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DATA-PATH CELL ON AN SeOI SUBSTRATE WITH A BACK CONTROL
GATE BENEATH THE INSULATING LAYER

FIELD OF THE INVENTION

The field of the invention relates generally to microelectronic devices, and more

particularly to a semiconductor device produced on an SeOl (semiconductor on
insulator) substrate comprising casily-fabricated standard cells or data-path cells with

enhanced performance characteristics due to back control gate structures.

BACKGROUND OF THE INVENTION

Semiconductor device fabrication requires that lithographic structures be
transferred onto a wafer. It has long been understood that to facilitate such transfer, it is
desirable to simplify lithographic patterns. For example, the prior art recommends

avoiding as far as possible corners in the same lithographic plane.

Use of different channel widths of transistors is a common practice. The channel
length of an MOSFET transistor is at the present time typically around 30 nm, whereas
its width (W) is typically much greater. The width determines the current intensity in
the transistor for given source, drain and gate voltages. Therefore, it is usually desirable

to design an electronic circuit with transistors having different channel widths.

But, in practice, fabrication of different widths with precision can be difficult
because of the resolution limits of lithography. In fact, although it is relatively easy to
produce long strip-like structures by lithography, short strips of very controlled

dimensions are particularly difficult to fabricate.

US patent application 2008/0251848 teaches a fabrication process aimed at
obviating inhomogeneities in performance between the various transistors of a circuit.
To do so, this document proposes to make the influence of the environment on the
various transistors uniform. More precisely, this document provides that an array of FET

transistors be arranged in the form of long strips. The drain and source regions of any
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one strip then have the same dimensions, being spaced apart by gate regions of fixed

dimensions. This document is further described below.

The resolution limit of the lithography tends to dictate the use of such long strips
of transistors having identical dimensions. However, with long strips, the flexibility in
designing electronic circuits is then lost since it is no longer possible to vary the

geometric width of the various transistors so as to modulate their performance.

Transistors in digital integrated circuits are often organized into repeating
patterns. In fact, the design of such integrated circuits is commonly based on integrating
a plurality of elementary cells (similar cells often being stored together in a cell library)
having predetermined logic functions. In general, two types of design may be

distinguished.

According to the first type of design, an integrated circuit is constructed by
selecting and interconnecting individual cells from a library comprising a large number,
e.g., about a thousand, predesigned cells having simple functions, e.g., primitive
Boolean logic functions (e.g., NAND, NOR and the like) and basic storage functions
(e.g., latches, flip-flops and the like). Such cells providing simple functions and having

simple implementation are often referred to as "standard cells".

According to the second type of design, the cells are specifically adapted to a
particular circuit environment for which they are intended. Such cells providing more
specialized functions and having more complex implementations are often referred to as
"data-path" cells. Although data-path cells can be implemented by interconnecting
standard cells, they are usually designed from scratch. In a given circuit, the use of data-
path cells specifically developed for the environment of that particular circuit makes it
possible to achieve better performance characteristics (typically in terms of speed, power

consumption and footprint). However, the design cost is higher.

Thus, data-path cells are typically used only for high-speed circuits, for circuits

requiring optimized performance characteristics, and the like.  For example,
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microprocessors can be constructed from as an interconnected network of data-path
cells. Often such a network is organized as one or more data-paths, which are typically
lincar arrangements of data-path cells that provide conduits for the flow and
transformation of data. Data-path cells often found in a microprocessor include
computational cells (e.g., multiplexers, shifters, adders, multipliers, and the like) and

state elements (e.g., sequential circuits such as latches, register files and so like).

It is well known in the field of microelectronic devices, the field of application of
the present invention, that improvements in performance (speed, power consumption
and the like) and miniaturization are ongoing requirements. However, it is also well
known that miniaturization can lead to problematic performance effects due to, e.g.,
short channel effects, small channel volume effects, and the like, and to the problematic
fabrication effects already discussed that are due to, e.g., irregularities in

photolithography of highly miniaturized patterns.

Accordingly, there is a need in the art for data-path cells that overcome such
problems of miniaturization and provide improved performance and size characteristics

and more reliable and simpler fabrication.

SUMMARY OF THE INVENTION

The present invention provides devices and methods that obviate the variability
inherent in lithographic pattern transfer, in particular, random variability due to the
structuring of the lines leading to line/space/line variability. The present invention also
simplifies lithography and saves wafer space by avoiding the need for shallow trench
isolation (STT) and by tightening up the rules governing transistor structures (e.g., active
zones, gate lines, interconnect lines, etc.). More specifically, this invention provides
semiconductor device structures fabricated by lithography that are more regular and

denser.

According to a first embodiment, this invention provides a semiconductor device

structure formed on a semiconductor-on-insulator (SeOI) substrate (known to comprise a
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thin film of semiconductor material separated from a base substrate by an insulating
film) including an array of patterns, each pattern defining at least one ficld-effect
transistor having, in the thin semiconductor film, a source region, a drain region, a
channel region (the channel region being delimited by the source and drain regions), and
a front control gate region formed above the channel region. The patterns of the source
and drain regions are arranged in the form of rows, having the same dimensions (e.g.,
widths transverse to a row) and spaced apart by front control gate regions of fixed

dimensions (e.g., lengths longitudinal to a row).

Significantly, the provided device structure further includes at least one pattern
defining a FET transistor with a back control gate region formed in the base substrate
beneath the channel region (e.g., underlying the channel region). This back gate region
is configured so that, when biased, the threshold voltage of the transistor is shifted.
Such a shift simulates a modification in the channel width of the transistor (e.g.,
determining an effective channel width different from the actual channel width), can
force the transistor to remain off or on whatever the voltage applied on its front control
gate, can change the transistor's performance characteristics, and so forth.. Although the
invention finds its principal applications to field-effect transistors, it is also applicable to

other similar types of transistors.

Certain preferred, but non-limiting, aspects of this device structure are the

following:

— Some of the patterns in a row can be formed on one and the same active zone

ofthe thin semiconductor film of the SeOl substrate;

— An isolation region can delimit the adjacent patterns, which can further
include a front isolation gate formed above the active zone and a back
isolation gate formed in the base substrate beneath the active zone, and, when
in an OFF state, can isolate transistors adjacent to the isolation region on

either side;
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— A back isolation line can connect the back isolation gates of each of the
isolation regions of any one row, or can be connected to a bias potential to

bring the isolation region to an OFF state;
— This back isolation line can be common to several rows;

— The back isolation gate can have a conductivity of opposite type to that of the

active zone;

— A back gate line can connect the back gate region(s) (or isolation regions or

both) of only one or of two or more transistors.

— A back gate line can connect the back gate region(s) (or isolation regions or

both) to ground or to a nominal supply voltage;

— A back gate line can connects the back gate region(s) to an analog and

(preferably, continuously) adjustable potential;

— The back gate region (and an isolation region) can be isolated from the base

substrate by a well of opposite conductivity; and

— the channel regions, the front control gate regions and the back-control-gate
regions of the FETs are sized and configured so that the associated FETSs
have a selected combination of reduced footprint and increased performance

when compared to similar FETs without any back-control-gate regions.

The present invention also provides circuit structures, e¢.g., standard-cell-like
circuit structures, data-path-cell-like circuit structures, and the like, comprising devices
of this invention that overcome miniaturization problems so as to provide improved
performance and reduced size. Preferably, the devices are arranged in rows, arrays or

other regular patterns.

Certain preferred, but non-limiting, features of the provided cells include the

following:
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a back gate line that connects the back gate regions of a plurality of

transistors;

a back gate line that extends into the bulk substrate beneath the insulating

layer along a row of transistors;

a back gate region that is isolated from the bulk substrate by a well of
opposite conductivity type;

a back gate region with a conductivity of the same (or of the opposite) type as

that of the channel of the associated transistor;
the cell is configured with an input and an output stage of one or more FETs;

a back-control-gate line connects to the back-control-gate regions of the
FETs of the input stage, or to the back-control-gate regions of the FETs of
the output stage, or to the back-control-gate regions of the FETs of both the

input and the output stages;

back-gate lines connecting to bias sources that bias back-control-gate regions
of the FETs of the output stage of a data-path cell so as to increase

conduction currents in the ON state;

back-gate lines connecting to bias sources that bias back-control-gate regions
of the FETs of the input stage of a data-path cell so as to decrease leakage

currents in the OFF state; and

one or more back-control-gate lines of a data-path cell connect to the back-
control-gate regions of FETs of input stages or to back-control-gate regions

of FETs of output stages.

Further preferred embodiments of the invention provide integrated circuits

produced on a SeOl substrate and comprising one or more of the data-path cells of the

invention.

Certain preferred, but non-limiting, features of the provided integrated

circuits include the following:
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— the data-path cells are arranged in a regular array, e.g., a rectangular array;

— the circuit is configured with one or more rows of cells along a first direction
so that the output of a particular data-path cell connect to inputs of at least

one succeeding data-path cell along the row.;

— the circuit is configured with a plurality of rows of data-path cells along a
first direction, and wherein the rows are arranged parallel to one another

along a different second direction; and

— one or more back-control-gate lines connect to the back-control-gate regions
of some or all of the FETs in the data-path cells arranged along the first

direction or along the second direction.

According to a second embodiment, this invention provides methods of operating
and designing devices of this invention and circuit structures comprising such devices.
According to one method of operating a device of this invention, the back control gate
region one or more transistors is biased positively or negatively, preferably by an analog
and (preferably, continuously) adjustable potential or by a ground potential or by a

nominal supply voltage, in order to shift the threshold voltage of those transistors.

