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(57) Abstract: A solid-state memory in which each memory cell is constructed of complementary metal-oxide-semiconductor
(CMOS) inverters implemented with dual stress liner (DSL) technology. Each memory cell includes a pair of cross-coupled CMOS
inverters, and corresponding pass gates for coupling the cross-coupled storage nodes to first and second bit lines. Asymmetry is in-
corporated into each memory cell by constructing one of the inverter transistors or the pass-gate transistor using the stress liner with
opposite stress characteristics from its opposing counterpart. For example, both of the p-channel load transistors and one of the n-
channel driver transistors in each memory cell may be constructed with a compressive nitride liner layer (40C) while the other driver
transistor is constructed with a tensile nitride liner layer (40T). In another implementation, one of the n-channel pass-gate transistors
is constructed with a compressive nitride liner layer (40C) while the other pass-gate transistor is constructed with a tensile nitride
liner layer (40T). Improved cell stability due to the resulting asymmetric behavior is implemented in a cost-free manner.
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ASYMMETRIC STATIC RANDOM ACCESS MEMORY CELL
WITH DUAL STRESS LINER

[0001] This invention is in the field of solid-state memory. Disclosed
embodiments are more specifically directed to static random access memory (SRAM)
cells and devices.

BACKGROUND

[0002] Many modern electronic devices and systems now include substantial
computational capability for controlling and managing a wide range of functions and
useful applications. The computational power of these modern devices and systems is
typically provided by one or more processor “cores”. These processor cores operate as a
digital computer, in general retrieving executable instructions from memory, performing
arithmetic and logical operations on digital data retrieved from memory, and storing the
results of those operations in memory. Other input and output functions for acquiring
and outputting the data processed by the processor cores are performed as appropriate.
Considering the large amount of digital data often involved in performing the complex
functions of these modern devices, significant solid-state memory capacity is now
commonly implemented in the electronic circuitry for these systems.

[0003] Static random access memory (SRAM) has become the memory
technology of choice for much of the solid-state data storage requirements in these
modern power-conscious electronic systems. As is fundamental in the art, SRAM cells
store contents “statically”, in that the stored data state remains latched in each cell so long
as power is applied to the memory; this is in contrast to “dynamic” RAM (“DRAM?”), in
which the data must be periodically refreshed in order to be retained.

[0004] Advances in semiconductor technology in recent years have enabled the
shrinking of minimum device feature sizes (e.g., MOS transistor gates) into the sub-

micron range. This miniaturization is especially beneficial when applied to memory
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arrays, because of the large proportion of the overall chip arca often devoted to on-chip
memories. As a result, significant memory resources are now often integrated as
embedded memory into larger-scale integrated circuits, such as microprocessors, digital
signal processors, and “system-on-a-chip” integrated circuits. However, this physical
scaling of device sizes raises significant issues, especially in connection with embedded
SRAM but also in SRAM realized as “stand-alone” memory integrated circuit devices.
Several of these issues are due to increased variability in the electrical characteristics of
transistors formed at these extremely small feature sizes. This wvariability in
characteristics has been observed to increase the likelihood of read and write functional
failures, on a cell-to-cell basis. Sensitivity to device variability is especially high in those
memories that are at or near their circuit design limits. The combination of increased
device variability with the larger number of memory cells (and thus transistors) within an
integrated circuit renders a high likelihood that one or more cells cannot be read or
written as expected.

[0005] An example of a conventional SRAM cell is shown in FIG. la. In this
example, SRAM cell 2 is a conventional six-transistor (6-T) static memory cell 2, which
in this case is in the j™ row and k"™ column of a memory array. SRAM memory cell 2 is
biased between the voltage on power supply line V44, and a ground reference voltage
Vssa. SRAM memory cell 2 is constructed in the conventional manner as a pair of cross-
coupled CMOS inverters, one inverter of series-connected p-channel load transistor 3a
and n-channel driver transistor 4a, and the other inverter of series-connected p-channel
load transistor 3b and n-channel transistor 4b; the gates of the transistors in each inverter
are connected together and to the common drain node of the transistors in the other
inverter, in the usual manner. The common drain node of transistors 3a, 4a constitutes
storage node SNT, and the common drain node of transistors 3b, 4b constitutes storage
node SNB, in this example. N-channel pass-gate transistor 5a has its source/drain path
connected between storage node SNT and bit line BLT for the k™ column, and n-channel
pass-gate transistor 5b has its source/drain path connected between storage node SNB and
bit line BLBy. The gates of pass-gate transistors 5a, 5b are driven by word line WL; for

