section of a vertical inverse-operated p-n-m transistor, which is a p-n-p transistor with a
Schottky diode as collector. (¢) Cross-section of a lateral polysilicon diode.
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such a p-n-p can only be used as an emitter follower (with the substrate as collector) or

as an p-n-pclamp device (for instance in ISL [50]).

C. Reverse Operated Vertical p-n-p Transistor Types

Sometimes, reverse operated vertical p-n-p transistors are used as the basic switch-
ing transistors in logic circuits. This has been demonstrated in an experimental 2L
process, called Schottky base 121, where the load device is a lateral n-p-n (fig. 8(a)) [51].

The fr of vertical p-n-p’s will be lower, however, than the fr of vertical n-p-n’s
because of the lower mobility of holes in the p-n-p base. .

A special type of reverse-operated p-n-p uses a Schottky diode as collector area of
the transistor [52,53]. This type of transistor is also called p-n-m (where m stands for
metal). Fig. 8(b) shows such a transistor; the advantage is that the transistor is automat-
ically Schottky clamped. 1t has been shown that the p-n-m can be made in a vertical n-p-n-
-compatible process with an extra up-diffused p” region [53]; if no yield problems arise,

this p-n-m transistor can be attractive in some type of circuits.

3.V Schottky Diodes and Polysilicon Diodes
Diodes are used either to keep transistors out of saturation (clamping) or for logic
functions. For speed, the switching time has to be small (small junction capacitance and
low amount of minority carrier storage); for packing density the area has to be small.
For clamping the Schottky barrier diode only is suitable (due to the low forward voltage),

while for logic functions both Schottky diodes and polysilicon diodes can be used.

A. Schottky Barrier Diodes

Schottky barrier diodes are made by applying metal directly on top of n-doped
silicon. When using homogéneously doped epilayers, the doping of the epilayer has to be
sufficiently low to prevent the barrier from being penetrated by tunneling electrons; in
practice, this limits the doping to less than about 1017cm™3 [54]. Different Schottky
barrier heights can be used for different purposes and can be achieved by using different
metals and/or by doing a barrier-lowering shallow n* jon implant just underneath the
Schottky diode [55,56,57]. Because of the concentration of electric field lines near the
corners, the reverse breakdown voltage of a Schottky diode is not an abrupt function of
voltage and occurs at a relatively low bias. Several techniques, such as the use of diffused
guard rings or field plates, have been developed to improve the reverse characteristics.
Because they often complicate the circuit processing, and they consume extra area, these
techniques are avoided unless especially needed. Self-aligned guard rings have been re-
ported [58], but at the expense of a more complicated process.

Aluminium, which is mostly used for the wiring on the chip, can also be used to
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form Schottky diodes (with a barrier height of 0.7 eV), but reproducibility problems
often arise, especially in the case of diodes without guard ring. More reproducable
Schottky diodes are made with a platinum-nickel compound Ni,.P;_,. that forms a silicide
layer with the silicon underneath. By changing the nickel-platinum ratio, barrier heights
between 0.64 eV (for 100-percent Ni) to 0.84 eV (for 100-percent Pt) can be obtained
[59]. Titanium and tungsten can be used to obtain diodes with much lower barrier heights
(0.53 and 0.59 eV, respectively).

B. Lateral Polysilicon Diodes

Lateral polysilicon diodes can be fabricated on top of the oxide (Fig. 8(c)). With
narrow polysilicon lines, active areas of a few square micrometers can easily be realized.
For clamping of bipolar transistors the forward voltages of these diodes are generally too
high; because the exponential current increase with bias voltage is slower than in bipolar
transistors (exp(qV/2kT) instead of exp(gV/kT)) [60-62]. However, the switching times
are very short due to the short lifetimes of minority carriers. Therefore this type of diode

can be used as a logic switching diode very well [34].

3.VIL Resistors

A. Diffused and Ion-implanted Resistors

For low ohmic resistors the diffusions for the base and emitter of the n-p-n tran-
sistor can be used. High-value resistors are often made with an extra shallow ion implant
step. Using the last method, reproducible sheet resistances up to 20 k€2 + 10 percent per
square are possible (p-ion implant in n-epilayer). The higher the sheet resistance the less
accurate and reproducible the resistance will be, due to: variation in the doping of the
epilayer, spread in the ion implantation, spread in oxide charge in the oxide layer on
top of the resistor (this can cause a depletion or enhancement layer at the oxide inter-
face), and influence of potentals applied to metal lines which cross such a resistor. The
highest resistor values are limited by the fact that the p-ion implant must overdope the

n-epilayer at least with a factor of 2.

B. Polysilicon Resistors

A way to achieve high ohmic resistors is to make them with doped polysilicon on
top of the oxide. Undoped layers may reach a specific sheet resistivity of 108  per
square, but are generally not reproducible. The sheet resistance is reduced by doping the
polysilicon. As the resistivity strongly depends on the doping level (the sheet resistance
decreases more than linear with the dope level) and grain size of the polysilicon, the re-
producibility of the resistors remains poor, which means that polysilicon resistors can be
used only in circuits where high resistance variations are tolerated.

The temperature coefficient of these resistors is rather high and, in contrast to im-
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planted resistors in crystalline silicon, it may be negative. A description of the conduction
mechanism underlying the complex behaviour has been given [63].

At the cost of higher processing complexity, polysilicon resistors make it possible
to construct high-value small-area loads, and do generally offer additional area reduction
in bipolar technology as compared with the shallow ion-implanted resistors. In processes
where polysilicon electrodes to the transistors are made (BEST, APSA, etc.) these resis-

tors fit very well.

3.VIIL Logic Circuits )

Many types of logic circuits exist which are already performing in, or are realistic
proposals for LSI and VLSI circuits. Since an extensive treatment of all circuits would be
impossible within the limited scope of this article, only the most important ones will be
discussed. These are LS, I2L, STL, ISL, DTL, ECL, and NTL.

The state-of-the-art of these circuits in their optimized technologies will be dis-
cussed.

At the end of this section the performance (¢4, P, Pt;, and packing density) of the
most important circuits will be compared and it will be checked which circuit/technology
combinatons fulfil the VLSI requirements: P < 200 uW and packing density > 200 gates/
mm?2.

Other circuits as bipolar (E)(P)ROM and (F)PLA circuits play a considerable role
in LSI circuits where system transparency and turn-around time are important items;
these circuits, however, may not provide optimal speed and optimal packing density and

are not considered as real VLSI candidates and therefore not treated in this article.

A. Low-Power Schottky (LS) TTL

For LSI circuits the optimum packing density is required, and, therefore, the
simplest unbuffered low-power Schottky (LS) TTL gate is used for internal chip gates,
whereas the output interface circuits are buffered with the more powerful totempole
circuit [64]. Fig. 9 shows a simple LS gate (two-input NAND); the circuit requires two
collector islalnds, whereas the resistors can be placed in a common island. Both transistors
are Schottky clamped; the voltage swing at the input is about 600 mV. Using an SBC
process with 3-um epilayer and 5-um minimum dimensions, typical gate delays are 4 ns
at 5 mW/gate (Pt; =20 pJ) and 7 ns at 2 mW/gate (14 pJ) with V- =5 V; packing den-
sities of about 40 gates/mm? can be realized. Using the Isoplanar II process with 34 mini-

mum dimensions subnanosecond gate delays have been measured [65].

B. Integrated Injection Logic (I°L)

The standard cell, suitable for wired AND logic, is made with a muldcollector
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(low-power Schottky TTL)

Fig. 9. Circuit diagram of a two-input non-buffered low-power Schottky TTL circuit.
]

inverse-operated n-p-n transistor, using a saturated lateral p-n-p transistor as a load device
(Fig. 10(a)) [66,67]. In the SBC process a n” isolation diffusion between the inverse-operated
n-p-n transistors is convenient to increase their current gain. The.power supply voltage is
0.8-1.0 V and the logic swing is about 700 mV. The packing density of 1L is the best
of all bipolar logics due to the compact structure which does not need the conventional
p isolation. The speed, however, is relatively low, because of the low f of the inverse-
-operated n-p-n [68]. By reducing the thickness of the epilayer, the storage of minority
carriers (holes) is reduced, which improves the speed. With a 2-um epilayer and 5-um

v+

self -aligned preferential oxide-etch process
(b)

Fig. 10. (a) Circuit diagram of 12L. (b) A cross-section of I12L made in the self-aligned preferential-oxide-
-etch polysilicon process.
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minimum details £;.,: is 20 ns at 100 pA/gate (1.4 p]J), featuring packing densities of
150 gates/mm? [69]. By using oxide isolation and scaling of the dimensions the results
can be improved. With a 1.0-um epilayer and 0.9-um details ¢,,;, is 3 ns at 200 uA/gate
(0.5 pJ) [70]. Although the packing density in this case is very high (up to 1000 gates/
mm?), the speed is still relatively low.

A real improvement is obtained by using the self-aligned polyprocess [32], see Fig.
10 (b). Due to the self-aligned base contacts, the base area of the multicollector n-p-n can
be much smaller, which improves the f. of the inverse n-p-n. The extrinsic base regions
between n* collectors are stitched together with a metal overlay, reducing series resis-
tances in the length directon of the gate, eliminating the difference in switching times
between the first and last collector. For a fanout of 3, with 2.5-um design rules, 2L cir-
cuits of this type show 0.8 ns gate delays at about 100 pA/gate (~ 0.1 pJ) [32].

In another approach to 12L the multicollector inverse-operated n-p-n is replaced
by a multicollector inverse-operated static induction transistor (BSIT). With such a struc-

ture tgmin = 3.5 ns at 300 pA/gate is achieved [70].

C. Schottky Transistor Logic (STL)

Fig. 11(a) shows the circuit diagram of STL [52,72]. The gate is quite similar to
12L; single-input multiple-output for wired-AND logic. The n-p-n transistor is normally
operated and clamped by a Pt Schottky diode. A voltage swing of about 200 mV is ob-
tained either by using Ti Schottky diodes for the output diodes [73], or Pt Schottky
diodes with a barrier-heightreducing shallow ion implant. Using oxide isolation and
3.8-um minimum dimensions ¢g,;, is 0.8 ns at 400 pA/gate (0.64 pJ, when Ve =2V)
has been measured. Even higher speeds have been measured for voltage swings as low as
125 mV, but the safety margins of these circuits may be too low in real circuits, owing
to a limited noise margin [4]. Due to the separated load device (resistor or p-n-p in a
separate island) the packing density is lower than that of 12L; however packing densities
of 250 gates/mm? can be obtained. A problem in STL can be that leakage currents

through the lower barrier Schottky diodes affect the noise margin of the circuit.

D. Integrated Schottky Logic (ISL)

In standard bipolar technology (SBC), ISL has been developed to bridge the gap
between 12L (which has VLSI capabilities, but not a very high speed) and low-power
Schottky TTL (which features a good speed but consumes too much power). The circuit
is similar to STL except for the clamp diode which is replaced by a combined vertical/
lateral p-n-p clamp transistor (see Fig. 11(b) and (c)) [50,74,75]. 1t has been shown that
for the same epilayer thickness and the same minimum dimensions ISL is a factor of 5 to
10 faster than I2L [74]. With an epilayer thickness of 3-um and minimum details of 5-um
t4min = 2.7 ns is obtained at 200 uA/gate and Vo =2 V (1.2 pJ). The packing density is
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out

Fig. 11. (a) Circuit diagram of STL. (b) Circuit diagram of ISL. (c) A cross-section of an ISL gateina
"p-n isolated process.

about 80 gates/mm?. Only one type of Schottky diode is needed in this process. To ob-
tain a voltage swing of 200 mV, PtNi-silicide Schottky diodes (60 percent Pt, 40 percent
Ni) are used with a Schottky barrier height of 0.78 V. The minimum propagation delay
time depends heavily on the storage of minority carriers in the base of the p-n-p. By
applying a thinner epilayer and oxide isolation, the slow lateral p-n-p can be eliminated,
which improves the speed considerably. With epilayers thinner than 1.5 pm the storage of
active charge in the vertical p-n-p will be much smaller than the charge in the junction
capacitances, which makes ISL nearly as fast as STL.

Delay times of 0.7 ns at 200 uA/gate and 1 ns at 100 uA/gate have been measured
in an oxide isolated process with 1.2 um epi and 3 um minimum dimensions, featuring
a packing density of about 250 gates/mm? [76]. Even oxide isolated ISL with 1.25 gm
minimum details has been demonstrated [77].

In another approach to ISL, the p-n-p transistor is replaced by a static inducton
transistor (BSIT); with this structure t;.,;, = 2.5 ns has been measured at 400 uW/gate
[71].
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E. Diode Transistor Logic (DTL)

Fig. 12 shows the simplest form of DTL, which is very similar to LS, except that
the input devices are diodes (instead of a multi-emitter transistor) and that an extra level-
-shift diode plus an extra resistor to ground is used. The input and level-shift diodes may
be Schottky diodes, but in that case the packing density would be low, because each
Schottky diode has to be placed in a separate island. By using lateral polysilicon diodes
in the PSA or APSA process, the occupied area of the diodes is very small; also the

junction capacitances to ground are minimized with these ‘devices. DTL with polysilicon

+

Vv

Fig. 12. Circuit diagram of of DTL. The input diodes and level-shift diodes can be either Schottky diodes
or lateral polysilicon diodes.

diodes has been realized in the PSA process with 3-4 um minimum details featuring
tgmin = 1.6 ns at 0.5 mW/gate (0.8 pJ), and a packing density of 400 gates/mm? . As all
diodes and resistors are formed in the polysilicon layer, only the transistors are made in

the crystalline silicon, resulting in very high packing densities [34].

F. Emitter Coupled Logic (ECL)

This type of logic, also called current mode logic (CML) is a non-saturated circuit,
which means that no clamping devices are needed; Fig. 13(a) shows the basic diagram.
The voltage swing of this logic is 200-700 mV. The circuit can be very fast when transis-
tors with a high fp are used; in that case the speed is determined by RC times [8,9],
which means that reducton of junction capacitances and series resistances directly im-
proves the performance of ECL. Although the packing density of ECL is relatively low
(because of the large number of components), the logic is more powerful than other cir-
cuits, because the inverted output signal is available. This means that the effective packing

density of ECL is about 1.4 times the real density. Another feature is that gates can be
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Fig. 13. (a) Circuit diagram of ECL. (b) Circuit diagram of NTL.

stacked, using the same current source (current routing). Using oxide isolation, pro-
pagation delay times of 0.5 ns have been achieved at 3 mW/gate (1.5 pJ) [25]; also delay
times of 0.35 ns at 2.2 mW (1.3 p]J) have been reported (78]. The effective packing den-
sities are about 150 gates/mm?.

With the BEST process t; = 0.65 ns at 0.6 mW/gate (0.39 pJ) is achieved [33] and
with the APSA process t; =0.29 ns at 1.48 mW/gate (0.43 pJ) is reported, with packing
density of about 200 gates/mm? [35]. This means that ECL belongs to the fastest type
of logic, however, at the expense of a larger power dissipation. By decreasing the current
level a speed degradation occurs, but still very attractive propagation delay times of
1-2 ns can be realized at 200 uW/gate.

G. Non-Threshold Logic (NTL)

NTL is also a non-saturated logic which operates with two resistors with a small
resistance ratio (R2/R1 ~ 1.5); see Fig. 13(b). The resistor R1 is shunted with a speed-up
capacitance [79]. The packing density is about the same as for ECL; the speed can be
even higher at the expense of smaller noise margins. In a junction-isolated process
t;=0.4 ns with Pt; =8 pJ has been obtained [80]; in the E2CL process ty; = 0.085 ns
has been measured with a power delay product Pt; =0.19 pJ [31].
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H. Circuit/Technology Combinations Comparison

To obtain some relevant trends, for the most important circuits, a rough compar-
ison is setup in Table II for three types of processes; SBC, LOCOS and PSA with
3 um/5 pm, 1-1.5 pm/3 pm and 2 pm/3 pum epithickness/minimum-dimensions combina-

tions, respectively. For I12L also an experimental process with 0.9 um min. dimensions,

SBC LOCOS PSA fd P Ptq Packing
3/5 1-15/3 2/3 [ns ] [mW] [pJ] density
[gates /mm2]
VLSI requirements — <,2 > 200
LS 7 2 14 40
LS 3 1 3 100
DTL 1.6 5 .8 400
2L 20 .07 1.4 150
2L 5 15 .8 300
L 119 3 15 5 1000
2L 1725 .8 a2 A 500
exp. Poly
process
STIL S RA W24
250
" 1 .2 2
ISL 3 A 1.2 80
ISL 6 A 24
}» 250
LR} 1 02 .2
ECL .35 2.2 1.3
} 150 eff.
i 2 .2 A
ECL .29 1.5 .5
200 eff.
’e 1 .2 2
TABLE Il

Circuit/Technology Combinations Comparison for Three Types of Processes: SBC, LOCOS and PSA
with 3 um/5 pm, 1-1.5 um/3 pm and 2 um/3 um Epilayer/Min. - Details Combinations Respectively.
Also Two Experimental 12L Processes are Listed: a 1/0.9 Oxide Isolation Process and a 1/2.5 Oxide
Isolated Self-Aligned Polyprocess. Figures Which Meet the VLSI Requirements are Printed in Bold
Figures.
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and an experimental self-aligned polyprocess [32] with 2.5-um deéign rules are listed.

Most figures can be found in the literature; when published figures belong to other
processes then listed in the table, an estimated adaptation has been done.

When figures meet the VLSI requirements, they are printed in bold figures. The
most important conclusion from Table II is that the following circuit/technology com-
binations meet the VLSI requirements: DTL in PSA when operated at a lower power
level than listed in the table, ECL in PSA at 200 uW power level, 2L in LOCOS, STL in
LOCOS at 200 uW power level, ISL in LOCOS at 200 uW power level. 12L has the best
packing density but the lowest speed (except for the experimental self-aligned poly-
process). ECL, STL and ISL have the same speed (~ 1 ns) at 200 uW; STL and ISL have
a better packing density.

3.IX. Conclusions

It has been shown that bipolar circuits can continue to play an important role in
high performance (fast) LSI and VLSI circuits, due to the facts that power supply volt-
ages and logic swings can be minimized independent of transistor dimensions, and that
the speed degradation due to on-chip wiring capacitances is less severe than in MOSFET/
MESFET types of circuits. General performance improvements (in speed and packing
density) of logic gates are obtained by increasing transistor fr, and decreasing parasitic
capacitances, series resistances and device sizes, by the introduction of oxide isolation,
self-aligned techniques and polysilicon electrodes. Fast switching diodes like Schottky
barrier diodes and lateral polydiodes improve the flexibility of circuit design. In the
choice of circuit type for a given set of minimum details, a trade-off has to be made
between speed, power dissipation and packing density.

VLSI requirements can be fulfilled by DTL, I2L, ECL, STL and ISL, using oxide
isolated or polyelectrode processes with 3-um details. I2L has the best packing density,
but a relatively low speed. ECL, STL and ISL fulfil the VLSI requirements by limiting
the power dissipation at 200 uW; in that case all these three circuits will have a pro-
pagation delay time of about 1 ns (STL and ISL, however, have a better packing density
than ECL). Improvements, both in speed and packing density can be expected when in

the future the processes are further scaled and smaller minimum dimensions are possible.
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4
ISL, A Fast and Dense Low-Power Logic, Made in
a Standard Schottky Process

Abstract — Integrated Schottky logic (ISL) is a new 200 mV voltage-swing LSI logic that
can be made in standard Schottky processes with a double-layer metallization. It fills the
gap between low-power Schottky TTL and I2L for those circuits where low-power
Schottky TTL consumes too much power and takes up too much chip area, and when
12L does not attain the required speed. An ISL gate consists of a current source, a nor-
mally operated n-p-n transistor with a merged p-n-p tramsistor, and a set of Schottky out-
put diodes (wired AND gate). The merged p-n-p transistor clamps the n-p-n transistor and
prevents the n-p-n from going too deeply into saturation. Minimum: propagation delay
times of 2.7 ns at 200 uA/gate are obtained, with a speed-power product of 1.2 pJ. The
packing density of ISL is 120 to 180 gates/mmZ. Notwithstanding the small voltage
swing, the noise margins of ISL are in most cases better than the noise margins of 12L.
The logic can be combined with ECL, I2L, and TTL on the same chip, and can also be
made in analog processes. Proposals are given on how to make ISL in advanced oxide

isolated processes in which propagation delay times below 1 ns can be obtained.

4.1. Introduction

A gap exists between low-power Schottky TTL (LS) and integrated injection logic
(IZL), both of which are commercial circuits that can be made in standard processes with
a high production yield.

Though I2L has the advantages of high packing density and low power consump-
tion, it cannot attain the speeds desirable for many applications. Low-power Schottky
TTL, on the other hand, features good speed but consumes too much power and takes up
too much chip area for LSI.

The wish to fill this gap with a new logic that can also be made in a standard process
has led to the invention of integrated Schottky logic (ISL) [1,2].

A predecessor of ISL was a proposal named Schottky-diistor logic [3], consisting

of a current source, an n-p-n transistor, and a set of Schottky diodes (see Fig. 1). Later,
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the name of this logic was changed to Schottky coupled transistor logic (SCTL) [4]. The
logic swing of SCTL is about 200 mV, being the difference between the base/collector
voltage of the saturated n-p-n transistor and the forward voltage of the Schottky diode. In
SCTL the n-p-n transistor can be used either in the normal downward-operated mode or
in the reverse mode. When the n-p-n is used in the normal mode, this transistor will go
heavily into saturation in the ON state, causing a large saturation delay. When the reverse

mode is used, the current source can be merged with the n-p-n transistor as in 2L [5,6];

> outputs

input

Fig. 1. Schottky-diistor logic, later called SCTL, consisting of a current source, an n-p-n transistor, and
a set of Schottky fan-out diodes [3,4].
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Fig. 2. Schottky transistor logic (STL [18] or C3L [19]), which has a Schottky clamp to keep the n-p-n
transistor out of saturation. This concept is best seen from an electronic standpoint, but is not producible

in a standard process, because two types of Schottky diodes are needed with different Schottky barrier
heights.

in this case, the maximum speed, however, is limited by the low cut-off frequency of the

n-p-n by the same amount as in 12L. This means that SCTL is not very much faster than

2L, if compared in the same process [7]. '
Seen from a purely electronic standpoint, the best way to obtain a high speed is to

use the n-p-n in the normal mode and prevent saturation by Schottky clamping. To ob-
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tain a logic swing, two types of Schottky diodes with different barrier heights have to be
used. This type of logic has been introduced under the names of Schottky transistor logic
(STL) [8] and complementary constant current logic (C3L) [9]. Fig. 2 shows the basic
diagram. The clamp Schottky diode must have a sufficiently low barrier height to keep
the n-p-n out of saturation. The output Schottky diodes must have a barrier height about
200 mV lower than the barrier height of the clamp diode. For instance, titanium output
diodes together with a platinum clamp diode can fulfill the requirements. The current
source can be either a p-n-p transistor or a resistor.

A technological drawback of STL is the fact that it cannot be made by existing
standard processes, in which only one type of Schottky diode is available. This means
that if the object is to obtain a speed improvement within a standard process, a change
has to be made at mask level rather than at process level.

Sacrificing a bit of the inherently excellent speed of STL, it is possible to replace
the fast Schottky clamp diode by a somewhat slower silicon clamp device.

Silicon clamp devices can be made with normally operated n-p-n transistors [10]
or with merged inversely operated n-p-n transistors [11-13] used as diodes. Both methods
provide a clamp over the base/collector junction of the n-p-n transistor used in the logic
circuit. The first method requires an extra collector island per logic gate, which is a draw-
back for largescale integration, and the second method only works effectvely if the
inverse current gain is high, which is mostly not the case in standard processes.

Other approaches reduce the current gain of the n-p-n in the logic circuit by
shunting the base/emitter junction with a transistor structure, for saturation control [14,
15]. However, the current gain has to be decreased to very low values to decrease the
minority carrier storage of the saturated h-p-n; for those low values of § the noise margin
of STL-type logic circuits will be unacceptably low [16].

In this paper a new logic, ISL, is introduced which uses a p-n-p as a silicon clamp
device to keep the n-p-n transistor out of heavy saturation. Although the new logic is not
as fast as STL, the concept can be implemented in a standard process, and it turns out
that the logic is considerably faster than I2L. This means that the gap between low-power
Schottky TTL and I2L can now be filled.

4.1L Principle of Integrated Schottky Logic
It has been found that the saturation delay can be reduced considerably by the

introduction of a merged p-n-p transistor that controls the saturation of the n-p-n transistor.
This leads to the ISL concept shown in Fig. 3. The n-p-n transistor still goes into

saturation, but no longer as heavily, because most of the n-p-n input current is drained off
to ground by the p-n-p as soon the n-p-n base/collector junction becomes forward biased.

A first-order calculation shows that the logic voltage swing equals (k T/ (0 np1 407150 ),
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Fig. 3. Integrated Schottky logic (JSL) which can be made in a standard process. A merged p-n-p transis-
tor is added to the n-p-n to control the degree of saturation. It has been found that the saturation delay
is reduced considerably by the n-p-n clamp transistor.

where 145 and I are the saturation currents of the Schottky diode and p-n-p transistor,
respectively. If the n-p-n transistor T; is a normal downward-operating n-p-n, the p-n-p
transistor T, is, in fact, already present as the parasitic substrate p-n-p. In ISL, this para-
sitic p-n-p is deliberately enhanced in order to fulfill the saturation control requirements.
Two methods have been used to enhance the parasitic p-n-p without causing an increase
in n-p-n transistor size: 1) around the base of the n-p-n transistor a shallow p-ring in the
shape of a horseshoe is diffused, which overlaps the isolation diffusion; and 2) a vertcal
substrate p-n-p is introduced by applying a shorter buried layer than is usual for the n-p-n
transistor [17] (see Fig. 4).

No shallow p-stripe is needed between the base of the n-p-n and the first Schottky
diode. Holes injected by the base in the n-area under the first Schottky diode will be
collected by this diode. At that place the holes recombine immediately, causing a small
increase in current through the diode. This current increase does not affect the behaviour
of the gate. _

The minimum propagation delay of ISL depends to a great extent on the amount
of holes stored in the base areas of the composite p-n-p (lateral and vertical) [18,19]. The
overall effective cut-off frequency belonging to the composite p-n-p is increased by
making either a thinner lateral p-n-p base or a thinner vertical p-n-p base. The thickness
of the lateral p-n-p base is limited by lithographical and diffusion tolerances and cannot
usually be made thinner than 3 um. The thickness of the vertical p-n-p base is determined
by the epilayer thickness minus the shallow:p diffusion depth and can easily be made
thinner than 3 pm, resulting in a high p-n-p cut-off frequency.

To avoid crossing problems with the ground line (which has to ground all emitters)

and logic interconnection lines (which have to interconnect base nodes with fan-out
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Fig. 4. Cross-section of an ISL gate without current source. The p-n-p transistor consists of two parts: 2
lateral one and a vertical one. With thin epitaxial layers, the base of the vertical p-n-p can be made
thinner than the lateral p-n-p base, which improves the speed.

Schottky diodes), a doublelayer metallization can successfully be used. As shown in
Fig. 4, a via is made on top of the errllittcr, which makes it possible to interconnect all

emitters with a second-layer metal line.

4.111. Current Sources

The current sources needed to supply current to each ISL input can be either p-n-p
transistors or resistors. If p-n-p transistors are used, they cannot be merged with the n-p-n
transistors as in 12L, owing to the fact that the n-p-n transistors are used in the normal
downward mode. This means that an extra (common) island has to be made for these
p-n-p’s. Despite a somewhat worse power economy [20], the island potential, which is the
base potential of all current-source p-n-p’s, should be some 200 mV higher than the
ground potential to keep the p-n-p’s out of saturation. This measure results in maximum
possible noise margins [16,21] because, in that case, the § of the n-p-n is not affected by
the back-injection effect in the p-n-p.

Instead of p-n-p’s, one can also use resistors. In that case, the power-supply voltage

has to be increased somewhat to prevent excessive modulation of the currents flowing in
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resistors connected to gates that are ON and OFF.
The introduction of the extra current-supply island, with either p-n-p’s or resistors,
implies that the packing density of ISL is smaller than the packing density of I2L when

compared in the same process.

4.IV. Layout Technique

The layout technique of ISL is very similar to that of I>L. As Fig. 5 shows, gates
are laid out perpendicular to a current-supply island; in this example, resistors are used at
half the pitch of the minimum pitch in which the ISL gates can be placed. The layout
ekample comprises two D-flip-flops and shows how the two layers of metallization are
used. The first layer is used to make the logic interconnections and the connections
between base nodes and current sources. The second layer is used to interconnect all
emitters and to interconnect the resistors at the power-supply side. If first Schottky
diodes (i.e., those closest to the base of the n-p-n transistor) are not used in the logic
interconnection, they can be left floating (see Fig. 5). These floating Schottky diodes still
collect holes and will be automatically forward biased to collect an electron current to

compensate for the collected hole current.
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Fig. 5. Example of the layout technique of ISL (two D-flip-flops). The gates are placed perpendicular to
a current supply island with resistors. Two-layer metallization is used. Floating Schottky diodes can be
placed if the first Schottky diode has no logic function to improve the speed.
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If a2 complicated fan-out wiring affects the packing density in some particular inter-
connection cases, simpler and denser layouts may be obtained by the introduction of
some extra islands with fan-out Schottky diodes (see Fig. 6). With such a solution, the
fan-out wiring can be placed at the most convenient positions. This method is particularly

convenient for clock line distribution to registers, for example [22].

