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57] ABSTRACT

In an IGFET circuit having a long string of more than
two transistors connected in series between an output
terminal and a power supply terminal where the load
capacitance across the output terminal i1s on the same
order of magnitude as the parasitic capacitances at the

junctures of the transistors in the string, the switching-

delay is not significantly reduced by uniformly increas-
ing the conduction channel widths of the transistors n
the string. However, according to the present inven-
tion, a substantial reduction in the switching delay of
such a circuit may be obtained by scaling the conduc-
tion channel widths of the transistors in the string so as
to provide a positive gradient in conduction channel
widths along the string in the direction from the output
terminal to the power supply terminal. It is particularly
advantageous to use exponential scaling of the conduc-
tion channel widths. The present invention is also appli-
cable to transistor strings which include one or more
groups of parallel connected transistors.

11 Claims, 8 Drawing Figures
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APPARATUS FOR INCREASING THE SPEED OF A
CIRCUIT HAVING A STRING OF IGFETS

Matter enclosed in heavy brackets [ 1 appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

This invention relates to insulated-gate field-effect-
transistor (IGFET) circuits of the type which employ a
string of transistors connected in series between two
terminals of the circuit. |

Many well-known and widely used IGFET circuits
such as multiple-input NAND gates and serial decoders
require the use of a series string of two or more transis-
tors connected in series between an output terminal and
a power supply terminal. Each transistor in the string
has a gate electrode connected to receive an input signal
and a conduction channel connected in series with that

of the other transistors in the string. When all the tran-

sistors in the string are driven to the “ON” state by
appropriate input signals, the output terminal 1S
“pulled” towards the voltage on the power supply ter-
minal. One problem with circuits using a string of tran-
sistors is that when the number of transistors in the
string is greater than two, the time required for the
output terminal to reach its final voltage after all the
transistors in the string are switched to the “ON” state
becomes excessive for many applications requiring high
switching speeds. The switching delay of such circuits
depends on the time required for the load capacitance at
the output terminal and the parasitic capacitances at the
source/drain junctures of the transistors in the string to
discharge (charge) through respective discharge
(charge) paths formed by the conduction channels of
the transistors in the string. Although, the conduction
channel resistance of an IGFET in the “ON” state 1s
relatively very small compared to that of an IGFET in
the “OFF” state, the combined “ON” state channel
resistances of several transistors connected in series 18
sufficient to produce excessive discharge (charge) times
for the load and parasitic capacitances

A commonly used technique for reducing the switch-
ing delay in a circuit using a string of transistors is (o
reduce the “ON?” state channel resistance of the transis-
tors in the string by uniformly increasing their conduc-
tion channel widths. Although this technique reduces
switching delay in those applications where the load
capacitance on the output terminal of the circuit is
much greater than the parasitic capacitances at the sour-
ce/drain junctures in the string, the technique is defi-
cient in many applications where the load capacitance 1S
on the same order of magnitude as the parasitic capaci-
tances. In the latter applications a uniform increase in
the widths of the transistors of the string results in little
or no reduction in the switching delay.

Another known technique for reducing the switching
delay in a circuit using a long string of transistors 1s to
provide additional circuitry in parallel with the string
for rapidly discharging the load capacitance In response
to a predetermined voltage drop across a portion of the
string. This latter technique has the deficiency of requir-
ing additional circuitry for its implementation and, con-
sequently, of increasing the manufacturing cost of a
circuit which uses the technique.
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Therefore, a need exists for apparatus which reduces
the switching delay in an IGFET circuit having a string
of more than two transistors which is suitable for those

" applications where the load capacitance on the circuit 1s

of the same order of magnitude as the parasitic capact-
tance at a source/drain juncture in the string and which

does not require additional circuitry.