According to a further method of operating a device structure of this invention,
the biasing is controlled so that the shift of the threshold voltage is sufficient to cause the

transistor to remain off or on whatever the voltage applied to its front control gate.

According to a further method of operating a device structure of this invention,
the back gate region is biased to a first potential when the transistor is in the off-state
(according to the front control gate) and is biased to a second potential when the

transistor is in the on-state (according to the front control gate).

According to one method of designing circuit structures comprising devices of

this invention, the circuit structures are specifically adapted to their environments for use
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in integrated circuits produced on semiconductor-on-insulator substrates by performing

steps including:

— reducing the physical width of a transistor (FET) of the cell, in order to

decrease the capacitance thereof, and

— adding a back control gate to the transistor (FET), said gate being placed in
the bulk substrate, in order to increase the conductance thereof when in use in

an on-state.

According to another method of designing data-path cells to have determined
footprints and performances where the FETs of the array are arranged in one or more
rows where the FETs of a row all have source, channel and drain regions of the same

width arranged along the row, the steps include:

— selecting the widths of the FET rows so that the cell has no more than the
determined footprint, the footprint depending at least in part on the widths of
the FET rows; and

— positioning back-control-gate regions beneath sclected FETs and selecting
the bias voltages for the provided regions so that the cell has at least the
determined performance, the performance depending at least in part on the
capacitances and conductance of the FETS wherein the capacitance and
conductance vary with the widths of the FETs, the provided back-control-

gate regions and their biases.

Certain preferred, but non-limiting, features of these methods of designing data-
path cells include, in comparison to a benchmark data-path cell having initial FET row

widths but without back-gate-control regions:

— the determined footprint is reduced and the determined performance is not

reduced;
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— the determined footprint is not increased and the determined performance is

increased;

— the determined footprint is reduced and the determined performance is

increased;

5 — the FET capacitances are reduced by up to about 33% and FET conductance

are not reduced;

— an operating speed is increased about 20% and the footprint is reduced about

20%:;

— a power consumption is reduced about 20% and the footprint is reduced
10 about 20%:; and

— an operating speed is increased between about 30 and 50% and the footprint

is not increased.

The present invention is described herein for convenience in terms of "rows"

and "columns" that reflect a particular and conventional geometric orientation. It should

15  be understood that this invention is independent of this particular orientation, and that
this orientation can be arbitrarily rotated without changing the nature of the invention.

For example, the term of "row" as used herein could be replaced with the term

"column," and the term of "column" used herein could be replaced with the term "row."

Certain terms are used herein with the following definitions. The term
20  “substantially” is used to mean a result that is complete except for the deficiencies
normally expected in the art. Also, the description of a range is understood to also

include description of all specific values within the described range

Further aspects and details and alternate combinations of the elements of this
invention will be apparent from the following detailed description and are also within

25  the scope of the inventor's invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention may be understood more fully by reference to the
following detailed description of the preferred embodiment of the present invention,
illustrative examples of specific embodiments of the invention and the appended figures

in which:

Figure 1 illustrates possible structures of several back control gates of the

invention;

Figure 2 illustrates control of the threshold voltage of a FET transistor by biasing

a back control gate;
Figure 3 illustrates exemplary circuit;

Figures 4 to 8 illustrate various exemplary layouts beneath the insulating film of

the circuit of Figure 2;

Figure 9 illustrate a sectional view of a row of FET transistors of the circuit of
Figure 7;
Figure 10 illustrates propagation delay (in picoseconds (ps)) as a function of the

connection length (in nm);

Figures 11A and11B illustrate in a schematic fashion data-path cells and circuits

including data-path cells; and

Figure 12 compares a CMOS data-path cell on a bulk substrate with a CMOS

data-path of the invention formed on a SeOlI substrate.

DETAIL DESCRIPTION OF THE PREFERRED EMBODIMENTS

The following describes, in order, principles of the devices of the invention,
advantages of these devices, application of these device to standard-cell-like circuit

structures, application of these device to data-path-cell-like circuit structures, and
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methods of operating these circuit structures. This arrangement of the detailed
description and the accompanying headings are for clarity of presentation only and

without limitation of the scope of the invention.

THE PRINCIPLE OF THE DEVICES OF THE INVENTION
The present invention is advantageously applied to circuit structures (e.g.,

standard cells, data-path cells, entire integrated circuits comprising a plurality of
standard or data-path cells) comprising a plurality of ficld-effect transistors (FET) that
are fabricated onto a conventional SeOI substrate (comprising a thin film of
semiconductor material separated from a base substrate by an insulating film) and have a
uniform environment and common performance characteristics. Specifically, the present
invention provides a back control gate for at least one FET of such circuit structures
where the back control gate is formed in the base substrate facing the channel of the at
least one transistor. By biasing the back control gate of the at least one transistor
positively or negatively (typically to a potential or voltage between +Vpp and -Vpp), the
properties of this transistor may be individually modified. In particular, the threshold
voltage of this transistor may be shifted. Modifying the threshold voltage is known to be

equivalent to modifying the physical width of the transistor’s channel.

In the following, the structures and actions of back control gates are described.
Concerning the structures of back control gates, Figure 1 is an exemplary illustration of
a row of nMOS transistors T;-T7 produced on an SeOl substrate with back-control-gates
according to this invention. For the sake of clarity only, these transistors have the same
dimensions. In this sectional view, the insulating layer bears the reference BOX (buried
oxide). The source, drain and channel regions are within the thin semiconductor layer
above the insulating layer BOX, and the front control gates are above the channel

regions separated therefrom by a gate dielectric layer.

In this figure, the channels of the transistors are fully depleted, the source regions

S and the drain regions D both being in contact with the insulating layer BOX.
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However, the invention also extends to partially depleted technology in which the source
region and the drain region do not extend right into the thin layer. In this case, it should
be noted that the back control gate is overall less effective in controlling such an FET as

it is spaced further from the channel region between the source and drain regions.

Figure 1 is not limiting, and in practice, the transistors of the circuit structures of
this invention are not necessarily arranged in rows; they do not necessarily have the
same dimensions (including along a given row); they may have an individual back
control gate or a common back control gate; the potential applied to the back control

gates may or may not be different; etc.

Referring to the transistor T, this transistor has, in the thin layer of the SeOl
substrate, a source region S;, a drain region D7 and a channel region C; lying between
the source and the drain. The transistor T further includes a (first) front control gate
region Ga7 conventionally placed in a manner known per se above the channel, a gate
dielectric layer 10 being interposed between the front control gate Ga; and the channel
Cs.

The transistor T; further includes a second gate, namely, back control gate Gy,
placed in the bulk substrate and separated from the channel C; by the insulating layer
BOX. The back control gate Gy, can be used for, ¢.g., increasing the conduction of the
transistor without having to increase the dimensions thereof. The back control gate can

be, for example, formed by implanting dopants beneath the insulating layer BOX.

Figure 1 illustrates some of the variations that are within the scope of this

invention. In Figure 1:

the transistor T, has a back control gate Gp; of p'-type;

the transistor T, has a back control gate Gy of n'-type;

the transistor T3 has no back control gate;

the transistors T4-Ts have a common back control gate Gp, of p'-type; and
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— the transistor T5 has a back control gate Gy, of n'-type.

Figure 1 illustrates that a back control gate can be associated individually with a
particular transistor, in which case it can be located in the bulk substrate beneath the
insulating layer so as to extend only facing the channel of the associated transistor (cf.
transistors T, T, and T5). Alternatively, a back control gate may be common to a
plurality of transistors. Such a common back control gate can lie in the bulk substrate
beneath the insulating layer under the channels of said plurality of transistors (in the case

of the transistors T4-Tg).

Back control gates are preferably isolated from the bulk substrate by a well, e.g.,
Cx1, Cp1, Cx2, Cpa, of opposite conductivity type (n-type well Cyy, Cxz for a p'-type
back control gate Gpi, Gpa ; p-type well Cp;, Cp, for an n'-type back control gate Gy,
Gn2). The well voltage is preferably chosen so that the parasitic diode created between
the back control gate and the surrounding well is reverse-biased. If reverse-biased, such
a diode isolates the back control gate from the well and its contents (especially other
back control gates). Alternatively, a single well common to several back control gates of

the same type can be provided.

As an alternative or in addition to the wells, a second insulating layer, based in
the bulk substrate beneath the insulating layer BOX, may also contribute, completely or
partly, to isolating a back control gate from the bulk substrate. As a further alternative
or in addition to the wells, lateral isolation regions extending beneath the insulating layer
BOX and depthwise into the bulk substrate can be provided so as to isolate the back
control gate from the bulk substrate. In such a situation, the back control gate does not

have to be precisely located facing the channel of a transistor.

Concerning now the operation of back control gates, importantly, the doping
properties and biasing of back control gates can shift the threshold voltage (represented
by Vu in the following) of the associated transistor (FET). Summarizing, the type of

doping of the back control gate associated with a transistor can or can not shift the
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nominal threshold voltage (represented by Vi in the following); also the bias of the back
control gate (represented by Vpg in the following) can or can not shift the threshold
voltage. Thus, transistors of this invention can have increased conduction current lox in
the on-state of the transistor (by reducing the threshold voltage), and reduced leakage

current Iopr in the off-state of the transistor (by increasing the threshold voltage).