ISL gate separate island

Fig. 6. Schottky diodes can be placed in an extra island to avoid complicated interconnection problems.

4.V. Processes and Propagation Delay Measurements

ISL has been made in two pro;:esses, both using double-Jayer metallization and
PtNi Schottky diodes (60-percent Pt and 40-percent Ni) with a Schottky barrier height
of about 0.78 eV. The first process A has a 3.2 um thick epitaxial layer, n-type, 0.7 £2+cm,
and normal-cut emitters. The second process B has a 2.9 um thick epilayer, n-type,
0.3 +cm, with washed emitters and ion-implanted resistors of 1500 /0.

Table 1 shows some relevant parameters of both processes. In both cases, the logic
swing is about 210 mV. For process A, p-n-p current sources are used; while for process
B, ion-implanted resistors of 5 k2 are taken as current sources. For both processes, 5 um
minimum details are used. Fig. 7 shows the propagation delay versus current per gate,
measured with 11stage ring oscillators for both processes. With the p-n-p’s as current
sources (curve 1 in Fig. 7), the logic can be driven at each current level; with the resistors
as current sources (curve 2 in Fig. 7), the logic operates only when a sufficient voltage
drop is developed over the resistors.

The speed-power product at low current levels is 0.5 p]J for process A (curve 1) and

0.25 pJ for process B (curve 2) (calculated with Vo =1 V).
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process|process
A B
n-type epilayer
thickness [um] 3.2 29
9 [Qcm] 0.7 03
base diffusion
junction depth [uml] 1.7 1.2
sheetresistance [Q/a] 200 200
ion-impl. resistors
junction depth [um] 1 05
sheetresistance [(2/0) 1500 1500
emitters cut washed
junction depth [um] 0.9 0.6
sheetresistance [0 /0] 10 12

TABLE I

Some relevant process parameters of processes A and B used for the ISL devices.
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Fig. 7. Propagation delay per gate versus current per gate, measured for two processes. Curve 1 has been
measured for a ring oscillator with p-n-p current sources, made in process A with 3.2 um epilayer,
0.7 -Q¢cm, and normal cut emitters; curve 2 was measured for a ring oscillator with ion-implanted
resistors as current sources, made in a process B with 2.9 um epilayer, 0.3 £2°cm, with washed emitters.

The minimum propagation delay time is 3.5 ns at 400 uA for process A and 2.7 ns
at 200 pA for process B. The speed-power products at these minima are 1.4 pJ (with
Vee =1V)and 1.2 pJ (with Ve =2 V) respectively.

The better results from process B are due to the much smaller emitter area of the
n-p-n (less Cp, capacitance) and to the thinner epilayer (less storage of holes).

Figs. 8 and 9 show photomicrographs of test D-flip-flops made in process A with
p-n-p current sources (Fig. 8) and in process B with resistors (Fig. 9). The flip-flop in
Fig. 8 has closed p-rings around the n-p-n base, whereas, the flip-flop in Fig. 9 has horse-
shoe rings that are open at the Schottky sides. Note that in the flip-flop of Fig. 9 no
floating Schottky diodes are present at the first Schottky positions. With the flip-flop
.made in process A, a maximum toggle frequency of 60 MHz was measured. With the flip-

-flop made in process B, the maximum frequency measured was 70 MHz.
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Fig. 8. Photomicrograph of a test D-flip-flop in process A with p-n-p current sources. In this particular

structure, closed shallow p-rings are diffused around the n-p-n bases. The bases of the current supply

p-n-p’s are kept at a reference potential. A maximum toggle frequency of 60 MHz has been measured for
this flip-flop.

4.VL. Fan-out, Fann-in; Speed Comparison with I2L;
Absence of Parasitic SCR-Latching

Measurements have shown that a fan-out of 4 can be realized without difficulties.
There is no increase in delay time for the more removed Schottky diodes. This is an
advantage over I2L, where the increasing base series resistance causes an increasing pro-
pagation delay time for the more removed collectors.

An interesting feature of ISL is that the minimum propagation delay time decreases
with increasing fan-out [18,19]. This is caused by the fact that the minimum propagation
delay time depends on the time needed for the removal of the active charge stored
in the base of the merged p-n-p. For this removal action a discharge current has to flow
through the fan-out diodes. If more fan-out diodes are available also, more discharge
current is available and the faster the active charge is removed from the p-n-p base [18].

On the other hand, the ISL propagation delay time can increase for fan-in > 1 in
some particular switching cases. This can happen if two or more ISL gates have to switch
OFF simultaneously and if these gates have to share discharge current in the case where
some of their fan-out diodes are connected to the same input node of another ISL gate
[19]. '
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Fig. 9. Photomicrograph of a test D-flip-flop in process B with ion-implanted resistors as current sources.

The shallow p-rings around the n-p-n bases are in the shape of a horseshoe. In this particular flip-flop,

no floating Schottky diodes are placed at the first Schottky positions. A maximum toggle frequency of
70 MHz has been measured for this flip-flop.

It can be shown, both theoretically and experimentally, that the minimum pro-
pagation delay time of ISL is a factor of 5 to 10 smaller than the minimum propagation
delay time of I2L, if compared in the same process [18]. It appears that ISL is faster
because of a different switching behaviour, and also because of the fact that in most cases
the cut-off frequency of the merged p-n-p in ISL is higher than the cut-off frequency of

the inversely operated n-p-n transistor in 12L.
It has been shown [23] that parasitic silicon-controlled rectifier (SCR) latching can

occur between a Schottky diode and an adjacent n-p-n transistor. In that case, the injec-
tion of holes by the forward-biased Schottky diode creates a lateral p-n-p where the
Schottky diode acts as emitter and the base of the n-p-n transistor as collector. The
combination of the downward-operated n-p-n and the lateral p-n-p transistor forms an
SCR. In order to keep the SCR from latching, the product of the common-emitter
current gains §, and B, of the n-p-n and p-n-p transistors has to be smaller than 1.

In ISL, a parasitic SCR latching may occur between the n-p-n and the first
Schottky diode. Measurements have shown that the current gain product 8,6, remains

well below 0.1 up to current levels of 10 mA per gate. This means that for the practical
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current levels, which are even below 1 mA per gate, there is no reason to fear any para-

sitic SCR-latching problem with the type of Schottky diodes presented.

4.VIIL Noise Margins of ISL
(Comparison with 12L) [16,21]

Due to the fact that ISL has a smaller voltage swing than I2L, it has a smaller worst
case static voltage noise margin (AVge) than I2L has. However, this type of noise,
which is mostly generated by inductive coupling, hardly appears in integrated circuits. At
room temperature the AV .o is about 100 mV for ISL with a logic swing of 200 mV.

The worst case static ground-line noise margin AV of ISL is much better than
that of 12L, due to the fact that the current source is a resistor or a non-saturated p-n-p
rather than a saturated p-n-p as in I2L. At room temperature, the value of AV is about
50 mV for ISL with a voltage swing of 200 mV.

The worst case static relative parallel-current noise margin (Ai/4) is usually better in
ISL than in 1L because the current gain of the normally operated n-p-n in ISL is usually
higher than that of the inverse-operated n-p-n in I2L. At room temperature, Ai/i > 0.5
for ISL if B, 5., > 20 for a fan-out of 4.

The worst case static power-supply voltage noise margin of ISL (which can be cal-
culated from Ai/i) will be Jarge when resistors are used as current sources. In the case of
p-n-p current sources the variation of the power-supply voltage is limited to about
(kT/g)In(1 + Ai/i) and will be 10 mV at room temperature for A#/i=0.5. This value is
rather low but still better than for I2L, where A#/i is lower in most cases.

All mentioned static noise margins will decrease at very high current levels due to
the collector series resistance of the n-p-n transistors and the individual series resistances
of the Schottky diodes.

The dynamic noise margins are larger than the static margins; the energy noise
margins have minima between 0.5 and 1.0 pJ, but their meaning as a figure of merit is
doubtful {21].

4.VIIL ISL in Analog Processes

As analog processes use a thicker epitaxial layer (7-15 um) to obtain a certain re-
quired base/collector breakdown voltage, the ISL vertical merged p-n-p is no longer effec-
tive as a current sink. Nevertheless, the p-ring around the base can sink enough current,
and the overall effective cut-off frequency belonging to the composite p-n-p will still
be higher than the cut-off frequency of an inverse operated 12L n-p-n transistor made
in the same process. This means that in analog processes, too, ISL will be 5 to 10 times
faster than 12L [18]. ISL has been measured in an 6.5 pm epitaxial process, having a

minimum propagation delay of 8 ns.
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4.IX. Advanced ISL Proposals

Decrease of the minimum details, together with the reduction of the thickness of
the epitaxial layer and the application of oxide isolation, will improve the speed of ISL.
It has been shown [24] that the minimum propagation delay time of ISL will be about
800 ps for 1 um minimum details together with a minimized epilayer thickness. 12L
remains slower; 7,,;, = 2 ns for the same process [24].

Another proposal is to use the merged inversely operated n-p-n clamp method
[11-13] in an advanced oxide isolated process, as shown in Fig. 10(a). Basically, an n-type
epilayer is used. At the location of the n-p-n transistors, the epilayer is p-overdoped with
an ion implantation and acts as base area. This makes the n-p-n transistors practically
symmetrical, which results in a high inverse current gain. Two emitter diffusions are made.
The base contact overlaps the second emitter. Fig. 10(b) shows the electrical diagram.
Computer simulations have shown that a2 minimum propagation delay of 1 ns will be ob-
tained for W =1 um and 0.5 ns for W = 0.7 um, where W is the base thickness between

the emitters and buried layer.

.Fig. 10. Example of an advanced ISL proposal using the merged inversely operated n-p-n clamp method.
A cross section is given in (a) and the electrical diagram in (b). Propagation delays below 1 ns can be
realized with this strucrure.
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4.X. Conclusions

ISL is a new 200 mV voltage-swing LSI logic that can be made in standard
Schottky processes with a double-layer metallization. The minimum propagation delay is
5 to 10 times better than that of I2L made in the same process. Although the packing
density is lower than that of 2L (about 40 percent less), the improvement in- packing
density and power consumption is dramatic compared with low-power Schottky TTL.
This means that circuits that require a TTL speed and a real LSI complexity can be made
in ISL. It is also possible to combine ISL with ECL, J2L, and TTL on the same chip.

Table 11 gives a comparison of ISL with I2L and low-power Schottky TTL, all three
made in the same process with an epitaxial layer of about 3 um thick and the same mini-
mum details of 5 um. The table shows the packing density, speed-power product, mini-
mum propagation delay time, and D-flip-flop toggle frequency. As both ISL and I2L have

to be buffered with TTL circuitry to increase the noise margins at the chip interface, the

tow | 1st | &

Power

Schottky

TTL
average packing density
centre of chip 15-20 [120-180 |200-280
complete chip 10-20 | 60-100 |120-180

[gates/mm2]
speed-power product [pl] 19 05-15 ] 05-2
VCC[V] 5 1-3 0.7-1
min. prop. delay-time [ns] 5-10 2-5 10-20
D-fliptlop maximum 33 60 18
toggle frequency [MHz]
TABLE I

Comparison of ISL with I2L and low-power Schottky TTL, all three made in the same process with an
epitaxial layer about 3 um thick and with the same minimum dimensions (5 um).

average packing density of the gates together with the buffer circuits will (depending,
of course, on the number of input and output pins) be smaller than the packing density
in the middle of the chip. Furthermore, ISL can be combined with analog circuitry in
analog processes with some reduced performance.

Notwithstanding the small voltage swing, the noise margins of ISL are in most cases

even better than the noise margins of I2L, specifically if resistors are used as current
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sources. This means that ISL is a more “forgiving” circuit than 2L [25].

In the future, speed improvements of ISL can be made with advanced oxide isolated

processes. With minimum dimensions of 1 pum, the propagation delay time can be 0.8 ns;

using the merge inversely operated n-p-n clamp approach, delay times between 0.5 and

1.0 ns can be realized.
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5
Oxide-Isolated ISL Technologies

J. Lohstroh, J.D.P. v.d. Crommenacker, and A.J. Linssen

Abstract — Using oxide isolation, ISL gates can be fabricated without the relative slow
lateral p-n-p transistor which is inevitable in pn-isolated processes. Now the clamping
action is provided either by a fast vertical p-n-p only, or a reverse operated n-p-n. Using a
1.2 um thick epilayer and 3 ym minimum dimensions, propagation delay times of 0.7 ns
are obtained at a current level of 200 uA per gate.

Oxide isolated ISL (Integrated Schottky Logic) is a fast bipolar logic with a high
packing density and a low-power consumption, highly suitable for high speed VLSI.

W (a)

(b)

"Fig. 1. Oxide isolated ISL gate using a vertical p-n-p clamp (type A). Circuit diagram (a) and not-to-scale
cross-section (the emitter is walled in the direction parallel to the cross-section) (b).

Reprinted with permission from /EEE Electron Device Letters, vol.
EDL-2, no. 2, pp. 30-31, Feb. 1981. 81



The ISL gate is a single input, multiple output wired-AND gate with an n-p-n
driver transistor and Schottky diode outputs. Clamping of the n-p-n transistor is provided
by either a vertical p-n-p (type A, see Fig. 1) or a reverse operated n-p-n (type B, see
Fig. 2) [1].

In oxide isolated processes the n-p-n base can be completely walled (4 sides) by
oxide, fully eliminating the relatively slow lateral p-n-p which is inevitable in pn-isolated

processes [1,2].

(a)

(b)

Fig. 2. Oxide isolated ISL gate using a reverse operated n-p-n clamp (type B). Circuit diagram (a) and
not-to-scale cross-section (the emitter is walled in the directon parallel to the cross-section) (b).

A non-optimized form of oxide isolated ISL has been published [3 ], where the base
is walled on three sides; in this structure still parasitic minority carrier storage will occur
in the lateral p-n-m-structure, decreasing the f7 of the composite clamping p-n-p.

Although in principle the switching speed of oxide isolated ISL will be somewhat
slower than of oxide isolated STL (Schottky Transistor Logic), due to minority carrier
storage in the clamp device (p-n-p or reverse operated n-p-n), the speed difference will be
very small as soon as the amount of this in minority carrier charge is small compared with
the charge in the junction capacitances. This is the case when a shallow epitaxial layer is
used; then ISL is made with a high performance and in a simpler process than STL which

uses two types of Schottky diodes [4]. Further leakage problems, which can occur in
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the lower barrier height Schottky diodes in STL [5], will not be present in ISL which uses
Schottky diodes with a relatively high barrier height,

ISL gates have been made in a standard oxide isolated process using a 5 2 *cm sub-
strate, a Sb buried layer, a 1.2 um thick epitaxial layer (0.6 £+cm), ion implanted walled
bases (0.5 um and 0.7 um thick for type A and B respectively), ion implanted two-sides-
-walled As emitters (0.25 um), and walled PtNisilicide Schottky diodes with a barrier
height of 0.78 eV. Type A has been fabricated with 3 um minimum dimensions and type
B with 2.5 ym minimum dimensjons, featuring maximum packing densities of 250 and

400 gates/mm? respectively.

Fig. 3. Photograph of a part of a 21-stage ring-oscillator, built-up with gates of type A (fan-out = 4),
using 3 um minimum details.

Fig. 3 shows a photograph of a part of a 21-stage ring-oscillator built-up with gates
of type A. The current sources are ion-implanted resistors of 12 k§2; the gates have a fan-
-out of 4.

Fig. 4 shows the measured propagation delay times of both type A and B. In spite
of the somewhat smaller dimensions, type B (with the reverse operated n-p-n clamp) is
slower than type A. This is caused by the facts that a) the area of the feedback emitter is
only 16% of the total n-p-n base area and b) hole storage is present in the epilayer be-
tween the n-p-n base and buried layer (the buried layer acts as emitter for the reverse
operated n-p-n). Speed improvements are possible by increasing the feedback emitter size
and/or decreasing the epi-thickness to achieve a direct contact between the base and the
buried layer.

Type A which, uses the vertical p-n-p clamp, shows a very good performance. Pro-
pagation delays of 0.7 ns at 200 uA/gate are measured (7D = 200 f] for a power supply
voltage of 1.6 V).

Both types have a logic swing of about 190 mV.
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Fig. 4. Measured propagation delay times of gates of type A and B.

CONCLUSION
Oxide isolated ISL is made in a rather simple process and features sub-nanosecond
propagation delay times with sub-picojoule speed-power products. This makes this type
of logic very attractive for high speed VLSI.

A good clamping action is provided by the vertical p-n-p transistor. The clamping

action of the here presented reverse operated n-p-n transistor can be further improved.
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6
Performance Comparison of ISL and 12L

ISL (Integrated Schottky Logic) [1,2,3,4] and I2L are both bipolar LSI logic cir-
cuits that can be processed in standard, pn-isolated, (Schottky) processes. Figure 1 shows
an example of an ISL-D-flip-flop [1]. Good functioning circuits with more than 500 ISL

gates have already been made. In I2L the n-p-n transistors are used in the inverse mode;

A gy - SR

i e A% E
ALRITET LTI S

Fig. 1. ISL-D-flip-flop with resistors as current sources [1].

Reprinted with permission from /EEE ISSCC 1979, Digest of Tech-
nical Papers, pp. 4849, Feb. 1979. 85



the p-n-p current sources can be merged with the n-p-n’s in a very area-saving way. In ISL
the n-p-n transistors are used in the normal mode; in this logic the current sources (p-n-p’s
or resistors) have to be made in a separate island, which means that the packing density is
smaller compared to that of 12L [1,2]. For speed, however, ISL outrivals 12L.
For comparison, we can consider ISL and I2L gates which are made in the same
process with the same epi-layer thickness and same minimum dimensions; Figure 2.
For small currents ISL will be faster than I2L because of the smaller voltage swing

(200 mV instead of 700 mV), while the junction capacitances are comparable.

Fig. 2. Cross secton of I2L (a) and ISL (b) made in a standard process. Active charge will be found
mainly in areas [ and 11 (12L) and I, 11 and [II (ISL).

At high current levels, at maximum speed, the active charge dominates. It is charac-
teristic of 12L that the active charge is found mainly in the emitter, whereas in ISL the
active charge is found mainly in the n-p-n collector (= p-n-p base), because of saturation.
The active charges can be represented by capacitances between base and emitter in L

and base and collector in 1SL,, respectively ; Figure 3.
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Fig. 3. Inverter chains made with I12L (a) and ISL (b) gates. The active charge Qy and Q; will be found
in the emitter in I2L and in the collector (p-n-p base) in ISL. To calculate the minimum propagation
delay time, the input switch is opened at t = 0.

The minimum propagation delay time of 12L can be found with the circuit shown
in Figure 3(a) [5]. TN1 switches ON rather slowly, because active charge Q; has to be
built up in the emitter. TN2 is switched OFF, if all active charge Q, in its emitter is re-
moved. The initial value of Q, depends both on Fpz; (= fan-out) and B, e¢f and will be
found in the n-emitter area and p-n-p base; regions I and II in Figure 2(a) [5,6]. Calcu-
lations [5] have shown that the average propagation delay time 72| is given by equation
(1), where Byp eff and fr npy p 2re the effective current gain and the cut-off frequency
of the inverse operated n-p-n.

The minimum propagation delay time of ISL (751 ) is found in a similar way;
Figure 3(b). The switch ON time of TN1 (normal operated!) is very short compared to
the switch OFF time of TN2 which has an appreciable amount of active charge in the
merged p-n-p base. This means that the switch OFF time of TN2 determines 7g; . For
t=0, TN1 can sink any amount of current up to i,y = Byis. This maximum current will
not be reached since the discharge path to remove Q, goes through the fan-out diodes
and hence, the discharge current is limited by Figpis (Figp, = fan-out). In fact the dis-
charge current will be somewhat higher due to the fact that TN2 operates in the reverse
mode during its switch OFF time. The reverse current depends on y=1,4/I5, where
I, and I are the saturation currents of the n-p-n and p-n-p, respectively. Maximum

storage of active charge is found for 8,5, = % and o, = 1. 7ygy is found as half the

switch OFF time of TN2 and is given by equation (2) in which fr o, is the overall
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T12L = VBypeff /‘ZWanpn upI2! (1)
TrsL® [n0+y/Frg,)] /““YpranSL’ (2)

T [Trs1=2RsL Pupeff fTpnp1sL/frrpn w2+ for Y1 3)

fTnpnupI2L = 07 D Nepi /[27( Fi2p* 1) Wepi/ Ngdx] ()
f =D (1+W__./W )/ [ZT\‘.W '(lW +§ )] (5)
Tprp ISL™ ~p epi” 'p epi'27'pT 2 epi

TABLE 1. Equations.

effective cut-off frequency belonging to the composite p-n-p with active base charge in
-n-pFISL) for vy < 1. The
ISL/I2L speed comparison delivers equation (3) for v < 1. The cut-off frequency

the regions I, I and III; Figure 2(b). 7ig reduces to 1/(4nfr

fT npn up is given by equation (4) [5], where Wey; is the width of the epitaxial layer be-
tween base and substrate and f Npdx the base dope integral. Where ISL, the injecting
cross-sectional areas, indicated by I, II and III, are equal, then with f7 =#/(2mQ,c4ve ),
equation (5) is found where Wp is the width of the base of the lateral p-n-p. Table 2
gives, for different values of W,;, measured delay times of ISL and 1L, as well as
measured and calculated speed ratios. Measurements have been done for devices with
5 um minimum details. Calculations are made using equations (3,4,5), and
S Ngdx=1 to 3.102cm?, Nepi = 1016 cm3, Bup eff =4, Fj2 =4 and Figy =1. Here
it appears that ISL is at least a factor of 5 faster than I2L. As ISL becomes faster for
Fisp > 1 this factor of 5 is a worst case value; in some particular cases, however, the
ISL delay time can increase for fan-in > 1 (7].

Also in scaled-down devices, with oxide isolation, ISL will be faster than I2L. It
has been found that with 1 um minimum details, ISL and I12L will have minimum delay

times of 0.8 ns and 2 ns, repsectively [8].
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measured calculated
min mn | Ysi | st
ISL I4L T 5 T,)
F=1 F=4 L5 oL
Wepi=8;um 10ns 100ns 01 014
Wepi =5um 7ns S0ns 014 015
Wepi= 2um 3ns 15ns 0.2 016

TABLE 2. Measured minimum propagation delay times of ISL and 12L made with 5§ um details. Both

At

measured and calculated speed ratios are included.

CONCLUSION
At small current levels ISL is faster than 12L because of the smaller voltage swing.

high current levels ISL is faster because of its different switching behaviour and due

to the fact that in most practical cases fr pnp 1SL = f7 npn up 12L-
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7

Propagation Delay Time of I2L at Low Current

Levels

Indexing terms: Bipolar integrated circuits, Delays, Integrated
logic circuits

It is shown that the propagation delay time of i.i.l. at low
current levels is given by #,/2 if ¢ < 1), where t¢is the fall time
and £, the rise time at an i.i.l. input node. An expression for
t, and tycan easily be found.

An analytical expression for the propagation delay time of
ii.l. at low current levels can easily be derived by considering
a 3-stage ring oscillator as shown in Fig. 1a. The active charge
is assumed to be small compared with the passive charge in the
capacitances Cp, and Cp., so only low current levels are
considered. It is further assumed that the voltage fall time at
the base nodes is smaller than the voltage rise time. In that
case the node voltages as a function of time will be as
illustrated in Fig. 15, which is confirmed by numerical
computer simulations and measurements (Fig. 1c). From
Fig. 1b it is evident that the average propagation delay time
t, is equal to (tpry + tpyr)/2 = T/6 =1t,/2, where in this
particular case ¢, is taken from 0% to 100% instead of 10%

to 90%, which is more usual. This means that if indeed"

ty<t, the average propagation delay is given by 7,/2. To
calculate ¢, the ring oscillator is first considered from =0
up to t=ty. During this period transistor T2 is on, which
means that node 2 is constantly high at V=V, and that
both transistors T1 and T3 are off while nodes 1 and 3 are
charging and discharging, respectively; the electrical diagram
can be replaced by the diagram given in Fig. 2a. From Fig. 24
it follows that ’

Reprinted with permission from Electronics Letters, vol. 14, no. 22,
pp. 705-706, Oct. 1979.
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a A 3-stage i.i.l. ring oscillator

b Idealised waveforms of nodes 1, 2 and 3

¢ Measured waveforms of nodes 1, 2 and 3
Vertical: 250 mV/div; Horizontal: 1 ps/div
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Fig. 2 (b)

a Equivalent diagram of the 3-stage i.i.l. ring oscillator for when
transistor T2 is on but not saturated
b Equivalent diagram for when transistor T2 is saturated

dv, . : ; g
il=Cbe—; ls=ll+l2_15'
dv, .
’2=Cbc—‘; ig=ip+iz—iy
dav. .
i3=_Cbc7t3 ig=ic—i3tiatis
dV, . . .
iq=Cpe —(; ic =Bupefriv = Biy
_c dv, dVl)
is= e =
ST lar dr

with § = 6up eff:
The solution of this set of equations leads to

av, B tg
dt (B+1)Che + Che

(1
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and

av,  (B-1Di e 1 2 .
dr (6"" l)Cbc + Cbe - ) dt L—)

which means that 1, <t¢,if § > 2.
Consider the case where 8> 2. From eqn. 2 it follows that

- Vo{(B+ 1) Cpe + Chel}
d B—1)i

(3)

which is the time for which the voltage at node 3 is decreased
to zero. The minimum value of #; is Vo Cp./is for > 2 and
BChe > Cpe. At t =1, the voltage at node 1 is increased to
Vo/(B—1).

In the interval £, <t <t{,, transistor T2 is saturated, which
means that during this period the circuit diagram shown in
Fig. 2b is valid. Now

dv ]
puakl g . 4)
dt Cpe + 2C,, :
and
(B—2) (Cpe +2Cpc) Vo
ty—tp= : (%)
B—1i
Addition of eqgns. 3 and 5 gives
3Che + Cpo) V.
fr=( be . be) 0 (6)
Is
and consequently
3Cy: + Cpe) V.
g = ( be be) 0 (7)

P 2,

which is independent of § if §> 2. This result is also given
in Reference 1 for when the fan-in is equal to 1.



From eqn. 7 it follows that #, is determined only by
Vo/i; and the capacitances. This consideration can-be used
to calculate f, in the general case. Fig.3 shows a general
case with fan-in=F; and fan-out =F, The time needed
to charge the input node of T1 is given as

t, = Vo{Fo Cbl.‘ + Cbe + 2anc + (F, - n) Cbc}/ls

Cbe

Fig. 3 General case with fan-in = F; and fan-out = F,

where 1 <n <F;. The number n indicates how many inputs
of the fan-in transistors switch down at the same moment
while the inputs of (F; —n) transistors are already low. The
propagation delay time is again given by 7,/2.

3. LOHSTROH
N. C. de TROYE
Philips Research Laboratories

Eindhoven
The Netherlands

Reference
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8
Propagation Delay times of ISL and STL

J. Lohstroh and R.M. Pluta

Abstract — Propagation delay times of high-speed VLSI candidates ISL and STL are cal-
culated analytically. It is shown by calculations and measurements that STL is marginally
faster than ISL in oxide-isolated processes, at the cost of higher process complexity. Both
logic forms suffer from speed degradation due to fan-in. Measures to obtain delay times
that are independent of fan-in are discussed. Fan-out aspects are also considered. It is
shown that ring oscillators exhibit a somewhat better speed than logic gates that start
to switch from the DC state. This speed difference is expressed in an empirical formula.

8.1. Introduction

Integrated Schottky Logic (ISL) [1] and Schottky Transistor Logic (STL) [2,3] are
strongly upcoming high speed LSI and VLSI circuit techniques. Due to their small voltage
swing (~ 200 mV) and their simple gate structure, they combine a relatvely low speed- -
-power product with a high packing density [4].

Although custom circuits have been made with ISL and STL, gate arrays [5-10] and
composite cell logic [5,11] are the most favoured applications at the moment.

The first generations of ISL and STL were pn-isolated [1,2,3,12]. The second
generations are oxide-isolated [13-18]; they offer a better speed, a lower speed-power
product and a higher packing density than the first generations.

No complete analytical analysis of the propagation delay times of ISL and STL
has yet been presented, nor up to now has the difference between these two logic forms
been analyzed very well. The purpose of this paper is to provide a detailed analysis of
ISL and STL, giving an investigation of the fan-in and fan-out aspects, and a comparison
between the two logic forms.

In section II the external and internal DC voltage levels of ISL and STL are calcu-
lated. In section III the low current propagation delay times are calculated, and measures
are discussed to reduce or eliminate the increase of propagation delay time when fan-in
>1.
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In section IV propagation delay times at medium and high current levels are cal-
culated and it is shown that the same measures as discussed in section III can be used to
eliminate fan-in dependent times. In section V the influence of series resistances and
wiring capacitances is discussed. Section VI makes a comparison between ISL and STL,
and various measurements by other authors are included. It is shown that STL will be
a little faster than ISL when made in the same basic process and with the same mini-

mum dimensions, at the cost of higher process complexity.
8.I1. External and internal DC voltage levels

Fig. 1 shows both for ISL and STL two sections of an inverter string with fan-in
and fan-out = 1 (F; =F, = 1). The current sources deliver a current 7 =ig. It is assumed
that the first stage is ON, and that the collector current i ggp of the previous stage is very

small compared with ig.

