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DIFFERENTIAL SENSE AMPLIFIER WITHOUT SWITCH
TRANSISTORS

FIELD OF THE INVENTION

The invention generally relates to semiconductor memories, and more

particularly to a sense amplifier for sensing data stored in a plurality of memory
cells of a memory cell array.

BACKGROUND OF THE INVENTION

Semiconductor memories are used in computers, servers, handheld devices
such as cell phones etc., printers, and many further electronic devices and
applications. A semiconductor memory comprises a plurality of memory cells in a
memary array, each memory cell storing at least a bit of information. Dynamic
Random Access Memories (DRAMs) are an example of such semiconductor memories,
The present invention is preferably embodied with DRAMs. As a consequence, the
following description is done with reference to a DRAM as a non timiting example.

A sense amplifier is used to address a plurality of memory cells via a ling, a
so-called bit line. The conventional sense amplifier is more specifically a
differential amplifier operating with a bit line and a complementary bit line which
is used as a reference line, to detect and amplify the difference in voltage on the
pair of bit tines. '

As illustrated in Fig. 1, a conventional sense amplifier circuit comprises
eleven transistors T21, T22, T31, T32, T10, T40, 750, 761, T62, T72, T71 fabricated
in bulk siticon CMOS technology.

A sense amplifier is used for sensing and writing-back data stored in memory
cells, as well as reading said data and writing new data inte the cells. A memary
cell C is addressed by a word line WL that controis the gate of & cell access
transistor Mc, said cell access transistor Mc connecting the cell € to a bit line BL,
For reasons of simplicity, only one word tine WL and one memory cell C are shown
from the cell array on the left hand side of the sense amptlifier.

A conventional sense amplifier generally comprises:

- a first CMOS inverter having an output connected to the bit line BL and an

input connected to the complementary bit line /BL,

- a second CMOS inverter having an output connected to the complementary

bit tine /BL and an input connected to the bit line BL,
each CMOS inverter comprising :

- a pull-up transistor T21, T2Z having a drain and a source, and

- a pull-down transistor T31, T32 having a drain and a source,
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the pull-up transistor T21, 722 and the pull-down transistor 731, T32 of sach CMO5
inverter having a common drain.

The sources of the pull-down transistors T31, 732 are connected o a foot
switch transistor T40, which is itself connected to a pull-down voltage source
providing a low supply voltage Viupy Usually at a low voltage level Vg, referred to
as ground GND, and controlled by a foot switch control signal fnsw. The ground
{eve{ of the low supply voltage Vi 15 Used as a reference for the other voltage
levels in the sense amplifier. In the circuit illustrated by Fig. 1, the foot switch

ransistor T40 is an N-MOS transistor. When the foot switch controt signal dusw is

high, the foot switch transistor T40 is conducting, and the ground voltage is
transmitted to the common source node of the pull-down transistors 731, T3Z.
When the foot switch control signal ¢nsw is low, the foot switch transistor T40 is
blocked and the common source node of the pull-down transistors T31, T32Z is not
pulled down.

The sources of the pull-up fransistors T21, T22 are connected to a head
switch transistor T10, which is itself connected to a pull-up voltage source
providing a high supply voltage Vispoy usually at a high voltage level Vg such as
VDD, and controlled by a head switch control signal ¢psw. in the circuit iltustrated
by Fig. 1, the head switch transistor T10 is a P-MOS transistor. When the head
switch control signal ¢esw is tow, the head switch transistor 710 18 conducting and
the high supply voltage Visppy 15 transmitted to the sources of the pull-up
gransistors T21, T22. When the control signal desw is high, the head switch
transistor T10 is blocked and the common source node of the pull-up transistors T21,
T22 is not pulled up, i.e. the voltage of the common source node of the puli-up
transistors 721, T2Z is fioating.

When both head and foot switch transistors T10 and T40 are turned off, i.e.
the head switch control signal dpsw is high and the foot switch control sighal dusw i3
low, all nodes in the sense amplifier are floating.

The sense amplifier further comprises a pair of dedicated precharge
transistors 761, T6Z respectively coupled to the bit tine BL and to the
complementary bit line /BL and arranged to precharge the bit lines BL, /BL to 2
precharge voltage Veey, Usually at the mean value between the high supply voltage
Vusuppry @and the low supply voltage Viaey. This mean vatue is usually half the high
supply voltage Vi high value, i.e. Vpy/2, since the low voliage level GND of the
low supply voltage Vi is used as a reference for the other voltages and the high
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supply voltage Vipy and tow supply voltage Vi, are usually then at their high
and low voltage level, respectively. A precharge control signal ¢ecy is applied to the
gates of said precharge transistors T61, Té62.

The sense amplifier further comprises an equalization transistor T50 having
its source/drain terminats respectively cbupted to one of bit lines BL, /BL and
having its gate controlled by an egualization control signal ¢en . The equalization
transistor T50 of the circuit iltustrated in Fig. 1 is an N-MOS type transistor.

The sense amplifier further comprises two dedicated pass-gate transistors
T71, T72, the gates of which are controlled by a decoding control signal Ypee. Each
of the pass-gate transistors 171, T72 connects one of the bit lines BL, /BL to a
global bit line 10, /10, also called in~out line. The pass-gate transistors T71, T72 are
used to transfer data betwean the bit lines BL, /BL and the global bit lines 10, /10,

Although sense amplifiers are technically necessary, from an economical
point of view the sense amplifiers can be considered as service circuits of the
memory array and therefore as overhead that increases the area of the entire
circuit and thus also its cost of fabrication.

Therefore, continuous efforts are made to minimize the area consumption
of such sense amplifiers.

SHORT DESCRIPTION QF THE INVENTION

According to a first aspect of the present invention, there is provided a differential sense

amplifier for sensing data stored in a plurality of memory cells of a memory cell array,
including:

- a first CMOS inverter having an cutput connected to & first bit line and an
ihput connected to a second bit line complementary to the first bit tine,
- a second CMOS mverter having an output connected to the second bit line and
an input connected to the first bit line,
gach CMOS inverter comprising :
- a pull-up transistor having a drain and a source, and
- a pull-down transistor having a drain and a source,
the pull-up transistor and the pull-down transistor of each CMOS inverter
having a common drain,
wherein the sources of the pull-down transistors are electrically coupled and
connected to a pull-down voltage source, without an intermediate transistor
between the sources of the pull-down transistors and the pull-down voltage
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source, or the sources of the pull-up transistors are electrically coupled and

connected to a pull-up voltage source, without an intermediate transistor

between the sources of the pull-up transistors and the pull-up voltage source, and wherein the

pull-up and the pull-down transistors are multigate transistors having at least a first control gate

and a second control gate, and wherein
o the second control gates of the pull-up transistors are driven by a pull-up
second control signal,
o the second control gates of the pull-down transistors are driven by a
pull-down second control signal.

According to example embodiments:

- the differential sense amplifier is made on a semiconductor-on-insutator
substrate comprising a thin layer of semiconducting material separated from a
base substrate by an insulating layer, and wherein the second control gates are
back control gates formed in the base substrate below the insulating layer; or
- the transistors are FinFET devices with independent double gates;
- the sense amplifier further comprises an equalization transistor having a source
and a drain respectively coupled 1o one of the first and second bit iines;
- the equalization transistor is a multigate transistor having at least a first
control gate and a second control gate connected together;
- the equalization transistor is a P-MOS type transistor physically arranged
between the pull-up transistors;
- the sense amplifier has a pair of precharge transistors arranged to be
respectively coupled to said first and second bit lines so as to precharge said first
and second bit lines to a precharge voltage, wherein said precharge transistors
are constituted by the pull-up transistors or by the pull-down transistors;
- the sense amplifier has a pair of pass-gate transistors arranged to connect said
first and second bit lines to a first and a second glabal bit lines, respectively, so
as to transfer data between the first and the second bit lines and the first and
the second global bit lines, respectively, wherein

o the pass-gate transistors are constituted by the pull-up transistors,

and
o the sources of the pull-down transistors are electrically coupled

and connected to a pull-down voltage source, without an
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intermediate transistor between the sources of the pull-down
transistors and the pull-down voltage source; or
- the sense amplifier has a pair of pass-gate transistors arranged to connect said
first and second bit tines to a first and a second global bit lines, respectively, so
as to transfer data between the first and the second bit tines and the first and
the second global bit tines, respectivety, whereain
o the pass-gate transistors are constituted by the pull-down
transistors and
o the sources of the pull-up transistors are electrically coupled and
connected to a pull-up voltage source, without an intermediate
transistor between the sources of the pull-up transistors and the
pult-up voltage source;
- the sense amptifier further comprises a pair of precharge transistors wherein
the precharge transﬁ'stars are multigate transistors having at least a first control
gate and a secand control gate connected together;
- the sense amplifier further comprises a pair of pass gate transistors wherein the
precharge transistors are multigate transistors having at teast a first control gate
and a second control gate connected together,

According to a second aspect, the invention relates to a method for
controlling a sense amplifier according to the first aspect of the invention to
perform operations for pre-charging the bit lines, sensing and writing-back data
stored in a plurality of memory cells of a memory cell array, wherein to modify the
operation performed by the differential sense amplifier, the pull-up second control
signal and/or the pull-down second control signal are modified.