Considering the nominal threshold voltage, this voltage is known to depend on
the work function. A transistor in which the channel is of n-type conductivity and a
back control gate is of p-type conductivity has a very high threshold voltage. This
threshold voltage may then be reduced by applying a positive voltage to the back control

gate. In the present description, such a back control gate is said to have a work function.

A transistor in which the channel is of n-type conductivity and a back control
gate is of n-type conductivity has a nominal threshold voltage (that is, a threshold
voltage expected for a transistor of this type and configuration). This threshold voltage
can be reduced by applying a positive voltage to the back control gate. In the present

description, such a back control gate is said to have no work function.

Considering the biasing of back control gates, by biasing the back control gate of
a transistor positively or negatively (typically by +0.3 V or -0.3 V), the properties of the
associated transistor may be individually modified. In particular, the threshold voltage of
the transistor may be shifted or modified, which is, as well known, equivalent to
modifying the physical width of the channel of the transistor. Thus, even if the physical
width of the channel of a transistor is defined once-for-all during fabrication, this
invention makes it possible to modify the apparent (effective) width of such a channel
by choosing the way in which the back control gate is biased or driven. Also, since the
voltage applied to the back control gate may be modified, the invention thus offers the

advantage of modifying the effective channel width dynamically.

This variation in the threshold voltage of the transistor via the back control gate

may be formulated as Vi, = Vi — aVpg, where Vi, represents the threshold voltage of the
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transistor, Vg represents the voltage applied to the back control gate, Vi represents the
nominal threshold voltage (which may be shifted by the work function depending on
whether a back control gate of n-type or p-type is used) and o represents a factor

associated with the geometry of the transistor.

It will therefore be understood that the doping type of the back control gate
associated with a transistor may or may not shift the nominal threshold voltage, but that
by biasing the back control gate it is possible to adjust the threshold voltage. It is thus
possible to benefit from an increase in the conduction current Ioy in the on-state of the
transistor (by reducing the threshold voltage) and from a reduction in the small leakage
current lopr in the off-state of the transistor (by increasing the threshold voltage). A
contribution may also be made to the isolating function of an isolation region separating

the adjacent patterns along a row by reducing the leakage current therein.

As presented in the thesis “Architectures innovantes de mémoire non-volative
embarquée sur film mince de silicium [Innovative non-volatile memory architectures on
thin silicon films]” defended by Germain Bossu in June 2009 at the Provence, Aix-
Marseille University I, the factor o may in particular be approximated as o =
3tox1/(tsit3tox2), Where tox denotes the thickness of the dielectric gate film separating the
front control gate from the channel (typically 1 - 2 nm), tox» denotes the thickness of the
insulating film separating the back control gate from the channel (typically 5 - 20 nm for

SeOl substrates) and tg; denotes the thickness of the thin semiconductor film.

In more detail, Figure 2 illustrates the control of the threshold voltage of a
transistor produced on a SeOlI substrate by biasing a back control gate fabricated in the
base substrate, beneath the insulating film and facing the channel of the transistor. In
this figure, the central curve Cy represents the nominal characteristic log(In(Vg)) (for a

transistor with no back control gate).

The upper curve Cyr. (that is, C with subscript VT-) represents the characteristic

log(In(Vs)) under the effect of a back control gate driven with a voltage below the
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nominal supply voltage Vpp of the circuit. This upper curve illustrates the increase in the
threshold voltage and the reduction in the currents Iox and Iorr. The lower curve Cyry
(that is, C with subscript VT+) represents the characteristic log(In(Ve)) under the effect
of a back control gate driven with a nominal supply voltage Vpp. This lower curve
illustrates the reduction in the threshold voltage and the increase in the currents lon and

Iogr.

It will thus be understood that, by varying the back control gate bias, it is
possible to cover the entire area between the lower curve Cyr. and the upper curve Cyr,
thus modulating the threshold voltage of the transistor and its characteristic currents lox

and IOFF-

The following equation links in particular the current I, in the channel to the

channel width W and to the threshold voltage Vi

C..W
Ip =Hn*ox ™ 2;? (Vs — Ven)*(1+AVpg).

Consider a first example in which the gate and drain voltages are 0.9 V (Vgs =
Vps =0.9 V), with & = 0.05, and the threshold voltage is Vi, = 0.3 V. By modifying the
threshold voltage of the transistor so that it takes a value between 0.05 V and 0.6 V, it is
then possible to simulate a modification in the physical width of the channel (at fixed
Ip). Theoretically, the effective width of the transistor channel can be modified between

0.25 and 2.01 times the physical width (Wy) of the channel.

Consider a second example with lower gate and drain voltages, namely 0.7 V,
and further consider again modifying the threshold voltage of the transistor so that it
takes a value between 0.05 V and 0.6 V. Then, the effective width of the channel can be
theoretically modified between 0.06 and 2.64 times the physical width of the channel

The invention thus allows a reduction/increase of the effective channel width.
This control is particularly important when the supply voltages are low. In this regard,

since the tendency in the technical field of the invention is for future generations of
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electronic components to use ever lower supply voltages, this invention can become, a

priori, even more significant for such future generations.

ADVANTAGES OF THE INVENTION
A device according to the invention has the following advantages. A wide

5  performance range may be obtained for the p-FET and n-FET transistors while using
only a single physical channel width. Typically, three types of performance are the

following:
— regular performance, in the absence of a back control gate:

o the transistor is then an ordinary SeOl transistor and it is

10 unnecessary to modify the existing circuit designs;

— boosted performance, with an "ON" back control gate, increasing the

conduction of the transistor:

o the transistor then operates as if it were wider than it actually is,

or it has a smaller footprint per performance unit (speed, lox); and

15 — reduced performance, with an "OFF" back control gate, reducing the

conduction of the transistor:

o the transistor then operates as if it were narrower than it actually
is. This may prove to be advantageous when performance ratios
are desired (in the case of latches, for example, of the flip-flop

20 type) since it is therefore unnecessary to widen another device.
The leakage currents are also significantly reduced. This type of
performance may thus be used in the off-states so that, in so far as
no transistor switches (no ratio to be respected), the leakage

current Iopr then being reduced.

25 However, the invention is in no way limited to these three types of performance.

Indeed, the performance characteristics can be dynamically modulated by applying an



10

15

20

25

WO 2011/107356 PCT/EP2011/052421

-18 -

analog and (preferably, continuously) adjustable bias to the back control gate of a
transistor. Any kind of performance in between the above mentioned “reduced

performance” and the “boosted performance” can therefore be achieved.

In a particular variant, the back control gate may be biased by any one of
multiple predefined voltages. These multiple voltages are typically voltages that are
available in the environment of the device, such as Vdd, various multiples or fractions of
Vdd (such as Vdd*2, Vdd/4) and various combinations of available voltages (such as
Vdd - Vtp, Vdd - Vin, etc.). Thereby, the ratios between the pFET and nFET transistors
may be adjusted without having to modify the channel width.

Thus, it will be understood that a device structure according to the invention
obviates the needs encountered in the conventional designs for transistors having
different dimensions. Effectively only a single physical width and simplified transistor
models and parameters are used. It should be pointed out that the transistor models are
actually complex equations with many secondary (parasitic) or tertiary edge effects.
Most of these effects depend on the dimensions of the transistor and, for recent
technologies, the environment (proximity stress). In this invention, a single topology can
be used, and the models can then be greatly simplified (this results in more rapid

availability, shorter development times, etc.).

Moreover, a device structure of this invention can have a very low variability
because of the high level of regularity, and because only the polysilicon roughness
remains, and because, when fully depleted structures are produced, fluctuation in the

level of dopants disappears.

Moreover, a device structure of this invention can also be insensitive to edge
rounding effects of patterns because all the channels have the same physical width. The
active zone strip is effectively a long polygon, having no rounding near a polysilicon
connection line. The 90° corner of such a line is also far from the active strip (both at the

top and the bottom of the structure) and does not interact with the active strip.
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Moreover, a device structure of this invention can be insensitive t0 Cross-
coupling effects. This is because, in conventional designs, it often happens that a
polysilicon connection is adjacent to a drain of another logic gate. The two nodes are
then capacitively coupled and mutually disturbed, generally resulting in communication
delays. Since the status of the neighboring cells is unpredictable, this coupling cannot be
taken into account in the model of each cell and is therefore discovered relatively late in
the design of the application. In this invention, the interaction between active strip and
polysilicon connection is the same whatever the status of the neighboring cells, thereby
resolving this drawback encountered in conventional designs. In particular, the modeling

of the coupling remains valid after circuit production.

Morecover, a device structure of this invention can have a reduced power
consumption because of the association of back control gates with the isolation regions,
which reduces leakage currents therein. There is the further possibility of dynamically
acting on the back control gates associated with the transistors in their off-state, in order

to further reduce the leakage currents.

To illustrate the effectiveness of the invention, it will be recalled that a standard
CMOS cell library may comprise twelve inverters having different performance
characteristics. The invention makes it possible, when applied in fully-depleted
technology, to use only three inverters (INVi, INV4 and INVs), because the effective
channel width may be modulated between + /- 50% of the physical width. In partially-
depleted technology, only four inverters are necessary (INVy, INV,4, INVs and INVy),
because the effective channel width may be modulated between + /- 30% of the physical
width. It follows that the standard cell library is considerably simplified - in fact it can
be generally reduced by a factor of 2. Thus, although around a hundred design rules are

used today, the invention makes it possible for only around fifty of to actually be used.