SUMMARY OF THE INVENTION

A solution to the foregoing and other problems
which overcomes the deficiencies of the prior art is an
IGFET circuit having a string of transistors between
the output terminal and the first terminal, the string
including at least three transistors, each having a con-
duction channel of a specified width connected in a
series with those of other transistors in the string and
having a positive gradient of conduction channel widths
in the direction from the output terminal to the power
supply terminal for reducing the switching delay of the
circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a CMOS dynamic
S-input NAND gate;

FIG. 2 is a plan view of an insulated gate field effect
transistor;

FIG. 3 is a plan view of an integrated circuit layout ot
the circuit of FIG. 1 according to the prior art;

FIG. 4 is a graph showing the relation of the dis-
charge time of a six transistor uniform string to the
conduction channel width of the transistors in the
string, the several curves representing various values of
load capacitance;

FIG. 5 is a graph showing the relation of the dis-
charge time of a six transistor string having linearly
scaled conduction channel widths to the percent change
in conduction channel width per transistor, the several
curves representing various values of load capacitance;

FIG. 6 is a graph showing the relation of the dis-
charge time of a six transistor string having exponen-
tially scaled conduction channel widths to the scaling
parameter, A, the two curves representing two different
values of load capacitance, respectively;

FIG. 7 is a plan view of an integrated circuit layout of
the circuit of FIG. 1 according to a preferred embodi-
ment of the present invention; and

FIG. 8 is a schematic diagram of a CMOS dynamic
5432 OR-AND gate.

DETAILED DESCRIPTION

Referring now to FIG. 1, there is shown a schematic
diagram of an IGFET circuit 100 which uses a string of
transistors. The circuit is in the form of a complemen-
tary-metal-oxide-semiconductor (CMOS) dynamic 3-
input NAND gate. The circuit includes a p-channel
load transistor T1 having its conduction channel con-
nected between a power supply terminal 102 for receiv-
ing a Vpp supply voltage and an output terminal 103.
The gate electrode 104 of T1 receives a precharge clock
signal. The circuit also includes a string of six n-channel
transistors T2, T3, T4, TS, T6 and T7 having their con-
duction channels connected in series between the out-
put terminal 103 and a power supply terminal 101 for
receiving a Vs supply voltage. The gate electrodes 105
through 109 of T2 through T6 each receive a respective
input signal. Transistor T7 serves as a ground switch
device for isolating the rest of the circuit from the Vs
supply terminal during the precharge period. The gate
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electrode 110 of T7 also receives the precharge clock
signal. The body of the p-channel transistor T1 is con-
nected to the Vpp supply terminal while the bodies of
the n-channel transistors T2 through T7 are all con-
nected to the Vgg supply terminal.

The output terminal 103 has an associated load capac-
itance denoted by Cro4p. This capacitance includes the
drain junction capacitances of T1 and T2, stray wiring
capacitances and the input capacitances of other circuits
connected to the output terminal. In addition, each of
the transistor junctures 111 through 115 along the string
has an associated parasitic capacitance denoted by Cpy,
Cr, Cp3, Cps, and Cps, respectively. These capaci-
tances include the source and drain junction capaci-
tances of the transistors connected at the junctures.

During the precharge period when the precharge
clock signal 1s a logic “0” level of approximately Vg,
T1 1s 1n the “ON” state, T7 is in the “OFF” state and
Cro4p1s charged to approximately V pp. Normally, the
input signals at gate electrodes 105 through 109 ar also
at logic “1”" levels during the precharge period. There-
fore, the parasitic capacitances Cp; through Cps are also
charged to approximately Vpp during that period.

Upon termination of the precharge period, the pre-
charge clock signal goes to a logic ‘1 level of approxi-
mately Vpp to drive T1 to the “OFF” state and T2 to
the “ON”" state. Under these conditions the logic state at
the output terminal is a NAND function of the logic
states of the input signals at terminals 105 through 109.
If the input signals are all at logic ““1” levels, T2 through
T6 are driven into the “ON” state, and the output termi-
nal 1s pulled to a logic *0” level of approximately Vg
through the conduction channels of transistors T2
through T7.

The switching delay between the time when the pre-
charge clock signal and the input signals ar all at logic
“1” levels and the time when the output terminal
reaches i1ts final logic “0”” level is dependent on the time
required for Czp4p and Cp) through Cps to discharge
through their respective discharge paths created by the
“ON" state conduction channels of T2 through T7. The
discharge time for the capacitances on the string in-
creases with increasing values of the capacitances and
with increasing values of the resistances of their respec-
tive discharge paths. Since the resistances of the dis-
charge paths are proportional to the number of transis-
tors in such paths, the discharge time increases with
increasing numbers of transistors in the string. There-
fore, the switching delay of the circuit increases with
increasing numbers of transistors in the string.