Preferred, although non limitative, embodiments of the method are asi
follows: ”

- during a precharge operation, a tow pull-up second control signal is applied to the
second controt gates of the pull-up transistors so that the pull-up transistors are
conducting and a low pull-down second cantrol signal is applied to the second
controt gates of the pull-down transistors so that the pull-down transistors are not
conducting; or

- during a precharge operation, a high puli-up second control signal is applied to
the second control gates of the pull-up transistors so that the pull-up transistors
are not conducting and a high pull-down second control signal is applied to the
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second controt gates of the pull-down transistors so that the pull-down transistors
are conducting;

- during a sensing operation, a high pull-down second control signal is applied to
the second control gates of the pull-down transistors so that the pull-down
transistars are cohducting and a high pull-up second control signal is apptied to the
second control gates of the pull-up transistors so that the pull-up transistors are
not conducting; or

- during a sensing operation, a tow pull-down second control signal is applied to the
second control gates of the pull-down transistors so that the pull-down transistors
are not conducting and a low pull-up second control signal is applied to the second
control gates of the pull-up transistors so that the pull-up transistors are
conducting;

- during 2 write back operation, a low pull-up second control signal is applied to
the second controt gates of the pult-up transistors so that the pull-up transistors
are conducting and a high pull-down second control signal is applied to the second
control gates of the pull-down transistors so that the puli-down transistors are
conducting;

- to perform a read operation, a high pull-down second control signal is applied to
the second control gates of the pull-down transistors so as to turn the pull-down
transistors into depletion mode; or

- to perform a read operation, a low pult-up second control signal is applied to the
second control gates of the pull-up transistors so as to turn the pull-up transistors
into depletion mode. |

According to a third aspect, the invention relates to a semiconductor
memory incorporating a memory cell array comprising at least one differential
sense amplifier according to the first aspect of the invention.

SHORT DESCRIPTION OF THE DRAWINGS

Other aspects, objects and advantages of the present invention will become

better apparent upon reading the following detailed description of preferred
embodiments thereof, given as non-timiting examples, and made with reference to
the appended drawings wherein :

- Fig. 11s a circuit diagram of a sense amplifier of the prior art;

- Figs, 2a and 2b illustrate signals that are applied to or generated within a sense
amplifier of the prior art;
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- Fig. 3 is a circuit diagram of a sense amplifier in accordance with a first
embodiment of the first aspect of the invention;

- Figs. 4a and 4b illustrate signals that are applied to or generated within a sense
amplifier according to the first embodiment;

- Fig. 5 is a circuit diagram of a sense amplifier in accordance with a second
embodiment of the first aspect of the invention;

- Figs. 6a and 6b illustrate signals that are applied to or generated within a sense
amplifier according to the second embodiment;

- Fig. 7 is a circuit diagram of a sense amplifier in accordance with a third
embodiment of the first aspect of the invention;

- Figs. 8a and 8b illustrate signals that are applied to or generated within a sense
amplifier according to the third embodiment;

- Fig. 9 is a circuit diagram of a sense amplifier in accordance with a fourth
embodiment of the first aspect of the invention;

- Figs. 10a and 10b illustrate signals that are applied to or generated within a sense
amplifier according to the fourth embodiment;

- Fig. 11 illustrates a possible topology of a sense amplifier according to the fourth
embodiment;

- Fig. 12 is a circuit diagram of the sense amptifier according to the fourth
embodiment with an equalization transisior arranged between global bit lines;

- Fig 13 illustrates a semiconductor memory in accordance with a third aspect of
the invention.

DETAILED DESCRIPTION OF THE INVENTION

The operating process of a prior art sense amplifier as iltustrated in Fig. 11s
now described. Some signals that are applied to or generated within the circuit
when a sense amptifier of the prior art is operated are ilustrated by Figs. 2a and 2b.
The depicted timing is purely illustrative,

The first operation before reading out a memory cell is equalization and
precharge. The sense amplifier is first turned off by setting the head switch control
signial gpsw to a high voltage level and the foot switch control signal ¢usw to a low
voltage level. All internal nodes of the sense amplifier become floating. Prior to
this operation, i.e before time i, the sense amplifier was operated in a latched
state providing complementary high and low supply vottages on the bit line BL and
the complementary bit line /BL, depending on the previous operation.
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Equalization is performed by applying a high voltage level to the
equalization control signal $zg to turn on the egualization transistor T50, thereby
shorting the bit lines BL, /BL and setting their voltage levels at the mean value
Veu/2. At the same time, the precharge transistors Té1, T62 are turned on through
the precharge control signal decn. In this example, the precharge transistors T61,
T62 are N-MOS type transistors; hence the precharge transistors T61, T62 are
turned on by applying a high voltage tevel to the precharge control signal ¢pcy. The
precharge voltage Vocy is Vau/2 here.

The related time interval corresponding to the equalization and precharge
operations is given by to<t<t, in Figs. 2a and 2b.

The precharge operation compensates for possible leakages or unbalances
which may result in a small deviation between the pracharge voltage Vg,/2 and the
voltage achieved at the bit lines BL, /BL through eguatization.

After equalization and precharge are completed, the precharge transistors
Té61, T2 and the equalization transistor T50 are turned off, corresponding to time
t; in Figs. 2a and 2b.

The voltage of wordline WL 15 switched to a high level Vy 50 a5 to activate
the cell access transistor Mc. The memory cell C and the bit line BL share their
charges. A varfation of the voltage appears on both the cell capacitor and the bit
line BL resulting in a vottage difference between the voltages of the bit lines BL,
/BL. The value of this variation compared to the reference voltage on the
complementary bit line /BL is given by the equation:

AV = Vg -Vyp= (Ceprr /ZC1 (Vepn-Vin/2)

in this equation, Vg, is the voltage stored on the memory capacitor and £C =Cegy +
Ca + Cin,sa CcOrresponds to the sum of the capacitances of the cell C, of the bit line
BL, and of the input capacitance of the sense amplifier Cy, .. This voltage variation
is atso a voltage difference between the bit lines BL, /BL.

Depending on whether the data initially stored in the cell C is a logic “one”
or a logic "zero”, this voltage variation AV is positive or negative, respectively. The
related time interval corresponds to ty<t<t3 in Figs. 2a and 2b.

if a logic "“one” was stored within the cell C, i.e. the voltage initially stored
within the cell C is the high suppty voltage Vi, the voltage of the bit line BL is

stightly increased and the voltage variation AV becomes positive. This situation is
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itlustrated by Fig. 2a. If a logic “zero” was stored within the cell C, i.e. the voltage
initially stored within the cell Cis Vg or GND, the voltage of the bit line BL is
slightly decreased and the voltage variation AV becomes negative. This situation is
illustrated by Fig. 2b,

AL time t;, the sensing operation is started by raising the foot switch control
signal dusy 1o a high voltage level so as to turn on the foot switch transistor T40.
The common source node of the pull-down transistors T31, T32 is thereby pulled
down to the low supply voltage Vig.my Of the pull-down voltage source. As the
voltages on the bit lines BL, /BL are respectively set to Vy/2 + AV and Vai/2, and
as these voltages are applied to the gates of the pull-down transistors T31, T32, the
pull-down transistors 731, T32 transistors are thus turned on.

The cross-coupled connection of the two pull-down transistors T31, T32
gives a higher gate voltage to the transistor with the lower drain voltage and vice
versa. A higher gate voltage sinks more current into the related transistor and pulls
down faster the corresponding drain voltage that was already tower than the other
one, The voltage difference between the two bit lines BL, /BL is thus amplified.
The related time interval corresponds te ty<t<ty in Figs. Za and 2b.

At time t4, in order to saturate the already amplified difference signal to
the full high supply voltage Vaupy, the head switch transistor T10 is turned on
through the head switch control signal esw, thereby pulling up the common source
of the pull-up transistors T21, T22 towards the high supply veltage Vigppy of the
pull-up voltage source. in the same manner as for the pull down transistors T31,
T32, the cross-coupted connection of the pull-up transistors T21, T22 gives a higher
gate overdrive voltage (in absolute value) to the transistor with the lower absolute
drain-to-source voltage and vice versa. The process is comparable to the one
described for the pull-down transistors T31, T32, but here a putl-up process is
obtained resulting in a larger voltage difference between the two bit tines BL, /BL.

The combination of both the N channel transistors related pull down process
and the P channel transistors related pull up process, leads to an amplification of
the voltage difference between the bit lines BL, /BL until full CMOS voltage levels
are reached.

in the case depicted in Fig. 2a where a logic "one" is stored within the cell C,
the voltage difference between the bit lines BL, /BL resulting from the initial
positive voltage variation AV is amplified until saturation is reached, so that the
voltage of BL equatls the high supply voltage Vuwem, while the voltage of the
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complementary bit line /BL is pulled down to the low supply voltage Vi gy In the
case depicted in Fig. Zb where a logic "zero” is stored in the cell C, the voltage
difference between the bit lines BL, /Bl resulting from the initial negative voltage
variation AV is amplified so that the voltage of said bit lines BL, /BL finally stabilize
with the voltage of the bit line BL at the level of the low supply voltage Vieppy and
the voltage of the complementary bit line /BL at the level of the high supply
voltage Viuppty.

The content of the cell C is then restored to its initial vatue as the word line
WL is still activated. The two bit lines BL and /BL are saturated at CMOS voltage
levels, aveoiding any current through the sense amplifier, These CMOS levels can be
easily transferred later to the global bit lines {0, /10 through the pass gate
transistors T71, T72 by rendering said pass gate transistors T71, T72 conducting by
means of the decoding signal Ypec. AS can be seen in Figs, 2a and 2b, the related
time interval corresponds to ty<t<is.

At time ts, in order to retain the data in the cell €, the cell access transistor
Mc is turned off by deactivating the word line WL, i.e. by applying & low voltage
tevel 1o the select signal pw,.