this j" row in which cell 2 resides.
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[0006] In operation, bit lines BLTy, BLBy are typically precharged to a high
voltage (at or near power supply voltage V4q4a), and are equalized to the same voltage. To
access cell 2 for a read operation, word line WL; is then energized, turning on pass-gate
transistors 5a, 5b, and connecting storage nodes SNT, SNB to bit lines BLTx, BLBg. The
differential voltage developed on bit lines BL Ty, BLBy is then sensed and amplified by a
sense amplifier. In a write operation, typical modern SRAM memories include write
circuitry that pulls one of bit lines BLTk, BLBk low (i.c., to a voltage at or near ground
voltage Va), depending on the data state to be written. Upon word line WL; then being
energized, the low level bit line BLTy or BLBy will pull down its associated storage node
SNT, SNB, causing the cross-coupled inverters of addressed cell 2 to latch in the desired
state.

[0007] As mentioned above, device variability can cause read and write failures,
particularly in memory cells constructed with sub-micron minimum feature size
transistors. A write failure occurs when an addressed SRAM cell does not change its
stored state when written with the opposite data state. Typically, this failure has been
observed to be due to the inability of write circuitry to pull down the storage node
currently latched to a high voltage. For example, in an attempt to write a low logic level
to storage node SNT of cell 2 of FIG. 1la, if bit line BLTy is unable to sufficiently
discharge storage node SNT to the trip the inverters, cell 2 may not latch to the desired
data state.

[0008] Cell stability failures are the converse of write failures — a write failure
occurs if a cell is too stubborn in changing its state, while a cell stability failure occurs if
a cell changes its state too easily, such as may occur to a memory cell in a selected row
but an unselected column (i.e., a “half-selected” cell) during a write to a cell in a selected
column in its same row. Noise of sufficient magnitude coupling to the bit lines of the
half-selected columns, during a write to the selected columns in the same row, can cause
a false write of data to those half-selected columns. In effect, such write cycle noise can
be of sufficient magnitude as to trip the inverters of one or more of the half-selected cells.
The possibility of such stability failure is exacerbated by device mismatch and variability,

as discussed above.
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[0009] In conventional SRAM cells such as 6-T SRAM cell 2 of FIG. 1a, the
designer is therefore faced with a tradeoff between cell stability on one hand, and write
margin on the other. In a general sense, cell stability is favored by pass-gate transistors
5a, 5b having relatively weak drive as compared with load transistors 3 and driver
transistors 4, because this results in weak coupling between the bit lines and storage
nodes and relatively strong drive of the latched state at storage nodes SNT, SNB.
Conversely, write margin is favored by pass-gate transistors 5a, 5b having relatively
strong drive as compared with load transistors 3 and driver transistors 4, because this
enables strong coupling between the bit lines and storage nodes, resulting in storage
nodes SNT, SNB having weak resistance to changing state. Accordingly, the design of
conventional 6-T SRAM cells 2 involves a tradeoff between these two vulnerabilities.
[0010] Unfortunately, the design window in which both adequate cell stability
and adequate write margin can be attained is becoming smaller with continued scaling-
down of device feature sizes, for the reasons mentioned above. In addition, it has been
observed that the relative drive capability of p-channel MOS transistors relative to n-
channel MOS transistors is increasing as device feature sizes continue to shrink, which
skews the design window toward cell stability over write margin.

[0011] One conventional approach toward relaxing these ever-tightening design
constraints is known in the art as “write-assist”. According to this approach, the power
supply bias applied to SRAM cells (e.g., power supply voltage V4. of FIG. 1a) in write
cycles is reduced, or disconnected so as to float. Conventional write-assist circuitry
includes a power switch associated with each column of an array, or in some cases
associated with multiple columns. Floating write assist bias in write cycles is attained by
the power switch disconnecting cells in the selected column from the power supply
voltage. In one approach, reduced voltage write assist bias turns off, in write cycles, a
power switch that is connected in parallel with a diode-connected transistor between the
memory cells and the power supply voltage. The cell bias in the selected column is thus
at least a diode voltage drop from the full power supply voltage, during write cycles. For

either reduced or floating write assist bias, the drive of the load and driver transistors in
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the SRAM cell is reduced relative to the drive of the pass-gate transistors, making it
casier for the low level bit line to flip the state of the addressed cell.