Turning now to FIG. 2, there is shown a plan view of
a typical IGFET in the form of a metal-oxide semicon-
ductor (MOS) transistor 200. The transistor includes a
relatively highly doped polysilicon strip 201 serving as
the gate electrode. The polysilicon strip overlies a
lightly doped bulk region of one conductivity type and
is insulated therefrom by a relatively thin (~400 Ang-
stroms) silicon dioxide layer in a defined region 202 and
a relatively thick silicon dioxide region (~ 10,000 Ang-
stroms) 1n other regions. The surface portion of the bulk
region directly beneath the thin oxide layer is the con-
duction channel of the transistor. On two sides of the
conduction channel and insulated from the polysilicon
strip by the thick oxide layer are relatively heavily
doped source and drain regions 203 and 204 normally
formed by diffusion and having a conductivity type
opposite to that of the bulk region. Metal layers 205 and
206 which make electrical contact to the source and
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drain regions through contact windows 207 and 208,
respectively, serve as the source and drain electrodes of
the transistor. In general the source and drain electrodes
of an IGFET, which provide electrical connections to
the ends of the conduction channel through respective
diffused regions, are interchangeable with one another.

In the absence of an appropriate bias on the gate
electrode, the conduction channel has a relatively high
resistance of several hundred megohms. However,
when an appropriate bias is applied to the gate electrode
with respect to the bulk region to drive the transistor to
the “ON” state, the conduction channel acquires a rela-
tively low resistance. The “ON”’ state conduction chan-
nel resistance is inversely proportional to the ratio of
the channel width, W, to the channel length, L. This
ratio 1s commonly referred to as the channel aspect ratio
and may be altered by changing either the channel
width or the channel length. However, it is a common
practice in integrated circuit design to fix the channel
length, L, for all transistors in a given circuit. There-
fore, the “ON” resistance of a transistor is normally
altered by changing the conduction channel width, W.

Since the source and drain diffused regions 203 and
204 each form a pn junction with the bulk region, a
parasitic junction capacitance with respect to the bulk
region is associated with each of the source and drain
electrodes. The value of the parasitic junction capaci-
tance 1s proportional to the area of the respective dif-
fused region. Normally, the widths of the source and
drain diffused regions are both equal to the width of the
conduction channel. Therefore, the parasitic source and
drain junction capacitances of an IGFET are propor-
tional to the conduction channel width of the IGFET.

Referring now to FIG. 3 there is shown a plan view
of a layout 300 of the circuit of FIG. 1 according to the
prior art. The polysilicon strips 301 through 307 serve
as the gate electrodes of T1 through T7, respectively.
The p-channel transistor T1 is formed over n-type bulk
region while the n-channel transistors T2 through T7
are formed over p-type bulk region. The source elec-
trode 308 of T1 1s connected to a metal strip 309 which
serves as the V pp supply voltage terminal. The source
electrode 310 of T7 is connected to a metal strip 311
which serves as the Vgs supply voltage terminal. The
drain electrode 312 of T1 and the drain electrode 313 of
T2 are both connected to a metal strip 314 which serves
as the output terminal. The series connections among
T2 through T7 are made by joining together the appro-
priate diffused source/drain regions of those transistors.
Typically, T2 through T7 all have the same conduction
channel width, W.

As discussed above, owing to the relatively large
number of transistors in the string, the switching delay
of the circuit tends to be excessively long. A prior art
technique for reducing the switching delay is to reduce
the “ON” resistance of T2 through T7 by increasing
their conduction channel widths, W. However, I have
found that where the load capacitance on the output
terminal of the circuit is of the same order of magnitude
as (less than a factor of ten greater than) each of the
parasitic capacitances at the source/drain junctures
along the string, increasing the conduction channel
widths of the transistors in the string uniformly by any
amount produces little or no reduction in the switching
delay of the circuit. Since in most integrated circuit
applications the load capacitance, which comprises
primarily the input capacitances of other circuits on the
same chip, i1s of the same order of magnitude as any one
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of the parasitic capacitances on the junctures of the
string, the prior art technique for reducing switching
delay has little effect in such applications.