It should be noted in this regard that, in the past, the design rule manual
contained approximately 100 - 200 rules. Since technologies are now generally below

100 nm, many physical effects are appearing that are resulting in new rules that prevent
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the simple and easy application of the initial set of 100 - 200 rules. At the 32 nm
technology node, the design rule manual comprises about 800 to 1000 rules, in which
most of the new rules are complex descriptions of difficult combinations of topologies.
This entails a loss of efficiency in terms of footprint. In contrast, the efficiency of the
invention remains generally constant across technology line sizes. Thus, if the invention
and a conventional approach are generally equivalent in terms of footprint used at the
45 nm node, the invention will become increasingly more efficient at subsequent

technology nodes.

Moreover, in so far as the set of design rules used in this invention can be a
reduced subset of the usual set of rules, and because each of the rules used are applied in
a single and unique context, it proves possible to design transistors below what the
lithography might initially by presumed to permit. In particular, it is possible to optimize
the width of contacts (for example by replacing two nominal square contacts by a single
rectangular, and somewhat narrower, contact), and also to optimize the poly-contact

distance.

Moreover, it should be noted that the back control gates have the advantage of
being buried beneath the insulating film and consequently have no impact on the
footprint. It should also be pointed out that the footprint may be reduced by about 10 to
15% since it is possible to generate strong conduction with the aid of cells "boosted" in
accordance with the invention. Finally, it should be noted that the extreme regularity of
(what is called) the "front-end" structure of the transistors is particularly suitable for the
normal use of (what are called) "back-end" metallization for (what are called) "standard"

cells (i.e. cells predesigned for general usage).

This is because standard cells are interconnected (routed) together via
metallization levels that are alternately horizontal and vertical with a constant pitch. The
reduction in number of design rules enormously facilitates the closing-off of the front-
end and back-end constraints (the transistor repeat pitch and the routing pitch are made

identical). The usage of standard cells then becomes easier since - by construction - the
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inputs/outputs are placed on the metal routing grid. In the conventional case, this is not
always very easy and it is necessary in particular to take into account the possibility of
reflecting the cells along the vertical and/or horizontal axes. However, keeping the
inputs/outputs on the routing grid often means increasing the footprint of the standard
cell. In the case of the invention, all these considerations are eliminated through the

general simplification and pre-placement of the strips of transistors.

APPLICATION TO STANDARD-CELL-LIKE EXEMPLARY CIRCUIT STRUCTURES
How the present invention can be applied to the exemplary CMOS electronic

circuit structure illustrated in Figure 3 is now described. This circuit can be considered
as a linear array (c.g. a row) of patterns, each pattern representing what could be called a
standard cell. Specifically the standard cells are a logic gate NOR2, three inverters
INV,, INV; and INV; and a logic gate NAND2. Each standard cell pattern defines a
plurality of field-effect transistors. The FETs defined by the standard cell patterns are
arranged in rows with the source and drain regions of each transistor of any one row
having the same dimensions and being spaced apart by front control gate regions (WLI1 -
WL7) of fixed dimensions. The channel width of the various transistors is then uniform,

defined by the section between two perpendicular strips.

Alternatively, the entire circuit structure can be considered as an array of FETS,
the array representing a single data-path cell (if the individual patterns were
appropriately interconnected). Here, the FETs are arranged in rows again with the
source and drain regions of each transistor of any one row having the same dimensions

and being spaced apart by front control gate regions of fixed dimensions.

More precisely and however considered, the exemplary circuit comprises nine
metal busses, the p-FET transistors being arranged along busses 2 and 3 whereas the n-
FET transistors are arranged along busses 7 and 8. Busses 4 to 6 are used to make the
input/output connection to these patterns and to connect these various patterns together.

It is clear that other combinations are possible, with 8 to 12 metal busses being a
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reasonably possible number of busses. These metal busses are preferably at metal
interconnect level 2 according to device technologies known in the art, and are referred
to also as "metal2” busses. Herein, metal busses are preferably at interconnect level 2

unless otherwise specified.

Metal (preferably at interconnect level 1, or "metall") supply lines BLp;, BLp,,
BLxi, BLy; of this exemplary circuit serve to fix the potential of some of the drain
regions of the transistors. The lines BLp; and BLp; are used typically to deliver a
nominal supply voltage, Vpp, whereas the lines BLy; and BLy; are typically connected
to ground, GND. Thus, the drain of the first p-FET transistor of the logic gate NOR2
and the drain of the p-FET transistors of the inverters INV; and INV, are connected to
the line BLpi, whereas the drain of the p-FET transistor of the inverter INV3 and the
drain of the p-FET transistors of the logic gate NAND?2 are connected to the line BLp,.
The drain of the n-FET transistors of the logic gate NOR2 and the drain of the n-FET
transistors of the inverters INV; and INV, are connected to the line BLy7, whereas the
drain of the n-FET transistor of the inverter INVs; and the drain of the first n-FET
transistor of the logic gate NAND2 are connected to the line BLx».

The patterns along a row of this exemplary circuit are formed on one and the
same active zone of the substrate, and therefore isolation regions are provided between
adjacent patterns. These isolation regions, each having a front isolation gate formed
above the active zone, bear, in what follows, the references Ip; - Ips for the isolation
regions linked to the p-FET transistors and the references In; - Ins for the isolation
regions linked to the n-FET transistors. The front isolation gates of the isolation regions
are biased by means of isolation gate supply lines Blp and Bly for the isolation regions
between p-FET patterns and between n-FET patterns, respectively. These lines BI, and
Bly are typically formed from a polycrystalline semiconductor material (typically

polycrystalline silicon).

Figures 4 to 7 illustrate exemplary layouts of back gate regions (both back-

control-gate regions and back-isolation-gate regions) and back gate lines (both back-
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control-gate lines and back-isolation lines) in the bulk substrate (here forming a single
active zone) beneath the insulating oxide layer of a circuit similar to that in Figure 1

according to various examples of the invention. Figure 8 shows a preferred layout.

In Figures 4-8, the back control/isolation gate lines are represented by the
symbols BGxyz, where; X is P or N for p-type conductivity or n-type conductivity,
respectively; Y is H, L or A for a high-level, a low-level or an analog-level, respectively;
and Z is a number identifying different similar back control/isolation lines. Although
not illustrated, the back-gate lines are connected to sources of selected bias voltages,
e.g., -vdd, ground, Vdd, and the like. These connections are typically made by vias
connecting the back-gate lines to metal lines distributing the selected bias voltages.

Alternatively, the back-gate lines can be driven by dedicate FETs.

The FETs are represented as enhancement mode devices so the channel
conductivity is the opposite of the transistor type. For example, p-type FETs have
channel conductivity of the p-type (the majority carriers of the drain and source regions)
although the channel material is of n-type, and conversely for n-type FETs. This is not

limiting, and the invention is also applicable to depletion mode devices.

Figure 4 shows an exemplary layout of back-control/isolation-gates and lines that
provides two different voltage levels to the back gate control/isolation regions. In Figure
4:

— p-doped back-control/isolation-gate regions are associated with: the isolation
regions Ip; - Ips; the two p-FET and n-FET transistors of the inverter INV,;
and with the two n-FET transistors of the logic gate NAND2; and

— n-doped back-control/isolation-gate regions are associated with the isolation
regions In; - In¢ and with f the two p-FET and n-FET transistors of the
inverter INV3.

A back gate line BGp and a back gate line BGy serve for collectively connecting

the p-doped back gate regions and the n-doped back gate regions, respectively, to the
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same potential. (Both lines therefore being at once both back-control-gate lines and
back-isolation lines.) The back gate line BGp associated with the p-doped back gate
regions may thus be in a high state (being typically connected to the potential Vpp),
whereas the back gate line BGy associated with the n-doped back gate regions may be in

a low state (being typically connected to ground GND).

As regards the isolation regions, their back-isolation-gate regions are biased by
the back gate lines in such a manner that these isolation regions experience higher
threshold voltages and consequently lower leakage currents lopr. This maintains better

isolation between adjacent patterns along any one row.

As regards the inverter INV,, the back control gate of the p-FET transistor and
that of the n-FET transistor are in the high state Vpp. The conduction current Iox of the
n-FET transistor is increased, while the conduction current of the p-FET transistor is
reduced. This inverter thus has a low p-FET and a high n-FET. As regards the inverter
INV3, this inverter has a high p-FET and a low n-FET, because the back control gate of
the p-FET transistor and that of the n-FET transistor are in the low state GND. And as
regards the logic gate NAND?2, the p-FET transistors do not have a back control gate and
therefore operate in the nominal manner. The n-FET transistors do have back control

gates in the high state, and therefore have a higher conduction current.

Figure 5 shows another exemplary layout which provides four different voltage

levels and thereby offers more flexibility. In Figure 5:

— p-doped back-isolation-gate regions associated with isolation regions Ip; - Ips and
the back-control-gate region of the p-FET transistor of the inverter INV, are

collectively connected to a back gate line BGpy in the high state;

— a p-doped back-control-gate region associated with the p-FET transistor of the

inverter INV3is connected to a back-control-gate line BGpr, in a low state is;
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— n-doped back-isolation-gate regions associated with isolation regions Iy; - Ins
and n-doped back-control-gate region associated with n-FET transistor of the

inverter INV3 are collectively connected to a back gate line BGni; and

— an n-doped back control gate region connected to a back gate line BGyy in a high

state is associated with the n-FET transistor of the inverter INV,.

As in the example in Figure 4, the leakage current of the isolation regions is thus

reduced.