A.ISL

Neglecting series resistances, the inverse base-current of the saturated n-p-n transis-
tor can mathematically easily be added to the forward base-current of the p-n-p transis-
tor. This creates an effective forward collector-emitter current ratio a; of the p-n-p tran-

sistor which simpliﬁés the equations for the voltage levels.

V. V. Ve

|

Vi
&
- #*, .
icoFF VBEON\‘ l(z‘ab)'s

—Bf- Low Barrier Schottky Diode

—}f— High Barrier Schottky Diode

Fig. 1. Two sections of an inverter string for ISL (a) and STL (b). The first state is ON, the second stage
is OFF.
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When forward base current of the n-p-n transistor is neglected (which is allowed for

practical circuits where gy = 30), the effective forward 01.; of the pn-p is given by:
of = 1/(1 + vy + 1Bgp), 1)

where =19/l (being the saturation current ratio of the n-p-n transistor and p-n-p
transistor), By is the inverse current gain of the n-p-n and B the forward current gain of
‘the p-n-p; it is assumed that the p-n-p does not go into high injection.

When both for the p-n-p and Schottky diode the ideality factor is 1, the logic swing
is given by : ‘

AVis1. = VBeEoN ~ VBEOFF

Vi-V3

VBe pnp V4

RT o kT i
RL , PS _ s
In In

q Ino 4 Lyo

_ kT %o
q Ip()

) (2)

where I 4, is the saturation current of the Schottky diode.
Further with the schematic of Fig. 1 it can be calculated that the absolute values of
Vi, V,, V3 and V, are

k 2 —af + yok)ig
V= & jy—P P % ,
q Ino
2 —a* + yo*
Vy= ]I;—Tln—,y;’(,,;PL )
P
3
kT . (27 og +yad)i ’ ®)
Vv, = Sogp—FP __—P°° ,
37 g vopldo
_k * 2
V4= q—ln‘yap(ldo/lno) )
/

assuming that Vg = V4, and neglecting the forward base currents of the n-p-n transistors.

The voltage swing AV, of the internal node equals

AVigL = V4 =V, = 2AVig, —;lln (2o +ary) @)
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For practical values of a; close to 1, and v being < 1, the second term of (4) is small
compared with 2AV/g; , which means that the voltage swing of the internal node has

about double the value of the logic swing AVig; .

B.STL

Similar calculations can be done for STL. In that case the input current ig of the

first stage has to flow through the non=saturated p-n-p transistor, which now has to draw

a collector current of 2i;. When the ideality factors of both Schottky diodes are 1, the
logic swing is given by:

kT . ldo1

AVSTL = Vl - V3 =——In

, 5)
q T402 (

where I39; and Iy, are the saturation currents of the output diode and clamp diode
respectively.

Further the swing of the internal node can be calculated to be
kT 1
AVist, =~ In (401714027 + 5] - (6)

In this case the second term in the logarithm is small compared with (I49;/402)> Which
means that there, too, the voltage swing of the internal node has about double the value

of the logic swing.

C. Fan-in and/or fan-out larger than 1

Both for ISL and STL it has been assumed as a first-order approximation that
i.opF is small compared with ig. When F; = F, = 1, i opF in the ISL case equals
I exp (qV3/(kT)) = (2 — a; + 704;) IpOis/(oz;Ido); in the STL case it can be calculated
that i gpg = 2140215/1491; When a;ldo/lpo and Iyg1/140, are !arger than 100 (then the
voltage swings are > 120 mV), these currents are indeed small compared with ig.

For larger values of F; and F, multiple values of i.gpp occur, which means that
larger voltage swings are needed to allow these total OFF-currents to be treated as
neglible. As shown in [19,20] voltage swings of at least 150 mV are needed to obtain
stable ISL and STL circuits when F;=F, = 4. —

Although AV and AV; depend on F; and F,, this dependence is only a weak one,
which means that the values obtained for F; = F, =1 in the equations (2,4,5,6) are good

enough as first-order approximations.
8.111. Low current level propagation delay times

A. General expression for the propagation delay time for F;=F =1

At low current levels, the average propagation delay time £,4 is mainly determined
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by the junction capacitances. At practical values of By (= 30) the input rise time £,
is longer than the input fall time, and therefore the average propagation delay time has to
be at least #;,/2. This is confirmed by circuit simulations which show that zp4 is indeed
somewhat longer than z;./2, due to the existence of the internal node (only in 1%L,
which does not have the internal node, is tpd exactly equal to £;,./2 [20]).

Fig. 2 shows two stages of ISL and STL with all junction capacitances included. In
STL the capacitance C{¥. is the combined capacitance of the base-collector junction of the
n-p-n and the clamp Schottky diode.

At low current levels there is no fundamental difference between the switching
mechanism of ISL and STL, which means that the mathematical expression for t4 is
valid for ISL and STL.

Suppose now that two stages of Fig. 2 are preceded and followed by long chains
of identical stages, and that a pulse with a pulsewidth T is propagating through the chain.
Fig. 3 shows the node voltages (See Fig. 2) as a function of time. The time origin (t = 0)
is placed at the point where V; starts to rise. The node voltages are obtained with a cir-
cuit analysis program using the following transistor and capacitance parameters:
¥ =0.15, By = 50, By = 3, Bgp = 30, resulting in &7 = 0.92, Cp =0.1 pF, €, =0.1 pF,
Ce =04 pF, C4y = 0. As Cy4 behaves like a speed-up capacitance (it couples the output
node with the internal node, which latter makes a larger swing), the simulation of Fig. 3
shows a worst-case behaviour by disregarding Cy4; in practical circuits Cy is small com-
pared to the other capacitances anyway, which means that the result of Fig. 3 is quite

close to reality.

Ve V.
‘ Coer Cbc2
I51¢ __“ 2
b l |—\< “r J
Cbe1== T —I—Ccs1 b1 Cbe -|—Ccs2
(a)
V. A

Vv,

) Car
s l o lszl
i cr Vi
V1 bey T1 V3J— bea T2 5

Coer [ TCCS Coea [ Ces2

(b) +

Fig. 2. Two stages of ISL (a) and STL (b); all junction capacitances are included. It is assumed that very
long chains precede and follow these two sections.
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To obtain the average propagation delay time t,4, we have to find the repetitive
time between similar waveforms; for instance the time difference between t = 0, where
V) starts to rise, and £ =t p,pe1, Where Vs starts to rise (note that £, is longer than
trse1, the latter being the rise time from 0% to 100% of V). It will be clear that £, is
related to £y by

fod = Cepame )2, (7)

At t =T the opposite pulse-edge propagates through the chain. As shown in Fig. 3
node V, did not reach its ultimate value Vigy due to the large differential resistance of the
Schottky diode D2 (R 4yt max. = RT/(gi.opr)), through which this internal node has to be
charged. The consequence is that £ p,pe3 (to charge node 3) is shorter than £h,pe1 (to
charge node 1); the dotted lines indicate what V4 and V5 would have been if T had been
infinitely long. This means that tp4 is longer for gates which start to switch from their
completely relaxed DC states than for gates which reswitch within a certain time inter-
val. As the switching event at ¢ =T (see Fig. 3) is the more general case, this event will be
studied in more detail.

tiotchar‘ge 1 t:=T tchorge 3

Fig. 3. Node voltages of the nodes in Fig. 2, when a pulse with a width T is propagating through the chain.
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Taking AV; = 2AV for the DC case (see Section II) the AC swing att =T is
(1 + k{)AV, where 0 < k; < 1 depending on T. The charge time is.the time which it
takes for current source iy, to discharge V, from Vy + (1 +k;)AV to Vy; + AV (during
this time V3 is charged in the time fj,3 from Vy to Vy). As soon as V equals V;, + AV
the output diode of T2 will be sufficiently forward biased to draw the current i3 and
consequently T3 will switch off and V; will start to rise. Fig. 4 shows all elements
connected to node 3 and the considered voltage swings. During fcp,me3 node 2 is not
charged to Vi + 2AV, butto Vi + (1 + k,)AV, where 0 < k, < 1. The capacitance
Cpe1//Ces together with Ry py form an RC time load to node 2, where Ry py in-
creases with increasing voltage at node 2. The value of k, is very difficult to calculate
because it depends on £ hyge3. Furthermore, node 3 has to deliver base current to T2
between fe.3 and Lcharge3 (the time interval in which T2 is ON). However, this base current
can be neglected in practical circuits, where gy = 30.

The voltage swing across the capacitances between t = T and ¢ = T + Zpype3
is (2 + ky)AV for Cypy, (1 + ky)AV for Cgy, AV for Cpey and (1 + k1 )AV for Cy, (see
Fig. 4). So the time to charge node 3 equals:

(3+ky +ky)Cpe + (1 +ky))C + Cpe
tcha.rge = i ,

and consequently

(3 +ky +ky)Cpe + (14 k)Co +Cpy
tpd:: C2is CS e V. (8)

Fig. 4. A simplified diagram of Fig. 2 in which all the capacitances to be charged by ig are indicated.
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B. Propagation delay time starting from the DC situation (F;=F =1)

As shown in IILA, k; is 1 when gates switch from their DC state. Further, from
various circuit simulations a practical value for k, is found to be 0.3. This means that
during the charge time the internal node makes a voltage swing of 1.3 AV. Substitution of
these values in (8) yields

 43Ch + 1.3Ce + Che
tpd = 2

AV. 9
s
C. Propagation delay time in a ring oscillator (F;=F,=1)

Fig. 3 shows that the internal node V, charges very slowly after its voltage is in-
creased to V;; + 1.3AV; thisis due to the steeply increasing differential resistance of the
Schottky diode by which this node is charged. In 2 ring oscillator with a limited number
of stages the internal node will not reach Vi; and consequently %, is reduced. Even in a
ring oscillator with as many as 21 stages, 2 significant reduction of &, is observed. Values
around 0.7 can be found, so the average propagation delay of a 21-stage ring oscillator
is about

4.0C, + 1.3C + Cy,
tod = < % = AV (10)

For shorter ring oscillators k; will be even smaller, of course.

D. Fan-out > 1
Fig. 5 shows ISL with fan-out = F,. When gate A is ON, the n-p-n of gate A has to
sink a larger current than in the case where F, = 1. Due to this larger current, Vggon of

gate A has to be somewhat larger. It can be calculated that the increase of Vi, is

. Ly
R

VHIN—\—

VLIN

Fig. 5. ISL situation where gate A has a fan-out of F,,.
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. — ¥ *
GVHm=§—Tln(%P1). (11)
As the Vg of the p-n-p of gate A remains constant, V is increased by the same amount
8Vhin and so are the low level inputs of gates B, C and D (Vig, Vic and Vi p). This
means that the logic swing of the nodes B, C and D is somewhat smaller than AV calcu-
lated for F; = 1 (see Section II). However, the decrease of the propagation delay time due
to this effect is small compared with the decrease of the propagation delay time caused
by the extra current (F, — 1)i which is available to charge node A; this also holds for
STL. This means that the first-order propagation delay time for both ISL and STL equals

2+k, 1+k,
‘pd=[(1+k1+ 7, Cbe )Ccs+cbe]

AV

2, (12)

where F, > 1.
This equation shows that for F, > 1 there is a considerable decrease in the average

propagation delay time, because in practical circuits Cp. and Cg are larger than Cy..

E. Fanin > 1
Fig. 6 shows an ISL configuration with F; > 1. Suppose that gate A is OFF, due to
the fact that one or more of the preceding gates are ON. In the general case n gates of the

preceding gates are ON and (F;-n) gates are OFF.

Vy Vs jlis
_\VL JINB B A
L 's
VU Vine c Va A
Vb
L— 3;10 D 1
: "
VL_ \FlilNE E

Fig. 6. ISL situation where gate A has a fan-in of Fj. Of the F; input gates, n gates are switching OFF
simultaneously.
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Due to the fact that n gates are ON, when n > 1, the low level voltage of node A
(VA1) is somewhat lower than in the case when F; = 1 (where n is always 1). This means
that the logic swing at node A is somewhat larger than AV calculated in Section II.
However, the increase of the propagation delay time due to this effect is small compared
with the increase of propagation delay time caused by the extra capacitive loading of
node A by the n preceding gates,

Fig. 7 shows the node voltage Vg = Vi, Vp = Vg and V5 during charging of node
A. As gates D and E are OFF, the node voltages Vp and Vg ‘are about
Vig — AV =V + AV, which means that nodes D and E are already charged for a large
part of the main increase from Vi to Vi + (1 +k,)AV.So att=0, Vg andV will start
to rise up to Vy; + AV (see t; in Fig. 7); from this moment on Vg, V¢, Vp and Vg will
be raised simultaneously up to Vi + (1 + k,)AV. All the capacitances are charged by

only one current source at the input of gate A.

2 tpd

Vy .
Vi

t=0 t t=tchcrge

Fig. 7. Node voltages of the nodes in Fig. 6. Gates B and C have an internal voltage swing which is AV
larger than the internal voltage swing of D and E.

It can easily be calculated that in this case the average propagation delay time both
for ISL and STL is

AV

fog = [(1 +2n+ Fiky + k;)Cpe + (n + Fikp)Co + Cbc} 2 (13)

where F; > 1and 1<n<F,.
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F. Measures to obtain fan;in independent propagation delay times in ISL and STL

Sections I11.D and IILE dealt with circuit configurations where-F; = 1 or F, > 1.
In real logic circuits combinations will always occur, which means that speed degradation
due to fan-in may be compensated or partly compensated by speed improvement due to
fan-out. Nevertheless always critical paths may appear where speed degradation due to
fan-in is dominant, so for worst-case analysis expression (13) must be taken into account
with all inputs switching simultaneously (n = F;).

At the cost of extra power dissipation the fan-in dependency of the propagation
delay time can be reduced or eliminated by electronic methods.

There are three possibilities: a) fan-in dependent increase of the input current;

b) introduction of a pull-up resistor to the internal node; c) use of dummy gates.

a) Fan-in dependent increase of input current.
When the current source to node A in Fig. 6 is increased to a level of, for instance,

F;ig, the worst-case average propagation delay times decreases to

1+ky Coe | AV
tpd = [(2+k2 T F e (1 Hk)Co + Fic]f (14)

with all inputs switching simultaneously. In ISL the input current has to flow
through the p-n-p in the DC case. This might be problematical for high values of n,

when series resistances cannot be neglected.

b) Pull-up resistor to the internal node.
Fig. 8 shows the case where each gate has a pull-up resistor connected to the inter-
‘ri):%/l:ode, %r‘(}\];iding a current #;. When #/(Cp + C ) 2 i/(Cp + Cp) then
i = 7 which means that the charge time on node A becomes fan-in in-

dependent. In that case the average propagation delay time becomes

th = (CbeAV + Cch*)/Zis (15)

Cb(i Va \ AV

_\_ | * VB E VL
T Ccs Cpe= i

nE tchqrge

Fig. 8. To decrease the speed degradation by fan-in, a pull-up resistance R is used to charge the internal
node.

107



where V* is the power supply voltage.

To reduce the effective power supply voltage for the pull-up resistor a Schottky
diode can be placed in series [14].

When #/(Cy. + C) <ig/(Cpe + Cp) then the fan-in dependency is not eliminated
but reduced. In that case the £,4 result will be between the values obtained by (15)
and (13).

¢) Use of dummy gates.
In gate arrays [23], dummy gates can be connected to gates which are connected
with their other outputs to gates that have a relatively large-fan-in (see Fig. 9) and
which are in a time-critical path. When this is done the current source to node A
does not have to charge all internal nodes of the F; gates when they all are con-
nected to a dummy gate. Here the speed improvement of a fan-out is used to com-

pensate a speed degradation of fan-in.

dummy gate

'

gates

Fig. 9. To decrease the speed degradation by fan-in, a dummy gate provides an extra charge current for
gate B.

8.1IV. Propagation delay times at medium and high current l-evels

A. ISL at bigh current levels with F;=F =1

At high current levels the actve minority carrier storage dominates the charges
in the depletion capacitances. As the minority carrier storage is proportional to the
current, the intrinsic propagation delay times are independent of the current level, as long
as no series resistances are taken into account.

Fig. 10(a) shows a chain with ISL inverters. For ¢t < 0 switch S is closed, which
means that both TN1 and TP1 are OFF, and TN2 and TP2 are ON. When ¢ > 0 the switch
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is opened causing TN1 and TP1 to charge and consequently TN2 and TP2 to discharge.
For practical devices the forward transit time of the n-p-n is much shorter than the for-
ward transit time of the vertical p-n-p (in the oxide isolated case [13]) or composite p-n-p
(in the junction isolated case [12]). This means that for the first-order approach the
forward transit time of the n-p-n may be neglected. When further all series resistances
are disregarded the reverse excess charge g of the n-p-n can easily be mathematically
combined with the forward excess charge g¢, of the vertical or composite p-n-p, forming

an effective forward excess charge associated with the collector current of the p-n-p:

dp =4 t 9 i (T + YTN) STy (16)

where T; is the effective forward transit time of the p-n-p. This excess charge can be seen
as a non-linear capacitance between the emitter and base node of the p-n-p [22] (see Fig.
10(a)).

As the n-p-n transistor is very fast compared with the p-n-p transistor, TN1 can sink
any amount of current up to fgyig when ¢ > 0. This means that the forward excess charge
of TN2 is also removed very fast, causing V3 to switch down immediately to Vggopr-
However, the base-emitter junction of TP2 remains forward biased as long as excess
charge is present. This means that shortly after t = 0 node 4 and node 5 make the same
negative step as node 3, and that TP2 in the first instance keeps sinking i, (= i); see
Fig. 10(b). The voltage at node 4 will become negative. As the voltage between node 3
and 4 does not change very much for a long period after ¢t = 0, the reverse collector
current of TN2 keeps flowing, which implies that the net current through TN2 changes
sign and changes amplitude!

When ¢t > 0, the collector current of TN2 becomes i.rny = = 7Yicppz, and the

current through D2 remains i3 = ig; so the total current to discharge q;z equals

dqg* *
p2 _ . 9p2
A R = an
P
=¥ T* =
where dpy = pisTp att 0.
Solution of (17) yields
/T 7'*is

g5, = [+ azmeis - 1] s (18)

which is zero for t; = (T;/'y)ln(l + a[";y) . (19)
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At t =tq, TP2 is switched OFF and consequently TN3 is switched ON. The average pro-
pagation delay £y is therefore £;/2, so '

tod = (T;/Z'y)ln(l + a;'y) s (20)
which reduces to

tod = Ol;T;/Z : (21)

when ¥ < 1 (because always oz; <1).

Fig. 10(b) shows the collector current through TP2 for the case where y < 1. In
that case the reverse collector current of TN2 is neglected, which means that 7.rp, de-
creases linearly (i.yp, = (oz}”)t - t/T;)is). The current through D1 is also indicated.

When ¢ > 0 the ip; immediately switches from zero (at ¢ = 0) to ig being i3 flowing
through qsz. As q;2 is now discharged linearly in time (see eq. (17) with y < 1), the
collector current of TP2 decreases also linearly (from ig to zero). This means that TP2
cannot fully sink i, anymore, and consequently the (increasing) rest of this current flows
through D1. Therefore ip increases from ig to 2ig between t =0 and t =1,. At t = t;,
q; is zero, causing i3 to flow into TN3 and the current through D1 changes from 2ig to
i (see Fig. 10 and also Fig. 7 in [12]).

Fig. 10. (a) An ISL inverter chain is shown. Switch S opens at £ > 0. Excess charge storage is represented
by a non-linear capacitance. (b) For y < 1 the waveforms of ipy, i¢rp2, V1, V3, V4 and Vs are shown.
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Fig. 11 shows ip, and ip; for a; =1 and v = 0.1, 1 and 10 respectively. For
v = 10 a peak current of 11 ig flows through D1 immeadiately after t = 0 and ¢, is re-
duced to 0.24 T;. For practical devices 7 is approximately 0.1, which means that ¢, is
about 10% below T;, so a first-order approximation of z,4 is indeed tp4 = 01;7';/2.

In cases where the forward transit time is not neglected, an analytical expression
for tpq is not very easy to derive. However, in practical devices 7y < 7¢p, which means
that such an analytical expression would not be very useful for practical cases.

In ring oscillators q; may not reach the eventual value a;is‘r;. When a gate switches

ON, the effective forward excess charge of the p-n-p is built up exponentially as given by
gp=(—eTh)agirs, (22)

which means that qu is charged to 95% for t =3 'r;A This means that a seven-stage ring

oscillator provides a z,4 which is up to 5% too optimistic.

1.0

icP2/ is

05

iD1/is

Fig. 11. The current icpp and ipy of Fig. 10(a) as a function of y when a; =1 (worst-case valuc of a; ).
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B. ISL at medium current levels when F;=F =1

As the effective forward excess charge of the p-n-p can be seen as a non-linear
capacitance between the base and collector node of the n-p-n (being the emitter and base
node of the p-n-p), the average propagation delay time can also be found as half the
charge time of the input node (as explained in Section III) with the non-linear n-p-n base
collector capacitance charged to Q; = q; = isa;'r; (see Fig. 12).

In this way the high current level £,4 expression (21) and low current level £,4

expression (8) are easily combined to give

AV TS
g = [(3+k1 +k2)cbc+(1+k2)ccs+cbei] zllSsL +20 (23)
Ve
02‘—'0
Q1=Ii}-a;-'t; isl
A—(1+K,) AV Ky-AV
N L [t ey
Cbc1

:|: Ces1 Jcbez
RE

Fig. 12. As Fig. 4, with the p-n-p-transistor minority carrier storage indicated as a non-linear capacitance.

C. ISL at medium and bigh current levels when F; > 1 and F, > 1

At medium and high current levels, too, ISL will be slower for F; > 1 and faster
for F, > 1. Mathematical expressions similar to these derived in section III.D and IILE
can be derived when starting from (23). The electronic methods described in IILF to
obtain fan-in independent propagation delay times also work out for high current levels.
When the first method is used, where the input current is increased, the non-linear capaci-
tance may be charged to Q; =n isoz;r;, causing an increased switch-off ‘time of the p-n-p.
D.STL

In STL the relatively slow p-n-p does not exist; only the short forward transit time
of the n-p-n plays a role. In practical devices the stored excess charge in the base of the
n-p-n is very small compared with the charge in the junction capacitances, which means
that for high current levels, too, expression (8) is valid, as long as no series resistances are

taken into account.
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8.V. Series resistances and wiring capacitances
A. Series resistances in ISL

Fig. 13 shows all relevant series resistances in ISL. At high current levels the series
resistances can cause a considerable increase in the propagation delay time [4,12], and a
decrease in voltage swing and noise margins [19,20].

It is mainly the Schottky series resistances Ry that will decrease the voltage swing.
Although this would decrease tp4, RC time effects and peak-current limiting effects have
in general a stronger influence in practical circuits, which means that#,4 increases [12,24].

At high current levels the series resistances cause a different current distribution
between the base current of the n-p-n and emitter current of the p-n-p, which can increase
1';, and furthermore the p-n-p may go into saturation due to a too large voltage drop over
its collector series resistance R p [12].

All these effects make it very difficult to derive a mathematical expression for tp4,
which includes all series resistances. In fact only a circuit simulation program can provide

the information [12,24].

# WM
%Re

Fig. 14. An STL stage with all relevant series resistances included.
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B. Series resistances in STL

Fig. 14 shows all relevant series resistances in STL. The logic swing equals
AVgry = AVgyp + (Rg — Rgp)is. In practical cases Rg; will be larger than Ry, which
means that AVgyy will decrease at high current levels. But here too, tpq will increase
due to the RC time effects and peak current limiting.

Further the series resistance of the clamp diode Ry, and the n-p-n collector re-
sistance R can cause the n-p-n transistor to go into saturation at high current levels.

In STL, too, mathematical formulas including all series resistance effects are very
difficult to derive, and computer simulations have to be used to obtain the information.
C. Wiring capacitances in ISL and STL

Wiring capacitances always increase the propagation delay time in ISL and STL.

These capacitances are parallel to Cj, so the mathematical expressions for £,4 can
be used by replacing Cy,. by Cy, = Ce + Cy,, where Cy, is the particular wiring capaci-
tance.

Especially when the fan-in is larger than 1, the influence of wiring capacitances is

not negligible.

8.VL ISL/STL comparison and measurements
A. Theoretical comparison .

As shown in Section IlI, the propagation delay times of ISL and STL at low
current levels would be identical for equal values of the junction capacitances Cy,, Cg,
Cpe and the voltage swing AV. When ISL and STL are laid out in the same technological
process, using the same process and same minimum design rules, small differences
in the average values of C},. and C over their voltage swings may occur due to the fact
that the juntion capacitances are essentially non-linear and the bias voltages are slightly
different. In ISL Cyn and Cgy intend to be a little larger than in STL because the base-
-collector junction is about 100 - 200 mV more forward-biased, and the collector-substrate
junction is about 100 - 200 mV less reverse-biased. In STL, however, the junction capaci-
tance of the clamp diode has to be added to the base-collector capacitance of the n-p-n,
and further C_ gy will be a little larger due to the larger collector island which is needed to
include the clamp diode (see Fig. 15).

As shown in Section II, the voltage swings are determined mainly by the saturation
currents of the clamp devices and output Schottky diodes (Ipo and Iyg in ISL; 140 and
I402 in STL). The smaller AV, the faster the logic and the smaller the noise margins are
[19,20]. So with AV a trade-off is made between speed and noise margins. For circuits
with F; = F, = 4, a AV of about 150 - 200 mV is required to obtain positive noise
margins [19,20].

At higher currents, ISL will be somewhat slower than STL because of the minority
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Fig. 15. (a) Not-to-scale cross section of ISL in an oxide-isolated process [13].
(b) Proposed not-to-scale cross section of STL in the same basic process as (a).

carrier storage in the p-n-p (see Section IV). As shown by equation (23), the average
propagation delay time is increased with a"‘r;/Z, where 'r; is the effective forward transit
time of the composite p-n-p. Here the thickness of the epitaxial layer and the width of
the lateral base are very important. In pn-isolated ISL with a 2.9 um epitaxial layer and
5 um details, T; is 1.5 ns at room temperature (see T'f'P in [12]), which means that the
average propagation delay time is increased by about .75 ns. In oxide-isolated ISL with a
1.2 um epitaxial layer and 3 um details [13], the relatively slow lateral p-n-p is eliminated,
yielding a T; of about 250 ps (at room temperature), which means that t,4 is increased
by about 125 ps only. At very high current levels the speed of both ISL and STL is
limited by the various series resistance effects. As explained in Section V, it is very dif-
ficult to derive mathematical expressions for this region, so computer simulations and

experiments have to be carried out.

B. Measurements, simulations and calculations

Fig. 16 shows average propagation delay times versus current per gate for oxide-
-isolated ISL and STL structures. All have voltage swings of at least 180 mV. Very fast
oxide-isolated STL with a voltage swing of 125 mV has also been published (17,18].
However, this logic swing is too small for realistic logic circuits (very small or negative
noise margins for F; > 1 and/or F, > 1) and is therefore not indicated in Fig. 16. It is
clear from Fig. 16 that ISL and STL have comparable speeds when made in the same
process with the same voltage swing. All ISL and STL examples exhibit curved lines at
high current levels due to series resistance effects. The measurements on ISL ring oscil-
lators (21 stages) with 3 um design rules [13] and PtNi-silicide Schottky diodes
(pg = 0.78 eV) were done with the structure shown in Fig. 15(a) [13]. For this structure

a model was derived [24] and the circuit simulation provides a £,4 curve which is identical
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with the measured one (see Fig. 16).

If STL would have been made in the same basic process (see cross section in Fig.
15(b)) with a PtNi-silicide clamp diode (¢g = 0.78 V) and TiW fan-out diodes
($g =0.53 eV) the logic swing would be identical with the ISL swing (= 200 mV) and the
propagation delay time would indeed be somewhat smaller than that of ISL (see Fig. 16).
The main speed difference is caused by 'r; in ISL, which makes the delay time about 125
ps longer. Thus a little speed improvement is obtained with STL at the cost of a more
complex technology. The calculated propagation delay time for STL and ISL with equa-
tions (8) and (23), respectively, is also indicated in Fig. 16.

The following measured parameters are used for both equations Cy. = 0.056 pF,
Ces=0.26 pF, Cp =0.035 pF, AV =210 mV, k; =0.7, k, = 0.3, a5 = 0.96 and
'r; = 250 psec. The simulation results for STL and ISL in Fig, 16 were carried out with a
21-stage ring oscillator. The factors k; and k, belong to this 21-stage ring oscillator (see
Section IIL.C).

At ig = 50 pA the calculated values are: £,4;5;, = 1.46 nsec; t,gs7L = 1.33 nsec.

These values are very close to the simulated and measured results (see Fig. 16).

20
measured
10F -e====--== simulated 8 25°C
- . calculated with (23)

a calculated with (8)

Average prop. delay time [ns]

AN
I ISL,125um[15] STL,3um

02 B T B B A | Lo

10 100 1000
Current per gate [uA]

Fig. 16. Measured, simulated and calculated average propagation delay times at room temperature of
ISL and STL made in oxide-isolated processes with different minimum details. References are made to
[13,14,15,17].
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For i; = 100 pA the calculated values are: £,415;, = 0.79 nsec; tp4g7y, = 0.66 nsec.
At this current level series resistances are no longer negligible and the curve starts to
deviate from these calculated propagation delay times (these calculations are not shown
in Fig. 16).