Referring now to FIG. 4, there 1s shown a graph
illustrating the relation of the discharge time of a string
of six transistors having uniform conduction channel
widths to the conduction channel width of the transis-
tors. The four curves depicted represent four different
values of the load capacitance as indicated on each
curve. The conduction channel width is normalized to a
standard width of 42.5 um, and the load capacitance is
normalized to the parasitic capacitance at the juncture
of two transistors having the standard conduction chan-
nel width (0.026 pf). The discharge time of the string 1s
defined as the time required for the voltage at the out-
put terminal to go from V pp(5S volts) to Vpp/2—Vs5/2
(2.5 volts) after all transistors in the string are driven to
the “ON” state. The graph shows that where the load
capacitance is of the same order of magnitude as the
parasitic junction capacitance at the juncture of two
transistors, increasing uniformly the conduction chan-
nel width of the transistors in the string yields little or
no improvement in the discharge time of the string. One
reason for this seemingly paradoxical result is that in-
creasing the conduction channel widths of the transis-
tors of the string causes at the same time a decrease in
the “ON” resistances of the transistors and an increase
in the source/drain junction capacitances of the transis-
tors. The increase in the source/drain junction capaci-
tances at least partially cancels the improvement in the
discharge time afforded by the decrease tn the “ON”
resistances.

However, I have discovered that even where the
load capacitance i1s comparable to the parasitic junction
capacitances, the discharge time of a long string can be
significantly decreased by requiring the conduction
channel widths of the transistors in the string to be
scaled so as to provide a positive gradient in conduction
channel widths along the string in the direction from
the output terminal to the power supply termunal. Such
a gradient 1s obtained by requiring the transistor nearest
the Vs supply terminal to have the largest conduction
channel width, the transistor second nearest the Vgg
supply terminal to have the second largest conduction
channel width, the transistor third nearest the Vs sup-
ply terminal to have the third largest conduction chan-
nel width and so for the rest of the string. The transistor
nearest the output terminal is required to have the
smallest conduction channel width in the string. The
present invention 1S intended primarily for use 1n strings
having transistors of uniform conduction channel
length. However, the invention may also be advanta-
geously used in strings having transistors of nonuniform
conduction channel length.

Referring now to FIG. 5, there is shown a graph
illustrating the relation of the discharge time of a six
transistor string having a positive linear conduction
channel width gradient to the magnitude of that gradi-
ent. The four curves depicted represent four different
values of the load capacitance as indicated on each
curve. The magnitude of the gradient is given 1n percent
increase in conduction channel width per transistor and
the load capacitance is normalized to the parasitic junc-
tion capacitance at the juncture of two transistors hav-
ing the conduction channel widths of 42.5 um. The
graph shows that in a string having a linear conduction
channel width gradient the discharge time of the string
decreases significantly as the magnitude of the gradient
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is increased up to some maximum gradient. Where the
value of Cro4p 1s small, the maximum usable gradient
approaches asymptotically that which causes the con-
duction channel width of the transistor nearest the out-
put terminal (minimum conduction channel width) to
go to zero. For larger values of Czo4p, the maximum
usable gradient is smaller. In practice, the maximum
usable gradient is limited by the minimum conduction
channel width that can be by the fabrication process
used for the manufacture of the circuit.

It should be noted that according to the present in-
vention, a reduction in the discharge time of a string 1s
obtained not by increasing the width of any transistors
in the string but rather by decreasing according to some
scaling function the conduction channel widths of all
transistors in the string except for the one nearest the
power supply terminal which is made to have the maxi-
mum conduction channel width in the string. There-
fore, in addition to improving circuit performance, the
present invention can also provide a reduction in the
chip area occupied by the circuit.

For a given gradient, the discharge time of the string
can be further decreased by increasing the maximum
conduction channel width in the string. A larger maxi-
mum conduction channel width also permits the use of
a larger maximum gradient for the string but increases
the chip area occupied by the circuit string.