The inverter INV, has a low p-FET transistor (p-doped back control gate in a
high state) and a high n-FET transistor (n-doped back control gate in a high state). In
contrast, the inverter INV; has a high p-FET transistor (p-doped back control gate in a

low state) and a low n-FET transistor (n-doped back control gate in a low state).

Figure 6 shows another exemplary layout in which a back control gate associated
with a transistor is connected to a back gate line which is associated only with that
transistor. It will be understood that such an embodiment enables the potential applied to
the back gate line dedicated to a single transistor to be individually modulated. In Figure
6:

— p-doped back-isolation-gate regions associated with isolation regions Ip; - Ips
and p-doped back-control-gate region associated with the p-FET transistor of
the inverter INV; are collectively connected to a back gate line BGpy in a

high state;

— ap-doped back control gate region connected to an individual back gate line
BGpa, the voltage of which can be adjusted, is associated with the p-FET

transistor of the inverter INV3;

— n-doped back-isolation-gate regions associated with isolation regions Ini - Ines

and n-doped back-control-gate regions associated with the n-FET transistor
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of the inverter INV, are collectively connected to a back gate line BGyy, in a

low state; and

— an n-doped back control gate region connected to an individual back gate line
BGna, the voltage of which can be adjusted, is associated with the n-FET

transistor of the inverter INV,.

Thus, the inverter INV; has a low p-FET transistor (p-doped back control gate in
a high state) and an adjustable n-FET transistor (individual n-doped back control gate
addressed via the line BGya, the potential of which can be adjusted). The inverter INV3,
this has a low n-FET transistor (n-doped back control gate in a low state) and an
adjustable p-FET transistor (individual p-doped back control gate addressed via the line
BGpa, the potential of which can be adjusted).

Figure 7 shows an exemplary layout that is an alternative to the layout of the

example of Figure 5. In Figure 7:

— p-doped back-isolation-gate regions are collectively connected to a back gate
line BGpy in a high state, and are associated with the isolation regions Ip; -

Ips;

— p-doped back-control-gate regions are collectively connected to a back gate
line BGpr in a low state, and are associated with the p-FET transistor of the

inverter INV, and with the p-FET transistor of the inverter INV3;

— n-doped back-isolation-gate regions associated with Iy; - Iy¢ and n-doped
back-control-gate regions associated with the isolation regions and with the
n-FET transistor of the inverter INV3 are collectively connected to a back

gate line BGny; and

— an n-doped back-control-gate region is connected to a back gate line BGyy, in

a low state, and is associated with the n-FET transistor of the inverter INV,.
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Thus, the inverter INV; has a high p-FET transistor (p-doped back control gate in
a low state) and a low n-FET transistor (n-doped back control gate in a low state). The
inverter INV3 has a high p-FET transistor (p-doped back control gate in a low state) and
a high n-FET transistor (n-doped back control gate in a high state).

Figure 8 shows a preferred layout in which the isolation regions are associated
with back isolation gate regions having a conductivity of opposite type. The leakage

currents in these isolation regions are thus further reduced. More precisely, in Figure &:

— n-doped back-isolation-gate regions associated with the p-doped isolation
regions Ip; - Ips and n-doped back control gate regions associated with one of
the n-FET transistors of the logic gate NOR; and the p-FET transistor of the
inverter INV; are collectively connected to a back gate line BGyy biased in a

high state;

— a p-doped back control gate region is connected to an individual back gate
line BGpai, the voltage of which can be adjusted (to any intermediate value
chosen by the skilled person), and is associated with the p-FET transistor of
the inverter INV3;

— p-doped back-isolation-gate regions associated with the n-doped isolation
regions Iy; - Ins and p-doped back control gate regions associated with one of
the p-FET transistors of the logic gate NAND?2 and with the n-FET transistor
of the inverter INV; collectively are connected to a back gate line BGpy in a

low state;

— a p-doped back-control-gate region is connected to an individual back gate
line BGpas, the voltage of which can be adjusted (to any intermediate value
chosen by the skilled person), and is associated with the n-FET transistor of

the inverter INV7;

— an n-doped back-control-gate region is connected to an individual back gate

line BGyai, the voltage of which can be adjusted (to any intermediate value
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chosen by the skilled person), and is associated with the n-FET transistor of

the inverter INV,; and

— an n-doped back-control-gate region is connected to an individual back gate
line BGnao, the voltage of which can be adjusted (to any intermediate value
chosen by the skilled person), and is associated with the p-FET transistor of
the logic gate NAND?2 which is not connected to BGp.

Cp and Cy represent the wells that isolate the n-type and p-type back
control/isolation gates respectively. The wells CP are typically in the low state GND,
whereas the wells Cy are typically in the high state Vpp.

Thus, the isolation regions Ip; - Ips have a p-channel with a p-type back control
gate in the high state (typically at Vpp). These regions have a maximum threshold
voltage and consequently a minimum leakage current. The isolation regions Ix; - Ins
themselves have an n-channel with an n-type back control gate in the low state (typically
at GND). These regions have a maximum threshold voltage and consequently a

minimum leakage current.

One of the n-FET transistors of the logic gate NOR; also has an n-channel, but
with an n-type back control gate in the high state. It thus has a minimum threshold
voltage and consequently maximum performance characteristics (in terms of conduction
current Iox). The n-FET transistor of the inverter INV; has an n-channel with a p-type
back control gate, the voltage of which can be adjusted. Thus, this transistor has
performance characteristics lying between the minimum performance characteristics and
the mean performance characteristics depending on the voltage applied to the individual

line BGP A2.

The p-FET transistor of the inverter INV; does not have a back control gate, and

therefore it operates in a nominal manner.

The n-FET transistor of the inverter INV; has an n-channel with an n-type back

control gate, the voltage of which can be adjusted. Thus, this transistor has performance
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characteristics lying between the mean performance characteristics and the maximum
performance characteristics depending on the voltage applied to the individual line

BGPyai.

The p-FET transistor of the inverter INV3 has a p-channel with a p-type back
control gate, the voltage of which can be adjusted. Thus, this transistor has performance
characteristics lying between the minimum performance characteristics and the mean

performance characteristics depending on the voltage applied to the individual line
BGPpai.

The p-FET transistor of the logic gate NAND2, which does have an n-type back
control gate, the voltage of which can be adjusted via the individual line BGya2, has
performance characteristics lying between the mean performance characteristics and the
maximum performance characteristics. The p-FET transistor of the logic gate NAND2,
which has a p-type back control gate, the voltage of which is in the low state via the line
BGpp, has itself a minimum threshold voltage and maximum performance

characteristics.

The upper part of Figure 9 shows two metal (preferably at level 2) lines, 7 and &,
along which the FET transistors of the circuit shown in Figure & are placed. The lower
part of Figure 9 shows a sectional view of a portion of metal (preferably at level 2) line 8
comprising the isolation regions Iy - In3 and the n-FET transistors T; - T4 of the NOR2
(T and T7), INV| (T3) and INV; (T4) patterns. In this sectional view, the insulating film
bears the reference BOX.

In Figure 9, the transistor channels are fully depleted, the source and drain
regions being in contact with the insulating film. However, the invention also applies to
the partially depleted technology in which the source and drain regions do not extend
into the entire thin film. It should be noted in this case that the back control gate is
overall less effective as it is further away from the channel region between the source

and drain regions.
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In Figure 9, and as discussed above,

the isolation regions Iy - Ivz have an n-channel and each region has a p -type

back control gate Gp; - Gps (in the low state via the line BGpr);

— one of the nFET transistors, T;, of the logic gate NOR2 has an n'-type back
control gate Gni (in the high state via the line BGnu), whereas the other
nFET transistor, T», of the logic gate NOR2 does not have a back control
gate;

— the nFET transistor T3 of the inverter INV1 has a p'-type back control gate
Gps (which can be adjusted via the individual line BGpaz). The nFET
transistor T, of the inverter INV, has an n'-type back control gate Gy, (which

can be adjusted via the individual line BGya).

Also in Figure 9, the associated back control gate is localized so as to extend
only opposite the channel of the associated transistor. For example, the back control gate
is formed by implanting dopants beneath the insulating film BOX. The back control
gate is isolated from the base substrate by a well Cyi, Cp1, Cno2, Cpr of opposite
conductivity to that of the control gate (n-type well Cxi, Cn for a p -type back control
gate Gp1, Gpa, Gps, Gpa ; p-type well Cpi, Cps for an n'-type back control gate Gyi, Gno).

The well voltage is chosen so that the diode created by the electrical node
between the back control gate and the well is always reverse-biased, the diode isolating
the back control gate from the well and from anything that it may contain (especially
other back control gates). In fact, it is of course possible to provide a well common to
several back control gates of the same type, as is the case for the well Cy, which

collectively isolates the back control gates Gpz, Gps and Gps.

APPLICATION TO AN DATA-PATH-CELLS-LIKE CIRCUIT STRUCTURES
The invention is applicable to data-path cells and to integrated -circuits

comprising one or more data-path cells. Each data-path cell is specifically developed for
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a particular circuit or circuit environment (e.g., for microprocessors) and is consequently
highly adapted to its operating environment. Typically, a data-path cell comprises an
input stage and an output stage. It may also include one or more intermediate stages
connecting the input stage to the output stage. In a particular integrated circuit
comprising data-path cells, the cells are often arranged in a regular spatial manner so

that the cells and the associated FETs can be considered as an array of cells or of FETs

In this invention, each of the stages of a data-path cell will typically include FET
transistors that are produced on an SeOl substrate, especially on an SOI (silicon on
insulator) substrate. As is conventional, each FET transistor typically has a source
region, a drain region, a channel region which separates the source region from the drain

region, and a front control gate separated from the channel by a gate diclectric layer.