At time t, the foot switch transistor T40 is turned off by setting the foot
switch control signal dwsw to a low voltage level, thereby isolating the common
source node of the pull-down transistors T31, T32 from the pull-down voltage
source.

Simultaneousty, the head switch transistor T10 is also turned off by setting
the head switch control signal desw at a high voltage tevel, thereby isolating the
common source node of the pull-up transistors T21, 722 from the pull-up voltage
source. The pull-up and pull-down transistors T31, T32, T21, T2Z are thus
deactivated.

At time ty, a new cycle begins with the precharge and equalization
operations as described above.

in order to write data into the cell € or to read the data stored incell C, a
high voitage level decoding control signal Yorc 15 applied to the gates of the pass
gate transistors T71, T72 so as to turn them on.

Four embodiments of a sense amplifier according to the first aspect of the
invention and their associated operating process when controtied by a method in
accordance with the second aspect of the invention are described hereafter.
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First embodiment: no switch transistors.

As illustrated in Fig. 3, a sense amplifier according to the first embodiment
of the invention includes four transistors M21, M22, M31, M32 for the inverters,
with two additional pass-gate transistors M71, M72, two additional precharge
transistors Mé1, M&Z and one additional equalization transistor M50.

As for Fig. 1 itlustrating a prior art sense amplifier, and for simplicity's sake,
onty one word line WL and one memory cell  are shown on the ieft hand side of
the sense amplifier. The cell C is addressed by the ward line WL that controls the
gate of a cell access transistor Mc, said cell access transistor Mc connecting the
memory cell C to a bit line.

The differential sense amplifier for sensing data stored in a plurality of
memory cells C of a memory cell array according to the first embodiment
comprises:

- & first CMOS inverter having an output connected to a first bit line BL and

an input connpected to a second bit line /BL complementary to the first bit

line BL,

- a second CMOS inverter having an output connected to the second bit line

/BL and an input connected to the first bit line BL,
each CMQS inverter comprising :

- & pull-up transistor M21, M22 having a drain and a source, and

- & pull-down transistor M31, M3Z having a drain and a source,
the pull-up transistor M21, M22 and the puli-down transistor M31, M32 of each
CMOS inverter having a common drain.

In the depicted embodiment of Fig. 3, the pult-up transistors M21, MZZ are
P-MOS type transistors and the pull-down transistors M31, M32 are N-MOS type
transistors.

Differing from the prior art sense amplifier described above, the pull-up
transistors M21, M2ZZ and the pull-down transistors M31, M32 are multigate
transistors, having at least a first control gate and a second control gate capable of
being biased in order to modulate the threshold voltage of the transistor with
respect to the first control gate. For example, the first control gate may be a front
control gate and the second control gate may be a back control gate.

Whereas the transistors of the prior art sense amplifier are fabricated in
butk silicon CMOS technology, the transistors of the sense amplifier according to
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the invention are preferably fabricated in Semiconductor-On-insulator (SeGl)
technology.

Se0i transistors have a lower random threshold voltage mismatch
compared to bulk CMOS fabricated transistors. Random threshold voltage mismatch
mainly results from a voltage deviation proportional to the square root of the
active area of the transistor. Thus, the use of SeQl transistors allows the
dimensions of said transistors to be smaller than bulk-based transistors while having
an acceptable random threshotd voltage mismatch. The resutting sense amptifier
consumes less area compared o its classical bulk-based counterpart. Moreover, the
size of interconnects can be reduced thanks to smaller transistors.

in a preferred embodiment, the differential sense amplifier is made on a
semiconductor-on-insulator substrate, for instance a silicon-on-insulator substrate,
comprising a thin layer of sernviconducting material separated from a base substrate
by an insulating layer. The first control gates are front control gates and the second
control gates are back control gates formed in the base substrate betow the
insulating tayer. The transistors may be fully depieted {FD) SO! transistors.

Alternatively, the transistors of the sense amplifier are FinFET-type
transistors with independent double gates. A FinFET-type transistor consists of a
thin fin which forms the active channel and surrounding control etectrodes which
form the gates of the transistor.

As a non limiting illustration, in the following description, it will be referred
to pull-up and pull-down transistors each having a front control gate and a back
control gate. As a conseguence, the first control gate of each pull-up and putt-down
transistor 15 a front control gate, and the second control gate of each pult-up and
pull-down transistor is a back controt gate. Accordingly, the pull-up second control
signal 15 a pull-up back gate control signal and the pult-down second control signal
is a pull-down back gate control signal.

Turning back to Fig. 3, the back control gates of the pull-up transistors M21,
MZ2 are connected to a common pullt-up back control gate on which a pull-up back
gate control signal éess is applied. The pull-up back gate control signal desg can
take voltage values within a range comprised between a low voltage level Vpgg and
a high voltage level Veggn.

The back control gates of the pull-down transistors M31, M32 are connected
to a common pull-down back control gate to which a pull-down back gate controt

signal dnsg 1S applied. The pull-down back gate control signal ¢nec Ccan take voltage
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values within a range comprised between a low voltage level Vygg and a high
voitage level Viggn.

The sense amplifier further comprises a pair of precharge transistors Mé1,
M62 coupled to the first bit line BL and to the second bit line /BL, respectively, and
arranged to precharge the first and second bit tine BL, /BL {o a precharge voltage
Vecn, usually at the mean value between the high supply voltage Vg, and the low
supply voltage Vigppy- This mean value is usually half the high supply voltage Vi
high value, i.e. Vpu/2, since the low voltage ievel Vg, of the low supply voltage
Visuply 15 Used as a reference for the other voltagss, f.e. Vg = 0, and the high
supply voltage Vigppy and the low supply voltage Vi are usually then at their
high and low voltage level, respectively. A precharge control signal ¢ecy is applied
to the gates of said precharge transistors Mé61, Mé2.

A sense amplifier must be turned off to avoid any conflict between the
normal sensing operation and the equalization and precharge operations themselves.
This is performed within state-of-the-art sense amplifiers by turning off the head
and foot switch transistors T10, T40.

According to the invention, the switch transistors T10, T40 of Fig. 1 are
omitted and the sense amptifier turning off operation is performed by rising the
threshold voltages (in absolute vaiues for the P channels) of the pull-up and pull-
down transistors M21, M22, M31, M32 so that said transistors are not in a conducting
state for the voltages applied during the precharge operation. The threshold
voltages of the pull-up and pull-down transistors M21, M22, M31, M32 with respect
to their front control gates are raised by means of their respective back control
gates. Under such conditions, all four transistors are switched off, i.e. rendered
biocking, for all possible combinations of voltages on the bit lines BL and /BL.

it shall be noted that it is possible to suppress only one of the switch
transistors T1¢, T40, although both switch transistors are preferably omitted. The
invention is described accordingly.

The sources of the pull-up transistors MZ1, M22 are directly connected to a
pull-up voltage source providing a high supply voltage Vuwesy, without an
intermediate transistor between the sources of the pull-up transistors M21, M22 and
the pull-up voltage source. Comparing with the afore-described prior art sense
amplifier, the head switch transistor T10 is omitted, thereby resulting in a more
area efficient sense amplifier,
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The sources of the pull-down transistors M31, M32 are directly connected to
a pull-down voltage source providing a low supply voltage Vi, without an
intermediate transistor between the sources of the puli-down transistors M31, M32
and the pull-down voltage source. Comparing with the afore-described prior art
sense amplifier, the foot switch transistor T40 is omitted, thereby resuvlting in a
more area efficient sense amplifier.

Further, two transistors instead of four transistors are connected in series
between the pull-up voltage source and the pull-down voltage source, thereby
relaxing the constraints in terms of voltage relationships.

The equalization can occur through the equalization transistor M50 as in
case of the state-of-the-art circuit. In order to compensate possible leakages or
unbalances which may result in a small deviation between the desired precharge
voltage and the voltage achieved at the bit tines BL, /BL through egualization, a
precharge operation is alsc performed through the precharge transistors M61 and
M2 as in case of the state-of-the-art circuit described before,

The sense amplifier of Fig. 3 further comprises two pass-gate transistors M71,
M72, whose gates are controlled by a decoding control signal Ype, said pass-gate
transistors M71, M72 connecting the first and second bit lines BL, /BL, respectively,
to first and second global bit tines 10, /10, respectively. The pass-gate transistors
M71, M72 are used to transfer data between the first and second bit tines BL, /BL
and the first and second global bit lines 10, /10, respectively.

The first and second global bit lines 10, /10 are connected to a further signal
processing circuit (not shownj, usually referred to as a secondary sense amplifier
{SSA}, for processing the data.

The equalization transistor M30, the precharge transistors M61, M6Z and the
pass-gate transistors M71, M72 in Fig. 3 are not explicitly shown as SO! devices with
back control gates. Being part of an 50! integrated circuit, they are preferably
realized as SO transistors as well. They can be multigate transistors having at teast
a first control gate and & second control gale capable of being biased in order to
modulate the threshold voltage of said transistor with respect to their first control
gate.

The equalization transistor M50, the precharge transistors M61, Mé62 and the
pass-gate transistors M71, M72 can be made on a semiconductor-on-insulator
substrate comprising a thin layer of semiconducting material separated from a base
substrate by an insutating tayer, wherein the second control gates are back controt
gates formed in the base substrate below the insulating layer.



10

15

30

15

Their respective back control voltages are then chosen at vaiues that allow
their operations to be performed. Optionally, their respective back control gates
and their respective front control gates may also be connected together to achieve
increased transconductance, resulting in faster equalization, precharge and
decoding for the sense amptifier.