8.VIIL Conclusions

It has been shown that high-speed VLSI candidates ISL and STL are quite similar in
behaviour. The only basic difference is that the n-p-n clamp device is a p-n-p in ISL and
a Schottky diode in STL. This means that, owing to minority carrier storage in the p-n-p,
ISL will be somewhat slower than STL when the logic swing and the junction capcitances
are identical. In pn-isolated structures with a combination of a lateral and a vertical p-n-p
the extra delay in ISL is about 0,75 ns; in oxide-isolated processes, where the relatively
slow lateral p-n-p is eliminated, the extra delay is about 125 ps. Analytical expressions for
the average propagation delay time (¢,4) have been derived. Both logic forms suffer from
delay time increase with fan-in increase. Measures to obtain fan-in independent delay
times have been discussed, and it has been shown that they increase the power dissipatibn.
Fan-out can increase the speed of both logic circuits.

Due to the behaviour of the internal node, the measured propagation delay times
when starting from the DC state will be different from those starting from an AC state
as ring oscillators. In the latter case shorter propagation delay times will be measured.

Series resistances cause an increase in propagation delay times at higher current
levels. Analytical expressions are very difficult to obtain for this region; here information
can only be obtained from circuit simulation and measurements. As a general conclusion
it can be said that when compared in oxide-isolated structures with thin epilayers STL
is marginally faster than ISL at the cost of a more complex technology (two masks extra,

and one control of barrier height extra).
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9
Performance, Temperature Behaviour, and First-
Order Modeling of ISL

J. Lohstroh and J.D.P. van den Crommenacker

Abstract — The minimum propagation delay time of Integrated Schottky Logic (ISL)
made in a standard LS process is determined by saturation of the vertical p-n-p clamp
transistor. A performance improvement is obtained by increasing the dope of the sub-
strate to prevent this saturation effect. When using 5 um minimum dimensions the mini-
mum propagation delay times is then well below 3 ns over the full temperature range
from —55 up to 150°C chip temperature. It is shown that a vertical p-n-p clamp transistor
is essential to obtain a high speed when relaxed design rules are used.

Furthermore, it is shown that ISL can be modeled in a relatively simple manner
with one n-p-n transistor and one or two p-n-p transistors, depending on the resistivity
of the substrate.

9.1. Introduction

Integrated Schottky Logic (ISL) is a 200 mV voltage swing LSI logic that can be
fabricated in standard Schottky processes with a double layer metallization [1]. It fills the
gap between low-power Schottky TTL (LS) and integrated injection logic (1ZL) for those
circuits where LS consumes too much power and takes up too much chip area, and when
12L does not attain the required speed.

It has been shown [2] that the minimum propagation delay time of ISL is about
five times smaller than that of 2L, when compared in the same process.

In this paper the performance and temperature behaviour of ISL, fabricated in a
standard LS process, is compared with the performance and temperature behaviour in
a modified process. Only the original ISL gate with p-n-p clamp is considered.

For ISL made in a standard LS process, a first-order model consisting of one n-p-n
transistor and two p-n-p transistors can describe the temperature behaviour adequately.

~The n-p-n and p-n-p transistor models can be simple one-lump charge control models.

ISL made in the LS process exhibits quite a high temperature coefficient for the

Reprinted with permission from /EEE J. Solid-State Circuits, vol.
SC-15, no. 3, pp. 269-276, June 1980. 119



minimum propagation delay time.

A performance improvement can be achieved with a slightly modified LS process
(which has an increased substrate dope level), and using 5 gm minimum dimensions. In
that case the minimum propagation delay times can be well below 3 ns over the full
temperature range from —55 up to 150°C chip temperature. It will be shown that with
sufficiently increased substrate dope levels the ISL model can be simplified to a model
with one n-p-n transistor and only one p-n-p transistor.

It will further be shown that the vertical p-n-p clamp transistor is essential to ob-
tain a high switching speed when relaxed minimum desigﬁ rules are used.

9.1I. Measurements and modeling of ISL in a standard LS process

ISL was originally fabricated in a standard process developed for LS. To reduce
the collector-island capacitances of the LS gates, the substrate resistivity of the LS process
was chosen at a rather high (non-critical) value of 14 Q+cm. In ISL gates the substrate
has not only an isolation functon, it also has a conduction function to conduct the
current from the vertical p-n-p collector areas to the p* isolation grid, which is contacted
and grounded at several points on a chip. This introduces a conflicting requirement for
the resistivity of the substrate because an effective low-storage clamp action requires
that the vertical p-n-p transistor of ISL should not be allowed to go into saturation, which
means that only small voltage drops are allowed over the conducting paths in the sub-
strate.

Fig. 1 shows a cross section of an ISL gate (not-to-scale). For a first-order modeling
setup the lateral and vertical p-n-p’s are modeled separately. The splitup between the
transistors is indicated with the dashed lines. The shaded areas indicate the storage of
active charge (holes). The distribution of holes in the bases of the p-n-p’s is triangular in
shape, as long as the transistors are not saturated. In the collector of the saturated n-p-n

the hole distribution is block-shaped due to the hole-reflecting buried layer.

Fig. 1. Cross section of an ISL-gate (not-to-scale). The shaded areas indicate the storage of active charge.
The clamp p-n-p transistor is split up into a lateral transistor p-n-p1 and a vertical transistor p-n-p2. The
vertical p-n-p2 has a collector series resistance Repp which limits the:speed of ISL in a standard LS process.
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The complete model of the ISL gate (without input current source) is shown in
Fig. 2. The fixed capacitances represent the depletion capacitances and the variable
capacitances represent the storage of active charge.

The modeling and measurements are done for a process with 2.9 pm epitaxial layer
and 5 pum minimum details [1]. The thickness of the epitaxial layer decreases during the
fabrication process due to silicon consumption (during the various oxidation steps); at
the end of the process the thickness is 2.4 um. Fig. 3 shows a to-scale cross section
of the lateral p-n-p, the vertical p-n-p, and the n-p-n transistors; also the depletion layers
and the hole distributions are indicated.
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Fig. 2. Model of the ISL gate of Fig. 1.

When the p-n-p’s are forward biased, the depletion layer between emitter and base
(between p-island and n-epi) is assumed to be neglectably small, which means that active
charge has to be taken into account over an effective neutral base thickness Wpgeg
reaching from the metallurgical base-emitter junction towards the base-collector depletion
layer [3]. This approach is confirmed by a one-dimensional computer program, using the
Poisson equations and the electron and hole continuity equations, and which uses the
dope profiles as input [4].

This effective base-thickness of the lateral p-n-p is 2.5 um and the effective base-
-thickness of the vertical p-n-p is 1.05 um (for the lateral p-n-p the mask determined
base-width is 4.6 um, being 5 pm minus two underetch distances of 0.2 um) (see Fig. 3).
The dope of the epitaxial layer is 2.1016cm™3.
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Fig. 3. To scale cross section of the lateral p-n-p, the vertical p-n-p, and n-p-n transistors. The depletion
layers and hole distributions are indicated.

The area of the p-island is 15x30 um, equally divided into 15x15 um? for the
region where the buried layer is present underneath (in this region the emitter is placed)

and 15x15 pm? for the region without buried layer (vertical p-n-p). The area of the
lateral p-n-p (Pg ;) is about 125 um? (where Py is the perimeter of the lateral p-n-p,

and x; the base junction depth). This means that the saturation current ratio of the lateral

and vertical p-n-p equals

Iopy __ Apr  Waettr )
Iopz  Waettp1 App

where I p; and I p, are the saturation currents of the lateral and vertical p-n-p, respec-
tively, and Ap; and Ap, the areas of the lateral and vertical p-n-p, respectively. Equation
(1) yields 0.23 for the given parameters. Measurements done with gates with and without
vertical p-n-p (and equal base-island) show that I p;/I,p, = 0.25. This value is somewhat
larger than the calculated value because (1) is not corrected for the fact that effective area
of the lateral p-n-p is somewhat larger than Pg *x; [5]. For the simulations I ,p1/Iopp =0.25
is taken.

The active hole-charge in the base of the vertical p-n-p and in the collector of the
n-p-n are about equal because the areas of the vertical p-n-p and the base-collector junc-
tion of the n-p-n are equal (15x15 pm? each), and the effective base-width of the vertcal
p-n-p is twice as thick as the distance between the metallurgical base-collector juncton

of the n-p-n and the (hole reflecting) buried layer (see Fig. 3).
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This implies that the reverse transit time of the n-p-n 7y equals 7 = Tgpy /7,
neglecting the extra storage in the base of the n-p-n, where 7¢p, is the forward transit
time of the vertical p-n-p P-N-P2 and 1y the saturation current ratio I,,g/I p, of the n-p-n
and the vertical p-n-p. Furthermore, if the forward base current of P-N-P2 and the reverse
base current of the n-p-n are assumed to be equal, then By = vB¢p,, Where By and fep,
are the reverse current gain of the n-p-n and the forward current gain of the vertical p-n-p,
respectively. The junction capacitance between the n-p-n base island and the epi-layer

is split up as follows:

CpeN = Cpep1 = Cpepz -

The n-island to substrate capacitance is devided into Cig,,4, being the capacitance of the
island under the Schottky diodes, and Cypy and Cycpy (Cpepr = 3Chepa). For the com-
puter simulations the following measured room temperature values for the most impor-
tant parameters are used: y= 0.2, 7oy = 0.1 ns, By = 80, Bp = 20, and By = v*Pp = 4;
Cpen = 0.1 pF, Cpoy = 0.06 PF, Cpepy = 0.06 pF, Cpepy = 0.06 pF,

Cigand = (0.2 + F+0.1) pF, where F = fan-out, C p; = 0.15 pF, Cy,ps = 0.05 pF,
C4=0.04 pF, Ryy =300 2, Rey =6 2, Ry = 14 £, Rypy = 100 Q, Rep; =30 2,

Repy =308, Rypy = 1002, Repy =20 Q, Rep; =8 k2, Ryg,ng = 160 2, Ry =80 2,
Rgpq =11 Q, and Ry, = 10 Q. The junction capacitances are given for the non-biased

condition.
The room temperature value for the forward transit time of the vertical p-n-p

(1¢pp) equals W%emﬂDp = 0.55 ns and consequently the reverse transit time of the
n-p-n equals

TN = Tepp /Y= 0.55 ns/0.2= 2.8 ns.

The transit times 7gp; and 7,p; of the lateral p-n-p are equal to W%em,l /2D, =3.1ns.

When the vertical p-n-p becomes saturated, electrons are injected into the substrate.
The reverse transit time (7,p,) has been curved fitted to be 5 ns. )

The highest series resistance is R_p,, the collector series resistances of the vertical
p-n-p. Fig. 4(a) shows a curve tracer picture (I./V .-characteristics) of the lateral and
vertical p-n-p in parallel, at room temperature. The Jarger the combined collector current,
the larger V. has to be bring the vertical p-n-p out of the saturation region. The slope of
the saturation region shows that the collector series resistance of the vertical p-n-p is
about 8 kQ2.

At higher temperatures than room temperature, all transit times, current gains,

capacitances, and resistances will increase, depending on their specific temperature coeffi-
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Fig. 4.1 versus V. characteristics of the lateral and vertical p-n-p in parallel in a (a) standard LS process
made on a 14 Q+cm substrate, and (b) in a modified process made on a 2 £*cm substrate, both at room
temperature.
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cients. R p,, which is formed by the low-doped substrate, has the largest temperature
coefficient. Measurements have shown that at 150°C chip temperature the resistance of
R p, doubles (from 8 to 16 kQ2).

Fig. 5 shows measured and computer-simulated propagation delay times of ISL
made in the LS process with 5 kS reistors as current sources, for different currents per
gate (obtained by variation of the power supply voltage) and with temperature as para-
meter. The measurements and simulations were done for an 11-stage ring oscillator.
For the simulations the program PHILPAC was used. As shown in Fig. 5, the simulations
agree very well with the measurements.

At room temperature the minimum propagation delay time is 2.8 ns for 200 uA/gate
and at 150°C the minimum propagation delay time is 6.1 ns at 80 pA/gate. So the tem-
perature coefficient of the minimum delay time is quite high: + 30 ps/°C. From the
simulations it can easily be found (from the internal transistor current) that the minimum
propagation delay time is determined by the saturation of the vertical p-n-p. The voltage
drop across R, becomes about 0.7 V at room temperature for a current level of 200
uA/gate. At larger currents the clamp action of the fast vertical p-n-p is lost and the
slower lateral p-n-p has to take over. This means that the logic will become slower. With
increasing temperature R p, increases, which means that the saturation of p-n-p2 will
occur at a lower current level. To gain some insight into the optimum speed obtainable
with ISL at a given temperature, we examine in the next section the intrinsic and extrinsic

behaviour versus temperature.

measured
20  yo0e simulated

LS Standard process

150°C
\x/ 125°C

10

L |

PROPAGATION DELAY TIME Ins]

5 |

25°C
5| -55°C
1 N " |- T | B T
005 01 0.2 05 1

CURRENT PER GATE[mA]

Fig. 5. Measured and computersimulated propagation delay times for an 11-stage ring oscillator for dif-
ferent average currents per gate, with temperature as parameter, of ISL made in a standard LS process.
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9.111. Intrinsic and extrinsic behaviour versus temperature of ISL
The extrinsic behaviour of ISL is the measured behaviour. Here the transistor
transit times, the junction capacitances, and the series resistances determine the speed of
the logic. The intrinsic behaviour would be the behaviour when all junction capacitances
and series resistances are ignored, and the absolute minimum propagation delay is ob-

tained independently of the current level.

A. Intrinsic bebaviour

To study the intrinsic behaviour of ISL, we carried out computer simulations for
an 11-stage ring oscillator with fan-out = 1 (see Fig. 6). Fig. 7 shows three succeeding
node voltages V., three succeeding Schottky diode currents iy, and three succeeding
combined p-n-p collector currents i.p =i.p; + ipp of three succeeding stages of the ring
oscillator of Fig. 6, for 25°C (see Fig. 7(2)) and 150°C (see Fig. 7(b)), for R =5kQ,
and V. = 1.7 V (resulting in an average current per gate of about 200 pA).

supply

| | i
Vbet T Ve L2 V3 S8 g
9 — 3 7 1

1 2
Jj icP) Jj icP(2) J_i icP(3)

Fig. 6. Part of an 11-stage ring oscillator with fan-out = 1, V., i, and ip = icpy + iepy of three suc-
ceeding states as presented in Fig. 7-9, and indicated in Fig. 2.

Without the series resistances the lateral and vertical p-n-p can be combined to
form one transistor with a saturation current which is the sum of the saturation currents
of both transistors, and a forward transit time 7{p which is the weighted average of 7¢p;
and 7¢py (rfp = Uop1 71 + Top2 *7p2 )/ Uop1 + Iop2))-

Furthermore, Q. (see Fig. 2) can be wholly ascribed to the forward minority
charge storage of the combvined p-n-p.

With equal charges in the collector of the n-p-n and in the base of the vertical p-n-p
(O = Qgp,) the forward transit time of the combined p-n-p becomes
Tep = Uop1Tep1 + 2LopyTepp Y opy + Iopz)- The reverse transit time of the n-p-n Ty will
then be zero. At room temperature (25°C), 7fp = 1.5 ns, and at 150°C Tip = 2.6 ns (1 is
proportional to (T/T,e)'). As the intrinsic current-independent propagation delay time
is given by T;'I,/Z [2], the delay times would have been 0.75 and 1.3 ns, respectively. The
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Fig. 7. Computer simulations for (2) 25°C and (b) 150 °C of a ring oscillator with fan-out =1 for the in-

trinsic current-independent case where all series resistances and junction capacitances are neglected.

Shown are Vi, ig, and icp = icpy + icpp of three succeeding stages (see Fig. 6). Reypply = 5 k€2 and
Vee=1.7V.

simulated results are somewhat faster (0.5 and 1.2 ns), due to the fact that the resistors
are not constant current sources (the input current of a gate is smaller than the n-p-n col-
lector currént) and the base currents of the transistors are not zero. For T = 150°C the
logic swing is decreased from 210 to 150 mV owing to the difference in temperature
coefficients of the saturation currents of the p-n-p transistors and Schottky diode; this
difference is about 0.5 mV/°C. For the p-n-p transistor the saturation current is pro-
portional to 716 exp(—qV,/kT);whereas the saturation current of the Schottky diode is
proportional to T2exp(—q¢g/kT), where Vg and $g(= 0.78 V) are the silicon band-gap
and Schottky barrier height, respectively.

Notice that 7y has a current peak with a magnitude of double the supply current.

B. Extrinsic bebaviour without junction capacitances for 200 nA/gate

Fig. 8 shows for 25°C (see Fig. 8(2)) and 150°C (see Fig. 8(b)) the behaviour of the
gates, now with series resistances included, but the junction capacitances still neglected,
.and at the same current level of 200 uA/gate. The delay times are increased considerably

(1 and 4.5 ns, respectively) compared with the intrinsic case. This is mainly due to the
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Fig. 8. As Fig. 7, but now for the extrinsic case where the junction capacitances are still neglected. The

series resistances are included and belong to the standard LS process. The current per gate is 200 pA, and

the vertical p-n-p goes into saturation, causing 2 much longer propagation delay time. Furthermore, the

internal Vi, of the n-p-n (indicated by dashed line) lags behind, due to a voltage drop across RyN. This
effect prevents a fast switch-OFF of the n-p-n.

fact that the vertical p-n-p goes into saturation, which is caused by the voltage drop across
R py, the collector series resistance of the vertical p-n-p. The saturation becomes more
severe at elevated temperatures, due to the large temperature coefficient of R p,. The
resistance value of R p, increases from 8 k§2 at 25°C to 16 k€2 at 150°C. This means
that at higher temperatures the vertical p-n-p will go into saturation at smaller currents.

Another limiting effect is caused by the active charge Q. in the collector of the
n-p-n, which has to be removed through the base series resistance Ry to switch OFF the
n-p-n. During the switch-OFF action of the n-p-n a voltage is developed across Ry,
causing V. (internal base-emitter voltage, see Fig. 2) to lag behind (see dashed lines in
Fig. 8) and preventing a fast switch-OFF. Mainly at 150°C, where Ryy has its largest
value and where also the voltage swing is reduced, this effect imposes a real limitation on
the speed of ISL.
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Fig. 9. As Fig. 8, but now in the complete extrinsic case. Compared with Fig. 8 all junction capacitances
are included (belonging to the standard LS process).

C. Extrinsic bebaviour at 200 pA/gate

Fig. 9 shows the voltage and currents with all series resistances and junction capa-
citances included.

The delay times at 25 and 150°C are now increased to 3 and 7.7 ns respectively.

Note the extra current spikes in 7.p, which arise during charging and discharging of

Cpep1 * Chep2-

9.IV. Measurements and modeling of ISL in an improved process (ISL process)

As shown in the previous section, the minimum propagation delay time of ISL
made in a standard LS process is determined by saturation of the vertical p-n-p. With a
sufficiently negative biased substrate this saturation effect could be prevented; however,
this means that an extra supply voltage would be necessary and that the power dissipation
of the gates in the ON state would be increased dramatically. A better solution is to in-
_crease the substrate dope level to decrease the collector series resistance R p, and prevent

saturation at not too high current levels. Doing this, the collector-island junction capa-
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citances will increase, which means that the speed of the logic is affected at low current
levels. It has been found that a substrate resistivity of 2 £*cm is a good compromise. The
extrinsic speed will be much closer to the intrinsic speed in this case.

Fig. 4(b) shows the curve tracer picture of the vertical and lateral p-n-p in parallel
at room temperature; saturation of the vertical p-n-p is hardly perceptible anymore (com-
pare with Fig. 4 (a)). The model can be simplified in this case by combining the vertical
and lateral p-n-p in one model, by summation of the saturation currents, and introduction
of the weighted average of the transit times T;P =U,p *Tepr T Lopa " Tepa W py +1py ).
Taking the same transit times as in Section Il and having I _p, =4I p, then 7, = 1.1 ns.
Furthermore, Cp p1s Cpepas and Cigang T€ increased by 40 percent.

Fig. 10 shows the measured and computer-simulated propagation delay times of
ISL made on a substrate with a resistivity of 2 Q+*cm. The simulations agree very well
with the measurements. At room temperature the minimum propagation delay time is
1.7 ns at 1 mA/gate, and at 150°C the minimum propagation delay time is 2.8 ns at
350 pA/gate. The temperature coefficient of the minimum propagation delay times is
now reduced to 6 ps/°C. This means that the performance is improved considerably com-

pared with ISL made in a standard Schottky process.
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Fig. 10. Measured and computer-simulated propagation delay times for an 11-stage ring oscillator for dif-
ferent average currents per gate, with teperature as parameter, of ISL made on a substrate with a resitiv-
ity of 2 Q«cm.
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9.V. ISL performance with lateral p-n-p only

As stated in [1], the speed of ISL in standard processes is mainly determined by
the base-thickness of the vertical p-n-p. Measurements of ISL with and without vertical
p-n-p underline this statement. Fig. 11 shows the measured propagation delay times of
ISL made in the ISL process, with and without vertical p-n-p (in the version without
vertical p-n-p, the buried layer is not cut away under the base contact). The measure-
ments are done for room temperature. Fig. 11 shows that without vertical p-n-p (which
means that only the lateral p-n-p is doing the clamp action) the performance is decreased
dramatically. The question can now be arised what the basewidth of the lateral p-n-p
should be to obtain the same performance as ISL with the vertical p-n-p. In that case the
same room temperature value of 7, = 1.5 ns should be obtained for ISL with lateral p-n-p
only (rgp, is the forward transit time of the p-n-p with Q  wholly ascribed to the p-n-p;

see Section III.A). It can easily be shown that in that case

. _ Whetips + Abase idand | Whettp1"We @
- 2Dp Apy Dp
20 ISL process

1 measured at 25°C

without vertical PNP

PROPAGATION DELAY TIME [ns]

with vertical PNP

1 s Y IS, T 1 | N 1 1 | A G [ [N [ I

S0 100 500 1000 2000
CURRENT PER GATE[uA]

Fig. 11. Measured propagation delay time of ISL with and without vertical p-n-p, made in the ISL
process. In the case without vertical p-n-p, only the lateral p-n-p is present which has a much thicker base
“than the vertical p-n-p. Only with improved lithography a thin base could be achieved for the lateral
p-n-p. With relaxed design rules it is much easier to rely on the vertical p-n-p.
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where W is the thickness of the epitaxial layer between base and buried layer (metal-
lurgical junctions) and Ap,ee iglang 15 the total area of the base island. With W = 0.5 um
(see Fig. 3), Apaee idand = 15%30 um?, and Ap; = 125 um?2, (2) yields 1.5 ns for

Wgestps = 0.7 um. This implies that the distance between the diffusion openings of the
lateral p-n-p should be 2.8 um, using the same process. This value is quite small for stan-
dard contact printing processes which will also give large spread on this value (the spread
directly influences the speed of the logic). Therefore, it is much easier to rely on the ver-

tical p-n-p when more relaxed design rules are used.

9.VI. Conclusions
It has been shown that the minimum propagation delay time of ISL, made in a
standard LS process with 5 um design rules, is determined by saturation of the vertical
p-n-p transistor. The temperature coefficient of the minimum propagation delay time is

rather high in this case. ,
Improved performance is achieved by increasing of the dope of the substrate. It is

then found that the minimum propagation delay time is well below 3 ns over the full
temperature range from —55 up to 150°C chip temperature; moreover, the temperature
coefficient of the minimum propagation delay time is reduced to the very low level of
6 ps/°C.

Although ISL can operate with a lateral p-n-p clamp only, it is much easier to rely
on a vertical p-n-p because in that case the layout rule independent base-thickness of the
vertical p-n-p can be thin enough to achieve a high speed logic. When a lateral p-n-p is
used only, the lithography needs to be improved to obtain design rules below 3 um.

It has been shown that ISL can be modeled in a relativély simple manner with one
n-p-n transistor and one or two p-n-p transistors, depending on the restitivity of the

substrate.

Acknowledgment
The authors are much obliged to D. Allison of the Signetics Corporation for pre-
paring the wafers.

REFERENCES

[1] J. Lohstroh, “ISL, a fast and dense low-power logic, made in a standard Schottky process”, in 1978
European Solid-State Circuits Conf. (ESSCIRC), Dig. Tech. Papers, Sept. 1978, pp. 3942; also pub-
lished in IEEE J. Solid-State Circuits, vol. SC-14, pp. 585-590, June 1979.

[2] J. Lohstroh, “Performance comparison of ISL and 12L"”, in ISSCC Dig. Tech. Papers, feb. 1979,
pp. 4849.

[3] A.B. Philips, ‘“Stored-base-charge transistor analysis”, in Transistor Engineering, New York;
McGraw-Hill, 1962, sect. 16-3.

[4] ). Slotboom, private communication.

[5] 'S. Chou, “An investigation of lateral transistors - D.C. characteristics”, Solid-State Electron., vol. 14,
pp- 811-826, 1971.

132



10
First-order Modeling of Oxide-Isolated ISL

J. Lohstroh and R.M. Pluta

Abstract — A model is derived for an oxide-isolated ISL gate with fan-out = 4. The model
includes an n-p-n transistor, a p-n-p transistor, a silicon diode and four Schottky barrier
diodes. Special attention is paid to all temperature coefficients of the device parameters.
Very good agreement is obtained with measurements in the temperature range
from 25°C to 125°C.
Due to the p* channel stopper in the process, the collector series resistance of the

clamp-p-n-p is relatively small.

10.1. Introduction

After the first ISL generation which was made in pn-isolated processes [1], the
second ISL generation uses oxide-isolated processes to obtain a much better performance
and packing density suitable for high speed VLSI [2-5].

The average propagation delay time of ISL is relatively easily calculated for low
and intermediate current levels [5]; at high current levels series resistances start to play
2 dominant role, which makes an analytical calculation practically impossible, so for that
current region only measurements and/or computer simulations can be done [5]. For this
last approach an appropriate model which models at least all first-order effects is needed.

A first-order model of pn-isolated ISL has already been published {6].

In this paper a modelis derived for the oxide isolated case, including walled emitters,
buried layers (covered with oxide or epitaxial material), channel-stop ion-implants, etc.
Special attention is paid to temperature coefficients of resistors, capacitors, bandgap-volt-
ages and Schottky barrier heights.

Only oxide-isolated ISL with vertical p-n-p clamp [3] is modeled.
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10.11 Device structure
Fig. 1 shows a top view and cross section of an oxide-isolated ISL [3] testgate
which has an additional collector contact compared with the gates used in an 21-stage
ring oscillator (see Fig. 2). This collector contact is used to determine some device para-
meters (Schottky diode series resistance, p-n-p effective current gain, etc.); the collector

contact is not used in the eventual ISL gate model, because in ISL circuits this contact is

not needed.
.
| B‘ contact hole
l -L oxide definition
— —
A— : <—AI (a)
L'_- 18 — 5 um

(©)

Fig. 1. Top view (a), and cross sections (b,c) of oxide-isolated ISL made with 3 um min. detai!s [3]. The
vertical dimensions are not to scale. Self-aligned channel-stoppers are present under the thick oxide.

Fig. 2. A part of the 21-stage ring oscillator in which the gate of Fig. 1 (without collector contact) is
used. The second layer metal which connects all the n-p-n emitters is not present.
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Fig. 1. shows the lateral dimensions after all processing steps. The substrate is
5 £+cm and an Sb buried layer is made before epitaxial growth. The resistivity of the
epitaxial layer is 0.3 Q+cm (2.10%cm3); after all oxidation steps the epithickness is
reduced from 1.2 um to 1.0 um. The updiffusion of the buried layer is 0.3 um. Under the
isolation oxide a p-type channel stop is made to prevent n-MOS channels between the -
buried layers. Base and emitter junction depths are 0.5 and 0.25 um respectively. Fig. 3
shows the profiles. All contacts are covered with PtNi (60%, 40%) to form PtNi-silicide.
Ohmic contacts are made to the base and emitter; Schottky barrier diodes are made to
the epilayer.

Typical sheet resistances are 30 £2/0 and 50 /0 for the buried layer when covered
with epitaxial material or oxide respectively, 600 /0 for the base diffusion, 8 k§2/0 for
the pinched-base area, and 28 Q/o for the emitter. As shown by Fig. 1 the base, the

—_
o,
w

DOPE CONCENTRATIONS [cm?]
o—.
<

_.
o,
3

epi-layer

| " " 2 Pa— | "

15

16

Fig. 3.'Dope profiles of emitter, base and buried layer of the oxide-isolated process.
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emitter and the Schottky diodes are partly walled.
The substrate is contacted and grounded with a deep p* plug, placed as close as

possible to the vertical p-n-p, to obtain a low-ohmic path for its collector current.

10.11I. Modeling of the merged transistor part
The most complicated part of the ISL structure is the merged transistor part. In
the subsequent sections, series resistances, transit times and depletion capacitances are
considered and it is indicated how a reasonable split-up is made to model the structure

with a minimum number of basic modeling elements.

A. Series resistances

Fig. 4 shows all relevant series resistances. Although the merged structure could be
modeled roughly with only one n-p-n and one p-n-p transistor, the distribution of junc-
tion capacitance, diffusion capacitance (hole storage) and series resistance around the
n-p-n requires in principle a split-up into more elements, mainly because of the high
pinched resistance (~ 8 k§2/0) of the base area of the n-p-n. As shown in Fig. 4, the

introduction of two extra diodes (D1 and D2) is in agreement with the physical reality.