[0012] Another conventional approach addressing the shrinking design window to
satisfy both cell stability and write margin constraints is the construction of high
performance SRAM memories using eight transistor (“8-T”) memory cells. As known in
the art, the 8-T SRAM cell consists of a 6-T latch as shown in FIG. 1a, in combination
with a two-transistor read buffer. Each cell receives separate read and write word lines
and separate read and write bit lines. The complementary write bit lines are selectively
coupled to the storage nodes of the 6-T latch by the pass-gate transistors gated by the
write word line, as in the conventional 6-T SRAM cell. The read buffer includes the
series connection of a drive transistor gated by one of the storage nodes and a pass-gate
transistor gated by the read word line, connected between a reference voltage (e.g.,
ground) and the read bit line. In this 8-T construction, the pass-gate transistors involved
in the write cycle can have strong drive to provide good write margin, without affecting
cell stability during read operations (because those pass-gate transistors remain off).
However, in an interleaved architecture, half-selected cells in a write cycle (i.e., cells in
the selected row that are not being written) can still exhibit cell instability, because the
write word line will be energized in that situation. To avoid this situation, the 8-T cells
are implemented in a non-interleaved architecture, in which the entire selected row of
cells is written in a write cycle. As known in the art, non-interleaved memory arrays are
vulnerable to multiple-bit soft error failures, and consume additional chip area. In
addition, these conventional 8-T cells source a single-ended read, rather than the
differential signal sourced by the 6-T cell; either the read signal is reduced as a result, or
the device sizes for the read buffer must be increased to compensate for that weaker
signal.

[0013] In many conventional implementations, the transistors in the 6-T SRAM
cell are constructed to symmetrically match one another as closely as possible, in
attempts to optimize stability between the two data states. However, it is also known in
the art that cell stability in some SRAM 6-T cells can be improved by intentional
asymmetry in the construction of the SRAM cell. FIG. 1b illustrates examples of the
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well-known DC “butterfly” transfer function curves for a 6-T SRAM cell such as cell 2
of FIG. 1a, to illustrate the potential benefit of asymmetric construction.

[0014] In the familiar fashion, the butterfly curves of FIG. 1b illustrate the
voltages at storage nodes SNT, SNB of cell 2 in their two potential data states, and
transitions between the two. In this example, the “1” data state is at stable point DSI at
which voltage Vgnt at storage node SNT is near power supply voltage Vg4, and voltage
Vsnp at storage node SNB is near ground (Vss,); conversely, the “0” data state is at stable
point DS0, with voltage Vgng near power supply voltage Vg4 and voltage Vgnr near
ground. Transfer characteristic TF, o shows the voltages at storage nodes SNT, SNB for
a transition from stable point DS1 to stable point DSO (a “1” to “0” transition). For cell 2
of symmetric construction, in which n-channel driver transistors 4a, 4b are matched to
one another, and p-channel load transistors 3a, 3b are matched to one another, transfer
characteristic TF,.; shows the voltages at storage nodes SNT, SNB for the transition from
stable point DSO0 to stable point DS1 (a “0” to “1” transition).

[0015] As mentioned above, cell stability refers to the ability of SRAM cell 2 to
withstand static noise without changing states. A quantitative measure of cell stability is
referred to in the art as static noise margin, which corresponds to the noise at a storage
node that the cell can tolerate without changing its logic state, and can be approximated
by the area of the largest square that fits between transfer characteristics for the two state
transitions. For example, FIG. 1b illustrates static noise margin SNMgyy for SRAM cell
2 of symmetric construction case, as the arca of the largest square that fits between
transfer characteristics TF1.0, TFo.1.

[0016] As mentioned above, asymmetric construction of SRAM cell 2 can, in
some situations, increase the cell stability (i.c., increase the static noise margin). FIG. 1b
illustrates such increased static noise margin, for an example of an SRAM cell 2 in which
driver transistor 4a has a higher threshold voltage (e.g., 100 mV) than that of driver

2

transistor 4b. Transfer characteristic TFy ;" illustrates the effect of this asymmetric
construction on the “0” to “1” transition, and the resulting static noise margin SNMagywm.

As shown by the example of FIG. 1b, in that particular situation, static noise margin
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SNMasywm 18 improved for the asymmetric construction of SRAM cell 2 over that shown
by static noise margin SNMgyy for its symmetric construction.