Operating Process of a sense amplifier without switch transistors

The operating process of a sense amplifier as illustrated in Fig. 3 is now
described. Signals that are applied to or generated within the sense amplifier are
illustrated in Figs. 4a and 4b. The depicted timing is purely ftlustrative,

As the function is built of complementary N-MOS and P-MOS transistors, all
subfunctions of the sense amplifier can be swapped from the N-MOS to P-MOS side
and vice versa. For instance it is possible to precharge or equilibrate the bit lines
BL, /BL with P channel devices, or with N channel devices. Sensing may also be
performed by the pull-up transistors M21, M22 or by the pull-down transistors M31,
M32. in the illustrated process, sensing occurs through the putl-down transistors
M31, M32 connected to the low pull-down voltage source providing a low supply
voltage Visupply

Before time ty, the sense amplifier is operated in a latched state providing
complementary high and tow supply voltages to the first and second bit lines BL,
/BL, depending on the previous operation.

At time g, the pull-up back gate control signal éesc is raised to high voltage
tevel Vegen 50 that the pull-up transistors M21, M2Z are turned off. Simultaneousty,
the pull-down back gate control signal gusg 15 lowered to a low voltage level Vigg 50
as to turn off the pull-down transistors M31, M32.

At time t,, equalization is performed by applying a high voltage level to the
equalization control signal e to turn on the equalization transistor M50, thereby
shorting the bit tines BL, /BL and setting their voltage levels at the mean value
Vau/2.

At the same time, the precharge transistors M61, M62 are turned on through
the precharge control signal ¢gcs. The bit lines BL, /BL are thereby connected to
the precharge voltage Vecw, Set at Vaw/2. The related time interval corresponds to
tect<t; in Figs. 4a and 4b. The precharge operation compensates for possible
leakages or unbalances which may result in a small deviation between the desired
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precharge voltage Vecn at Van/2 and the voltage achieved at the bit lines BL, /BL
through equalization.

At time t;, after equalization and precharge are completed, the equalization
transistor M50 and precharge transistors M&61, M62 are turned off by means of the
equalization control signat ¢eq and the precharge control signal ¢ecn, respectively.

At time t3, the select signal ¢w applied to the word line WL is set at a high
level V4 50 as to activate the cell access transistor Mc. The memory cell C and the
first bit line BL share their charges. A voltage variation variation AV appears on the
first bit line BL, resulting in a voltage difference between the first bit line Bl and
the second bit line /BL. The value of this voltage variation AV depends on the data
initially stored in the cell C in the same manner as previously described for the
prior art circuit.

Depending on whether the data initially stored in the cell C i5 a logic "one"
or a logic "zerg”, this voltage variation AV is positive or negative, respectively, The
related time interval corresponds 1o t3<i<ty in Figs. 4a and 4b.

If a logic “one” was stored within the cell C, i.e. the voltage initially stored
within the cell C is the high supply voltage Vugpy, the voltage of the first bit line
BL is stightly increased. This situation is illustrated by Fig. 4a. If a logic “zero” was
stored within the cell C, i.e. the voltage initially stored within the cell C is the low
supply voltage Vigeow. the voltage of the first bit line BL is slightly decreased. This
situation is illustrated by Fig. 4D.

At time {4, the pull-down back gate control signal gwee 15 raised to a high
voltage level Vusgn that turns on the two pull-down transistors M31, M32. The
voltage difference is then amplified by the two pull-down transistors M31, M32 in a
similar manner as in the case of the prior art sense amplifier using bulk CMOS
technology, The related time interval corresponds to ty<t<ts in Fig. 4a and 4b.

At time ts, in order to saturate the already amplified difference signal to
the full high voltage tevel Vg, of the high supply voltage Vageny provided by the
putl-up voltage source, the pull-up back gate control signal ¢pas is lowered to a low
voltage level Vpgg turning on the pull-up transistors M21, M22.

The combination of the respective actions of the pull-down transistors M31,
M32 and the pull-up transistors M21, M22 saturates the sense amplifier and sets the
bit lines BL, /BL to the respective voltages of the pull-up voltage source and the
puli-down voltage source according to the initial vatlue of the voltage variation AV
(positive or negative).



7

10

15

20

30

in the case depicted in Fig. 4a where a logic "one" is stored within the cell C,
a positive initial voltage variation AV on the first bit line BL is amplified up to the
saturation at the high supply voltage Vi, provided by the pull-up voltage source
while the second bit line /BL is pulled down to the low supply voltage Vispmy
provided by the pull-down voltage source. in the case depicted in Fig. 4b where a
logic "zerg" is stored in the cell C, the initial negative voltage variation AV on the
first bit line BL s pulled down to the low supply voltage Vi, provided by the
putl-down voltage source while the second bit line /BL 15 saturated up to the high
supply voltage Vagppy provided by the pull-up voltage source,

The cantent of the cell € is then restored to its initial value as the word line
WL is still activated. The data is hence written back into the memory cell C. The
two bit lines BL and /BL are saturated at CMOS voltage levels, avoiding any current
through the sense amplifier. These CMOS voltage levels can be easily transferred
later to the global bit lines 10, /0 through the pass gate transistors M71, M7Z by
rendering said pass gate transistors M71, M72 conducting by means of the decoding
signal Ypec.

As can be seen in Figs. 4a and 4b, the related time interval corresponds to
To<tc<ty.

At time t,, in order to retain the data in the memory cell C, the cell access
transistor Mc is turned off by deactivating the word line WL, i.e. by setting the
select signal ¢w, at 2 low voltage level V.

In order to write data into the cell C or to read the data storedincell C, a
high voltage tevel decoding control sighal Ypee is applied between time t; and time
t¢ to the gates of the pass gate transistors M71, M72 so as to turn them on. The
voltage corresponding to the data to be written are applied to the global bit lines
10, /10,

At tp, a hew cycle starts by toggling the puli-down back gate control signal
énps and the pull-up back gate control signal dpgg In order to turn off the sense
amplifier. At time ty, the equalizafion control signal ¢zo. and precharge control

signal ¢pegare starting a new equalization and precharge operation.

As atready mentioned, the sensing operation can be performed by the pull-
up transistors M21, M22 instead of the pull-down transistors M31, M3Z. in that case,
the following back gate control signal patterns are applied to the puli-down
transistors M31, M32 and to the pull-up transistors M21, MZ2. During the sensing
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operation, i.e, between t, and {;, the pull-up back gate control signal ¢ppc is set at
a low voltage level Vegg 50 as to turn on the pull-up transistors M21, M22, while the
pull-down back gate control signal ¢npe is kept at a low voltage level Ve SO as to
keep the pull-down {ransistors M31, M32 in the off state. The other operations are
performed by the control signals already described.

Second embodiment: no switch transistors and no dedicated precharge transistors

As illustrated in Fig. 5, a sense amplifier according to a second embodiment
of the invention includes four transistors M21, M22, M31, M32 for the inverters,
with two additional dedicated pass-gate transistors M71, M72 and one additional
equalization transistor M50,

The second embodiment is similar to the first embodiment except for the
further absence of dedicated precharge transistors. Therefore, only the differences
between the two embodiments are described.

Compared to the first embodiment, the precharge operation is performed by
the pull-up transistors M21, M22 or by the pull-down transistors M31, M32. Hence
the precharge transistors are constituted by the pull-up transistors M21, M22 ot by
the pull-down transistors M31, M32. Dedicated precharge transistors Mé1, M62 as
shown in Fig. 3 are thus omitted in this second embodiment, so is the

corresponding precharge control signal decy-

Operating Process of a sense amplifier without switch transistors and without

dedicated precharge transistors

The operating process of a sense amplifier as illustrated in Fig. 5 is now
described. Signals that are applied to or generated within the sense amplifier are
Hllustrated by Figs. 6a and 6b. The depicted timing is purely illustrative. Fig. 6a
illustrates the case when a togic "one" is initially stored in the cell C, and Fig. 6b
itlustrates the case when a togic "zero” is initially stored in the celt C.

Only the differences with the operating process of the first embodiment are
described. Further, since the precharge transistors are preferably the putl-up
transistors M21, M22, the operating process is described with the pull-up transistors
M21, W22 as precharge transistors. ‘

Compared to the operating process of the first embodiment, the precharge
operation is performed by the pull-up transistors M21, M22. Therefore at fime t,,
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the high supply voltage Vageoy of the pull-up voltage source is lowered to a chosen
precharge level, typically Van/2, and both pull-up transistors M21, M22 are turned
to deptletion mode by setting the pull-up back gate controt signal ¢esc to a low
voltage level Vg . The pull-up transistors M21, M22 are thereby turned on, which
allows the charge transfer from the pull-up voltage source to the bit lines BL, /BL.
This operation sets the bit lines BL, /BL at Vpu/2.

At time t; after equalization and precharge operations are completed, the
pult-up back gate control signal ¢eec 15 raised to a high voltage level Veggu 50 a5 to
turn off the pult-up transistors M21, M22. The pull-up voltage source is set back to
its high voltage level V.

The other operations are performed in the same manner as for the first
embodiment, until a new precharge operation begins at time t..

As already mentioned, the precharge operation can be performed by the
putl-down transistors M31, M32 instead of the pull-up transistors M21, M22. in that
case, the following back gate control signal patterns are applied to the putl-down
transistors M31, M32 and to the pull-up transistors M21, M22. During the precharge
operation, i.e. between t, and t;, the pull-down back gate control signal dwss 15 5et
at a high voltage level Ve 30 as to turn on the pull-down transistors M31, M32,

‘while the pull-up back gate control signal ¢y is set at a high voltage tevel Vegon S0

as to turn off the pull-up transistors M21, MZ2.