Fig. 4. Not to scale cross section of the merged transistor part of oxide-isolated ISL. All relevant resi-
tances, transistors and diodes are shown. Diode D2 increases the accuracy of the model only marginally,
and is left out in the final model.

By doing simulations, including D1 and D2, and simulations including D1 only
(with D2 combined with the n-p-n), only marginally small differences in propagation
delay times were found. The trade-off between accuracy and minimization of simulation

time favored the last one, so in the final model diode D2 was left out.
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Most series resistances are obtained by calculation from measured sheet resistances.
As effective base-series-resistance of the n-p-n transistor, 1/3 of the total pinched resistance
under the emitter is taken.

The effective base-series-resistance of the p-n-p is calculated as two resistances in
series, a) the epi-resistance from buried layer to epi region under the metal contact of the
p-n-p emitter, b) 1/3 of the epi-resistance under the metal contact. This is done because
most base current of the p-n-p is an electron current flowing from the epilayer to the
metal contact [7].

The collector series resistance of the vertical p-n-p consists of three parts: the resis-
tance of the p* plug Rp;, the resistance R p, which is the lateral resistance of the p*

channel stop shunted by the p” substrate material, and R p3 which is the effective resistance
between the point where the (self-aligned) channel-stopper is discontinued and the collec-

tor of the vertical p-n-p. None of these resistances can be measured separately; only the
total resistance R.p = Rep; + Rpy + Rep3 can be measured. R p, consists of a lateral
part (due to the lay-out considerations; see Figs. 1 and 2) and a vertical part; this total
resistance is low. R.p, depends mainly on the ion-implant dose of the channel-stopper.
R.p; depends on pgperare and the distance between the channel-stopper and the collec-
tor of the p-n-p. Although this last distance is not more than a few micrometers, with a
low substrate dope Rp3 is dominant. Measurements of the structure described in Section
I, which is made with a channel-stopper with a maximum boron concentration of
8.1016¢cm™3 under the oxide, show that Rp is not more than 1.5 k2, which is consider-
ably smaller than in. the pn-isolated structure where this resistance is about 8 k2 [6].
So the oxide isolation with self-aligned channel-stopper reduces R p to an acceptably low
level without the need to decrease pg e tO prevent saturation of the vertical p-n-p.
This means that no trade-off between Rp and the island capacitance has to be made

when this type of oxide-isolated ISL is operated up to a current level of 200 uA/gate.

B. Transit times and transistor base-currents

Fig. 5 shows an appropriate split-up of the merged transistor structure into a p-n-p,
a diode and an n-p-n transistor. When the n-p-n transistor goes into saturation, the base
collector junction injects more holes outside the intrinsic n-p-n region than inside the
intrinsic n-p-n region, due to a larger voltage drop over the high base-series-resistance of
the n-p-n (RN, = 2 k2) than the voltage drop over its relatively small internal collector-
-series-resistance (Rgy = 30 Q).

As a first-order approximation all hole injection in the n-p-n region is modeled
by the diode, and the hole storage under the n-p-n transistor is than assumed to occur
by lateral flow of holes.

The diode current is one of the components of the effective p-n-p base current,
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when the current gain of the structure of Fig. 5 is measured as a p-n-p, with the n-p-n
emitter left floating. This measured current gain B of the complete structure is 40.
In the appendix it is calculated, with device parameters obtained from measurements on
vertical p-n-p test-structures with buried layers [7], that the forward current gain of the
p-n-p transistor is 48. Also calculated in the appendix is the saturation current of the
diode, as well as the reverse current gain of the n-p-n Tado = 33.10°2! and BN = 300).

The forward transit time 7 of the vertical p-n-p is calculated with W%cff/ZDp
[6], where Wy is the effective neutral base width reaching from the metallurgical
base-emitter junction towards the base-collector depletion layer. In our particular case
(see Section 1II), 7¢p is calculated to be 0.13 ns. The hole storage in the p-n-p (see triangle
in Fig. 5) is directly related to the collector current of the p-n-p (Qp-np=icp*Tep)-

The ratio between the hole storage in the diode and the p-n-p is

Qaiode’Ppnp = AdiodeWdiode/ (%2 Apnp Wheftpnp)» Where Agioge and Ap., are the areas

of the diode and p-n-p respectively in which hole storage is present (see Fig. 5), and
Wgiode is the distance between the metallurgical pn junction and nn* junction. In our
process with the lay-out shown in Fig. 1, this ratio is 0.9 (in the pn isolated case this value
is 1 [6]).
The transit time of the diode 744 is now calculted to be

Tad = (Qdiode’Qpnp) Upo/lado)*7ep = 177 ns. If all hole storage were associated with the
p-n-p, then r;, being the effective forward transit time of the p-n-p [5], would become
T; = (1 + Qgiode’Qpnp) ' Tep = 0.25 ns.

Fig. 5. Split-up of the merged transistor structure into a p-n-p, a diode and a n-p-n transistor (not to scale
cross section). The hole storage under the base of saturated n-p-n is associated with the diode. Hole
storage is indicated for the p-n-p (triangle) and diode (box).
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C. Depletion capacitances

The depletion capacitances of the p-n-p (C.p and C.p), the diode (C44) and the
n-p-n (Cey and C.y) are indicated in Fig. 6. The distributed capacitance of the buried
layer to the substrate is combined in one single capacitance which is introduced in the

Schottky diode part of the ISL gate (Fig. 7).

Fig. 6. Depletion capacitances in the merged transistor structure (not to scale cross section).

Fig. 7. Not to scale cross section of the Schottky diode part. All distributed depletion capacitances of
the buried layer are modcled with one capacitance.
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10.IV. Modeling of the Schottky diode part

Fig. 6 shows the split-up into Schottky diodes and resistances in the Schottky
diode part of the ISL gate. The resistance Rgyy is the effective resistance between the
collector of the n-p-n (see Fig. 4) and the first Schottky diode. Here the buried layer is
partly under the epitaxial layer and partly under the thick oxide; in these regions the
sheet resistances are different, so the total resistance has to be modeled carefully.

The capacitance of the buried layer to the substrate can be modeled with only one
junction capacitance Cg, due to the relatively low series resistance in the buried layer (RC

times are here neglected).

10.V. The complete model of an ISL gate

Fig. 8 shows the complete model of the oxide-isolated ISL gate with fan-out =4;
here the results obtained from Figs. 4-7 are combined together with Ry, C, and Cy,
which model the ion-implanted power supply resistor (Rp), its effective capacitance to
the substrate (Cp), and the fan-in wiring capacitance (C,,) of the metallization to the
substrate (thick-oxide capacitance).

As in standard simulation programs transistor models and diode models are avail-
able with base, emitter and collector series resistances and also base-emitter and base-
-collector depletion capacitances included; the total node count of the model is 14.

The most relevant parameters at room temperature obtained from measurements,
calculatons and some estimations, are listed in table 1.

For the capacitances measured values of capacitance per unit area and per unit
perimeter and grading factors of all pn junctions are known [7]. The buried layer has a
higher capacitance per unit area for the sidewalls than for the bottom, due to its overlap
with the channel-stopper under the field oxide. Resistances are obtained by calculation

Cq
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Fig. 8. Complete model of oxide-isolated ISL. When a standard program is used the model has 14 nodes.
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pnp npn diode Schottky diode
- =17 e - =21 _ -14
Ipo =5.10 A Io =10 A I3do 33.10 A Tio 25,10 A
pr=48 Pey =70 -cdd=177ns Rd=7oﬂ
prP=0.04 Boy=300 Rdd=400 Cd=0.008p!-‘
-cfp=0.13ns rfN=28ps Cdd=0.009pF
TrP=5 ns trN=75 ps resistors capacitances
Rep=20.ﬂ R, =10 0 RbN1=le. C_=0.2pF
Rbp1=6kﬂ R.bN2=2kﬂ RbP2=30.ﬂ Cp=0 .015pF
ch=1. 1k Q RCN=30Q RBN1=100.(1 C =circuit de-
= = - pendent
Cop=0-025pF Con=0-04pF Rono 459
C.p=0.007pF CcN=0.009pI-‘ R5=200.O.,Rp=12kﬂ

Table 1. Most relevant parameters at room temperature of the complete model shown in Fig. 8.

from measured sheet resistances, calculated from dope profiles or by direct measurements.
The parameters Bep, By and I4q4, are obtained from the measured value of Bgpege = 40 as
shown in Section III.B and in the appendix. The parameters 7p and 744 are also calcu-
lated as shown before. The parameters 8p and 7,p have been estimated; they do not play
a role as long as the p-n-p transitor does not go into saturation (no saturation is a require-
ment for a properly functioning ISL gate anyway). The parameter 7.y, the reverse n-p-n
base transit time (retarding field) is also estimated; its accuracy is not very important
because the hole storage in the epitaxial layer (modeled with the diode) is much larger

than the electron storage in the reverse n-p-n base.

10.VI. Temperature dependency of model parameters
Saturation currents, transit times in transistors and diodes, depletion capacitances,
built-in voltages, current gains of transistors and resistances are all temperature dependent
parameters.
These temperature effects will be discussed in the above mentioned sequence.

Table 2 contains all the temperature coefficients used in the model.

A. Saturation currents of transistors and Schottky diodes

The voltage swing of ISL is determined mainly by the saturation currents of the
p-n-p and the Schottky diodes [5], and therefore these parameters have to be modeled
carefully as a function of temperature.

The saturation current of the p-n-p transistor can be written as:

V6o 1

poT IpoR(T )18 [ (_ - )], (1)
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pnp npn diode resistors
@, =2.10"3 TP =56.10"" =2.1074
“Pee . Pey=6-10_ P12+ 10
Bop=2-10 Tng=27.10 6 T RbN1=7.10_4
T prN=—7.10 TRbP2=13.10
: -4
TRB =TRB =13.10
N1 N2
_ -4 -3 -4 -3
TV, . =—24. =— = =
biep 24 10_4 TVbieN 2.10 4 TVb1 24.10 TRs 8.10_3
TVbicP=_32'10 TVbicN=—24.10 TRP=3.10
=3
TR,=6.10
d
_ -4 -3 -
TCeP—IZ.lo TCeN=10 Tcdd=12.10 4 capacitances
= =4 - -4
TCcP 16.10 TCcN-IZ.IO
-4
TC =16.10
s
\ , Tcp=12.1o"
= ™ — AR — -3
TReP 2.10 TReN—lo TRdd—G.IO
2 _ -6 _ ~3
T ReP_7'10 TRbN2—2.10
—c 10~3 20 e 1076
TRbP1 6.10 T RbN2-6.10
_ -3 _ -3
TRCP—S.IO TRcN—G.lo

Table 2. All temperature coefficients used in the model. The given values are linear temperature coef-
ficients, except where T2 is used (in that case the quadratic temperature coefficient is indicated).

where T is the absolute temperature, Ty is the reference temperature (room temperature
for instance) in °K, Vg is the linearly extrapolated bandgap at 0°K, and Ipor is the
saturation current at the reference temperature.

As the dope level of the p-n-p base is quite low, the bandgap narrowing can be
neglected and V5 equals 1.206 V [8].

For the n-p-n transistor the same temperature correction holds, except for a small
bandgap narrowing which yields Vgo = 1.16 V for an average base dope level of 10!8 cm™3
[8].

The saturation current of the Schottky diode is given by I3, =AA *T2 exp(—q¢g/kT))
[9], where A is the diode area, A* the Richardson constant and ¢y the Schottky barrier
height. The current through the Schottky diode equals i = I, [exp(gnZ—T) — 1],where 7
is the non-ideality factor. For practical devices 1 <7 < 1.05. From measurements it is
found that the barrier height ¢ has to be extrapolated linearly to ¢, at 0°K as is done
to find Vg [8].

When this is done, the saturation current for the Schottky diode becomes:
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2 [0}
laor = IdoR(%) exp [qki (;-—R e 17)] . (2)

To make an appropriate measurement of ¢p, which is as accurate as possible over the
temperature range to be modeled, first I4,g is measured at the lowest temperature (at
Tg = 25°C for instance). Then I,y is measured at the highest temperature (125°C for
instance), and with (2) ¢gg is found. Following this measuring method the PtNi silicide
diodes have ¢gy = 0.80 eV, where ¢g at 25°C is about 0.78 eV.

If, as a first-order approximation, the non-ideality factors of the Schottky diode
and the p-n-p are taken unity, the temperature coefficient of the ISL voltage swing is
calculated as follows. The voltage swing at temperature Tis: AV(T) =
(kT/g)nel 451 /Tpor [5].. '

Substituting (1) and (2) it is found that

Ty AV + 1 302 4 (1 =Ly —
AVD=AVR +=In (F) + (=7 (V6o ~ $80)s

where AV}, is the voltage swing at the reference temperature.

Differentiation of the last equation yields

ar |1 i '

When AVg =220 mV, then the temperature coefficient is — 0.6 mV/°C at room tempera-
ture.

B. Transit times of transistors and diodes

The transit times of the transistors and diodes are modeled as
T 16
TT=TR(7)
T R TR

where 7 is the transit time at the reference temperature. No split-up is made for the dif-
ferent devices, and a mean exponent of 1.6 is used to model the transit time increase

caused by the decrease of minority carrier mobility with increasing temperature.

C. Depletion capacitance and built-in diffusion voltages
In most simulation programs the expression for the depletion capacitance C has the
zero bias depletion capacitance, the built-in voltage and the grading coefficient as para-

meters. For a one-side abrupt junction C, can be approximated as

CO =AV qesNB/(ZVbi) , (4)
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where A is the area of the junction, Ny is the concentration at the low doped side, and
Vy,; is the built-in diffusion voltage. The voltage V}; decreases with the temperature, and
accordingly C, and C will change with the temperature.
V\,; is given by
_AT ) NaNp
Vbi‘q In[ 2 1,

1

2 . .
where n{ is given by

—q(Vgo — &

T) ~9Vco
BT ]=C2T3 exp [—+—

ni2= C1T3 exp [ kT ] )

where Vi is the extrapolated bandgap, and « the temperature coefficient of Vi ;¢; and

‘¢y are constants. Differentiation of the expression of Vy; delivers

dVy,;
dT

_YVoir = Vgo ~ 3kTR/q s
Ty )

Tr

where Vg is the built-in voltage at the reference temperature. With V5, being

1.206 V, this temperature coefficient at room temperature equals

dvy,
e = (- 43.10* + 33.10* Vy; 300°k) VK. 6)

300°K

Expression (4) was also found in [10].

When (4) is substituted in (3) the relative temperature coefficient of C, is found:

dc, 1 dvy

G Ty K 0
For low-doped junctions where Vy; is about 0.75 V this temperature coefficient is about
12.104 K1, which means that for a temperature increase of 100°C, the capacitances in-
crease by 12%.

For non-abrupt junctions equations (6) and (7) no longer hold. The temperature
coefficient of Vy; will then be somewhat larger. But as the capacitance is less dependent
on Vy,; in that case [10], the temperature coefficient of C, will be marginally lower than
given by (7), which means that (7) is a realistic first-order approach to the temperature
coefficient for all types of junctions.

In the used model for the ISL gate, temperature coefficients are introduced for
Vi and C, of all junctions capacitances except for the built-in voltage and junction

capacitance of the Schottky diode, because this last small capacitance plays only a minor
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role [5].

D. Current gains of the transistors

The relative temperature coefficients of the current gains are of the same order as
the relative temperature coefficients of depletion capacitances and resistances. Measured
values are used for the n-p-n transistor (56.10#K™ for the forward § and 27.10*K’!
for the reverse ). No measured values were available for p-n-p’s. From theoretical con-
siderations the temperature coefficients must be less, but still positive [11]. As a first-

-order approximation 2.103K! has been used.

E. Resistances

All resistances increase with temperature and can be described by
Ry =Rg [1+ (T ~Tg) +n(T-Tg)*],

where Ry is the resistance at the reference temperature Ty, and 7 and 7 are the linear
and quadratic temperature coefficients respectively. In general the higher the resistivity
the higher the linear temperature coefficient is.

All 4’s and n’s are measured and included in the model. Quadratic temperature

coefficients are indicated only where they are relevant.

10. VII. Measurements, analytical calculations and simulations

Fig. 9 shows the measured and simulated average propagation delay times (ob-
tained with a 21-stage ring oscillator) of the oxide-isolated ISL discussed in this paper.
The simulations both at 25°C and 125°C are in good agreement with the measurements.
Analytical calculations can only be done neglecting series resistances [5]. Two values are
calculated at room temperature at 50 pA/gate and at 100 pA/gate. Fig. 9 also gives
simulated results at 25°C when all series resistances are neglected.

It is obvious that at low current levels the series resistances do not affect the pro-
pagation delay time; also the measured results coincide with the analytical calculation.
In this region only the depletion capacitances and logic swing determine the propagation
delay time. Despite the increase of the depletion capacitances with increase of tempera-
ture, (about 10% with 100°C increase), the propagation delay time decreases with tem-
perature due to the dominating decrease of the logic swing (about 25% with 100°C in-
crease); see equations (7) and (3). At high current levels series resistances affect the pro-
pagation delay time seriously. When all series resistances were zero, then the theoretical
minimum value of 'r;‘/Z (being 125 ps at room temperature) could be reached when the
current level would be increased sufficiently (see dotted line in Fig. 9). Simulations

learned that the speed degradation is mainly caused by the relatively high base-series-

145



-resistance of the n-p-n transistor (Ryn; + Rpnz)- This total resistance value is 3 k2 at
room temperature and causes a propagation delay time increase of about 300 ps at
240 uA/gate.
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Fig. 9. Measured, simulated and calculated average propagation delay times of oxide-isolated ISL [3].
The calculated values are obtained without series resistances being taken into account [5]. The dotted
line corresponds to simulations done with the model in which all series resistances are reduced to zero.

As both the series resitances and capacitances increase with increase of temperature,
it turns out that the average propagation delay time is even more RC-time limited at high
temperatures; this means that at high current levels the propagation delay times increase
with temperature.

At 55 pA/gate the lowand high current temperature effects compensate each other,

resulting in a temperature independent propagation delay time of 1.3 ns.

10.VIII Conclusions
A 14-node model has been derived which models an oxide isolated p-n-p clamped
ISL -gate with fan-out = 4.. The model includes an n-p-n transistor, a p-n-p transistor, a
silicon diode and four Schottky diodes. Special attention is paid to all temperature
coefficients of the device parameters. The extrapolated barrier height of the Schottky

diode at 0°K is used as modeling parameter.
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Very good agreement is obtained with measurements in the temperature range
from 25°C to 125°C. The model is obtained for an ISL structure with a walled n-p-n
emitter (two sides walled) and a single base conact. This walled emitter causes a relatively
high n-p-n base series resistance and affects the speed at high current levels. Non-walled
structures and/or the application of double base contact can therefore improve the speed
at high current levels.

Due to the p* channel-stopper in the process, the collector series resistance of the
clamp-p-n-p is relatively’ small, which means that low doped substrates can be used.
APPENDIX

It is impossible to measure the forward current gain of the p-n-p (Bgp) directly
with the teststructure of Fig. 1, because when the collector contact of the n-p-n is used as
base contact of the p-n-p, two devices are influencing the measurement: a) the parasitic
p-n-p in the region where the buried layer is present (TP'), and b) the n-p-n transistor with
floating emitter. The total schematic is shown in Fig. 10. It can be calculated that the

effective current gain equals

I floating
no s

Fig. 10. Complete schematic of the structure of Fig. 4.

o 1+ Ipo Mo
Pl 1Bip + Ino [Bep Tpo) + Ino/UpoBan + 1]

where Ipo' is calculated over the total region where the buried layer is present (IPO' per
unit square is known [71), and consequently i, p’ represents the inverse base current of
both the intrinsic and extrinsic base-collector region of the n-p-n.

With Bgpegs = 40, Ipo = 510717, 1" = 16102, B = 2.4 [7], I, = 1017 and iy = 70,
it follows that Bp = 48.
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As the collector current of the parasitic p-n-p is negligible compared with the collector

current of the p-n-p, in the eventual ISL model only the base current of the parasitic

p-n-p is modeled. This base current is equally devided over the diode and the base-col-

lector junction of the n-p-n. This implies that the saturation current of the diode becomes

Tago =Ipo /(2B = 33.1021 A and the inverse current gain of the n-p-n becomes
Ben = 2859 Ino/Ipo" = 300.

(1]
[2]
[3]
[ 4]
[ 5]
[ 6]
K
&
(1]
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1
Static and Dynamic Noise Margins of Logic

Circuits

Abstract—The noise margins of logic circuits are often the subject of
confusion. This paper intends to clear up the confusion by explaining
four basic types of noise, and by showing the various methods, together
with boundary conditions, which can be used to find the worst case
noise margins. A flip-flop setup is advised which can be used for mea-
surements and computer simulations, both for static and dynamic
noise margins. Also configurations with fan-in and fan-out larger than
1 can be handled with this flip-flop method.

In general, it is found that the dynamic noise margins increase for
shorter noise pulses; a first-order explanation of this phenomenon is
given,

Also, enmergy noise margins are considered. It is shown that no
characteristic energy can be determined which can disturb a logic
circuit. Although energy minima can be found, their values as figures
of merit are doubtful.

The theoretical considerations are completed with computer simula-
tions and measurements of the static and dynamic noise margins of
integrated Schottky logic (ISL), as an example. The obtained dy-
namic noise margins and energy noise margins of ISL agree very well
with the first-order explanations given in this article.

11.1. INTRODUCTION

HE NOISE MARGINS of logic circuits are often the
Tsubject of confusion.

When referring to static noise margins, a type of noise is
usually meant that is called series-voltage noise in this paper.
However, also other types of noise exist, such as parallel-
current noise and voltage noise in the power-supply and
ground lines, which can exhibit totally different static margins
than the series-voltage noise.

The worst case static series-voltage noise margin can be
found graphically with the well-known “mirror-and-maximum-

Reprinted with permission from /EEE J. Solid-State Circuits, vol
SC-14, no. 3, pp. 591-598, June 1979.
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square method” [1] applied to the voltage transfer charac-
teristic of a gate, but only if the input impedance of the gate
is much larger than the output impedance. This boundary
condition is frequently disregarded, leading to wrong conclu-
sions (for the static noise margins of integrated injection logic,
for instance). '

This paper intends to clear up the confusion by explaining
the four basic types of noise, and by showing the various
methods, together with boundary conditions, which can be
used to find the worst case static noise margins. For the
cases where the mirror-and-maximum-square method cannot
be used, a flip-flop setup is advised which can be used both
for measurements and computer simulations. This setup can
also be used for fan-in and fan-out larger than 1.

As the static noise margins are already the subject of confu-
sion, the dynamic margins are even more unclearly defined. It

Vee
Vs upply 8Vsupply
&Vseries

N\

7

)

N,

8Vgng % Sgnd
Vv i

slm’u"d l pomllell_
(a) (b)

Fig. 1. Basic noise sources in NAND logic (a) and wired AND logic (b).

will be shown in this paper that the four basic noise sources
can be considered as pulsing noise sources also. Viewed in this
light, static noise is pulsed noise with an infinitely long pulse
length. In general, it will be found that the dynamic noise
margins are larger than the static ones: during short pulses,
higher noise amplitudes may be applied. A first-order explana-
tion of this phenomenon, considering RC time delays, will be
given. The advised flip-flop method can also be used to find
the worst case dynamic noise margins.



An interesting parameter would be “the’ energy noise mar-
gin of a logic circuit. It will be shown that no specific energy
noise margin can be defined because the energy required to
deliver to, or withdraw from a circuit, depends heavily on the
type of noise source and the length of the noise pulse.

The theoretical considerations will be completed with com-
puter simulations and measurements of the static and dynamic
noise margins of integrated Schottky logic (ISL) [2], [3] as
an example.

11.1I. Four BAsic NOISE SOURCES

In both NAND logic (TTL, ECL, NMOS, etc.) and wired
AND logic (I’L, ISL, STL, etc.), there are four basic noise
sources: series-voltage noise in the interconnection lines be-
tween gates (8 Veeries), parallel-current noise to inputs or out-
puts of gates (87), voltage noise at the ground line (8 Vg,g),
and voltage noise at the power-supply line (8 Vgyppry). Fig. 1
shows these noise sources in both logic types for arbitrary
fan-in and fan-out configurations. All these noise sources can
be present at the same time with any amplitude and any sign.
This means that the determination of the worst case noise
pattern is a multidimensional problem that is almost impos-
sible to solve. A better approach is to isolate 8 Veries, 6 Vgnd,
8 Vsupply, Or 6i and to determine the worst case margin for
each type of noise. After that cross relations or cross sensitivi-
ties may be examined.

It should be noted that each noise source either delivers
power to the circuit or withdraws power from the circuit.

11.11I. WORST CASE STATIC SERIES-VOLTAGE
NoOISE MARGIN

Fig. 2 shows an infinitely long chain of identical inverters
(of the wired AND type) with series-voltage noise §, ¥ and
8,V in all interconnections. This type of noise may be in-
duced by inductive coupling to a current gradient di/dt. This
case can be considered as quasi-static if the time interval in
which the current gradient is present is long compared with
the switching speed of the inverting gates.

The input voltage levels are indicated by H (high) and L
(low). In the adverse situation, §, V and 8, V have a different
sign. The noise margin is defined as the maximum value of
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series voltage noise

‘—QH O ‘OH Ot —>etc.
di
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Fig. 2. Series-voltage noise in an infinitely long chain of identical
inverters of the wired AND type. The logic voltage levels are indicated
by H (high) and L (low). The noise sources have alternating signs in
the adverse situation. For the worst case situation, the arbitrary
choice 6V =6,V =56V is made. The noise may be induced by
inductive coupling to a current gradient di/dt. The maximum noise
amplitude AV =8V ,,x for which gates at the end of the chain are
on the edge of switching to the wrong state is defined as the worst
case noise margin A Veries-

&V for which gates at the end of the chain are on the ultimate
edge of switching to the wrong state [1] .

As long as 6,V and 8,V can have different amplitudes,
noise margins can be found for all different ratios &, V/6,V
from zero to infinity. In this paper, the worst case noise
margin will be considered for the arbitrary ratio (5, V/6,V) =
1, which means that 6,V =6,V =6V. The worst case static
series-voltage noise margin is then defined as AV g e =8 Vinay -

The value of AVges can be found graphically with the
mirror-and-maximum-square method [1] applied to the volt-
age transfer characteristic of the gate in the case where
the gate output impedance is much lower than the gate input
impedance (Royt <<R;,). This impedance condition is re-
quired because the mirror-and-maximum-square method is
based on the assumption that the input voltage at any stage
is given by the summation of the output voltage of the preced-
ing stage and the voltage of the noise signal.

For logic circuits such as ECL, TTL, and MOS, one has

- indeed R,y <<R;,, which means that the mirror-and-

maximum-square method can be applied to the voltage charac-



Fig. 3. Worst case series-voltage noise measurement/computer simula-
tion setup for wired aAND logic with fan-in = fan-out=1 (F=1) (a)
and F =4 (b), and for NAND logic with F =4 (c). Feedback makes
a flip-flop. The noise amplitude at which the flip-flop switches to
the wrong state is equal to the noise margin in an infinitely long
chain.

teristic. However, for I?L, ISL, and STL, the impedance
condition does not hold, which means that the application of
this method to these logic circuits will give wrong values for
AV eries-

In the case of logic circuits where R;, is not large compared
with R, the easiest way to find AV e is by a direct mea-
surement or a computer simulation.

Depending on the shape of the voltage and current transfer
characteristics of the gates, a certain minimum number of
gates have to be taken in series for an accurate approximation
of the infinitely long chain. As this minimum number is diffi-
cult to determine and as a very long chain is uneasy to handle,
it is better to take two gates in series and make a feedback to
form a flip-flop. This method was proposed earlier in [1] [see
Fig. 3(a)]. The value of the AV, is found to be 8§V .y,
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at which value the flip-flop is at the ultimate edge of switching
to the wrong state and is exactly the same 8V, that would
be found in an infinitely long chain. In fact, Fig. 3(a) repre-
sents a method that can be used to find AV e for the case
where fan-in = fan-out=1 (F=1). A more critical worst
case situation will be found for fan-in = fan-out =4 (F = 4).
Fig. 3(b) shows how a similar measurement or computer
simulation is set up for F =4. This method is, of course, not
restricted to wired AND logic but can also be applied to NAND
logic, as illustrated in Fig. 3(c).

11.1V. WORST CASE STATIC PARALLEL-CURRENT
NoOISE MARGIN

Fig. 4 shows an infinitely long chain of identical inverters
with parallel-current noise 8,7 and §,i to all interconnection
nodes. This type of noise may be introduced by capacitive
coupling to a voltage gradient dV/dt. This case can be con-
sidered as quasi-static if the time interval in which the voltage
gradient is present is long compared with the sw1tchmg speed
of the inverting gates.

Here, too, in the adverse situation &,i and &,i have a differ-
ent sign, and since the worst case situation will arbitrarily be

parallel current noise

H L H La ——» etc.