For a given maximum conduction channel width
some types of nonlinear conduction channel width gra-
dients are more effective in reducing the discharge time
of the string than linear gradients. For example, 1t s
advantageous to scale the conduction channel widths
exponentially according to the relationship:

Wn=A""1W1,

where W1 is the conduction channel width of the tran-
sistor nearest the power supply terminal, Wn is the
conduction channel width of the nth transistor from the
power supply terminal, and A 1s a scaling parameter
which is less than unity.

Referring now to FIG. 6, there i1s shown a graph
illustrating the relationship between the discharge time
of a six transistor exponentially scaled string and the
scaling parameter, A. The conduction channel widths in
the string are scaled according to the above relationship
using W1=42.5 um. The two curves depicted in the
the cases of Crpsp=1 AND
Croap=13, respectively. In both cases the discharge
time at first decreases with increasing values of A,
reaching a minimum, and then increases with decreas-
ing values of A. The minimum discharge time in each
case is less than that which is obtainable with linear
scaling for the same value of W1. The wvalue of the
scaling factor, Ao, at which the discharge time i1s a mini-
mum is given by the relation:

g - Lroap 1 - (1 Aoy
A I — (1/Ap)

where N is the number of transistors in the string and A
is an empirical constant which is in the range of
300 x 1012 farads/cm to 400x 10— 12 farads/cm.
Referring now to FIG. 7, there 1s shown a layout 700
of the circuit of FIG. 1 according to a preferred em-
bodiment of the present invention. Reference characters
used to refer to the layout of FIG. 3 are also being used
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to refer to corresponding components of FIG. 7. The
conduction channel widths W1, W2, W3, W4, W5, and
W6 of T7, T6, TS5, T4, T3 and T2, respectively, are
selected so as to provide a positive exponential gradient
in conduction channel width in the direction from the
output terminal 314 to the power supply terminal 311.
The scaling factor A is selected to be 0.65 to provide
minimal discharge time for a string in which W1=42.5
um and Cro4p=0.078 picofarads. According to that
scaling factor, the values of W2, W3, W4, W5 and Wé
are 27.6 um, 17.9 pm, 11.7 pm, 7.6 um, and 4.9 um,
respectively.

The connections amount T2 through T7 are made by
joining appropriate diffused regions of those transistors.
However, such connectors can also be made on other
conductor levels by providing contacts between such
conductor levels and the appropriate diffused regions.

Although in the preferred embodiment of the present
invention, a gradient in conduction channel width 1s
provided over the entire length of the string, significant
advantages may also be derived in some cases by pro-
viding a gradient over successive transistors in only a
portion of the string. For example, in the circuit of FIG.
1 a substantial reduction in the discharge time of the
string may be achieved by scaling the conduction chan-
nel widths of only T4, TS5, T6 and T7 while making the
conduction channel widths of T2, T3 and T4 equal.
However, a gradient extending over only a portion of
the string is generally less effective in reducing the
discharge time of the string than one extending over the
entire string.

The present invention is also applicable where the
string includes one or more groups of parallel con-
nected transistors. An example of such a string is found
in the CMOS dynamic 5432 OR-AND gate shown 1n
the schematic diagram of FIG. 8. Referring now to
FIG. 8, the circuit 800 depicted therein uses a string
which includes four groups 804, 805, 806, and 807 of
parailel connected n-channel transistors T2 through
T15 and an individual n-channel transistor T16. The
gate electrodes of T2 through T15 receive respective
input signals while the gate electrode of T16 receives
the precharge clock signal. When one or more transis-
tors in each group and T16 are in the “ON” state, the
output terminal is pulled toward Vgs through the con-
duction channels of those transistors. In general, the
switching delay of a string having parallel transistors is
longer than that of a string of individual transistors
because the parasitic capacitances at the junctures of
parallel transistors such as 808 through 811 are larger
than those at the junctures of a string of individual
transistors. Consequently, the discharge time of the
string having one or more groups of parallel transistors
is longer, even though the total resistance through a
group of parallel transistors may be less than that of an
individual transistor.