Moreover, the low supply voltage Vi provided by the pull-down voltage
source is raised to the desired precharge voltage so as to precharge the bit lines BL,
/BL at the precharge level, typically Van/2. The low supply voltage Vi s 5t at
the precharge {evel Vyu/2 between t; and t; and is otherwise kept at a low voltage

level Vg,

The other operations are performed by the control signals already described.

Third embodiment: no switch transistors and no dedicated pass-gate transistors

As illustrated in Fig. 7, a sense amplifier according to a third embodiment of
the invention includes four transistors M21, M22, M31, M32 for the inverters, with
two additional dedicated precharge transistors Mé1, M6Z and one additional
equalization transistor M50,
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The third embodiment is simitar to the first embodiment except for the
further absence of dedicated pass-gate transistors. Therefore, only the differences
between the two embodiments are described.

Compared to the first embodiment, the read operation is performed by the
pult-up transistors M21, M22 or by the pull-down transistors M31, M32. Hence the
pass-gate transistors are constituted by the pull-up transistors M21, M22 or by the
pult~-down transistors M31, M32. Dedicated pass-gate transistors 771, T72 as shown
in Fig. 1 are thus omitted in this third embodiment, so is the corresponding
decoding control signal Ypec. The pass-gate transistors constituted by the pull-up
transistors M21, M22 or by the pull-down transistors M31, M32 are arranged to
connect the first and second bit lines BL, /BL to the first and second global bit lines
10, /10, so as to transfer data between the first and the second bit lines BL, /BL
and the first and the second global bit lines 10, /10, respectively.

As shown in Fig. 7, the sources of the pass-gate transistors, here the pull-up
transistors M21, M22, are directly connected to the first and a second global bit
lines 10, /10, respectively. The first and a second global bit tines 10, /10 then act as
a pull-up voltage source.

Should the pass-gate transistors be constituted by the pull-down transistors
M31, M32 instead of the pull-up transistors M21, M22, the puli-down transistors M31,
M32 wauitd be directly connected to the first and the second global bit lines 10, /10,
respectively, and the pull-up transistors M21, M22 would be connected to a pull-up
voltage source providing a high supply voltage Vagpoy Similar 1o the previously
described embodiments. The first and a second global bit tines 1Q, /10 would then
act as a pull-down voltage source.

Operating Process of a sense amplifier without switch transistors and without

dedicated pass-gate transistors

The operating process of a sense amplifier as illustrated in Fig. 7 s now
described. Only the differences with the operating process of the first embodiment
are described. Further, since the pass-gate transistors are preferably the pult-up
transistors M21, M22, the cperating process is described with the putl-up transistors
M21, M22 as pass-gate fransistors.

Signals that are applied to or generated within the sense amplifier are
illustrated by Figs. 8a and 8b. The depicted timing is purely illustrative. Fig. Ba
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illustrates the case when a logic “one" is initially stored in the cell C, and Fig 8b
illustrates the case when a logic "zere” is initially stored in the cell C,

Compared to the operating process of the first embodiment, the pass gate
transistors are constituted by the pull-up transistors M21, M2Z. The operating
process before the read operation, for exampte for performing precharge,
equalization, sensing ..., are unchanged compared to the operating process in the
first embodiment, The signals may be the same for the time intervals between ¢,
and t,.

The global bit lines 10, /10 are usually set at the high voltage level Vyy of
the pull-up voltage source. However, the global bit lines {0, /10 can be lowered
down o the precharge voltage, e.g. Vaw/2, during the precharge operation, i.e.
between t; and t;, to assist turning off the pull-up transistors M21, M22.

The other operations are performed in the same manner as for the first
embodiment with the global bit lines 10, /10 acting as the pull-up voltage source
providing the high supply voltage Vigppy 0 the first embodiment, until time .

At time {, the word tine WL is deactivated, i.e. the select sighal ¢w 1s set
at low level Vyy, and the cell access transistor Mc is thus turned off. The cell
content is protected and the sense amplifier can be addressed.

Also at time t,, the two global bit lines 10, /10 are kept at a high voltage
level, typically at or somewhat below Vg, but are turned to a higher impedance
than their previous impedance, for example by means of the so-calied secondary
sense amplifier (not shown).

Two read operations performed by the sense amplifier are depicted by Figs.
8a and 8b. The first read operation occurs between t, and t;, the second read
operation occurs between t, and ts. However, the sense amptifier can perform
read operations as many times as necessary.

At time t,, after i, the pull-down back gate control signal ¢nge 1S Set to a
voltage {evel higher than its previous high volttage level Viggn. This higher voltage
level is able to turn both pull-down transistors M31, M32 to depletion mode.

Since one of the bit lines BL, /BL is at the high voltage Vi of the pull-up
vpltage source constituted by the global bit lines 10, /10, whereas the other bit line
BL, /BL is at the low voltage Vg of the tow supply voltage Visemy, one of the pull-
up transistor M21, M22 has a iow voltage level applied to its front gate whereas the
ather has a high voltage tevel applied to its front gate.
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Since the pull-up transistors M21, M22 are in the enhancement mode, the
pull~up transistor with a low voltage level on its front gate is in the on state, while
the other pull-up transistor is in the off state.

If the voltage of the first bit line BL is at the high voltage level Vyy, and the
voltage of the second bit tine /BL is at the low voltage level Vg, i.e. if the
accessed cell stores a logic “one”, the pull-up transistor M21 with its front gate
connected to the second bit line /BL would be conducting and the other pull-up
transistor M22 woutd be off,

if the voltage of the first bit line BL is at the low voltage level Vg, and the
voltage of the second bit line /BL is at the high voltage level Vuy, i.e. if the
accessed cell stores a logic "zero”, the pull-up transistor M22 with its front gate
connected to the first bit line BL would be conducting and the other pull-up
transistor M2t would be off.

With both pull-down transistors M31, M3Z in depletion mode and one of the
putl-up transistors M21, MZZ in the on state, a current flows either through the first
global bit line 10 or the second bit line /IO, depending on which one of the pull-up
transistors MZ1, M22 is conducting,

As itlustrated by Figs. 8a and 8b between t, and tp and between t, and t,
this current generates a voltage drop associated with the global bit tine through
which the current flows. Said voltage drop is detected by the secondary sense
amplifier {not shownj and indicates the data stored in the memory cell C. If a logic
"one” is stored in the cell C, the voltage drop is associated with first global bit line
10. 1f a logic "zero" is stored in the cell C, the voltage drop is associated with the
second global bit tine /10.

An alternate solution wherein the differential signal 15 based on electric
current consists in keeping the first and second global bit lines 10, /10 at low
impedance and in detecting the current flowing through the global bit tines.

After ty, at time ty, a new cycle starts by toggling the pull-down back gate
control signal dupsand the pull-up back gate control signal ¢pacin order to turn off
the sense amptifier. The global bit lines 10, /10 are turned to their initial low
impedance. New egualization and precharge operations are started.

Writing data into the cell C is done by applying the desired signal to the
giobal bit tines 10, /10 when the pull-up transistors M21, M22 are conducting, e.¢.
between ts and 1. This can be during a dedicated cycle or within the previousty
described cycle.
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As already mentioned, the pass-gate transistors can be the pull-down
transistors M31, M32 instead of the pull-up transistors M21, M22. In that case, the
following back gate control signal patterns are applied to the pull-down transistors
M31, M32 and to the pull-up transistors M21, MZ2. During the read operations, i.e.
between 1, and ts or between ty and tp, the pull-up back gate control signal desg 15
set to a voltage level lower than its previous low voltage level Vige . This lower
voltage level is able to turn both pull-up transistors M21, M22 to depletion mode.

As the sources of the pull-down transistors M31, M32 are connected to the
global bit lines 10, /10, the global bit lines are usually at a {ow voltage level Vg
acting as the low supply voltage, and the current flowing through one of the global
bit tines 10, /10 generates & voltage rise associated with said global bit line and
detected by the secondary sense amplifier. The other operations are performed by
the control signals already described.

Fourth embodiment: no switch transistors, no dedicated precharge transistors and
no dedicated pass-gate transistors

As illustrated in Fig. 9, a sense amplifier according to the fourth
embodiment of the invention includes four transistors M21, M22, M31, M32 for the
inverters and one additional equalization transistor M50.

The sense amplifier of Fig. 9 comprises:

- a first CMOS inverter having an output connected to a first bit line BL and

an input connected to a second bit line /BL complementary to the first bit

line BL,

- a second CMOS inverter having an output connected to the second bit line

/BL and an input connected to the first bit line BL,
each CMQS inverter comprising :

- a pull-up transistor M21, M22 having a drain and a source, and

- a pull-down transistor M31, M32 having a drain and a source,
the pull-up transistor M21, M22 and the pull-down transistor M31, M32 of sach
CMOS inverter having a common drain.

In the depicted embodiment of Fig. 9, the pull-up transistors M21, M22 are
P-MOS type transistors and the pull-down transistors M31, M32 are N-MOS type
fransistors.

Differing from the sense amptifier of Fig. 1, the pull-up transistors M21, M22
and the pull-down transistors M31, M32 are multigate transistors, having at least a

first and a second control gate capable of being biased in order to modulate the
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threshold voltage of the transistor with respect to the first control gate. For
example, the first control gate may be a front control gate and the second control
gate may be a back control gate.