To maximize the speed of such a data-path cell, or indeed of virtually any CMOS
circuit, various design maneuvers are possible. According to a first design maneuver,
the length of the electrical connections connecting the data-path cells together or the
length of the electrical connections connecting the stages of a data-path cell together can

be shortened. The connections then have reduced capacitance resistance.

According to another design maneuver, output stages may be provided that have
low output impedances. Such output stages then have a high level of conduction for
rapidly charging the output electrical connection or connections and the input stage or
stages of the following data-path cell. This latter maneuver typically requires the use of
large transistors, particularly transistors having a large width because conduction is often
proportional to transistor width. However, it should be noted that the capacitance of an
output stage constitutes a load (for the input stage or the intermediate stage(s) of the
data-path cell) which is higher the larger the dimensions of the transistors that make up
the output stage, because capacity is often proportional to transistor size. Furthermore,
the power consumptions of larger transistors, under both static and dynamic conditions,

is larger, because power consumption is proportional to dimensions.
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According to another design maneuver, input stages may be provided that have
low-capacity. This may be achieved by reducing the dimensions of the FETs of the input
stage of a cell. The load of the preceding cell is thus reduced. But by reducing the
dimensions, there is a risk of this input stage not having a sufficient level of conduction
for effectively charging the intermediate stage (if present) or the output stage.
Moreover, performance variability may result from excessive miniaturization. In
particular, then there is then a risk of parallel data-path cells having substantially

different speeds.

Generally, any stage constitutes both an output to the following stage or
following cell and an stage from the preceding stage or preceding cell. Therefore, for
each stage, a compromise must be sought between transistors of small dimensions, in
order to reduce the capacitance thercof (and therefore reduce the load of the preceding
stage or stages) and transistors of large dimensions in order to reduce the resistance

thereof (and therefore to charge the following stage or stages effectively).

More generally, data-path cells are often optimized relative to their circuit
context or intended environment. Accordingly, instead of exclusively optimizing the
capacitance or the resistance (the inverse of the conductance), it can be desirable to
optimize both together. In such situations, the footprint of the data-path cell may be
reduced by up to about 25% (and preferably between 15% and 25% because of reduced
sizes) while the conductivity can even be increased (by properly-biases back control

gates).

The following equation, drawn from article "Closed-form Expressions for
Interconnection Delay, Coupling, and Crosstalk in VLSI’s" by T. Sakurai, in IEEE
Transactions On Electron Devices, Vol. 40, No. 1, January 1993, illustrates the
propagation delay T, between an output stage and an input stage and possible

performance improvement achievable by this invention. :
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T, =0iR. C, +In (I—l—)(a out Cint + RintCoat + RparCour +04R 5, Ciry )
-V

In this equation:

— Rix and Ciy represent the resistance and the capacitance, respectively, of the
electrical connection between stages, these values varying depending on the
lithography (32 nm in the example considered below) and on the length of

the connection (between 10 nm and 10 pm in the example);

— Ryur represents the resistance (inverse of conductance) of the output stage at

the entry of the electrical connection; and

—  Chuur represents the impedance (inverse of capacitance) of the input stage at

the other end of the electrical connection.

The curves Ca and Cl in Figure 10 show the propagation delay (in picoseconds (ps)) as a
function of the connection length (in nm), for propagation of 90% of the amplitude of an
analogue signal and for 50% propagation of the amplitude of a digital signal,

respectively.

As already described, it is possible to vary one or both of Cpyr and Rpus: Chue can
be varied by a reduction in the dimensions of the transistor; and Ry,s can be varied by
providing and properly biasing the back control gate. In one exemplary embodiment,
Cour and Ryyr are reduced by 33%. Curves Cai and Cli in Figure 10 illustrate the
substantial reduction (by about 55%) in the propagation delay for the analogue and

digital situations respectively in this embodiment.

Accordingly, at a given technology node (e.g., the 45 nm technology node), the
invention makes possible CMOS data-path cells formed on SeOl substrates having
transistors with more advantageous characteristics, such as capacitance and conductance
(considered individually or in combination), when compared with similar CMOS data-

path cells formed on bulk substrates.
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For example, this invention makes possible transistors (e.g., in given stage of a
data-path cell) with smaller capacitances (e¢.g., because of their smaller sizes), which
may therefore be charged more rapidly by preceding output transistors (e.g., by
preceding stages of a data-path cell). Because transistor conductance can be increased
by use of back control gates, such smaller transistors need not have the proportionately
smaller conductance that might be expected because of their decreased sizes. This
invention also makes possible transistors (e.g., in given stage of a data-path cell) with
larger conductance, which may therefore charge more rapidly succeeding input
transistors (e.g., in succeeding stages of a data-path cell). Also, because transistor
conductance can be increased by use of back control gates as well as by increased sizes,
such larger-conductance transistors need not have the proportionately larger capacitance

that might be expected if the larger conductance were due to larger size.

These advantages provided by the invention are already apparent at the 45-nm-
lithography technology node. But they become even more apparent at finer technology
nodes, e.g., the 32 nm node, because thickness ratios and voltages become more and
more favorable to the invention at finer and finer technology nodes. Preferably, the
invention is applied at least as the 45 nm technology node, and more preferably at finer

technology nodes.

In more detail, concerning capacitance, the invention makes possible design and
use of transistors (e.g., transistors in CMOS data-path cells formed on SeOl substrates
with back control gates) having smaller physical widths smaller, and thus smaller
capacitance, than the physical widths of transistors with similar conductance would have
in the absence of the invention (e.g., transistors in CMOS data-path cells formed on bulk
substrates and without back control gates), even though it is known that reducing
transistor widths also reduces the conductance of the data-path-cell stage to which such a
transistor belongs. For example, if the width of a transistor is reduced by a factor of up

to about two, then the transistor’s input capacitance is also reduced by an approximately
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similar factor. In such a way, the load of the preceding stage or stages of the data-path

cell is reduced.

In more detail, concerning conductance, the invention makes possible design and
use of transistors (e.g., transistors in CMOS data-path cells formed on SeOl substrates
with back control gates) having conductance (conduction currents) larger than the
conductance of similar transistors with similar widths would have in the absence of the
invention (e.g., transistors in CMOS data-path cells formed on bulk substrates and
without back control gates), even though it is known that increasing transistor
conductance generally requires increasing transistor width and, therefore, capacitance.
In other words, it is possible to reduce the resistance (increase the conductance) of the
stage to which this transistor belongs so that the following stage or stages may be more
effectively charged. Otherwise stated, back control gates generally make possible
reductions of the widths of transistors without reducing the conductance of the transistor

(starting from the 45 nm lithography).

In both cases, such increased conductance depends on properly biasing the back
control gates of the associated transistors (the effective width of the channel is thus

increased without the physical width being modified).

Reduced capacitances (due to reduced physical widths) and increased
conductance (due to increased effective widths arising from properly biased back control
gates) can be combined to achieve various effects. For example, this invention makes
possible a reduction of the load (because of a reduced capacitance consequent to smaller
widths) of a particular stage of a data-path cell as seen by a preceding stage of that cell
by up to about 33% (and preferably at least 20%) with a constant level of conduction
(because the conductance that would be reduced because of a smaller width can be
increased by a properly-biases back control gate). In the absence of a back control gate,
it is intuitively estimated and believed that only a quadratic factor (2) of width

reduction is usually preferable.
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Alternately stated, this invention makes possible an impedance reduction (due to
a capacitance reduction) of around 33% (and preferably at least 20%) at the 32 nm
technology node in comparison to the 45 nm technology node without having to increase
the relative size of the transistors (in order to preserve conductance). This reduction can
be even greater for the next-generation technologies. Such an impedance reduction
results from the smaller lithographic features; and relative transistor sizes need not be
increased results because properly-biases back control gates can restore conductivity

decreases that would be expected because of reduced sizes

At the 32 nm technology node, such reductions in propagation delay permit
operating speeds to be up to about approximately doubled (more conservatively, to be
increased by up to about 33% (and preferably between 25% to 33%)). At the same time,
the footprint of the data-path cell may be reduced by up to about 25% (and preferably
between 15% to 25%).

Also transistors of this invention can have reduced leakage currents and,
therefore, also reduced power consumption (in comparison to similar transistors
conventionally designed without back control gates and/or on bulk substrates). This
reduction in leakage is due both to the use of smaller transistors and also to appropriately
biasing the back control gate when the transistor is in the off-state (thereby, reducing the
leakage current Iorr). For example, the power consumption may thus be reduced by up
to about 33% (and preferably between 25% to 33%) in the on-state, and can be reduced
up to about one to two decades in the off-state in comparison to a similar data-path cell
in conventional CMOS technology. Such reductions in power consumption generally
occur at a constant operating frequency insofar as power consumption varies directly

with switching speed (frequency).

Also transistors of this invention can operate at higher frequencies. It is well
known that transistors with reduced size, or with higher conductance, or with both
reduced size and higher conductance, such as the transistors of this invention, are

capable of markedly faster operation. Thus, the transistors of this invention can operate
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at higher frequencies, and can do so without necessarily consuming more power (in
comparison to similar transistors conventionally designed without back control gates
and/or on bulk substrates). In this invention, higher frequency operation simply means a
commensurately higher usage factor without necessarily higher power consumption. A
conservative estimate of operating frequency increase is up to about 50% (and

preferably between 30% to 50%).