As in the case of a string of individual transistors,
uniformly increasing the conduction channel widths of
the transistors in a string having paralle! transistors
provides little or no improvement in the discharge time
of the string. However, a significant improvement 1in
discharge time is obtained by providing such a string
with positive gradient in conduction channel widths in
the direction from the output terminal to the power
supply terminal. For example, such a gradient may be
provided in the string of the circuit in FIG. 8 by requir-
ing T16 to have the largest conduction channel width in
the string, T14 and T15 to both have the second largest
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conduction channel width in the string, T11, T12, and
T13 to all have the third largest conduction channel
width in the string and so on for the rest of the string. It
is also advantageous to scale the conduction channel
widths exponentially in the manner described for the
string of individual transistors, although significant re-
ductions in discharge time may also be obtained with
other types of nonlinear or linear scaling.

It will be understood by those skilled in the art that
the foregoing and other modifications and alterations
may be made to the described embodiments without
departing from the spirit or scope of the present inven-
tion. For example, the transistors in the string may be of
p-channel conductivity type instead of n-channel con-
ductivity type, the string may be used in static circuit
instead of a dynamic circuit, the string may be used 1n a
p-type metal-oxide-semiconductor (PMOS) or n-type
metal-oxide-semiconductor (NMOS) circuit instead of a
CMOS circuit, and the string may be connected be-
tween the output terminal and the V pp supply terminal
instead of between the output terminal and the Vgss
terminal.

What is claimed 1s:

1. An IGFET circuit comprising;

a first terminal for receiving a first operating voltage;

a second terminal for receiving a second operating
voltage;

an output terminal for providing an output signal;

load means coupled between the second terminal and
the output terminal;

a series string of transistors each having a gate elec-
trode and a conduction channel of a specified
width, the string including at least [three} o
transistors responsive to input signals at their gate
electrodes and coupled between the output termi-
nal and the first terminal and having a positive
gradient in conduction channel width in the direc-
tion from the output terminal to the first terminal.

2. An IGFET circuit as recited in claim 1 wherein the
transistors of the string have conduction channel
lengths which are uniform and conduction channel
widths which are scaled exponentially.

3. An IGFET circuit is recited in claim 2 wherein the
conduction channel widths of the transistors in the
string are scaled exponentially according to a scaling
factor, A, determined substantially by the relation:

- Cro4ap 1 — (/NN
o A 1 — (1/A)

Wi
where W1 is the conduction channel width of a transis-
tor nearest the first terminal, Cro4p is the total capaci-
tance between the output terminal and the first terminal
in farads, N is an integer equal to the number of transis-
tors scaled, and A is a constant in the range of
300 % 10— 12 farads/cm to 400 x 10— 12 farads/cm.

4. An IGFET circuit as recited in claims 1, 2 or 3
wherein the positive gradient in conduction channel
width extends over the entire string.

5. An IGFET circuit as recited in claims 1, 2 or J
wherein the series string includes one or more groups of
transistors, each group having two or more transistors
having their conduction channels coupled in parallel.

6. An IGFET circuit as recited in claims 1, 2, or 3
wherein the series string includes one or more groups of
transistors, each group having two or more transistors
having their conduction channels coupled in parallel
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and the positive gradient in conduction channel width 8. An IGFET circuit as recited in claim 7 wherein the
extends over the entire string. transistors of the string have conduction channel lengths
7. An IGFET circuit comprising: which are uniform and conduction channel widths which

a first terminal for receiving a first operating voltage; are scaled exponent tal ZJ’ o | |
a second terminal for receiving a second operating volt- 5 9 _A” { ij ET Circutl as f'eczted i cimfn 7 wherein the
age; positive gradient in conduction channel width extends over

the entire string.
10. An IGFET circuit as recited in claim 7 wherein the
series string includes one or more groups of transistors,
10 each group having two or more transistors having their
conduction channels coupled in parallel.

C | _ _ 11. An IGFET circuit as recited in claim 7 wherein the
string including at least three transistors responsive to series string includes one or more groups of transistors

input signals at their gate electrodes and coupled each group having two or more transistors having their

between the output terminal and the first terminal L5 conduction channels coupled in paralle! and the positive

and having a positive gradient in conduction channel gradient in conduction channel width extends over the
width in the direction from the output terminal to the entire string.

first terminal. X x X %

an output terminai for providing an output signal:
load means coupled between the second terminal and the
oulput terminal,

a series string of transistors each having a gate electrode
and a conduction channel of a specified width, the
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