Whereas the transistors of the prior art sense amplifier are fabricated in
butk siticon CMOS technology, the transistors of the sense amplifier according to
the invention are preferably fabricated in Semiconductor-On-Insulator (SeOl)
technology.

SeQl transistors have a tower random threshold voltage mismatch compared
to bulk CMOS fabricated transistors. Random threshold voltage mismatch mainty
results from a voltage deviation proportional to the square root of the active area
of the transistor. Thus, the use of SeOl transistors aliows the dimensions of said
transistors 1o be smaller than bulk-based transistors while having an acceptable
random threshold voltage mismatch. The resutting sense amplifier consumes less
area compared to its classical bulk-based counterpart. Moreover, the size of
interconnects can be reduced thanks to smaller transistors.

In a preferred embodiment, the differential sense amplifier is made on a
semiconductor-on-insulator substrate, for instance a silicon-on-insulator substrate,
comprising a thin layer of semiconducting material separated from a base substrate
by an insulating layer. The first controt gates are front control gates and the second
control gates are back control gates formed in the base substrate below the
insulating layer. The transistors may be fully depleted (FD) SOi transistors.

Alternatively, the transistors of the sense amplifier are FinFET-type
transistors with independent double gates. A FinFET-type transistor consists of a
thin fin which forms the active channel and surrounding controt electrodes which
form the gates of the transistor.

As a non limiting illustration, in the following description, it will be referred
to pult-up and pull-down transistors each having a front control gate and a back
control gate. As a consequence, the first control gate of each pull-up and pull-down
transistor is a front control gate, and the second control gate of each pull-up and
pull-down transistor is a back control gate. Accordingly, the pull-up second control
signal is a pull-up back gate controt signal and the puli-down second controt signal
is a pull-down back gate control signal,

Turning back to Fig. 9, the back control gates of the pull-up transistors M21,
M22 are connected to a common pull-up back control gate on which a pull-up back

gate control signal desg is applied. The pull-up back gate controt signal ¢psc can
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take voltage values within a range comprised between a low voltage tevel Vegg and
a high voltage level Veggu.

The back control gates of the pull-down transistors M31, M32 are cannected
to a common pull-down back control gate to which a pull-down back gate controt
signal ¢upe is applied. The pull-down back gate controt signal ¢uge can take voltage
values within a range comprised between a low voltage level Vige. and a voltage
tevel higher than a high voltage tevel Vyggn.

A sense amplifier must be turned off to aveid any conflict between the
normal sensing operation and the equalization and precharge operations themsetves.
This is performed within state-of-the-art sense amplifiers by turning off the head
and foot switch transistors T10, T40.

According to the invention, the switch transistors T10, T40 of Fig, 1 are
omitted and the sense amptifier turning off operation is performed by rising the
threshold voltages (in absolute values for the P channels) of the pull-up and pull-
down transistors M21, MZ2, M31, M32 so that said transistors are not in a conducting
state for the voltages applied during the precharge operation. The threshold
voltages of the pull-up and pull-down transistors M21, M2Z, M31, M32 with respect
to their front control gates are raised by means of their respective back control
gates. Under such conditions, all four transistors are switched off, i.e. rendered
blocking, for all possibte combinations of voltages on the bit lines BL and /BL.

it shall be noted that it is possible to suppress onty one of the switch
transistors 710, T40, although both switch transistors are preferably omitted. The
invention is described accordingly.

The sources of the pull-up transistors M21, M22 are directly connected to a
first and a second global bit lines 10, /10 without an intermediate transistor. The
global bit lines 10, /10 act as the pull-up vottage source for the pull-up transistors.
Consequently, the voltage of the global bit lines 10, /IO act as the high supply
voltage provided by the pull-up voltage source. Comparing with the afore-described
prior art sense amplifier, the head switch transistor T10 is omitted, thereby
resutting in a more area efficient sense amptifier.

The sources of the pull-down transistors M31, M32 are directly connected to
a pull-down voltage source providing a low supply voltage Viupy, without an
intermediate transistor between the sources of the pull-down transistors M31, M32

and the pull-down voltage source. Comparing with the afore-described prior art
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sense amplifier, the foot switch transistor T40 is omitted, thereby resulting in a
more area efficient sense amplifier,

Further, two transistors instead of four transistors are connected in series
between the pull-up voltage source and the pull-down voltage source, thereby
relaxing the constraints in terms of voltage relationships between the transistors.

Equalization can occur through the equalization transistor M50 as in case of
the state-of-the-art circuit. in order to compensate possible teakages or unbalances
which may result in a small deviation between the desired precharge voltage and
the voltages achieved at the bit lines BL, /BL through the equalization, a precharge
operation is also performed by the pull-up transistors M21, M22 or by the pull-down
transistors M31, M3Z.

Hence the precharge transistors are constituted by the pull-up transistors
M21, M2Z or by the pull-down transistors M31, M32. Dedicated precharge transistors
Té1, T62 and the corresponding precharge control signal ¢y as shown in Fig. 1 are
thus omitted.

Compared to a prior art sense amplifier, the read operation is performed by
the pull-up transistors M21, M22 or by the pull-down transistors M31, M32. Hence
the pass-gate transistors are constituted by the pull-up transistors M21, M22 or by
the pull-down transistors M31, M3Z. Dedicated pass-gate transistors 771, T72 as
shown in Fig. 1 are thus omitted in this fourth embodiment, 50 is the corresponding
decoding control signal Yoec. The pass-gate transistors constituted by the pull-up
transistors M21, M12 or by the pull-down transistors M31, M32 are arranged to
connect the first and second bit lines BL, /BL to the first and second glohal bit lines
10, 710, so as to transfer data between the first and the second bit lines {BL, /BL)
and the first and the second global bit lines 10, /10, respectively.

Further, since the pass-gate transistors are preferably the pull-up transistors
M21, MZ2, the fourth embodiment is described with the pull-up transistors M21,
M22 as pass-gates transistors and thus connected to the global bit lines 10, /10.

it shall be noted that should the pass-gates transistors be constituted by the
pull-down transistors M31, M32, the pull-down transistors M31, M3Z would be
connected {o the global bit lines 10, /IC instead.

The global bit lines 1Q, /10 are connected to a further signal processing
circuit {not shown), usually referred to as a secondary sense amplifier (SSA), for
processing the data. The secondary sense amplifier is in particular used for

detecting and exploiting a differential signal generated on the global bit lines (O,
/10 during read operations.
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The equalization transistor M50 in Fig. 9 is not explicitly shown as SOI device
with back control gates. Being part of an SO! integrated circuit, the equalization
transistor M50 is preferably an SOI transistor as well,

The equalization transistor M50 can be made on a semiconductor-on-
insulator substrate comprising a thin layer of semiconducting material separated
from a base substrate by an insulating layer, wherein the second control gates are
back controt gates formed in the base substrate below the insulating layer. s back
control voltage is then chosen at a value that allows its operation to be performed.
Optionally, its back control gate and its front control gate may alsoc be connected
together to achieve an increased transconductance, resulting in a faster
equalization for the sense amplifier.

Operating Process of a sense amplifier without switch transistors. no dedicated

precharge transistors, nor dedicated pass-gate transistors

The operating process of a sense amplifier as illustrated in Fig. 9 is now
described. Signals that are applied to or generated within the sense amplifier are
jllustrated by Figs. 10a and 10b. The depicted timing is purety illustrative.

The preferred operating process of the sense amplifier s shown in Figs. 10a
and 10b. As the function is built by means of complementary N-MOS and P-MOS
transistors, all subfunctions of the sense amptifier can be swappad from the N-MOS
to the P-MOS side and vice versa. For instance it is possible to precharge or
equilibrate the bit tines BL, /BL with P channel devices or with N channel devices.
Sensing may also be performed by the pull-up transistors M21, M22 or by the pull-
down transistors M31, M3Z. In this illustrated process, sensing occurs through the
pull-down fransistors M31, M3Z connected to the pull-down source voltage
providing a low supply voltage Vispsy-

At time i, the pull-down back gate control signal owg is lowered o a low
voltage tevel Vigg 50 a5 to turn off the putl-down transistors M31, M32 and the pull-
up back gate control signal degg Is 5et to a low voltage lével VegoL SO that the pull-up
transistors M21, M22 are turned to depletion mode. The pull-up transistors M21,
M22 are thus turned on.

Optionally, the pull-up transistors M21, M22 and the pull-down transistors
M31, M32 can be turned off before t, for example at tp, in order to be sure that

they are turned off before the equalization and precharge operations start.
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Also at time t;, the equalization control signal ¢gq 15 raised to a high level to
turn on the equalization transistor M50 in order to initialize the equalization as
previously described.

Sirnultaneously, the global bit line signals &, ¢ are set to a desired
precharge voltage, typically Vyu/2. The bit lines BL, /BL are thereby set to the
precharge voltage, here Vgu/2. The related time interval corresponds to ty<t<t; in
Figs. 10a and 10b. '

At time t,, after equalization and precharge operations are completed, the
equalization transistor M50 is turned off by setting the equalization control signal
beqe at a low level and the pull-up transistors M21, M22 are turned off by setting the
pull-up back gate control signal gese at a high voltage tevel Vpggn.

The global bit Lines 10, /10 are set back to a high voltage tevel, typically Vau.

At time t3, the select signal ¢y applied to the word line WL is set at a high
tevel Vi 50 as 1o activate the cell access transistor Mc. The memory cell C and the
first bit line BL share their charges. A voltage variation AV appears on the first bit
line BL, resulting in a voltage difference between the first bit tine BL and the
second bit line /BL. The value of this voltage variation AV depends on the data
initiatly stored in the cell C in the same manner as previously described for the
prior art circuit.