—q a d

T, %l&zi éf&,a
capacitive /\C
coupling — 0 l o I

_~dV
=Gt

2|
N

Fig. 4. Parallel-current noise in an infinitely long chain of identical
inverters (wired AND logic). The noise may be introduced by capaci-
tive coupling to a voltage gradient dV/dt.
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Fig. 5. Flip-flop setup to find the worst case parallel-current noise
margin Ai, for F=1 (a) and F=4 (b). This example is made with
wired AND logic.

chosen for 8,i=06,i=95;, the worst case static noise margin
will be found for Aiparanes = 8imax- The value. of Aipyraner can
be found graphically with the mirror-and-maximum-square
method applied to the current transfer characteristic in the
case where Ryt >> Riq-

This impedance condition holds for 1?L, for instance, and it
has been shown [4] that this graphical method can be used to
find Aipyrane for this type of logic. For other logic circuits
where R, is not large compared with R;,,, the easiest way to
find Aijyraper is by direct measurement or computer simula-
tion with a flip-flop setup as illustrated in Fig. 5. Fig. 5(a)
shows for wired AND logic the setup for F =1, and Fig. 5(b)
the setup for F=4. Of course, a similar setup can be applied
to NAND logic.

11.V. WORST CASE STATIC MARGINS FOR VOLTAGE
NOISE IN GROUND- AND POWER-SuUPPLY LINES

Voltage noise in the ground- and power-supply lines can be
caused by ringing, spikes, voltage drops due to series resis-
tances, etc. Fig. 6 shows the flip-flop setup with F =1 for
wired AND logic to determine the static noise margins. Of
course, for F =4, and also for NAND logic, setups similar to
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-
@) (b)
Fig. 6. Flip-flop setup to find AVgnq (a) and AVs‘,pply (b) for F=1
wired AND logic. Of course, a setup similar to that in Fig. 3(b) and
Fig. 3(c) can be given for F = 4.

those in Fig. 3 can be given. The worst case noise margins are
given by AVgg =8Vgg max and AVgpoiy =8 Viupply max»
where §, Vgnd =8, Vgnd =68 Vgnd and &, Vsupply =8, Vsupply =
8 Vaupply -

11.Vl. ELUCIDATION OF THE INFLUENCE OF STATIC
Noist IN A FrLip-FLopP

To elucidate what happens if static noise is present in a
flip-flop, an example of series-voltage noise and parallel-current
noise will be given for gates with R;, >> Rgy¢-

Fig. 7 shows such a flip-flop. The input and output impe-
dances are modeled with the resistors R;, and Ry, respec-
tively. Fig. 7(a) shows series-voltage noise and Fig. 7(b)
shows parallel-current noise. Fig. 8(a) shows the voltage
transfer characteristics of both gates in the case where no noise
is present. There are two stable states A and C and one meta-
stable state B. Assume that the flip-flop is in the stable state
A. With noise present, the transfer characteristics will shift
into the directions of the two arrows, as indicated in Fig.
8(a). The influences of 8,V and 8,i, and 8§,V and 6,i, are
taken into account in the output voltages of gate 1 and gate 2,
respectively. Fig. 8(b) illustrates such shifts. As long as the
transfer characteristics intersect at three points, the flip-
flop will remain in the stable state A. Fig. 8(c) shows larger
shifts induced by larger noise amplitudes. Here the charac-
teristics intersect in point C only, which means that the flip-
flop is switched over to the other state. The noise amplitudes
for which the transfer characteristics just touch each other in ,



point 4 (then points B and A will come together) indicate the
noise margin(s).

For voltage noise in the ground- and power-supply lines,
similar explanations can be given.

Note that in the particular case of Fig. 7 the series-voltage
noise sources deliver a very small amount of power to the
circuit because of the high input impedance of the gates. For
the parallel-current noise sources, it is quite different. Source
6,1 delivers a large amount of power to the circuit, and the
source 8,7 withdraws a large amount of power from the cir-
cuit due to the low output impedance of the gates.

For gates where the condition R;, >> Ry does not hold,
the explanation and visualization of the influence of the noise
is somewhat more difficult. However, the principle remains
the same: as soon as the flip-flop is forced to a condition where
the two stable states do not exist anymore, the flip-flop will
switch over the other state.

i
Rout
Rin
gate1
(@)
Vs L V2 H
R R
QR"‘ out %ng @Rm ot él &i
gate gate 2
®)

Fig. 7. Series-voltage noise (a) and parallel-current noise (b) in a flip-
flop with gates for which Rjp >> Ryt Both types of noise cause a
shift of the output voltages of the gates.
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Fig. 8. Voltage transfer characteristics of the gates from Fig. 7. With-
out noise (a) there is one metastable state B and there are two stable
states A and C. The flip-flop is assumed to be in the stable state 4.
With noise present, the characteristics will shift [see arrows in (a)].
For small shifts stable state A will still exist (b). For large shifts,
the characteristics do not touch in 4 anymore and the flip-flop is
forced to switch to state C (c). A maximum sum of shifts can be
determined to keep the flip-flop in state 4.
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Fig. 9. General behavior of the dynamic noise margins: amplitudes of
noise pulses are allowed to be higher for shorter pulsewidths. For
very long noise pulses, the situation is quasi-static and the noise
margins will reach their minima.

11.VIl. DYNAMIC NOISE MARGINS

The static noise margins indicate the maximum dc noise
amplitudes that can be withstood by the logic. This means
that the noise may be present during an infinitely long time
without bringing gates to the wrong state.

It is very well known that if the noise is present in pulse-
form, the noise amplitudes are allowed to be higher than the
static margins without affecting the proper logic states. This
brings us to the dynamic noise margins.

Fig. 9 shows the phenomenon. For very long noise pulses

the situation is quasi-static and the margins are determined by
static margins Ag,gc. For short pulses the noise margins in-
crease. The shapes of the various curves depend, of course,
on the switching speed of the gates. For slow gates, the noise
margins will increase more rapidly than for fast gates if the
pulsewidths decrease.

The increasing margins for shorter pulses have primarily to
do with internal RC time constants in the gates. The external
applied pulses have to induce voltage shifts inside gates and,
because of the RC time delays, larger amplitudes of the driving
noise sources are allowed for shorter pulses. An example of
this phenomenon will be given in Section VIII. Exact calcula-
tions of dynamic margins are very difficult. Measurements
and/or computer simulations, using the flip-flop method, are
much more easier to do.
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11.VIII. ENERGY NOISE MARGINS

Although the amplitudes and lengths of the noise pulses are
the most important parameters, a boundary condition is that
the noise sources can deliver or can.sink enough energy to
bring the circuit to the wrong logical state.

To obtain a first-order impression of the energy require-
ments, the same circuit as given in Fig. 7 will be considered.
In this case, only noise at the output of gate 1 (which is Low)
will be present, and the gates are assumed to have a specific
input capacitance C (see Fig. 10). As is shown in the previous
section, the flip-flop will switch to the other state if the trans-
fer characteristic of gate 1 is shifted enough upward. This has
to be done by the noise source 8 V' [see Fig. 10(a)] .

For the static case the input capacitance of gate 2 plays no
role. In the dynamic case, however, the input capacitance has
to be charged by the noise source, which has to deliver a cer-
tain amount of energy. If the input impedance of gate 2 is
neglected, then the time to charge the input capacitance is
determined by the amplitude 8 V' of the noise source and the

L -~ H
Rout| & | Rout
i CI Rin CI Rin
‘ gate 1 - - gate 2
(a)
B L L H
1 Rout | i R
out . out
CI QRin '6' . CI Rin
gate1 | Lo gote?)
(b)

Fig. 10. Same ‘circuits as given in Fig. 7, now considered for dynamic
(pulsed) noise. The gates have an input capacitance C. Series-voltage
noise (a) or parallel-current noise (b) is present at the output of
gate 1.
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Fig. 11. Series-voltage noise margin and series-voltage noise energy
margin of the circuit shown in Fig. 10(a) as a function of noise pulse-
width. The behavior is obtained from a simplified model. The
energy margin increases for shorter pulses of the series-voltage noise.

output impedance of gate 1. The time needed to charge the
input of gate 2 to a specific voltage will decrease for higher
noise voltages. As for higher voltages, the energy efficiency
decreases (see Appendix I), the noise source has to deliver
more energy during the short pulses with high amplitude.
Fig. 11 shows the phenomenon. In the (quasi) static case the
required energy is minimal and is given by E;n = C[(Vin +
AV)? - V2], where V;, is the undisturbed input voltage of
gate 2 and AV the static noise margin.

With parallel current noise [see Fig. 10(b)] the energy aspect
~ is totally different. Here the energy efficiency increases for
short pulses with high amplitude (see Appendix II). This
means that long pulses with small amplitude require more
energy than short pulses with high amplitude; this is also
shown in Fig. 12. For infinitely short pulses, the required
energy reaches half the value of E|;,, as for the series voltage
case (see Appendix II).

For energy-sinking noise sources, similar explanations can
be given as for the energy-delivering sources. Also the energy
aspects of the noise in the ground- and power-supply lines can
be treated in the same way.

It should be stated that this introduced energy explanation
is a simplified one because the intrinsic propagation delay
times of the gates have been neglected. In fact, an extra
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Fig. 12. Parallel-current noise margin and parallel-current noise energy
margin of the circuit shown in Fig. 10(b), as a function of noise
pulsewidth. The behavior is obtained from a simplified model. For
this type of noise the energy margin decreases for shorter pulses of
the parallel-current noise.

boundary condition has to be fulfilled which says that the
voltage change at the input of gate 2 must be induced long
enough to overcome the feedforward delay in the flip-flop.
This problem is very complicated and needs more detailed
study. The basic message of the simplified explanation is that
there will be a great difference concerning the energy margins
of the various noise sources.

11.IX. MEASURED AND COMPUTER-SIMULATED NOISE
MARGINS OF ISL

Integrated Schottky logic (ISL) is a wired AND logic that can
be made in a standard Schottky process [2]. The basic circuit
diagram is shown in Fig. 13. The saturation currents of the
transistors and Schottky diodes are indicated by 1,4, Ipo,
and Iz,. The current source can be either a non-saturated
p-n-p transistor or a resistor. Measurements and computer
simulations were carried out for series-voltage noise, parallel-
current roise, and ground-line voltage noise. No separate
measurements and simulations were made for power-supply
noise, because the margins for this type of noise can be
directly calculated from the parallel current-source margins.
This is due to the fact that the power-supply noise only
modulates the amplitude of the current source of ISL.



A. Static Noise Margins

Fig. 14 shows the logic swing and the worst case static noise
margins of ISL as a function of I44/Ip,, derived with com-
_puter simulations. Four cases are shown: F=1 and F =4,
both for f,.5.n =20 and B,.p.n = 100. The simulation setups
given in Figs. 3(a), 3(b), 5(a), and 6(a) were used. In all
cases, 0y n.p = 0.9 and the temperature is room temperature.
The logic swing equals roughly (kT/q) In (ap.n-p Lao/Ipo)
independent of the current per gate [3].

With F =4, the flip-flop is only stable in the case of a
voltage swing greater than 100 mV; whereas, with F =1,
35 mV or 45 mV is required for 8 =20 and g = 100, respec-
tively. For these minimum voltage swings, all noise margins
are zero. The worst case series-voltage noise margins AV ges
increase linearly with the voltage swing, whereas the worst
case ground-line noise margins AVg,4 increase linearly with

outputs

input

Fig. 13. Basic circuit diagram of an ISL gate [2]. The saturation cur-
rents of the transistors and Schottky diodes are indicated by Iy,
Ip, and I49. The current source can be either a nonsaturated p-n-p
transistor or a resistor. » :

the half voltage swing. The difference is caused by the fact
that the series-voltage noise source, which is placed in series
with the input of the gate that has the input in the HIGH state,
is ineffective, because of the very high output impedance of
the gate, which is oFr. The ground-line voltage noise sources
are effective in both the gates, which means that AVy,q =
1 AVigeries- Similar behavior will be found in SI’L, I’L, and
STL [3].
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The worst case parallel-current noise margins Ai have been
normalized to the current i per gate. The values of Aifi in-
crease with increasing 8,_p.n. For very large values of 14 /I,
Aifi increases to (Bn_p-n = F)/(Bn-p-n + F).

Measurements are indicated by the heavy black points in
Fig. 14. They fully agree with the computer simulations. The
experiments are very easy to carry out; the noise amplitude at
which the flip-flop switches to the wrong state is found to be
sharply determined. To be sure that the measured margins are
really the static margins, it is necessary to stabilize the flip-flop
with an extra capacitor (for instance, between the two base

300 7
—— logic swing r
/7
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Fig. 14. Logic swing and the worst case static noise margins AVgerjes,
AVgnd, and Aifi for ISL as a function of Igo/Ipg, With ap.n.p = 0.9

" for two values of F (1 and 4) and two values of g = Bn-pn (20 and
100). Measurements (heavy black dots) were done for Jgo/Ipg =
4.103. No series resistances are taken into account.
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Fig. 15. Logic swing and the worst case static noise margins AVgerjes,
AVgnd, and Aifi for ISL as a function of R (n-p-n collector series
resistance) with Rg (Schottky diode series resistance) as a parameter,
at a current level of 250 uA/gate, with Bn-p-n = 100, ap_np =09,
and Ig9/Ipg =4.103. Measurements were done for Rc = 16 Q and
32 @, with Rg =100 Q.

nodes) to prevent any ac noise from switching the flip-flop.
The noise amplitudes then have to be increased very slowly
in order to remain (quasi) static.

The noise margins presented in Fig. 14 are independent of
the current, and, although worst case, are still optimistic as
long as no series resistances are taken into account. By way of
example, Fig. 15 shows how series resistances (n-p-n collector
series resistance R and Schottky diode series resistance Rg)
affect both voltage swing and noise margins. In this particular
case, Igo/lpo =4.10%, Bn.p.n =100, 6y ., =0.9,i =250 pA,
and F=4. In the case where Rg =100 , all noise margins
will be zero for R¢c =70 Q.
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B. Dynamic Noise Margins

By way of example, some computer-simulated dynamic
noise margins of ISL will be shown. The most relevant param-
eters used for the ISL model are as follows. For the n-p-n
transistor, fr=1600 MHz, B, =80; Cp, =0.14 pF, Cp, =
0.23 pF: for the p-n-p transistor, fr =16 MHz, a=0.95;
Cpc =0.6 pF. The Schottky diode has a series resistance of
43 Q. The fryq.p 1 the most important parameter; with
pr_n_p =16 MHz, the ISL-gate turnoff time is about 9 ns,
and the average propagation delay time is 4.5 ns [5].

Fig. 16 shows four noise sources (parallel-current noise and
ground-line voltage noise) that are investigated for the dy-
namic noise margins. The noise sources are not applied
simultaneously, so non-worst case situations are studied. A
current level of 250 uA/gate has been taken for the computer
simulations.

Fig. 17(a) shows the simulated noise margins A,i, Ayi, A, V,
and A, V of the four noise sources of Fig. 12 as a function of

Fig. 16. Four noise sources in an ISL flipflop (¥ =1), which are
investigated for the dynamic noise margins. The noise sources are’
not applied simultaneously.

the noise pulsewidth. The general behavior is as expected:
for shorter pulsewidths the noise margins increase. The
margins A, ¥ and A, V follow exactly the same curve and have
an asymptote at 9 ns. This means that the noise has to be
present during the total turnoff time of gate 2. The margins
Ayi and A,i do not exhibit an asymptote at 9 ns. This is
caused by the fact that the presence of the parallel-current
noise decreases the switch OFF time of gate 2. In the case of
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Fig. 17. Computer-simulated dynamic noise margins (a) and dynamic
energy noise margins (b) of a typical ISL gate for parallel-current
noise and ground-line voltage noise. The flip-flop setup shown in
Fig. 16 is used. The margins are non-worst case.

A,i, the n-p-n collector current of gate 2 is increased, which
decreases the turnoff time of this gate [S], [6]. In the case of
A,i, a similar effect is present; with a large current noise at
the [input of gate 2, the base-emitter voltage of the n-p-n of
gate 1 is decreased rapidly, causing an incidentally increased
discharge current (Cp, + Cp.) (dCpe/dt) for gate 2 [6] .

Fig. 17(b) shows the delivered (positive) or sunken (nega-
tive) energy during the applied pulses of Fig. 17(a). The
behavior of the curves resembles very much the energy noise
margins shown in the Figs. 11 and 12, which were obtained
from the simplified model.. The energy margins for current
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noise decrease for shorter pulses; the energy margins for the
voltage noise increase for shorter pulses. The energy minima
can be found between 0.5 and 1 pJ.

As the actual energy margins depend heavily on the type of
noise source, noise amplitude and noise pulse length, the
meaning of the energy minima as figures of merit is doubtful.

For worst case dynamic margins, §,7 and 8,i or 6, ¥V and
8, V have to be applied simultaneously, with the same ampli-
tude, of course. The results will be different from the results
shown in Fig. 17. '

11.X. CONCLUSIONS

It has been shown that four basic types of noise can be con-
sidered in logic circuits: series-voltage noise, parallel-current
noise, and voltage noise in the ground- and power-supply lines.
The noise can be present both in the static and dynamic mode,
leading to different noise margins. Further different margins
will exist for the various fan-in and fan-out configurations.

It has been shown that the well-known mirror-and-maximum-
square method to find the static worst case series-voltage
margin or the static worst case parallel-current margin can
only be used in some limited cases where fan-in = fan-out = 1
and where the right boundary conditions are fulfilled concern-
ing the input and output impedances of the logic gates. For all
other cases, including dynamic noise, a flip-flop method is
advised, which can be used both for measurements and com-
puter simulations.

In general, it is found that the dynamic noise margins in-
crease for shorter noise pulses. A first-order explanation of
this phenomenon is given; more detailed study is needed.

Although the amplitudes and lengths of the noise pulses are
the most important parameters, a boundary condition is that
the noise sources can deliver or can sink enough energy to
bring the logic circuit to the wrong state. This leads to the
introduction of energy noise margin.

It is not possible to find a characteristic energy to disturb
a logic circuit due to the fact that the energy efficiency of the
various noise sources is quite different. Although energy

minima can be found, the actual amount of energy depends on



the type of noise source, noise amplitude, noise pulse length,
and input and output impedances of the logic gate. Therefore,
the values of the minimal energy noise margins as figures of
merit are doubtful.

The theoretical considerations are completed with computer
simulations and measurements of the static and dynamic
noise margins of integrated Schottky logic (ISL) as an exam-
ple. The obtained dynamic noise margins and energy noise
margins agree very well with the first-order explanations
given in this article.

APPENDIX [
CHARGING A CAPACITOR WITH A PULSED VOLTAGE
SOURCE AND A SERIES RESISTOR

Fig. 18 shows the electrical diagram of a capacitor C that is
charged by a pulsed voltage source &V via a series resistance
R. For t <0 the voltage over the capacitor V is zero, and the
amplitude of the voltage source is zero. At ¢t =0 the voltage
source has the amplitude § V. The current through the voltage

N\ C
----bV
R i} ==C *
T 4 1
t=0
Fig. 18. Charging a capacitor with a pulsed voltage source and a series
resistor.
source is given by
8V

i=—exp (- t/RC) ¢))

R
and the voltage over the capacitor equals
Ve =6V[1-exp (- t/RC)]. )

The time 7, to reach a voltage AV across the capacitor is
given by

7=RCln [V/(BV - AV)] 3)

where, of course, § V= AV.
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The value of 7 indicates the minimum pulsewidth of the
noise source. The energy delivered by the voltage source is
given by

T .
E=6Vj idt=C-86V-AV “
0
where 8V =2 AV.
This means that the minimum energy equals
Emin = C(AV)? )

and that the energy increases for § V> AV, despite the fact
that 7 decreases. '

In other words, the energy efficiency decreases for shorter
pulses with higher amplitude.

ArPENDIX II
CHARGING A RESISTOR-SHUNTED CAPACITOR
WITH A PULSED CURRENT SOURCE

Fig. 19 shows the electrical diagram of a capacitor C that is
shunted by a resistor R. The capacitor is charged by the
current course 8i. For t <0 the voltage over the capacitor
Ve is zero, and the amplitude of the current source is zero.
At t =0 the current source has the amplitude §i. The voltage
across the capacitor is given by

Ve =8iR|[1 - exp (- t/RC)] . (6)
e
-- bi
R fsi ¢ =
R [y
' t=0
Fig. 19. Charging a resistor-shunted capacitor with a pulsed current
source.

The time 7 to reach a voltage AV over the capacitor equals
7=RCn [8iR/(8iR - AV)] @)

where, of course, §iR = AV.
The energy delivered by the current source equals



E=ifT Vedt=C(8iR)? [- In (1 - AV/SiR) - AV/SiR].
0

(®)
Series expansion of the In function delivers
@ry 1.t 1. @vy
8iR 4 (8iR)* S5 ~ (SiR)®
+--. (9)
where 8iR = AV. _
This means that a minimum energy value of 3 C(AV)? will
be reached for an infinitely high value of 6i. The energy in-

creases for smaller values of 8i. In other words, the energy
efficiency increases for shorter pulses with higher amplitude.

1 , 1
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12
Calculation Method to Obtain Worst-Case Static
Noise Margins of Logic Circuits

Indexing terms: Logic, Noise

A relatively simple calculation method is introduced using the
flip-lop method, and by using the criterion that, with mar-
ginal static noise applied to the flip-flop, the loopgain is 1. As
an example, the worst-case static series voltage noise margin
of I’L is calculated.

To determine the worst-case noise margins of logic circuits, a
flip-flop method can be used for measurements and computer
simulations.!-2

It has been stated? that analytical calculations of the static
noise margins would be very difficult, specifically for those
cases where bipolar transistors are in saturation. In this letter,
however, a relatively simple calculation method is introduced
by using the criterion that, with marginal static noise applied
to the flip-flop, both small-signal voltage and current loop-
gains are equal to 1.

A flip-flop will remain in one of its two stable states if the
loopgain in such a stable state is smaller than 1, whereas the
loopgain in the metastable state is larger than 1.> With mar-
ginal noise applied to the flip-flop, one of the stable states
coincides with the metastable state (see Fig. 8 in Reference 1)
which means that the loopgain (for voltage, current and
power) is equal to 1.

As an example of the calculation method, the worst-case
static series voltage noise margin of I>L is calculated for the
case that fan-in = fan-out = 1. It will be shown that, by assum-
ing that the loopgain is 1, a loopgain calculation is avoided
(which might be very difficult in cases where transistors are in
saturation and/or in cases where it is cumbersome to find a
convenient point to ‘break’ the loop, which has to be done at a
low-output/high-input impedance interface).

Reprinted with permission from Electronics Letters, vol. 16, no. 8,
pp. 273-274, April 1980.
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Fig. 1 Flip-flop arrangement to determine worst-case static nbise margin
AV,,,., of I’L for the case that fan-in = fan-out = 1. Noise margin is
defined as the value of AV,,,,, for which the flip-flop is at the ultimate
edge before switching to the other state

Fig. 1 shows the flip-flop arrangement!*? to determine the
worst-case static series voltage noise margin of I2L, for the case
that fan-in = fan-out = 1. For both transistors, it is assumed
that ﬁup eff = B, and Byoun = 0.

Transistor T, is on and T, is off; the noise sources try to
bring the flip-flop into the other state. The collector current of
T, is given by

i(Ty) = Iofexp (qVae/kT) — exp (qVac /kT)} = iy =1

and the collector current of T, by i (T,) = i, — iy, where I is
the saturation current. The base currents of transistor T, and
T, are iy /B and i, /B, respectively.

The Kirchhoff current law yields

i,—i3+%=i (1)
and
g—u+%=i | @)

The Kirchhoff voltage law gives
Vac(T1) + AVieries + Vac(T2) — AVieries = 0
which means that

Minb My le g
q Io ¢ Io
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resulting in
The fourth equation required to solve for iy, iy, i3 and i4 is

given by the criterion that both the small-signal current and
voltage loopgains are equal to 1. This means that

0iy —0iz+—=0 4
1= 8+ 5 4)
and,

i, — big + % _y (5)

B
where
. qi
Siy = z'T‘ oV, iy = k;, oV,

Siy = "’3 2 (V- oV)  bia = Z—‘T‘ 6V, — 8V,)

Combining eqns. 4 and 5 gives

i,iz(l—%)—iz(i3+%)fil(i4+%)=0 (6)

With eqns.”1, 2,'3 and 6, iy, iy, i3 and iy can be solved; the
worst-case noise margin will then be given by

Vee(T1) + AVierie, — Vae(T2) =0
which yields

KT . iyis
Al{un’ex =—1In = 5 7
q iyIo )

Combining eqns. 1, 2 and 6 gives
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siem Ve J|3- )+ (52
-(5) ®

With 8= 1, eqn. 8, together with eqn. 3, yields iy = iy = I,
and further with eqns. 1 and 2 it can be shown that i, = i,. This
means that, with eqn. 7 it is found that AV, = O for § = 1 (as
expected).

For (B — 1) > I, /i, eqn. 8 reduces to

=022 /(B + 1)~ 1) )
and
isx0 (10)

Combining eqns. 1, 2, 9 and 10 gives

N T X0 [

So, with eqn. 7, the worst-case noise margin is found to be

AVsen‘w
_kT i kT g
s "L " EonEr2—zypr 2

for B — 1> 1,/i.

As, for normal transistors, I, /i < 1078, eqn. 12 will be valid
for f—1> 1076,

Note that AV, is much larger than the value of
(kT/q) In B, quoted in most of the I*L literature (see Reference
4, for instance). Fig. 2 shows a graphical representation of eqn.
12. The theoretical curve is confirmed by computer simulations
and also by measurements.? The presented calculation method
can also be used in cases where fan-in = fan-out > 1, and also
for other types of noise.*



Fig. 2 Calculated, computer-simulated and measured values of the worst-
case static series voltage noise margin of I*L for fan-in = fan-out = 1, as
aﬁ"wﬁo" ofﬂ = ﬂupejf

eqn. 12

O computer simulated

@ measured (Reference 2)

J. LOHSTROH 26th February 1980

Philips Research Laboratories
Eindhoven, Netherlands
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13
Temperature Behaviour of the Static Noise Margins
of ISL and STL ' ’

J. Lohstroh and R.M. Pluta

Abstract — The low current level static ground-line voltage noise margins of ISL and STL
as a function of temperature and the fan-out, are derived analytically for gates with and
without an internal pull-up current. At high current levels where series resistances play an
important role, the noise margins are obtained by computer simulations. It appears that
STL has better noise margins than ISL at high temperature, when their logic swings are
equal at room temperature, and when no pull-up currents are applied.

With pull-up currents this difference decreases dramatically, and reasonable noise
margins at high fan-outs can be obtained over a large temperature range. .

13.L Introduction

Integrated Schottky Logic (ISL) [1-4] and Schottky Transistor Logic (STL) [5-8]
are both promising high speed VLSI candidates. Their basic principles of operation are
similar, only their clamp device is different: a p-n-p transistor in ISL and a Schottky
diode in STL. STL is a marginally faster than ISL (when the voltage swings are equal), at
the cost of higher process complexity [9]. '

Important propemes of both types of logic are their noise margins. In this paper
the static noise margins of ISL and STL, will be studied as a function of temperature, both
for the standard circuits without pull-up and circuits with pull-up currents (see Fig. 1).

When the voltage swings of ISL and STL are equal at room temperature, their noise
margins at room temperature are very similar [10]. It will be shown in this paper that
with increasing temperature the noise margins of ISL will decrease faster than the noise
margins of STL, due to the large difference between the temperature coefficients of the
saturation currents of the Schottky diodes and p-n-p transistors. This effect is even worse
when series resistances cannot be disregarded. However, by lowering the barrier height
of the ISL Schottky diodes and/or application of internal pull-up currents, the noise mar-
gins of ISL can be made as good as the noise margins of STL.
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In Section II the temperature coefficients of the voltage swings of ISL and STL
are investigated theoretically and in Section III the theoretical methods and experi-
mental methods (or by computer simulation) of obtaining the worst-case static noise
margins are discussed. In Section IV the theoretical method is used to derive analytical
worst-case static ground-line voltage noise margins of simplified ISL and STL circuits
with the most essential series resistances included, with and without internal pull-up
currents. Complete models with all series resistances included for oxide-isolated ISL and

STL gates are given in Section V. The logic swing and the worst-case static ground-line

input

14y pull-y
current ‘0( i) A

2 current

Fig. 1. ISL (a) and STL (b), with and without internal pull-up current. Without pull-up current the in-
put current is i; with pull-up current the input current is %1 and the pull-up current is %i.

voltage noise margins of ISL and STL using-these complete models are obtained by com-
puter simulations, and the results are discussed in Section V1. Section VII contains a com-
parison of the static noise margins of ISL and STL, and a discussion about the practical

use of the results obtained.

13.I1. Temperature coefficients of the voltage swings of ISL and STL
As the voltage swings have a very large influence on the noise margins of ISL and

STL, the temperature coefficients of the voltage swings will be considered first.