Summarizing, this invention provides back control gates for one or more of these
FET transistors. The back control gates are positioned in the bulk of the SeOI substrate
(i.e., below the buried oxide layer) facing the channels of the associated transistors.
Further, this invention provides back gate lines connecting one or more back control
gates. The back gate lines are preferably structured with respect to the data-path cells so
that the associated cells if the invention can be appropriately controlled, e.g., the input
stage FETs begin controlled to optimize the properties of the input stages, while the
output stage FETs begin separately controlled to optimize the different properties of the
output stages (and, optionally, the intermediate state FETs being separately controlled).

Turning specifically to now data-path-cell and data-path circuit structures
including back control dates, Fig. 11A illustrates an exemplary CMOS data-path cell of
the invention. The illustrated cell includes input stage FETs (field effect transistor)
which receive input lines from, e.g., preceding data-path cells in a data-path. The FETs
are illustrated with conventional symbols, where 1, 1’ and 1” are front control gates
(also referred to as gates). The illustrated cell also includes output stage FETs which
provide output lines to, e.g., following data-path cells in a data-path. Finally, the
illustrated data-path cell also includes intermediate stage FETs which are interconnected
with the input and output stages and perform the prescribed processing functions of the
data-path cell. In other embodiments, intermediate stage FETs are not present, and the

input and output stage FETs are directly interconnected.

The FETs of the data-path cell illustrated in Fig. 11A also have back control
gates 2, 2’ and 2”. Although all illustrated FETs here have back control gates,
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alternatively not all FETs have back control gates, e.g., only one or a few of the FETs of
the data-path cell can have back gates. These back control gates are also illustrated as
individually connected to back control gate lines (BG lines) which lead externally from
the data-path cell. The back gate lines can also interconnect the back gates of FETs
within the cell in various manners. For example, some or all of the back gates of the
input stage can be connected together, as can the back gates of the intermediate and

output stages.

The stippled arrow external to the cell represents that the back control gates can
be externally connected in numerous manners. For example, all the back control gates
of one data-path cell can be connected together to one or more external lines; or the back
gates of the input, intermediate, and output stages can be separately connected to
individual external lines, or the back gates of individual FETs can be connected to
individual external lines. These external lines can then interconnect the back control
gates of two or more data-path cells in various manners. For example, the back control
gates of the input stages of a group of cells can be connected together, as can the back

gates of the intermediate and output stages of this group of data-path cells.

In short, it will be apparent that the back control gate of an array of FETs,
whether the FETs are arranged as part of one or more data-path cells or whether the
FETs are individually arranged, can be connected together so that the FETSs array can be
specifically adapted to a particular circuit environment for use in a particular integrated

circuit.

Accordingly, the data-path cells in a particular integrated circuit of this
invention, which as described can often be considered as a spatial array of FETs, can be
specifically adapted both to a particular environment within the integrated circuit and

also, to the particular integrated circuit environment in general.

Figure 12 shows a comparison between an exemplary one bit full-adder data-path

cell designed for fabrication in bulk CMOS technology in the absence of the invention
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(on the left in Figure 12) and the same data-path cell designed for fabrication on an SeOl
substrate taking advantage of the invention (on the right in this figure).

The transistors of this exemplary data-path cell according to the invention are
arranged in parallel rows. The one bit input lines are labeled “A” and “B.” CIN and
COUT are the input and output, respectively, carry bit. Connections to ground and Vdd

potentials are illustrated in the left-hand version only.

Back-control-gate lines BG1-BG6 extend in the bulk substrate beneath the
insulating layer along each row linking the back-control-gate regions arranged under the
FETs of cach row. In this embodiment, the back-control-gate lines are simply
extensions of the linked back-control-gate regions so that both can be readily defined by

a single (or a minimum number of) additional photolithographic steps.

This figure illustrates the reduction in footprint that can be achieved by the back
gates of the invention. Here, the reduction is about 20%. First, even though the
transistors in the right-hand version according to the invention all have the same
dimensions, each transistor (or each group of transistors, here especially, each row of
transistors) can have an individually selected "scale factor," or individually selected

effective width, simply by applying a different potential to each back control gate.

For example, the left-hand version has rows of FETs at least two different sizes:
row2 and row4 of a first width; and rowl1, row3, row5 and row6 of a second width that is
approximately double the first width. However, all rows in the right-hand version
according to the invention all rows of FETs can have approximately the same first width
because the effective width of the FETs of row1, row3, row5 and row6 can be doubled
(e.g., have a “scale factor” of approximately 2.0) by applying an appropriate bias
potential to their corresponding back-control-gate regions through back-control-gate
lines BG1, BG3, BG5 and BG6. On the other hand, the FETSs of row2 and row4 can be

minimally biased so as to have a “scale factor” near 1.0.
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Footprint reduction is additionally facilitated by the presence of isolation regions.
For example, the left-hand version separates the FETs of (at least) row1, row5 and row6
into separate active zones by the gaps between these zones that are readily apparent.
However, in the right-hand version according to the invention, isolation regions IR1, IR2
and IR3 are provided to replace these gaps. As the isolation regions can be narrower

that the active-zone gaps, footprint can be further reduced.

Further, this figure illustrates how increases in performance can be achieved.
First, because of the footprint reduction, lengths of connections on the right are less than
on the left allowing faster signal propagation. Second, those rows of reduced widths,
rowl, row3, row5 and row6, have FETs of reduced capacitance compared to the version
on the left. Because of the reduced capacitance, these FETs will charge more quickly
and can operation at higher frequency. Both effects operating together can least to a

greater than 20% performance improvement.

Further, this figure illustrates how this invention promote ease of fabrication.
The exemplary cell on the right of Figure 12 is particularly configured and structured so
as to be advantageous for photolithography in that this data-path cell comprises
continuous bands of active zones; and the transistors of any one row (e.g., active zone)
have the same dimensions (especially the same width).  Accordingly, it provides a
regularized configuration for limiting the aberrations and deformations caused by
reducing the dimensions under the wavelength of the light that exposes the photoresist
masks. This regularized configuration is based especially on a single polysilicon
orientation (giving only a single dimensional tolerance in relation to the fabrication

tools) and on a single polysilicon pitch (giving better control of the optical phenomena).

The design illustrated in Figure 12 is not limiting, because the invention also
covers transistors having different physical dimensions (particularly different widths)

along any one row.
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Concerning circuits including a plurality of data-path cells (and other circuits)
including transistors of this invention, Fig. 11B illustrates an exemplary data-path, that is
a circuit including a plurality of data-path cells. In the illustrated circuit, the data-path
cells are arranged as a 2-bit wide data-path that might occur in a microprocessor. In this
exemplary circuit, the multiplexer selects which of the input bus-1 or the input bus-2 is
stored in register 1. Input of bus-0 is stored in register 2. The ALU processes the
outputs of registers 1 and 2. The buffer stores and outputs the results of the processing

by the ALU.

This circuit is arranged in an array-like fashion with two axes, conventionally
taken as a horizontal axis and a vertical axis. Data-path cells performing similar
processing of individual bits, e.g., multiplexing, storing (in registers), adding, and
buffering, are arranged along one (the vertical) axis, and individual processing stages are
arranged along the other (the horizontal) axis. Here, except for the ALU cells, data-path
cells from the individual bits are substantially independent. Accordingly, data lines
generally (in the manners expected in VLSI routing) run along the horizontal axis from

the input, to a first data-path cell, to subsequent data-path cells, and to the output.

Some or all of the FETs of the individual data-path cells of Fig. 11B have back
control gates connected to back gate control gate lines. It has already been described
with reference to Fig. 11A that these back gate lines can interconnect the back gates
within individual cells in various manners, and can also connect the back gates of
individual cells to external lines in various manners. Fig. 11B now illustrates that
external back gate lines can interconnect the back gates of separate data-path cells. In
general, these external interconnections can be selected as necessary so that the plurality
of data-path call can be specifically adapted to a particular circuit environment for use in

a particular integrated circuit.

In a preferred embodiment, the back gates of data-path cells performing similar
functions can be interconnected (e.g., along a column). Also, the back gates of the input

(or of the intermediate or of the output) stages of multiple data-path cells (e.g., of data-
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path cells performing similar functions along a column) can be interconnected. In this
embodiment, the result is the array-like arrangement then includes one or more back
gate lines running along the vertical direction. The primarily vertical back gate lines and
the primarily horizontal data lines mutually define a grid-like arrangement. The FETs

then have an array-like arrangement disposed within this grid.

It will have been understood that the invention is not limited to a data-path cell
according, but also extends to other embodiments providing integrated circuits
comprising such cells, to methods of driving such cells, and to method of designing
such cells in which the physical width of at least one transistor of the cell is reduced so
as to decrease the capacitance thereof and a back control gate is added to the transistor in

order to increase the conductance thereof.

METHODS OF THE INVENTION
Moreover, the invention is not limited to providing the devices having back gates

(both for control and isolation), but rather the invention also provides methods of driving
such devices in which the back control or isolation gate regions are biased positively or
negatively in order to shift the threshold voltage of the transistors. Advantageously, a p-
type back isolation gate can be connected to ground, and an n-type back isolation gate

can be connected to a nominal supply voltage.

As mentioned above, the application of a back gate voltage on a FDSOI (fully-
depleted SOI) transistor modifies the electrical characteristic of the device. Simply
described, a higher voltage on the back gate reduces the threshold voltage of an N-

channel device and vice-versa. The same applies on P channel devices.