Depending on whether the data initially stored in the cell C is a logic "one”
or a logic "zero”, this voltage variation AV is positive or negative, respectively. The
related time interval corresponds to ty<t<ty in Figs. 10a and 10b,

if a logic “one"” was stored within the cell C, i.e, the voltage initially stored
within the cell C is at the high voltage level Vg of the voltage of the pull-up
voltage source constituted by the global bit tines IO, 7iC, the voltage of the first bit
tine BL is slightly increased. This situation is iliustrated by Fig. 10a. If a logic “zero”
was stored within the cell C, i.e. the voltage initially stored within the cell C is at
the low voltage level Vg of the supply voltage Vi, provided by the pull-down
voltage source, the voltage of the first bit line BL is slightly decreased. This
situation is illustrated by Fig. 10b.

At time t,, the pull-down back gate control signal bwps is raised to a high
voltage level Vigee that turns on the two pull-down transistors M31, M32. The
voltage difference between the bit lines BL, /BL is then amplified by these two
putl-down transistors M31, M32 in a similar manner as for the state-of-the-art case.
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At time ts, the pull-up back gate control signal ¢ is lowered to an
intermediate voltage level Vpgg that turns on the pull-up transistors M21, M22 but
keeps them in the enhancement mode. The combination of the respective
actions of the pull down transistors M31, M32 and the pull-up transistors M21, M22
saturates the sense amplifier and set the respective voltages of the bit tines BL,
/BL to the high voltage level Vg, of the pull-up voltage source and the {ow voltage
tevel Vg of the pull-down voltage source according to the initial value of the
voltage variation AV {positive or negative). The operation is similar to the prior art
case.

If a logic “one” was stored within the cell C, i.e. the voltage initially stored
in the cell Veg is at the high voltage level Vg, the voltage of the first bit line BL is
pulled up to the high voltage level Vg of the global bit lines 10, /10 white the
voltage of the second bit line /BL is decreased to the low voltage level Vg, of the
low supply voltage Visgny. This situation is itlustrated by Fig. 10a.

If a logic “zero” was stored within the cell , i.e. the voltage initially stored
in the cell Ve corresponds to the low supply voltage Vi, the voltage of the
first bit line BL is putled down to the low supply voltage Vi, while the voltage of
the second bit line /BL s pulled up to the high voltage level Vi of the global bit
tines 10, /10. This situation is illustrated by Fig. 10b.

The corresponding time interval in Figs. 10a and 10b is ts<t<t..

The content of the cell C is then restored to its initial value as the word line
WL is still activated and thus the cell access transistor Mc is still conducting,
thereby connecting the memory cell € to the sense amplifier through the first bit
tine BL. The two bit lines BL and /BL are saturated at CMOS voltage levels, avoiding
any current through the sense amplifier. The data is thus written back into the
meamory cell C.

At time 15, the word line WL is deactivated, {.e. the select signal ¢y is set
at low level Vy,, and the cell access transistor Mc is thus turned off. The cell
content is protected and the sense amplifier can be addressed.

Read operations are performed by generating differential signals an the
global bit lines 10, /10, said sighals being exploited by the secondary sense
amptlifier according to the characteristics of said secondary sense amptifier in order
to read data. For example, if the secondary sense amplifier sets the global bit tines
10, 710 at relatively high impedance, the differential signal is a voltage drop
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associated with one of the global bit lines. This is the exampie described hereafter
and illustrated by Figs. 10a and 10b.

Alternatively, if the secondary sense amplifier sets the global bit lines 10,
/10 at low impedance, the differential signal is a current flowing through one of
the global bit lines.

Therefore, in the depicted example, at time t; the two global bit lines 10,
/10 are kept at a high voltage level, typically at or somewhat below Vg, but are
turned to a higher impedance than their previous impedance, for exampte by
means of the so-calied secondary sense amplifier (not shown}.

Two read operations performed by the sense amplifier are depicted by Figs.
10a and 10b. The first read operation occurs between t, and tg, the second read
operation occurs between t, and ty. However, the sense amplifier can perform
read operations as many times as necessary.

At time t,, after 1, the pull-down back gate controt signal dwge 15 set to a
value higher than its previous high vatue Vg . This higher voltage level is able to
turn both pull-down transistors M31, M32 to depletion mode,

Since one of the bit tines BL, /8L is at the high voltage Ve of the pull-up
voltage source constituted by the global bit lines 10, /10, whereas the other bit line
BL, /BL is at the low voltage Vg, of the tow supply voltage Vi, one of the pull-
up transistor M21, M22 has a tow voltage level applied to its front gate whereas the
other has a high voltage level applied to its front gate.

Since the pull-up transistors M21, M22 are in the enhancement mode, the
pull-up transistor with a low voltage level on its front gate is in the on state, while
the other pull-up transistor is in the off state.

If the voltage of the first bit line BL is at the high voltage level Vi, and the
voltage of the second bit line /BL is at the low voltage level Vg, i.e. if the
accessed cell stores a logic "one", the pull-up transistor M21 with its front gate
connected to the second bit line /BL would be conducting and the other pull-up
transistor M22 would be off.

If the vottage of the first bit line BL is at the low voltage tevel Vg, and the
voltage of the second bit line /BL is at the high voltage level Vpu, i.e. if the
accessed cell stores a logic "zero", the pull-up transistor M22 with its front gate
connected to the first bit line BL would be conducting and the other pull-up
transistor M21 would be off.
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With both pull-down transistors M31, M32 in depletion mode and one of the
pull-up transistors M21, M22 in the on state, a current flows either through the first
global bit line 10 or the second bit line /10, depending on which one of the pull-up
transistors M21, M22 is conducting.

As illustrated by Figs. 10a and 10b between t, and t; and between t, and g,
this current generates a voltage drop associated with the global bit line through
which the current flows, Said voltage drop is detected by the secondary sense
amplifier (not shown)} and indicates the data stored in the memory cell C. If a logic
“one” is stored in the cell C, the voltage drop is associated with first global bit line
10. If a logic "zero" is stored in the cell C, the voltage drop is associated with the
second global bit line /10.

An alternate solution wherein the differential signal is based on electric
current consists in keeping the first and second global bit lines 10, /10 at tow
impadance and in detecting the current flowing through the global bit lines.

After ty, at time ty, a new cycle starts by toggling the pull-down back gate
control signal dueeand the pull-up back gate control signal ¢escin order to turn off
the sense amplifier. The global bit tines 10, /10 are turned to their initial low
impedance. New egualization and precharge operations are started.

Writing data into the cell C is done by applying the desired signal to the
giobal bit tines 10, /10 when the pull-up transistors M21, M22 are conducting, e.g.
between ts and t,. This can be during a dedicated cycle or within the previously
described cycle.

As already mentioned, the precharge operation can be performed by the
pull-down transistors M31, M32 instead of the pult-up transistors MZ1, MZZ. In that
case, the following back gate control signal patterns are applied to the pull-down
transistors M31, M3Z and to the pull-up transistors M21, M22. During the precharge
operation, i.e. between t, and t,, the pull-down back gate control signal ¢uss is set
at a high voltage level Viggn 50 a5 10 turn on the pull-down transistors M31, M32,
while the pull-up back gate controt signal ¢pgc is set at a high voltage level Veggy 50
as to turn off the pull-up transistors M21, MZ2.

The desired precharge voltage has to be applied to the sources of the pull-
down transistors M31, M32 so as to precharge the bit tines BL, /BL at said precharge
tevel, typically Vau/2. The voltage of the pull-down voltage source to which are
connected the source nodes of the pull-down transistors M31, M32, is set at the
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precharge level, for example Vgu/2, between {, and ¢, and is otherwise kept at the
low voltage tevel V.

The other operations are performed by means of the control signals atready
described.

As already mentioned, the sensing operation can be performed by the pull-
up transistors M21, M22 instead of the pull-down transistors M31, M3Z. In that case,
the following back gate controt signal patterns are applied to the pull-down
transistors M31, M32 and to the pull-up transistors M21, M22. During the sensing
operation, i.e. between {4 and ts, the pull-up back gate control signal ¢ 15 set at
a low voltage level Vegg, 50 as to turn on the pull-up transistors M21, M22Z, while the
putl-down back gate control signal dnse is kept at a low voltage level Vyge 50 as to
keep the pull-down transistors M31, M32 in the off state. The other operations are
performed by means of the control signals atready described.

As already mentioned, the pass-gate transistors can be the pull-down
transistors M31, M32 instead of the pull-up transistors M21, M22. In that case, the
following back gate control signal patterns are applied to the pull-down transistors
M31, M32 and to the pull-up transistors M21, M22. During the read operations, i.e.
between {, and t; or between {4 and tp, the pull-up back gate control signal ¢psg Is
set to a voltage level lower than its previous low voltage level Vygg. This lower
voltape level is able to turn both pull-up transistors M21, M22 to depletion mode.

As the sources of the pull-down transistors M31, M32 are connected to the
giobal bit lines 10, /10, the dobal bit lines are usually at a low voltage level Vg
acting as the tow supply voltage, and the differential signal associated with one of
the global bit lines is detected and exploited by the secondary sense amplifier as
previously described. The other operations are performed by the control signals
already described.