[0017] Recent advances in semiconductor technology as applied to integrated
circuits include the use of “strain engineering” (or, alternatively, “stress engineering”) in
the manufacture of semiconductor device structures. It has been discovered that the
tuning of strain in the crystal lattice of metal-oxide-semiconductor (MOS) transistor
channel regions can enhance carrier mobility in those regions. As is fundamental in
MOS device technology, the source/drain current (i.e., drive) of an MOS transistor in
both the triode and saturation regions is proportional to carrier mobility in the channel
region. In a general sense, longitudinal compressive stress enhances hole mobility in the
channel region of a p-channel MOS transistor, and longitudinal tensile stress enhances
electron mobility in the channel region of an n-channel MOS transistor.

[0018] One conventional strain engineering approach is referred to in the art as
“dual stress liner”, or “DSL”, technology. According to this approach, a silicon nitride
layer of either tensile or compressive characteristics is deposited over the surface of the
integrated circuit, and patterned and etched to remain only over the active regions (i.c.,
source and drain regions) of transistors that are to receive the resulting stress. Tensile
silicon nitride is used to enhance n-channel MOS transistors, and compressive silicon
nitride is used to enhance p-channel MOS transistors. In CMOS integrated circuits
including both p-channel and n-channel MOS transistors, both tensile and compressive
nitride layers can be applied, to the n-channel and p-channel transistors respectively, to
improve the performance characteristics of both conductivity types.

SUMMARY

[0019] Disclosed embodiments provide a memory cell, and method of
constructing the same, in which static noise margin is improved without requiring
increase in chip area.

[0020] Disclosed embodiments provide such a memory cell and method in which
static noise margin is improved in a cost-free manner, from the standpoint of

manufacturing cost.
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[0021] Disclosed embodiments provide such a memory cell and method in which
static noise margin is improved without requiring changes to circuit design.

[0022] Disclosed embodiments provide such a memory cell and method that are
compatible with conventional complementary metal-oxide-semiconductor (CMOS)
technology.

[0023] Disclosed embodiments provide such a memory cell and method that are
compatible with modern sub-micron transistor sizes.

[0024] Other objects and advantages of this invention will be apparent to those of
ordinary skill in the art having reference to the following specification together with its
drawings.

[0025] Principles of the invention may be implemented into a static random
access memory (SRAM) cell of the cross-coupled inverter type, constructed using
complementary metal-oxide-semiconductor (MOS) transistors. Each memory cell is
constructed in an asymmetric manner, with one or more transistors on one side of the cell
having different transistor characteristics from the same device or transistors on the other
side of the cell. The memory is constructed using dual stress liner (DSL) technology, in
which a compressive nitride liner is nominally disposed over p-channel MOS transistors,
and in which a tensile nitride liner is nominally disposed over n-channel MOS transistors.
The asymmetry is implemented by forming the nitride liner over the pass-gate transistor
(between storage node and bit line) or driver transistor, or both, on one side of the cell of
the opposite stress characteristic than that indicated for its channel conductivity. For
example, the n-channel pass or driver transistor (or both) on one side of the cell is
constructed using a compressive nitride liner.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

[0026] FIG. 1a is an electrical diagram, in schematic form, of a conventional 6-
transistor static random access memory (SRAM) cell.

[0027] FIG. 1b is a plot of transfer function curves for a conventional 6-T SRAM
memory cell, illustrating the effects of asymmetry.

[0028] FIG. 2 is an electrical diagram, in block form, of a large scale integrated

circuit constructed according to embodiments of the invention.
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[0029] FIG. 3 is an electrical diagram, in block form, of a memory in the
integrated circuit of FIG. 2, constructed according to an embodiment of the invention.
[0030] FIG. 4 is an electrical diagram, in schematic form, of a memory cell in the
memory of FIG. 3 according to an embodiment of the invention.

[0031] FIG. 5 is a plan view of the surface of an integrated circuit illustrating an
example of the layout of a 6-T memory cell to which embodiments of the invention may
be applied.

[0032] FIGS. 6a and 6b are cross-sectional views of the integrated circuit of FIG.
5, according to an embodiment of the invention.

[0033] FIGS. 7a and 7b are plan layout views of a portion of a memory array
illustrating the placement of compressive and tensile liner layers for symmetric behavior,
and for asymmetric behavior according to an embodiment of the invention, respectively.
[0034] FIG. 8a is an electrical diagram, in schematic form, of a memory cell in
the memory of FIG. 3 according to another embodiment of the invention.