A.ISL

When the ideality factors of both the p-n-p transistor and the Schottky diode are 1
(n = 1), and when all series-resistances are ignored, then the voltage swing of ISL at -
reference temperature Ty is given by [1,9]:
kTR a;IdoR

e — 1
TooR (1)

AVisir =
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where u; is the effective forward collector-emitter current ratio of the p-n-p transistor
[91, which is close to 1 for practical devices, I4,R is the saturation cusrent of the output
Schottky diode at reference temperature Ty, Ip,R is the saturation current of the p-n-p
transistor at reference temperature Tg (see Fig. 1(a)). The saturation current of the
Schottky diode at reference temperature Ty, is given by:

Ijor =AA *T%exp[—- q(ppo — aTR Y/ (kTR) = AA *Tﬁexp(qa/k)exp[— q9po/(kTR)],

: ' (2)

where A is the diode area, A* is the Richardson constant, ¢y, is the linearly extrapolated

barrier height at 0°K [11], and « the temperature coefficient of the barrier height [111.
The saturation current of the Schottky diode at temperature T is [11]:

2 ¢ '
Lio =IdoR(7Z~;) exP[quo (%-;_%:)] (3)

Further, the saturation current of the p-n-p transistor at temperature 7 is {11]:

T 18 4Vgo 1 1

where Vi is the linearly extrapolated bandgap voltage at 0°K. Combination of (1), (3),
and (4), and differentiation yields: ‘

d(AVlSL) - AVlSLR - VGO + ¢BO + OZkTR/q (5)
T |, T :

When a PtNi-sil_iciﬂE 'S_chottk_y diode is used (with ¢y = 0.8 V and a=.066 mV/°C), then
in an oxide-isolated process with Iyog = 25.1014A, Ipor = 5.10"7A and o = 0.98, the
voltage swing AVigy g is 220 mV. With Vo = 1.205 V. for the p-n-p transistor [11] there-
fore, the temperature coefficient of the voltage swing given by (5) equals — 0.6 mV/°C at
room temperature [11].

If in the same lay-out the PtNi-silicide Schottky diode were replaced by a Schottky
diode with a lower barrier height (Al for instance with ¢, = 0.74) then the voltage swing
would increase by (¢, — ¢y )Volt, assuming that apyisiicide = Al (se¢ equation (1) and
(2)). In equation (5), ¢go has to be replaced by ¢y, which means that the temperature
coefficients of — 0.6 mV/°C will not change!

The temperature coefficient of the voltage swing of ISL will not depend therefore
on the type of metal of the Schottky diode in a given lay-out, when the Schottky diodes

have the same a.
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B.STL
When the ideality factors of both Schottky diodes are 1, or at least equal, then the
voltage swing of STL at reference temperature Ty is given by [6,9]:

kT I
qR p doIR 6)

AVstir = Lio2r

where Iy,1r and I3,,r are the saturation currents of the output Schottky diode and the
clamp Schottky diode respectively (see Fig. 1(b)); they are given by (2) with 44, o4,
bgo1 and A, 0y, dpoy respectively as parameters.

Combination of (6) and (3) and differentiation yields:

d(AVsty) | _ AVsTir ~ #B02 * #BO1 -
dT : TR TR
which can, with (2) and (6), be reduced to
d(AVgypL) k. A
—_— =%Xlh—+a —qa, 8
dT Ta q A, ) (8)

which is either zero (when A; = A, and oy = ®,) or very small compared with (5).

Thus, as a first-order approximation, the voltage swing of STL is independent
of the temperature, when indeed the ideality factors of both diodes are equal.

If the last condition is not satisfied, the voltage swing depends on the current level
of the gates, and this could result in a temperature coefficient that cannot be ignored.

Another statement to be made is that both Schottky diodes are assumed to obey
the exponential characteristic 14 = I, (exp(qV4/(nkT)) — 1) when forward and reverse-
-biased. This may not be the case for the low barrier output diode (often made with TiW),
which can exhibit additional leakage current which can dominate the exponential be-

haviour.

13.I1L The static noise margins; methods of determination
As shown in [12], four types of noise can be considered: voltage series noise,
parallel current noise, ground-line voltage noise and power supply voltage noise.
pply> and A#/i are defined

as the minimum noise amplitudes which, when applied with alternating sign in an infi-

The worst-case static noise margins AV eres, AVpng, AV

nitely long chain of inverters, cause the gates to switch to the wrong state. Instead of an
infinitely long chain a flip-flop can also be used [12], and provides an easier way of deter-
mining the noise margins.

As in all logic gates, the transconductance of the transistors decreases with in-

creasing temperature, the voltage swing should increase with increasing temperature to
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obtain temperature-independent noise margins.

When the voltage swing remains constant, or even decreases with temperature (and
with increasing fan-out), all static noise margins decrease with increasing temperature and
may eventually become zero. All types of static noise margins become zero simulta-
neously at the same temperature, so only one noise margin has to be investigated to find
the critical temperature [12].

In this paper we will investigate AV

gnd’
in LSI and VLSI chips are one of the biggest concerns in ISL and STL designs.

because voltage drops over ground rails

As shown in the next section, simple analytical expressions for the noise margins
can be obtained only when most of the series resistances are ignored. Nevertheless, these
calculations show very clearly how the noise margins depend on temperature and fan-in
and fan-out.

The method of calculation is to determine the noise arﬁplitude at which the small
signal loopgain becomes 1 [13]; under this condition the Jacobian of the Kirchoff equa-
tions is zero [14]. ’

When all series resistances are included, the analytical approach becomes too com-
plicated. In this case computer simulations have to be carried out. The most reliable
method is to do quasi-static transient simulations by increasing the noise sources in a flip-
-flop, linearly and slowly with time (slowly compared to the switching speed of the flip-
-flop) and detect the minimum noise amplitude which causes the flip-flop to switch to

the wrong state.

13.1V. First-order analytical expressions for the voltage swing and the worst-case
ground-line voltage noise margins of simplified ISL and STL circuits with the most
important series resistances included
In this section analytical expressions for the worst-case ground-line voltage noise

margins of ISL and STL, with and without pull-up currents, are derived with most of the
transistor series resistances ignored, but with the essential series resistances R, and Ry

(n-p-n collector series resistance and Schottky diode series resistance) included; see equa-
tions (13), (14), (16) and (18). All the expressions are derived for the condition that the
ideality factor of all junctions is 1. The equations (13), (14), (16) and (18) have been

verified by computer simulations to be accurate to within 1 mV.

A. ISL without pull-up current

Fig. 2 shows worst-case ground-line voltage noise applied to an ISL flip-flop with
F = fan-in = fan-out = 4 [12]. First the circuit without pull-up will be considered (input-
-currents #, no pull-up currents).

As shown in the appendix, a simple analytical expression can be obtained only
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Fig. 2. Worst-case ground-ine voltage noise applied to an ISL flip-flop with F = fan-in = fan-out = 4.
All series resistances, except R and Ry are left out. A simple analytical solution of the noise margin is
obtained when all Schottky diodes of gate 1 are connected to V2.

when all transistor series resistances, except R, and Ry, are ignored, f;5.n = *°, oz; =1,
and when all Schottky diodes are connected to node V¥ (see fig. 2). Fig. 3 shows the
equivalent diagram of Fig. 2; all parallel OFF-gates are replaced by one gate with F-times
increased input current, F-times increased saturation currents and F-times reduced series
resistance of the Schottky diode. The factor 1 is the saturation current ratio of the n-p-n
and the p-n-p transisator (y = I;,o/Ip,). For practical values of Iyy/I, (> 100), gate 2
is far from saturation when the flip-flop reaches its metastable point (when the noise
voltages are increased to the value AV, ). This means that in gate 2 the p-n-p transistor,
“the collector series resistance of the n-p-n, and the Schottky diode with its series resis-
tance can be disregarded. When ;5 = oo, oz; = 1 and the ideality factor of all junctions
are 1, only one variable (7;) exists, and has to be determined by finding the condition for
which the loop-gain is 1 and consequently the Kirchoff-Jacobian is 0.

Kirchoff’s voltage law yields:
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gate 1 (ON) gate 2 (OFF)

Fig. 3. Equivalent diagram of the ISL flip-flop of Fig. 2 with F as parameter.

LR Fityh kT kT, Fi
A= AV q In ———— Too 4 In IP°+F1R ctHiRy + lnFIdo

_Er th
q lnFI

+AV =0,

no

which reduces to:

k_T Fz(Fz+'yzl)_

where y=1I,,/14, and where AVg; is given by:

kT, 14
A VISL q —In I_O

po

—i(FR, + Ry),

which is V; = V; in Fig. 2 and Fig. 3 when measured for Vg

(&)

(10)

The Kirchoff-Jacobian, which contains only one element, is zero when 3f;/31; = 0. Dif-

ferentiation of f; yields:

i1 —idyp) . Filiy (G —iqyy — (Fi + iy )i — 24,)] _
Fi(Fi + 'yil) 1'% G- 1'1 )2 ) ’

which reduces to:

- .
F&Y —2Fr)—y=0.
g1 1

(11)
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Solution of (11) delivers:

:.—=1+\/1+7/F. (12)
1 .

Note that #; = %i when y < F. Thus the flip-flop switches as soon as Vg of the n-p-n
transistor of the OFF-gate is large enough to cause the OFF-transistor to conduct %i.

100 mV’

g
'\ ~
~ ~
SOmV— >. S~ \*\~
\\ \\ 2.\
r ~ ~ N
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~ 3 ~
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0 I 1 L 1 | I 1 1 2
o
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(b WITH PULL-UP
o 1 1 1 ? | | 1 1 1 1
25°C 75°C 125°C
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Fig. 4. Half the voltage swing and the worst-case static ground-line voltage noise margins at low current
levels of ISL without internal pull-up current (a) and with internal pull-up current (b), with F as para-
meter. The noise margins are obtained analytically and verified by computer simulations.
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The worst-case static ground-line voltage noise margin is now the noise margin

given by the combination of (9) and (12):

1, _kT \/Fi(Fi+7i1) 1 _kT N T

Equation (13) has been verified with computer simulations with the practical values
Brpn = 70 and a; = 0.98; the simulated results are in this case closer than 1 mV to the
values obtained by (13), so the influence of 5., and a; in practical circuits can be dis-
regarded.

For low current levels the second part of equation (10) can be ignored, and con-
sequently the temperature coefficient of the voltage swing of ISL is — 0.6 mV/°C as ex-
plained in Secton II. ,

Fig. 4(a) shows %AVig; and AVy,4ig; as a function of temperature with F as
parameter, according to equation (13) for low current levels, for ISL with a voltage swing
of 220 mV at room temperature and vy = 0.2 (in real devices 7y decreases a little with
temperature, due to the difference in bandgap-voltage of the n-p-n and the p-n-p). The
noise margin decreases considerably with increasing F (with (k7/4)In2F when y <1),
and when the temperature increases.

With F = 4, AV, decreases from 58 mV to 8 mV when the temperature increases
from 25°C to 125°C.

It has been shown [10,12] that measurement results of the static noise margins
correspond very well with computer simulated values.

B. ISL with pull-up current

Pull-up currents can be used to decrease the fan-in dependency of the propagation
delay time [9]. It appears that the noise margins also improve when pull-up currents are
applied.

In this paper the case is studied where half the gate current is used as input current,
and the other half is used as pull-up current (see Fig. 2 with pull-up currents and input
currents of 21). :

If all series resistances are again ignored, except R, and Ry, ﬁn_p_n = oo, oz; =1,
the equivalent diagram of Fig. 2 is given by Fig. 5. The noise margin improvement is
caused by the fact that in this case a threshold effect is built-in before the flip-flop can
switch. The OFF-transistor of gate 2 must now conduct at least %2Fi before the diode D2
is forward biased (when the transistor current is less than %2 Fi, node Vp is clamped to
the power supply voltage and diode D2 is reverse-biased). As soon as i.opp - %2Fi node
V), comes down and D2 is forward-biased, and at the same time the loop-gain is larger

than 1 and the flip-flop immediately switches to the wrong state.
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gate1 (ON) gate 2 (OFF)

Fig. 5. Equivalent diagram of the ISL flip-flop of Fig. 2 with pull-up currents, with F as parameter.

Thus the noise margin can easily be found as the condition for whichi gpy of gate 2
is % Fi, with i, = 0.
In this case Kirchoff’s voltage law yields:

kT, %(F+1+yy kT, %i 1. 1.
AVg11d+q In I 4 lnIPc +2F1Rc+?Rd

1 ; 1 ;
AT In Wb AT In aFi + AVgnd =0,

+
q FIdo q - FIno

kT, / '
Thus AVgndISLpull-up; %AVISLPUH-UP - q_' InVF + y+1, (14)

where AVgy punp is given by:

1
“Tpde _Ler, + R, (15)

AVlSLpull-up = q Ipo

which has also been verified with computer simulations to be correct to within 1 mV for
practical values of ., and o<;
Fig. 4(b) shows %AVig punyp 2nd AVpngisppullup 2s function of temperature
according to equation (14) at low current levels, with the same gates as used in Fig. 4(a).
Compared with Fig. 3(a), the F-independent voltage swing is the same, but the de-
crease of the noise margin with F is much less (about half as much as in the case without
pull-up), s0 AVg,g 151 pullup s 90 MV at 25°C and 50 mV at 125°C for F=4.
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C. STL without pull-up current
STL is treated in the same way as ISL. In Fig. 2 therefore all p-n-p transistors have
to be replaced by Schottky diodes (see Fig.1). If all series resistances are ignored, except

R, and Ry, and ﬁn_p_n = oo, a similar expression as (13) can be found:

AVgastL =3 AVsTL = L n P +VF D), (16)
with
_kT .
AVSTL = q_ln(1d01/1d02) - (FRC + Rd)l w (17)

Equation (16) has been verified with computer simulations. with Bn_P_n =70 (1 mV
accuracy).

Note that (16) is identical to the ISL case with y =1 (in this case the n-p-n transis-
tor of gate 1 would have to conduct the same current as in ISL). ’

When both Schottky diodes have indeed an ideality factor of one, and when
Ay =A, and oy = &, (see Section II), then the temperature coefficients of the first part
of equation (17) is zero and consequently the voltage swing of STL at low current levels
is temperature independent.

Fig. 6(a) shows %2AVgry and AViys7y s a function of temperature with F as
parameter for low current levels, according to equation (16), for STL with a voltage swing
of 220 mV.

Compared with ISL the influence of F on the noise margin is somewhat smaller,
but the initial noise margin for F = 1 is larger than that of ISL at 25°C. The decrease of
the noise margins with increasing temperature is much less than for ISL because of the

temperature-independent voltage swing.

D. STL with pull-up current
With gate input currents of %i and pull-up currents of %f, it can be calculated that

the worst-case static ground-line voltage noise margin is:

1 kT
AVgndSTLpulup =3 AVsTLpullp = ;- MV F+27, (18)
with
A _kT _1 -
VsTLpulup = 5 In (I401/1402) ~% (FR. + Ry)i 19)

which has also been verified with computer simulations.
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Fig. 6(b) shows the low-current level results of equation (18) for the same gate as in Fig,

6(a); the improvement is obvious.
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Fig. 6. As Fig. 4, but this time for STL.

13.V. DC models of oxide-isolated ISL and STL gates
Small-size oxide-isolated structures are taken as examples because, in these devices,
series resistances tend to be higher than in pn-isolated devices of larger dimensions
[11,15]. Tt will be shown that these series resistances (in particular R, and R4) will
seriously affect the noise margins.
Fig. 7(a) shows a DC-model (no capacitances included) of an oxide-isolated ISL

gate [11]. It contains an n-p-n (TN), a p-n-p (TP), a pn diode (D), four Schottky diodes
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Ront  Ronz

ReN

{b)

Fig. 7. DC models of minimum-size oxide-isolated ISL (a) and STL (b).

(SD1) and series resistances. The pn diode is introduced in order to model the injection
of holes at the extrinsic base-collector junction of the saturated n-p-n [11]. Fig. 7(b)
shows a DC mode] of an STL gate. As the n-p-n transistor does not go into saturation, no
pn diode is introduced. The clamp Schottky diode (SD1) is the same type of high-barrier
Schottky diode as the output Schottky diode of ISL (PtNi-silicide, ¢gy; = 0.8V). The
output Schottky diodes are assumed to be of TiW ($py, = 0.58V). All relevant DC para-
meters and their temperature coefficients of ISL and STL are listed in Table 1 (a) and (b)
respectively. The low current level voltage swing is 220 mV both for ISL and STL.
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TP TN D SD1 SD2
n =1 n =1 n=1 n = n =
\Y 1,2 E . = = =
IGO = ; OEY7 VGo 1 i?g VGo 1.205g1 aBOl 0.8V i ¢301 O.Sﬁv-lo
po = .10 A Ino = 10 A Idd°=33.10 A Idol = 25.10 A Ido2 = 13,10 A
fep = 48 Bey = 70 Ryg = 400 Ry = 700 Ry = 700
ﬁrP 0.04 ﬂrN = 300 resistors
Rp = 2000 R, =100 Rony = kO Rono = 450)
Bppy = 6k | Ry, = 2kQ Ry, = 300
RcP = 1.1k RcN = 300 RBNI = 1000
(a)
TP TN D SD1 SD2
-3 _ -4 _ =3 _ =3 _ -3
Tﬁfp 2.10_3 Tpr = 56.15_4 TR3q = 6.10 TRd = 6.10 'I‘Rd = 6.10
TB,.p = 2.10 Ty = 27-10
resistors
-4 _ -3 _ -4
TgeP = 2,10 -6 TReN =10 3 Tngl = 2.10_6
TR p = 7.1(33 -mzsz2= 2.10_6 T Ry 7.10 i
TRbPl =6.193 T RbN2=6'10_3 TRbPZ = 13.10 i
TRCP =8.10 TRcN = 6.10 TRBN1 = TRBN2 = 13.10

(b)

TABLE 1. (a) Room temperature values of the most relevant parameters of the models of Fig. 7, and
their temperature coefficients (b).

13.VI. Voltage swings and worst-case static ground-line voltage noise margins of
oxide-isolated ISL and STL at 100 uA/gate

This section follows the same lines as Section 1V, but this time all voltage swings
and noise margins are obtained by computer simulations, using the complete models
described in Section V. The main difference between the computer simulations and the
analytical calculations of Section IV is that for the computer simulations the Schottky
diodes are not all connected to V¥ (see Fig. 2) and thus V,, V3, V, and V5 are not
equal at moderate current levels (voltage swing dispersion). For F > 1 the logic swing will
be somewhat larger than given by (10), (15), (17) and (19) respectively. To obtain
worst-case conditions, the last Schottky diodes are always used in gaté 1, so for F = 3,
gate 5 is disconnected; for F = 2, gates 5 and 4 are disconnected; and for F = 1, gates 5,4

and 3 are disconnected (see Fig. 2).
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A. ISL without pull-up current

Fig. 8(a) shows the simulation results of the voltage swings and ground-line noise
rriargins. With F = 1 there is no voltage swing dispersion, and in this case equation (10)
is correct. With the gate model of Fig. 7(a) we find that, at 25°C, R, is 235 £, and
Ry is 70 £, so the voltage swing would be about 30 mV less at 100 uA. Comparison of
Fig. 8(a) and Fig. 4(a) shows that the difference is 20 mV; this is mainly caused by the
voltage drop of about 10 mV across the base-series-resistance of the p-n-p transistor (the
last effect is not included in equation (10)). Fig. 8(a) also shows that the logic'swing does
not decrease linearly with F due to the fact that all Schottky diodes are not connected to
the same node (V}).
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Fig. 8. As Fig. 4 for minimum-size oxide-isolated ISL at 100 uA per gate. All results are obtained by
computer simulatons, using the model of Fig. 7(a).
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The loss of noise margin is somewhat more than half the loss of the voltage swing,
when compared with Fg. 4(a); this is mainly due to the high base-series-resistance of the
p-n-p which apparently increases the external measured voltage swing, and the base-series-
-resistance of the n-p-n transistor which decreases the transductance of this transistor.
This all ensures that for minimum-size oxide-isolated ISL with F = 4, a critical tempera-

ture of only 50°C is obtained.

B. ISL with pull-up current
Fig. 8(b) shows that a dramadc improvement is obtained with the application of
pull-up currents. This is for two reasons: a) the decrease with the fan-out of the noise

margin is better anyway than in pull-up-less circuits, b) the loss of voltage swing is halved
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Fig. 9. As Fig. 6 for minimum-size oxide-isolated STL at 100 pA per gate. All results are obtained by
computer simulations, using the model of Fig. 7(b).
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(when the pull-up current is applied to the most advantageous node; see Fig. 7). The
critical temperature when F = 4 is now about 200°C.
C. STL without pull-up current.

Fig. 9(a) shows the simulation results for STL. Here also the voltage swing losses
are somewhat less than indicated by (17), due to the voltage drop across the series-resis-
tance of the clamp-Schottky diode. Note that the temperature coefficient of the voltage
swing is slightly negative, due to the positive temperature coefficients of the series resis-
tances.

Compared with ISL (Fig. 8(a)), the noise margins are better, but when F = 4 the
critical temperature is 80°C, which is only 30°C more than ISL with F = 4.

D. STL with pull-up current
In STL also the pull-up currents cause a significant improvement in the noise

margins as illustrated in Fig. 9(b).

13.VIL. Comparison, conclusions and discussion

In this paper the noise margins of ISL and STL have been studied, based on the
assumptions that the ideality factor of all transistors and Schottky diodes is 1, and that
no dominating leakage currents are present in the low-barrier Schottky diode in STL.

When the voltage swings of ISL and STL are equal at room temperature, then the
room temperature values of the noise margins of ISL are a little better, due to the fact
that in ISL the superfluous base-current of the ON-transistor is sinked to ground (by the
p-n-p transistor), whereas in STL this current has to flow through the n-p-n transistor.
With increasing temperature, however, the noise margins of ISL are very soon smaller
than those of STL, mainly because of the high negative temperature coefficient of the
voltage swing of ISL (— 0.6 mV/°C).

As is shown for minimum-size oxide-isolated ISL and STL gates, series resistances
seriously affect the noise margins when the gates are driven at a relative large gate current,
because of the large internal voltage drops. Of course, the gate current can be decreased
to obtain better noise margins, but then the speed of the logic is lower. An alternative
measure is to apply pull-up currents which not only decrease the fan-in dependency of
the propagation delay times, but as shown in this paper, improve the noise margins
dramatically.

With pull-up currents the noise margins of ISL will also be smaller than of STL at
125°C when the voltage swings are equal at room temperature. Only when the ISL volt-
age swing is about 60 mV higher at room temperature, will both logic circuits exhibit
similar noise margins at 125°C. This can be done by decreasing the barrier height of the

Schottky diodes in ISL; the penalty is some speed degradation at room temperature.
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In this paper the noise margins have been investigated up to F = fan-in = fan-out = 4
in infinitely long chains of inverters or in flip-flops.

It may be asked how representative the ﬁgﬁres obtained are for real logic circuits.
The answer depends totally on the type of logic structures used. When for instance flip-
-flops are used in registers, in most cases F is 2, which means that the critical temperature
(= temperature for which all noise margms become zero) for F = 2 has to be highcr than
the maximum operating temperature of the chip. In complex logic structures, where large
arrays of gates with high fan-in and fan-out are used (in parallel muldpliers for instance),
the requirements are more stringent, and therefore pull-up currents for all gates are
essential in those cases to avoid signal degradation. In logic circuits where in the logic
paths gates with high F-values are succeeded by gates with low F-values, signal regenera-
tion can take place, which means that for the high-F gates a reduced or even negative
worst-case noise margin may be acceptable; however, this makes the designers job rather
complicated. On the other hand, when the noise margins are positive over the whole tem-
perature range for the maximum used value of F, then the designer has maximum free-

dom without any risk of mal-functioning circuits.
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Appendix A
ISL Applications

- Until now all ISL applications have been made in a pn-isolated process with a 3 um epi-
taxial layer and 5 pm minimum details. '

The following designs will be discussed:
A. The 3422A, which is a 256 bits shiftregister built-up with D-flip-flops.

B. The OQ4100N1, which is a 16x4 bits pipeline-multiplier, with adders, substractors,
rounding logic, timing and system logic: this chip is a part of a fast Fourier transform

system.

C. The OQ0040, which is a counter chip that combines ECL, I12L, ISL and TTL on the

same chip.

D. The ISL-CCL library (CCL = Composite Cell Logic), which is a custom IC approach
consisting of a predesigned logic-function mask-library from which building blocks
can be used to design custom LSI chips with a relatively short turn-around time. As

an example the 8X60 (FIFO memory controller) will be discussed.

E. The 8A1200, which is an uncommitted logic gate array (or masterslice) of 1200
NAND-gate equivalents featuring up to 10 inputs and 4 outputs per gate. Each gate is
accessable by paths reserved for custum metal interconnection. The turn-around time

is very short.

Oxide isolated ISL applications such as high performance gate array, and a 12x12 bit

parallel multiplier are in preparation. They will not be discussed in this appendix.
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A. The 3422A (designed by J. v.d. Crommenacker).

This chip is a 256 bits shiftregister with 256 D-flip-flops. The total number of equiv-
alent gates is 1674. The load resistances are 8 k€2, which implies that with a power
supply voltage of 2.3 V the current per gate is about 200 pA.

The total power dissipation is 770 mW. Fig. 1 shows the chip (chipsize = 22 mm?).
Each D-flip-flop consists of 6 gates and two separate Schottky diodes (in one island)
for the clock-input. The clockpulses are distributed over the chip by repeated fan-out,

and remote Schottky diode islands (see Fig. 2). To handle fan-outs larger than 4, ISL

gates are used with larger sizes and smaller load resistances. In this design 2 x and

4 x sizes are used (see Fig. 2) to obtain fan-out 8 and fan-out 16. Fig. 3 shows a detail
of the chip; indicated is a D-flip-flop, a distributed Schottky clock-input, clockline
A (see also Fig. 2), a 4 x size ISL gate with Schottky input and clockline B. The

maximum toggle frequency of this shift register has been measured to be 50 MHz.
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Fig. 4. Chip photograph of the 0Q4100N1.

B. The 0Q4100N1 (designed by H. Ontrop).

This LSI chip contains a 16x4 bits pipeline-mutiplier, with adders, subtractors, roun-
ding logic, timing and system logic, for application in a fast Fourier transform system.
The chip is shown in Fig. 4. The number of gates is 2500; chipsize is 42 mm?. All
internal logic is ISL; input buffers and output buffers make the chips low-power
Schottky TTL compatible.

To achieve temperature independent propagation delay times, the current per LSI
gate is adjusted to 90 uA (see Fig. 10 in Section 9). The ISL power supply voltage is

1.6 V; the TTL power supply voltage is 5 V. The total power dissipation is 530 mW.
The minimum maximal operating frequency over the full ambient temperature range

(0° — 70°C) and supply voltage ranges (1.6 V + 10% V and 5V £ 10%) is 10 MHz,
so guaranteed clock periods of 100 ns can be used. In each clock period the signals
have to ripple through 11 stages (the logic is 11 stages deep), so the average propaga-

tion delay time is about 100 ns/11 = 9 ns for the gates having an average fan-in of 3
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and an average fan-out of 3. Only 20 dummy gates are used in the time-critical pathes

to prevent excessive delay-increase due to large fan-ins. The typical operating fre-

quency is 13 MHz.

The clockpulses are distributed over the chip by the same repeated fan-out method as

in the 3422A.

C. The 0Q0040 (designed by B. Nilsson, W.K. Kalkman and J.A. van Nielen).
This LSI chip combines ECL, I2L and TTL in the same chip. It forms the heart of
the Philips nine-digit frequency counter series PM667X [1-3]. Fig. 5 shows the chip-
photograph. The chip contains two counting registers, synchronizers and logic-control
circuitry needed for such measurement functions as frequency, reciprocal frequency,
period average, frequency ratio average, count, time interval, time interval average,
phase, duty cycle and multiple burst average. The high frequncy (10 MHz) input data
is accepted at ECL level which makes it possible to use ECL prescalers. The command
inputs are TTL. Outputs are ECL (for fast triggering) and TTL.
About 1000 highly packed I?L gates operating at 70 pA/gate are used for the logic
functions operating below 1.5 MHz, and about 500 ISL gates (also operating at
70 pA/gate) are used for the 10 MHz functions (counting registers and control logic
with maximal 4 gate delays per clockpulse). The frequency specification is 10 MHz;

a maximal frequency of 18 MHz was measured. Power supply voltages are 5 V and
1.5 V. Power dissipation is about 100 mA+1.5V + 25 mA>5V = 275 mW. The chip-

size is 23.2 mm?2.

Fig. 5. Chip photograph of the 0Q0040.
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D. The ISL-CCL library (designed by D. Goddard) with the 8X60 as application.

The ISL-Composite Cell Logic library is a mask-library with predesigned cells, from
which selected cells can be combined to form a custom chip which can be made with
a short turn-around time [4-6].

The library contains AND gates, NAND gates, OR gates, NOR gates, EXCLUSIVE
OR/NOR gates, flip-flops, three-state cells, diode cells, input- and output-buffers,
clock buffers, etc.

The CCL approach is particular well suited to design applications where circuit com-
plexities fall within a range of 100- to 1000 gates. The internal cell interconnections
are made with a first layer metallization; the cells are interconnected with a second
layer metallization on a 32 pm? grid. Cell sizesare 128 pm x (n x 32) um?, withn=1,
2,3, -...etc., depending on the particular cell size.

Each cell is described in a manual [6] that specifies the DC and AC characteristics.
For instance a NAND gate has a size of 128 umx96 pym, consumes a maximum cur-
rent of 190 pA, and has a maximum propagation delay time of 6 ns at 150°C for

fan-in=1 (10 ns for fan-in = 5).
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An example of a chip built with the ISL-CCL library is the 8X60 (design: P. Keller)
[7], which is an integrated circuit that can convert standard random-access memories
into large first-in, first-out buffer memories. With the 8X60 FIFO RAM controller,
two asynchronous systems may be interconnected for buffered data-transfer rates ex-
ceeding 8 MHz. The 8X60 supplies an address up to 12 bits long to a user-selected
RAM of the desired data width. FIFO depth is selectable by two control signals
to any of four word values: 64, 256, 1024 and 4096. A four-signal handshake inter-
face is provided for read and write control from the two communicating systems, as
well as status signals to indicate the full, half-full, and empty conditions.