It is possible to saturate this effect by applying very high voltages on the back
gates. For instance a (very) high voltage applied on an N-channel transistor can reduce
its threshold down to a negative value, making the transistor always ON, despite the
voltage level applied on its front gate. On the contrary, a (very) high negative voltage on
the back gate increases the threshold above the power supply, Vdd, at a level at which
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the transistor remains OFF for all operating voltages applied on its front gate (0 - Vdd).

By symmetry the same apply on the complementary P channel device.

In other words, transistors can be transformed into “open” and “shorts” through
an appropriate back gate control voltage. This feature proves to be particularly efficient
for creating reconfigurable logic. It is also useful for controlling isolation regions to

become effectively “open” (or non-conducting) in order to isolate devices as required.

The methods provided by the invention are also for operating standard cells and
data-path cells having transistors with back control gates and methods of operating
circuits containing data-path cells of this invention (and methods of operating other
circuits having transistors of this invention with back gates). In general, these methods
select the conductance of a transistor by varying the size of the potential or bias applied
to its back control gate. This is equivalent to changing the effective width of the

transistor so that the transistor can have an individually selected "scale factor."”

In some embodiments, such methods include biasing one or more back control
gates according to the functional role of the transistors in a circuit or data-path cell. In
such methods, the applied bias typically remains substantially constant over a large
number of cycles of circuit operation, or even substantially constant over longer periods
of time. For example, for transistors in data-path cells, they include applying a first
potential to certain output stage transistors so that they have increased conductance
(decreased resistance) so that they can drive subsequent stages more rapidly. A second
potential can be applied to certain other data-path cell transistors to reduce their leakage

current in the absence of signals and so reduce their power consumption.

In other embodiments, such methods also include biasing one or more back
control gates according to the current state of the transistor. In such methods, the
applied bias typically varies every cycle, or every few cycles, of circuit operation. For
example, they include applying a first potential to the back control gate when the

transistor is in the off-state (according to the front control gate) and a second potential
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when the transistor is in the on-state (also according to the front control gate). More
particularly, when the back control gate is in the low or off-state (e.g., by being
connected to ground), the associated transistor has lower conductance and operates at
low speed with low leakage, and in the absence of input signals, reduced power
consumption. When the back control gate is in the high or on-state (e.g., by being
connected to a nominal supply voltage Vpp) the transistor has higher conductance and

operates at higher speeds.

In further more general embodiments, such methods include more generally
applying different biases to the back gates of different transistors to either increase
conductance or reduce leakage current to optimize their performance according to the
particular roles in a circuit or in a circuit environment. Accordingly, these methods can
adapt transistors specifically to their particular circuit environments in a particular
integrated circuit. They require that the back control gates be appropriately

interconnected with back gate lines.

The invention also provides methods of designing standard cell and data-path
cells, circuits including a plurality of standard cell or data-path cells and other circuits
including transistors of this invention. Concerning individual cells, for example, such
methods make an appropriate compromise between driving the back control gate and the
physical dimensions of the transistor. As has been already described, an appropriate
compromise can achieve, simultancously, both up to about 20% (preferably about 20%)
reduction in the footprint and up to about 20% (preferably about 20%) increase in
performance. Other compromises can achieve other combinations of reduced footprint
and increased performance (e.g., combinations that only reduce footprint without
signification changes in performance, or combinations that only increase performance

without signification changes in footprint).

An exemplary cell according to the invention can have an operating speed up to
about 20% (preferably at least about 20%) higher, has a footprint up to about 20%

(preferably about 20%) lower and a power consumption reduced by up to about 20%
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(preferably about 20%) in the active mode and by more than one decade in the inactive

mode.

Further, the design methods may provide in any particular data-path cell: back
control gates for only one, some, or all of the transistors; one or more back gate lines
connecting the back control gates of a plurality of transistors; a common back gate line
connecting the back control gates of transistors placed along one and the same row (or

column) in a particular circuit; and the like.

The articles "a" or "an" are used herein in manners that are not limited to "only
ong," but can mean "one or more" as appropriate in the context. The words "significant"
and "likely" (and similar words of degree) are used here to mean within acceptable and
expected limits, usually commercially-acceptable limits. It should be understood that
this invention is not limited to commercial uses; intended uses include research uses,

special purpose uses, and so forth.

The preferred embodiments of the invention described above do not limit the
scope of the invention, since these embodiments are illustrations of several preferred
aspects of the invention. Equivalent embodiments are intended to be within the scope of
this invention, and indeed, various modifications of the invention in addition to those
shown and described herein, such as alternate useful combinations of the eclements
described, will become apparent to those skilled in the art from the subsequent
description. Such modifications are also intended to fall within the scope of the

appended claims.
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THE CLAIMS

What is claimed is:

1. A data-path cell fabricated on a semiconductor-on-insulator substrate
comprising a surface layer of semiconductor material separated from a bulk substrate by

a buried insulating layer, the cell comprising:

an array of field-effect transistors (FETs) having source, channel and drain

regions formed in the surface semiconductor layer;

one or more back-control-gate regions positioned in the bulk substrate beneath

the channel regions of one or more selected FETs; and

one or more back-gate lines conductively linking the back-control-gate regions to

sources of sclected bias voltages,

wherein the back-control-gate regions are configured so that the bias voltages

modify the conductance of channel regions overlying the back-control-gate regions.

2. The data-path cell of claim 1, wherein the array comprises one or more rows
of FETs, each FET row having source, channel and drain regions of the same width

arranged along the row.

3. The data-path cell of claim 2, wherein the channel regions of a row have the

same length separating adjacent drain and source regions.

4. The data-path cell of claim 2, wherein at least one back-gate line extends in

the bulk substrate along an FET row.
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5. The data-path cell of claim 2, further comprising

one or more isolation regions formed in the surface semiconductor layer and

interposed between the FETS of at least one row; and

one or more back-isolation-gate regions beneath the isolation regions in the bulk

5  substrate;

wherein the back-gate lines further connect the back-isolation-gate regions to
sources of bias voltages selected so that the isolation regions are in an OFF state in order
to electrically isolate adjacent FETs on either side of that isolation region from each

other.
10

6. The data-path cell of claim 5, wherein at least one back-isolation-gate region

has conductivity of opposite type to the conductivity of the overlying isolation region.

7. The data-path cell of claim 5, wherein at least one back-gate line connects
15  only to back-control-gate regions or only to back-isolation-gate regions, but not to both

types of regions.

8. The data-path cell of claim 5, wherein a plurality of FETs with at least one

interposed isolation region are in a single active zone of the surface semiconductor layer.
20

9. The data-path cell of claim 1, wherein at least one back-control-gate region

has conductivity of opposite type to the conductivity of the overlying channel region.

10. The data-path cell of claim 1, wherein at least one back-control-gate region is

25  isolated from the bulk substrate by a well of opposite conductivity.
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11. The data-path cell of claim 1, wherein at least one back-gate line connects to

a single back-control-gate region.

5 12. The data-path cell of claim 1, wherein at least one bias voltage is selected

from a ground potential, a nominal supply voltage, and an adjustable analog potential.

13. A method of operating a data-path cell of claim 1, which comprises selecting
the bias voltages to improve the performance of the data-path cell in comparison to a

10  data-path cell of similar configuration but without back-control-gate regions.

14. The method of claim 13, wherein the improved performance comprises

increased operating speed.

15 15. The method of claim 13, wherein the improved performance comprises
reduced currents in the OFF state for one or more FETSs or increased currents in the ON

state for one or more FETS.

16. The method of claim 13, wherein the bias voltage of at least one back-

20  control-gate region is varied depending on whether the overlying FET is ON or OFF.

17. A method of designing a data-path cell of claim 1 to have a determined
footprint and a determined performance, with the FETs of the array being arranged in
one or more rows where the FETSs of a row all have source, channel and drain regions of

25  the same width arranged along the row, wherein the method comprises:
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selecting the widths of the FET rows so that the cell has no more than the
determined footprint, the footprint depending at least in part on the widths of the FET

rows; and

positioning back-control-gate regions beneath selected FETs and selecting the
bias voltages for the provided regions so that the cell has at least the determined
performance, the performance depending at least in part on the capacitances and
conductance of the FETS wherein the capacitance and conductance vary with the widths

of'the FETs, the provided back-control-gate regions and their biases.

18. The method of claim 17, wherein, in comparison to a benchmark data-path
cell having initial FET row widths but without back-gate-control regions, one or more of

the following are provided:

the determined footprint is reduced and the determined performance is not

reduced, or

the determined footprint is not increased and the determined performance is

increased, or

the determined footprint is reduced and the determined performance is increased.

19. The method of claim 17, wherein, in comparison to a benchmark data-path
cell having initial FET row widths but without back-gate-control regions, the footprint

and performance requirements include one of:

the FET capacitances are reduced by up to about 33% and FET conductance are

not reduced;

an operating speed is increased about 20% and the footprint is reduced about
20%:;

a power consumption is reduced about 20% and the footprint is reduced about

20%:; and
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an operating speed is increased between about 30 and 50% and the footprint is

not increased.

20. An integrated circuit comprising at plurality of the data-path cells of claim 1
5 arranged in one or more rows along a first direction so that, along a particular row, the

output of a data-path cell connects to input of at least one succeeding data-path cell.

21. The circuit structure of claim 20, wherein the data-path cells are arranged in a
plurality of rows along a first direction, and wherein the rows are arranged parallel to

10 one another along a different second direction.
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