Fqualization transistor physically arranged between the pull-up transistors

in the four previously described embodiments of the invention, the
egualization transistor M50 was an N-MOS type transistor, and the equalization
control signal ¢zq was controlled accordingly.
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As previously mentioned, the function is built by means of complementary
N-MOS and P-MOS transistors. Therefore, all subfunctions of the sense amplifier can
be swapped to the opposite type of transistors. For instance it is possibie to
equilibrate the bit lines BL, /BL with P channel devices or N channel devices.

in a preferred embodiment, the egualization transistor M50 is a P-MOS
transistor. As illustrated in Fig. 11, the P-MQS equalization transistar M50 can then
be physically arranged between the two P-MOS type pull-up transistors M21, M22. In
other words, the channel of the equalization transistor M50 is arranged between
the drains of the two pull-up transistors M21, MZZ.

The egualization transistor M50 can thus be provided without requiring
additional area with regard to the area occupied by the two CMOS inverters of a
sense amplifier.

Further, the equalization transistor M50 can be a multigate transistor having

at least a first control gate and a second control gate connected together so as to
achieve a greater transconductance, resutting in a faster equalization operation.

Equalization transistor arranged between the global bit lines 10 /10

it is possible to have an equalization transistor arranged between the global
bit tines 10, /10 instead of being arranged between the first and second bit lines BL,
/BL. This is illustrated by Fig.12 in the case of the fourth embodiment. The
equalization transistor M50 thus performs equalization on the global bit lines 10,
/10 instead of performing equalization on the bit lines BL, /BL.

The same equatization transistor M50 may therefore perform equalization
for all the sense amplifiers that share the same global bit tines 10, /10, Moreover,
the equalization transistor M30 is ho more related to a particular sense amptifier
and may be part of the upper hierarchical circuit that drives the global bit lines IO,
/1G. As & consequence, it can be arranged at the convernience of the design,
preferably externat from the repetitive sense amplifier bank. Since the equalization
transistor M50 is no more arranged within the sense amptifier circuit, it is possible
to choose either a P-MOS device or N-MOS device for the equalization transistor

M50. Further, the sense amplifier can be smaller.
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Accordingly, the bit lines BL, /BL are not shorted directly by any
equalization transistor. The equalization occurs between the global bit lines 10, /10
and is propagated to the bit lines BL, /BL through the pass gate transistors. The
global bit lines 10, /10 are set to the desired precharge voltage during the
equalization and precharge operations.

in the first and second embodiments, the dedicated pass gate transistors
M71, M72 are rendered conducting by means of the select signal Ypec. After the
egualization and precharge is completed, the pass gate transistors M71, M72 are
turned off.

in the third and fourth embodiments, the pass gate transistors are
constituted by the putl-up or the pull-down transistors M21, M22, M31, M32. The
pass gate transistors are turned to depletion mode by means of the respective
voltage of their back control gates. After the equalization and precharge is
completed, the pass gate transistors constituted by the pull-down or pult-up
transistors M21, M22, M31, M32, are returned to the enhancement mode by means
of their back control gates. They are in fact turned off as there is no signal
between their gates and their sources. The further operations are the same as
described in the third and fourth embodiments.

A semiconductor memory comprising a plurality of memory cells

According to a third aspect of the invention, a semiconductor memory 120
incorporating a memory cell array 122 and at least one sense amplifier according to
the first aspect of the invention Is illustrated in Fig. 13.

A memory cell array 122 is illustrated, provided with a bank 124 of sense
amplifier according to the first aspect of the invention on two of its opposite sides.
A third side of the memory cell array 122 is provided with a row decoder 126,

Preferably, this semiconductor memory 120 is a Dynamic Random Access

Memory (DRAM), but can be of any other suitable type of memory, for example a
Static Random Access Memory (SRAM).
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CLAIMS
1. A differential sense amplifier for sensing data stored in a plurality of memory cells of a
memory cell array, including:
- a first CMOS inverter having an output connected to a first bit line and an input connected
to a second bit line complementary to the first bit line,
- a second CMOS inverter having an output connected to the second bit line and an input
connected to the first bit line,
each CMOS inverter comprising :
- a pull-up transistor having a drain and a source, and
- a pull-down transistor having a drain and a source,
the pull-up transistor and the pull-down transistor of each CMOS inverter having a
common drain,
characterised in that
the sources of the pull-down transistors are electrically coupled and connected to a pull-
down voltage source, without an intermediate transistor between the sources of the pull-
down transistors and the pull-down voltage source, or
the sources of the pull-up transistors are electrically coupled and connected to a pull-up
voltage source, without an intermediate transistor between the sources of the pull-up
transistors and the pull-up voltage source ; and
wherein the pull-up and the pull-down transistors are multigate transistors having at
least a first control gate and a second control gate, and wherein
o the second control gates of the pull-up transistors are driven by a pull-up second
control signal,
o the second control gates of the pull-down transistors are driven by a pull-down

second control signal.

2. The differential sense amplifier according to claim 1, wherein the differential sense
amplifier is made on a semiconductor-on-insulator substrate comprising a thin layer of
semiconducting material separated from a base substrate by an insulating layer, and wherein
the second control gates are back control gates formed in the base substrate below the

insulating layer.
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3. The differential sense amplifier according to claim 1, wherein the transistors are FinFET

devices with independent double gates.

4. The differential sense amplifier according to any one of claims 1 to 3, further comprising
an equalization transistor having a source and a drain respectively coupled to one of the first

and second bit lines .

5. The differential sense amplifier according to claim 4, wherein the equalization transistor
is a multigate transistor having at least a first control gate and a second control gate

connected together.

6. The differential sense amplifier according any one of claims 4 to 5, wherein the
equalization transistor is a P-MOS type transistor physically arranged between the pull-up

transistors.

7. The differential sense amplifier according to any one of claims 1 to 6, having a pair of
precharge transistors arranged to be respectively coupled to said first and second bit lines, so
as to precharge said first and second bit lines to a precharge voltage, wherein said precharge

1

transistors are constituted by the pull-up transistors or by the pull-down transistors.

8. The differential sense amplifier according to any one of claims 1 to 7, having a pair of
pass-gate transistors arranged to connect said first and second bit lines to a first and a second
global bit lines, so as to transfer data between the first and the second bit lines and the first
and the second global bit lines, respectively, wherein
o the pass-gate transistors are constituted by the pull-up transistors and
o the sources of the pull-down transistors are electrically coupled and connected to a
pull-down voltage source, without an intermediate transistor between the sources of

the pulldown transistors and the pull-down voltage source.

9. The differential sense amplifier according to any one of claims 1 to 7, having a pair of

pass-gate transistors arranged to connect said first and second bit lines
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to a first and a second global bit lines, so as to transfer data between the first and the second
bit lines and the first and the second global bit lines, respectively, wherein
o the pass-gate transistors are constituted by the pull-down transistors and
o the sources of the pull-up transistors are electrically coupled and connected to a
pull-up voltage source, without an intermediate transistor between the sources of the

pullup transistors and the pull-up voltage source.

10. The differential sense amplifier according to any one of claims 1 to 6 further comprising
a pair of precharge transistors wherein the precharge transistors are multigate transistors

having at least a first control gate and a second control gate connected together.

11. The differential sense amplifier according to any one of claims 1 to 7 further comprising
a pair of pass gate transistors wherein the precharge transistors are multigate transistors

having at least a first control gate and a second control gate connected together.

12. A method for controlling a differential sense amplifier according to any one of claims 1
to 9 to perform operations for pre-charging the bit lines, sensing and writing-back data
stored in a plurality of memory cells of a memory cell array

wherein to modify the operation performed by the differential sense amplifier, the puli-

up second control signal and/or the pull-down second control signal are modified.

13. The method according to claim 12, wherein during a precharge operation, a low pull-up
second control signal is applied to the second control gates of the pull-up transistors so that
the pullup transistors are conducting and a low pull-down second control signal is applied to
the second control gates of the pull-down transistors so that the pull-down transistors are not

conducting,
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14. The method according to claim 12, wherein during a precharge operation, a high pull-up
second control signal is applied to the second control gates of the pull-up transistors so that
the pull-up transistors are not conducting and a high pull-down second control signal is
applied to the second control gates of the pull-down transistors so that the pull-down

transistors are conducting.

15. The method according to any one of claims 12 to 14, wherein during a sensing
operation, a high pull-down second control signal is applied to the second control gates of
the pull-down transistors so that the pull-down transistors are conducting and a high pull-up
second control signal is applied to the second control gates of the pull-up transistors so that

the pull-up transistors are not conducting.

16. The method according to any one of claims 12 to 14, wherein during a sensing
operation, a low pull-down second control signal is applied to the second control gates of
the pull-down transistors so that the pull-down transistors are not conducting and a low pull-
up second control signal is applied to the second control gates of the pull-up transistors so

that the pull-up transistors are conducting.

17. The method according to any one of claims 12 to 16, wherein during a write back
operation, a low pull-up second control signal is applied to the second control gates of the
pull-up transistors so that the pull-up transistors are conducting and a high pull-down second
control signal is applied to the second control gates of the pull-down transistors so that the

pulldown transistors are conducting.

18. A method for controlling a differential sense amplifier according to claim 8 to perform a
read operation, wherein a high pull-down second control signal is applied to the second
control gates of the pull-down transistors so as to turn the pull-down transistors into

depletion mode.

19. A method for controlling a differential sense amplifier according to claim 9 to perform a

read operation, wherein a low pull-up second control signal is
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applied to the second control gates of the pull-up transistors so as to turn the pull-up

transistors into depletion mode.

20. A semiconductor memory incorporating a memory cell array characterized in that it

comprises at least one differential sense amplifier according to any one of the claims 1 to
11.