The chip inputs and outputs are standard TTL. Fig. 6 shows a photograph. The chip-
size is 25 mm?, the number of ISL equivalent gates is 564. One additional external
dropping resistor of 56 £ connected to the 5V power supply can be used to obtain
the ISL power supply voltage of 1.5V. The typical chip power dissipation is

80 mA+5V + 63 mA-1.5V =~ 500 mW.

E. The 841200 (designed by D. Goddard and R. Bindt).

The 8A1200 ISL gate array is an uncommitted logic array (or masterslice) of 1200
NAND-gate equivalents featuring up to 10 inputs and 4 outputs per gate [5,8,9].
This gate array offers circuit designers the ability to create custom LSI circuits of up
to 1200 gates, with a short turn-around time.

Each 4-nanosecond gate uses 168 uW of power and the speed-power product of each
gate is 0.7 pJ. Logic functons are defined by the user and are implemented by inter-
connecting 1144 ISL gates, using two layers of metal routing. Fifty-two Schottky
buffers are provided to drive multi-load internal clock or enable signals. For external
interface, up to 36 LSTTL 1/0 buffers can be specified.

To realize the groundrail and the power supply rail in the first layer of metallization,

the layout of the gate is different from the layout described in section 4 (see Fig. 7).

The wafers are prediffused up to the emitter-diffusion, and stocked. Customization
starts with the contact holes for the first layer metallization to form ohmic contacts
and Schottky diodes. Fig. 8 shows a detail of the chip just after etching the contact
holes; the same detail is shown in Fig. 9 after the etching of the first layer metal.
Figs. 8 and 9 show that the packing density of the gates is not maximized; enough
space is left around the gates for routing of the metallization to achieve 100% routi-
bility.

All gates have a direct input and a resistor input (see Fig. 7). As shown in Fig. 10
resistor inputs can be interconnected, without current hogging problems, to be driven
from an internal Schottky buffer for clock distribution; this is an alternative approach
to the clock distribution in the 3422A and OQ4100N1.
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Fig. 11 shows an edge of the chip with bonding pads and 1/0 circuits. The metalliza-
tion determines whether a buffer is an input or an output circuit (the diffusions allow
both types).

f/\

BURIED LAYER * Rp, Rbb

o [=)
zl + | 2
of. >| O

Fig. 8. Detail of the 8A1200 after etching of Fig. 9. Same detail as Fig. 8, after etching of
the contact holes. _the first layer metallization.
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direct input

resistor
" input
clock 3
Schottky ¥
buffer
1k

Fig. 10. Clock distribution circuitry on the 8A1200 with Schottky buffers and ann-current-hoggng
resistor inputs .

Fig. 12 shows a photograph of the total 8A1200 chip (25 mm?), with an evaluation
metallization on top to realize representative logic functions as 2 8 to 1 multiplier,
a 4-bit adder, a 4-bit universal shift register. Also the following test circuits are made:

a D-flip-flop wired as a toggle flip-flop, demonstration of fan-out effects on ISL gates,

Fig. 11. Detail of the 8A1200 (1/0 buffers and part of the ISL gates).
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Fig. 12. Chip photograph of the 8A1200 gate array.

test of a fan-in and pattern sensitivity effects on ISL gates, and ring oscillators which
show the basic gate delays of ISL gates and Schottky buffers under various lay-out

and logical conditions.

In appendix B, the main characteristics and specifications of this gate array are summarized.
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BIPOLAR LSI DIVISION

APRIL 1981

PRODUCT DESCRIPTION

The 8A1200 Gate Array (Figure 1) is an uncommitted array of ISL
gates (Figure 2), Schottky buffers (Figure 3) and LSTTL-compatible
1O cells (Figures 4 and 5). Thus, up to 1200 gates can be custom
interconnected to provide the advantages of both Large Scale Inte-
gration (LSI) and proprietary design. The 8A1200 array is based on
a technological subset of LSI called ISL (integrated Schottky
Loglc). ISL combines the best features of low-power Schottky and
12L Bipolar technologles.

Designing with the 8A1200 is easy and fast, requiring no more than
conventional loglc design, logic simulation, and custom coding of
maetal interconnections among preprocessed logic gates on the

internal clock or enable signals. For external interface, up to 36
LSTTL I/0 buffers can be specified. As c>~wn in Figure 5, each I'0
can be configured to implement any one of 11 different functions:
inputs, input/output, totem-pole, open collector, and three-state.

FEATURES

Customer programmable LS|
1144 ISL (NAND) gates
Two-layer metal interconnection
52 Schottky buffers

38 1/0 buffers

LSTTL compatible

Stand PNP inputs

array. The design techniques and the i Wation pr

are analogous to the design of a Printed Circuit Board.

Logic functions are defined by the user and are implemented by
interconnecting 1144 ISL NAND gates, using two layers of metal
routing. Fifty-two Schottky butfers are provided to drive multi-load

8mA output current sink

-55°C to + 125°C ambient temperature
4ns gate speed (typical)

Speed-power product—0.7 picojoules
22, 28, 40, or 44-pin package

s ausrs s GaTEs
S RIIEESA FAL 2% SONS X 10 COLLMNS 001
DLEURY EVICE PEOBAETER S 5

VeB :
‘[ —
—— [~ ouTPUTS
RESISTOR |
INPUT ez o P
HE
DIRECT Note!
INPUT S =

Note: Any four ot the five outputs

can be used but not all five
at the same time

Figure 2. ISL Gate—Schematic Diagram

Ves
QUTPUT
RESISTOR
INPUT
DIRECT
INPUT

Figure 3. Schottky Butfer—Schematic
Diagram

Figure 1. Intemal Configuration of 8A1200
ISL Gate Array

SHNOtES
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INPUT/OUTPUT CELLS e -
All signals within the array interface to external pins via /0 but-
fers located around the device perimeter. A description of each .{>— .-Di—
170 cell, including the symbolic rep 1 Is shown below.
The togic and schematic representation of each I/O cell are
shown, respectively, in Figures 4 and 5. S
r—p—"

Symbol Description *

INB Input buffer —]>-a

AP Active pull-up output

oC Opaen-collector output

EOC Open-collector output with enable

TS Three-state output e

TOC Open-collector transcelver framEneea ¥

TEOC Open-collector transcelver with enable [

TS Three-state transceiver L |

10CD Internal driver to three-state bus i ¢

EOCD External driver 1o three-state bus =

10D Internal driver and input driver

= e

Figure 4. Logic Representations for Eleven

1O Cells
ocC EOC TS
- = =
wf do - -
sncu o, wd o [
sy mare i o L
- 2
s .
Anaa) bl
A2
TEOC
- -
) kL . B
*) -
g
10CD EOCD 10D
veo Ver
_ o -

Figure 5. Schematic Representations for Eleven I/O Cells

SijIotics
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TYPICAL PERFORMANCE CHARACTERISTICS
Overall performance of the gate array i3 determined by the follow-
Ing parameters:

* Discrete gate delays

¢ Gate current (I55) and gate voltage (V)

* Junction Temperature (T )

Gate delays are subject to several variables, any one of which can
affect the overall circuit performance. An analysis of these
varlables s shown in the accompanying graphs.

ISL GATE DELAY Vi Vbb

SCHOTTKY BUFFER GATE DELAY Vs Vbb

ADDED GATE DELAY Vs INPUT WIRE LENGTH

CHANGE IN GATE DELAY FOR INPUT BUFFERS
AND SCHOTTKY BUFFERS Vs FAN-OUT

10 10 . 50
) 9 as
8 8 40
7 7 s
s B Zs z 30
> — j=150°C > 2 A
51— — 3 25
E N 2 § 2 A
8 ¢ _Ti"26°C a4 - 20
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2 ] 2 10 A
' T 1 05—~ )
0 [ 0
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Vb (Volts) Vbb (Volts) LENGTH Z,‘J'i’%'.i"-n','lﬁ.‘,”“’s’
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N LTI
bl |- Vb = 1.6V
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8 16 [— (TpdiL not etfected by f )
7 1
e T n
s £
! AT z 0
5 5 SLGATE ] i ;| -
q
a SCHOTYKY BUFFER i aossee r
2 s —
L a4 5CT
1 2 1
[ [
60 30 0 30 60 90 120160 180 o 1 2 3 4 5
Tiunction ©'€) NO. OF ACTIVE LOADS

ADDED GATE DELAY* vi. FAN-IN

+10 10
.g o1 T
T T /
+“ 8 |— TpaL e not affected L
by fan-in) P
“ y va
z a2 ToonL T e [ LA
% 0 =1 z s l
3 NG rl A3 Vg - 135
s -4 < < 3 A X
e A A Vew - 165V
3 AT
- ' 4
10 0 1 11
0123456780910 o 3 a4 s
NO.OF LOADS NO. OF INPUTS (not dummy loaded)

“Dmmy loadied ot carm MO adied gare detay.

POWER DISSIPATION

For the purpose of L the { power
dissipation for any given implementation of the 8A1200 gate array
is glven by the following equation.

Maximum Power (in mW) =0.25 mW x number of ISL
plus,0.25 mW x number of Schottky buf-
ters used
plus, 12 mW x number of TTS, TOC, and
TEOC butters

plus,8 mW x number of AP, OC, EOC, TS
and 10D buffers
plus,5 mW x number of EOCD, INB, and
10CD buffers
plus,0.5)V x load current (in mA) of out-
put buffers
(Note. Load current = maximum I,
for selected temperature range x the total number of output buf-
lers and h that can simul, ly be at a low output
state.) .
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BIPOLAR LSI DIVISION

AC AND DC ELECTRICAL CHARACTERISTICS

CONDITIONS:

Commerclal— Mititary— PARAMETER DESCRIPTION RATING |UNIT
Voo = 5.0V (£5%) Ve = 5.0V (£ 10%) Vee Supply voltage +7.0 \
vs‘a 1.5V( £ 10%) VB'B = 1.5V(x 10%) Vs ISL gate supply voltage +7.0 v
T, =0*Cto70°C T,' =-55°Cto 125°C €N Input voltage, continuous 05t0+55| Vv

IIn Input current, continuous -30t0 +1.0 | mA

Vo Voltege applied to open- 061t0+7.0| V
collector output in off-state

Ta Ambient temperature, -55t0 +126| °C
operating

TsTG Storage temperature 65t0 +150| °C

ABSOLUTE MAXIMUM RATINGS

APRIL 198

LIMITS (COMMERCIAL)| LIMITS (MILITARY)
PARAMETER DESCRIPTION TEST CONDITIONS UNITS
MIN [ TYP | MAX | MIN | TYP | MAX
'BB’G Power supply current per gate 74 112 164 65 112 164 |pA
ILF Input load factor 1 1 | Unit load
FO Fanout 4 |Unit load
thdAV | Average gate propagation delay | Fan-in = one (1) 1SL gate or 2 4 6 |ns
tadLH * todHL Schottky buffer
YHaav = - 2 Fan-out = one (1) ISL gate or
Schottky buffer
'DdHLz High-to4ow propagation delsy | Delay is inferred from circuit 1 2 |ns
simulation

thdLH2 Low-to-high propagation delay 7 10 |ns

LIMITS (COMMERCIAL.

LIMITS (MILITARY)

PARAMETER DESCRIPTION TEST CONDITIONS UNITS
MIN [ TYP | MAX | MIN | TYP | MAX

Ipp/G Power supply current per gate 74 112 164 85 12 164 | uA
ILF input load factor 1 1 | Unit loed
FO Fenout 10 | Unit loed

Average gate propagation delay | Fan in = one (1) ISL gate or 2 4 6 |ns
tpdav

Schottky buffer
todLH * tagHL Fan out = one (1) ISL gate or

thdAv = 2— Schottky butfer
tde L2 High-to-low propagation delay | Delay is inferred from 1 2 |ns
thdLH2 Low-to-high propagation delay | circuit simulstion 7 10 | ns
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LIMITS (COMMERCIAL)| LIMITS (MILITARY}
PARAMETER DESCRIPTION TEST CONDITIONS UNITS
MIN TYP | MAX | MIN TYP| MAX|
lec 10CD power supply current From array = high 070 | 095| 135 | 065 | 085| 1.45|mA
10D power supply current VIN = 3V, from array = high 130 1.76 | 250 | 120 | 1.75| 265(mA
ILF Input load factor 3 Unit losd
FO Fanout (drives 3-state inputs only) 16
thdAV Average propagation delay Fan in = one (1) ISL gate or 10 14 ns
odLH * thdHL Schottky buffer
AV ————— Fan out = one (1) from
2 three state input of
an output buffer
LIMITS (COMMERCIAL) | LIMITS (MILITARY)
PARAMETER DESCRIPTION TEST CONDITIONS UNITS
MIN | TYP | MAX | MIN | TYP| MAX
lee TOC, supply current V)N =3V, from Array = L 090 120| 1756 | 085 | 1.20| 1.80|mA
INB, EOCD, supply current Vin =3V 0.60 80| 1.15 | 055 80| 120|mA
10D, supply current VN =3V, from Array = H 1.30 176 | 250 120 1.75| 265|mA
TEOC, supply current Vi =3V.from TS =H, 165 | 220 | 3.10 | 155 | 220| 3.30|mA
from Array = L
TTS, supply current From Array = L, from TS=H 165 | 220 3.10 | 165 | 220| 3.30|mA
Vin =3V
VTH input threshold voltage 0.80 20 |V
VCD  |Inputclamp diode voltage I = -18mA -15 |V
e Input low current VN = 0.4V -20 uA
1 Input high current VIN® 27V 20 pA
h Max input high current VN = 5.5V, Vce = Max 100 RA
FO INB & 10D ““toarray’’ outputs 10 Unit load
EOCD & 10D "“to three-state” 16 Unit load
outputs
tdlH Propagstion delay, low-to-high S 8 ns
F.0.=one (1) ISL load
hdHL Propagation delay, high-to-ow 2 4 ns
F.0.=one (1) ISL load .
i (see fig. 16)
todLH Propegation delay , low-to-high 3 4 ns
F.0.=ten (10) ISL loads
‘deL Propagation delay, high-todow 4 5 ns
F.O. = ten (10) ISL loads
oo AL e o L
LIMITS (COMMERCIAL)| LIMITS (MILITARY)
PARAMETER DESCRIPTION TEST CONDITIONS UNITS
MIN [ TYP | MAX |MIN | TYP | MAX
Ice Power supply current From srray = high 0.70 | 095 135 (065 | 095 145 | mA
ILF Input ioad factor 3 Unit loads|
VoL Output low voltage loL = 8mA 500 mVv
'OL =4mA 400 mvV
VOH ‘Output high voltage Ion = -400uA 2.7 25 \Z
los ‘Output short circuit current Vout =0V -15 -100 mA
todLH Propagation delay, low to RL = 2K 4 8 ns
high output CL = 15pf
tpgul | Propagation delay, high to (see fig. 16) 4 8 ns
low output

siljnotics
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LIMITS (COMMERCIAL) | LIMITS (MILITARY)
PARAMETER DESCRIPTION TEST CONDITIONS UNITS
MIN [ TYP | MAX |MIN | TYP | MAX
lcc OC power supply current From arrsy = high 070 | 095-| 135 (065 | 095 | 1456 | mA
TOC power supply current From erray = low 090 | 120 | 1.76 |0.85 | 120 | 180 | mA
EOC power supply current From array = low,
From T 5. = high 105 | 140 | 195 [100 | 140 | 210 | mA
TEOC power supply current | From srray = low
From T.5.= high 165 | 220 | 310 (155 [ 220 | 3.30 | mA
ILF Input load factor 3 Unit load
“from array”’
Input load factor “from T.5." 3 Unit load
voL Output low voltage JoL= 8mA comm 500 mVv
oL = 4mA 400 | mV
I0H Output high current Vouyr = 5.8V 20 BA
todLH r’m? """Y" Ry =2K 9 TBD | ns
ow to high ouw Cy = 15pf
todHL | Propagation delay (see 1ig. 17) 8 TBD | ns
high to low output
LIMITS (COMMERCIAL) | LIMITS (MILITARY)
PARAMETER DESCRIPTION TEST CONDITIONS UNITS
MIN [ TYP | MAX |MIN [ TYP | MAX
] TS power supply current From T.S. = high
cC
Fronm atray low 1.05 | 140 1,95. 100 | 140 | 210 [ mA
TTS power supply current From array = low
VIN = 3V, from R S. = high 165 | 220 | 3.10 155 | 220 | 3.30 [ mA
ILF Input load factor, 3 Uritiad
either input
VoL Output low voltage lop = 8mA 500 mvV
loL = 4MA 400 | mV
Vou Output high voltage IoH = -400uA 27 25 v
los Output short circuit current | Vo1 = OV F16 -100 | mA
| Three-state off current
oLz 4 = o
output low Vour =04V 20 |.uA
| Three-state off current
OHZ =
output high Vour =24V 20 | kA
thdLH | Propegation delay, low to .
high output R =2K 4 9 ns
paHL Propagation delay, high to cl = 15pf 6 10 ns
low output -
tpozl |Propegation deley, HIZto | 1o, g 1g) 1 18 | ns
low output
thazH  |Propagation delay, HI Z to ‘R =2K,Cy_ =15pf
high output (see ig. 18) 10 18 |
todLz Propagation delay, low to -
HI Z output RL=2K 8 12 e
tadHZ Propagation detay, high to C) = 15pf
HI Z output (see fig. 18) 7 7| o

Notes:

1. Maximum power dissipation limit of circuit is

2. Guaranteed value is LogAv-
3. For all input parameters on TEOC and TTS, the “from Three-State” input should be high.
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TEST SETUP:

EXTERNAL =t 8A1200

v, v
PULSE 1VIN ouTfisL
am(auonl“l 'l”“"“" '| LOAD l *

WAVEFORMS:

EQUIVALENT CIRCUIT OF
ISL UNIT LOAD:

Vaa

a. Input Buffer

TEST SETUP:

ISLGATEOR | Vi
SCHOYTKY
BUFFER

WAVEFORMS:

v
Vyu TH

BUFFER

EXTERNAL

b. Active Pullup Output

TEST SETUP: WAVEFORMS:
Vin VYw Vru
todHL
todLH
vour 13v 13v

EXTERNAL

c. Open Collector Output

TEST SETUP: WAVEFORMS:
Vee
8A1200 : EXTERNAL Viiie Vin (.
o SR o H P
[
ISLGATE OR | Vi Ivaut Ssw) Vour 13v o5y
SCHOTTKY BUFFER |+— 14 15y
BUFFER \
i A
TEST sw1 sw2 1501 5K y
1
togzh open clowed H v
1dZL closed open | ! L ‘Vw . \ VTH
toanz closed closed il % f
oLz clowd  closed i TodLH
n domd oot { |
toaHL closed closed ] Vour 12 3
*501 10 1pg1 7 300 gz
d. Three-State Output
Figure 8. Test Circuits
ORDERING INFORMATION

For additional information on the 8A1200 and other Gate Array pro-
ducts from SIGNETICS, contact your nearest Sales Office.

Siljnotics
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Summary

Integrated Schottky Logic (ISL) is a new logic gate (with a 200 mV voltage swing)
for LSI and VLSI circuits, which can be made in standard bipolar processes. It has been
developed to bridge the gap between Integrated Injection Logic (I2L), which has VLSI
capabilities but not a very high speed, and low-power Schottky TTL, which features a
good speed but consumes too much chip area and too much power.

The ISL circuit concept is similar to Schottky Transistor Logic (STL) except for
the Schottky clamp diode which is replaced by a merged p-n-p transistor, consisting of
a combination of a vertical and a lateral p-n-p transistor; the n-p-n transistor is used in the
normal downwards mode.

The max. speed of ISL depends strongly on the cut-off frequency of the clamp
p-n-p transistor. In a standard pn-isolated buried collector process with a 3 um epilayer
and 5 um min. details, the cut-off frequency of the combined vertical/lateral p-n-p
transistor is about 100 MHz, and the min. propagation delay time of ISL is 2 ns at 500
MA per gate (which is at least five times faster than I?L made in the same process). At
200 pA per gate the propagation delay time is 2.7 ns.

In a standard oxide-isolated process with 1.2 um epilayer and 3 pm min. details
the relative slow lateral p-n-p transistor is eliminated, resulting in a p-n-p cut-off fre-
quency of about 600 MHz and a min. ISL propagation delay time of 0.6 ns at 500 uA
per gate (at 200 uA per gate the propagation delay time is 0.7 ns; at 100 A per gate
1.0 ns).

Due to the separate load device (resistor or lateral p-n-p transistor in a separate
island) the packing density of ISL is about 60% of the packing density of I2L.

Extended measurements on ISL structures in the pn-isolated process and the oxide-

-isolated process are carried out. Speed comparisons are made with 2L and STL.
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Analytical expressions of the propagation delay times of ISL and STL are derived. It
turns out that oxide-isolated STL is marginally faster than oxide-isolated ISL at the cost
of higher process complexity.

First-order models of pn-isolated and oxide-isolated ISL-gates are obtained.

Further the static and dynamic noise margins of logic circuits in general and of ISL
in particular are investigated experimentally, by computer simulation, and analytically.
Also the temperature behaviour of the static noise margins of ISL and STL structures are
derived analytically and by computer simulation.

Finally ISL applications are discussed such as a shift-register chip, a pipeline-

-multiplier, a counter chip, a custom cell lay-out-library and a gate array.
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Samenvatting

Integrated Schottky Logic (ISL) is een nieuwe logische poort (met een 200 mV
logische slag) voor LSI en VLSI circuits, en kan gemaakt worden in standaard bipolaire
processen. ISL is ontwikkeld om een tussen-oplossing te bieden tussen Integrated Injec-
tion Logic (I2L), dat VLSI-mogelijkheden heeft maar een relatief lage schakelsnelheid
heeft, en low-power Schottky TTL, dat een goede schakelsnelheid heeft, maar te veel
chip-opperviak bezet en te veel vermogensdissipatie bezit. v

Het ISL circuit-concept is in principe gelijk aan dat van Schottky Transistor Logic
(STL), behalve het clamp-device dat in ISL bestaat uit een geintegreerde p-n-p transis-
tor, bestaande uit de combinatie van een verticale en een laterale p-n-p transistor; de
n-p-n transitor wordt op normale wijze bedreven (emitter boven, collector beneden).

De maximale schakelsnelheid van ISL hangt sterk af van de afsnijfrequentie van de
clamp p-n-p transistor. In een standaard pn-geisoleerd proces met een 3 um dikke epitac-
tische Jaag en 5 um minimum lithografische details, is de afsnijfrequentie van de gecom-
bineerde verticale/laterale p-n-p transistor ongeveer 100 MHz, en de minimale poortver-
tragingstijd van ISL is 2 ns bij 500 uA per poort (dit is ten minste 5 maal korter dan van
121 gemaakt in het zelfde proces). Bij 200 pA per poort is de poortvertragingstijd 2,7 ns.

In een standaard oxide-geisoleerd proces met een 1,2 um dikke epitactische laag en
3 pm minimum lithografische details wordt de relatie langzame laterale p-n-p transistor
geélimineerd, waarmee een afsnijfrequentie van de (verticale) p-n-p transistor van onge-
veer 600 MHz wordt verkregen en een minimale poortvertragingstijd van 0,6 ns bij 500 pA
per poort wordt bereikt (0,7 ns bij 200 pA per poort en 1,0 ns bij 100 pA per poort).

Door het gescheiden belastingselement (weerstand of laterale p-n-p transistor) is
de pakkingsdichtheid van ISL ongeveer 60% van de pakkingsdichtheid van I12L.

Uitgebreide metingen zijn gedaan aan ISL structuren in het pn-geisoleerde proces
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en het oxide-geisoleerde proces. Schakelsnelheidsvergelijkingen zijn gemaakt met I2L en
STL. Analytische uitdrukkingen voor de poortvertragingstijden van ISL en STL zijn ver-
kregen. Het blijkt dat oxide-geisoleerd STL marginaal sneller is dan oxide-geisoleerd ISL
ten koste van een hogere proces-complexiteit.

Eerste orde modellen van pn-geisoleerde en oxide-geisoleerde ISL poorten zijn ont-
worpen.

Verder zijn, d.m.v. experimenten, computer simulaties en berekeningen, de sta-
tische en dynamische storingsmarges onderzocht van logische circuits in het algemeen en
ISL in het bijzonder. Ook is de temperatuur-afhankelijkheid van de statische storings-
marges van ISL en STL onderzocht d.m.v. computer simulaties en berekeningen.

Ten slotte worden een aantal ISL toepassingen besproken zoals: een schuifregister-
chip, een pijplijn-vermenigvuldiger, een teller-chip, een custom lay-out bibliotheek en een

gate array.
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Curriculum Vitae

11 juli 1946 geboren te 's-Gravenhage.
sept. 1958 — juli 1963 Rijks-HBS “Willem II"” te Tilburg.

sept. 1963 — jan. 1970 T.H. Delft, studie technische natuurkunde

(afstudeeronderwerp : elektronica voor NMR-apparatuur).

jan. 1970 — juni 1970 Ingenieur-assistent, werkgroep Magnetische Resonantie,
afd. Technische Natuurkunde T.H. Delft.

juli 1970 Wetenschappelijk medewerker Philips Natuurkundig

Laboratorium te Eindhoven.

Onderwerpen:

— geintegreerde magnetische geheugens

— digitale silicium-IC imagers voor optische geheugens

— ontwerpen, modelleren en toepassen van silicium VLSI
componenten en schakelingen t.b.v. digitale logica en
geheugens zoals: 121, ISL, punch through devices,

thysistor devices, etc.

Het werk beschreven in dit proefschrift vond plaats in de
jaren 1976 - 1981.

219



STELLINGEN
behorende bij het proefschrift van J. Lohstroh



STELLINGEN
behorende bij het proefschrift van J. Lohstroh

I
Onder de “punch-through”-spanning van een npn- of pnp-transistor dient de waarde te

worden verstaan van de collector-emitterspanning waarbij de collector-basisdepletielaag de

emitter-basisdepletielaag raakt, onder de conditie Vgg = 0.
). Lohstroh et al., Solid-State Electronics,

vol. 24, no. 9, pp. 805-814, Sept. 1981.

II
De idealiteitsfactor van het exponentiéle deel van de stroom-spanningskarakteristiek van

n’pn*- en p'np*-structuren in de toestand van “punch-through” is groter dan 2.
—————, Solid-State Electronics,
vol. 24, no. 9, pp. 815-820, Sept. 1981.

I
Een “punch-through”-structuur leent zich goed voor toepassing als compact belastings-

element in translineaire circuits.
J. Lohstoh, IEEE J. Solid-State Circuits,

vol. SC-14, no. 5, pp. 840-844, Oct. 1979.

v
Met het naar standaardsimulatieprogramma’s getransformeerde “lumped transistor model”

van Linvill kan op relatef eenvoudige wijze het ruimtelijke en dynamische gedrag van

minderheidsladingdragers in transistoren worden gesimuleerd.
, IEEE ]. Solid-State Circuits,

vol. SC-12, no. 2, pp. 176-184, April 1977,

A/
De door Poorter als “figure of merit” van een logische poort gedefinieerde energie-sto-

ringsmarge is niet noodzakelijkerwijs gelijk aan de energie die nodig is om een logische

poort te storen.
T.Poorter, IEEE ]. Solid-State Circuits,

vol. SC-12, no. 5, pp. 440449, Oct. 1977.



VI

Hoewel er over I2L enorm veel theorie gepubliceerd is, is het doorbreken van de 1ns-grens
voor de poortvertragingstijd bereikt door het toepassen van inzichten die reeds kort na de
uitvinding van I L bekend waren, zoals:
a) het dunner maken van de epitactische laag en het toepassen van oxide-isolatie,
b) het beperken van het extrinsieke gebied van de inverse npn-transistor,
c) het beheersen van de inverse stroomversterking van de npn-transistor d.m.v. injectie

terug in de injector.

D.D. Tang et al., IEEE IEDM 1979 Dig.
Tech. Papers, pp. 201-204, Dec. 1979.

vil
In alle tot dusver over I2L gepubliceerde theorie is verzuimd de laterale diffusie te be-

schouwen van gaten in de emitter van de inverse npn-transistor.

VIII
In het alpinisme kunnen meer mensenlevens worden gespaard door, in aanvulling op de
bestaande informatie over de objectieve alpiene gevaren in boeken, tijdschriften en gidsjes,
langs de aanlooproutes naar veelbezochte berggebieden borden te plaatsen met informade

over de specifieke objectieve gevaren van het betrokken gebied.

IX
Om vervuiling van de bergen door massarecreatic verder te voorkomen, en om aan de
primitiviteitsbehoefte van bergbeklimmers te blijven voldoen, dient men op te houden

met het “bewirtschaften’ van steeds meer berghutten.

X
Het door luidsprekers ten gehore brengen van — zogenaamd functionele — achtergrond-
muziek in winkels, vliegtuigen, liften, hotels, restaurants en andere openbare gelegenheden

is een inbreuk op de menselijke vrijheid en dient te worden verboden.

Eindboven, november 1981,