[0035] FIG. 8b is a plan layout view of a portion of a memory array illustrating
the placement of compressive and tensile liner layers for asymmetric behavior according
to the embodiment of the invention shown in FIG. 8a.

[0036] FIG. 9a is an electrical diagram, in schematic form, of a memory cell in
the memory of FIG. 3 according to another embodiment of the invention.

[0037] FIG. 9b is a plan layout view of a portion of a memory array illustrating
the placement of compressive and tensile liner layers for asymmetric behavior according
to the embodiment of the invention shown in FIG. 9a.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0038] Principles of the invention are described in the context of example
embodiments, namely as implemented into a static random access memory (SRAM)
embedded within a larger scale integrated circuit, and constructed according to
complementary metal-oxide-semiconductor (CMOS) technology, for which application
of those principles is considered especially beneficial. However, those skilled in the art
will appreciate that the same principles may be applied to a wide range of other memory

devices.
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[0039] FIG. 2 illustrates an example of large-scale integrated circuit 10, in the
form of a so-called “system-on-a-chip” (“SoC”), as now popular in many electronic
systems. Integrated circuit 10 is a single-chip integrated circuit into which an entire
computer architecture is realized. As such, in this example, integrated circuit 10 includes
a central processing unit of microprocessor 12, which is connected to system bus SBUS.
Various memory resources, including random access memory (RAM) 18 and read-only
memory (ROM) 19, reside on system bus SBUS and are thus accessible to
microprocessor 12. Typically, ROM 19 serves as program memory, storing the program
instructions executable by microprocessor 12, while RAM 18 serves as data memory; in
some cases, program instructions may reside in RAM 18 for recall and execution by
microprocessor 12. Cache memory 16 (such as level 1, level 2, and level 3 caches, each
typically implemented as SRAM) provides another memory resource, and resides within
microprocessor 12 itself and therefore does not require bus access. Other system
functions are shown, in a generic sense, in integrated circuit 10 by way of system control
14 and input/output interface 17.

[0040] Those skilled in the art having reference to this specification will
recognize that integrated circuit 10 may include additional or alternative functions to
those shown in FIG. 2, or may have its functions arranged according to a different
architecture from that shown in FIG. 2. The architecture and functionality of integrated
circuit 10 is thus provided only by way of example, and is not intended to limit the scope
of this invention.

[0041] Further detail in connection with the construction of RAM 18 in integrated
circuit 10 is illustrated in FIG. 3. Of course, a similar construction may be used to realize
other memory resources such as cache memory 16; further in the alternative, RAM 18
may correspond to a stand-alone memory integrated circuit (i.e., rather than as an
embedded memory as shown in FIG. 2). Those skilled in the art having reference to this
specification will comprehend that the memory architecture of RAM 18 in FIG. 3 is
provided by way of example only.

[0042] In this example, RAM 18 includes many memory cells arranged in rows

and columns within memory array 20. While a single instance of memory array 20 is
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shown in FIG. 3, it is to be understood that RAM 18 may include multiple memory arrays
20, each corresponding to a memory block within the address space of RAM 18. The
construction of these memory cells according to disclosed embodiments will be described
in further detail below. In this example, memory array 20 includes m rows and n
columns of SRAM cells, with cells in the same column sharing a pair of bit lines BL[n-
1:0], and with memory cells in the same row sharing one of word lines WL[m-1:0]. Bit
line precharge circuitry 27 is provided to apply a desired precharge voltage to the pairs of
bit lines BL[n-1:0] in advance of read and write operations. Row decoder 25 receives a
row address value indicating the row of memory array 20 to be accessed, and energizes
the one of word lines WL[m-1:0] corresponding to that row address value. Column
select circuit 22 receives a column address value, and in response selects pairs of bit lines
BL[n-1:0] associated with one or more columns to be placed in communication with
read/write circuits 24. Read/write circuits 24 are constructed in the conventional manner,
for example to include the typical differential amplifier coupled to the bit lines for a
column as selected by column select circuit 22 and a write circuit for selectively pulling
toward ground one of the bit lines in the selected pair. In this “interleaved” architecture,
a given memory address selects one of every x (e.g., one of every four) columns for read
or write access. The data words stored in memory array 20 are thus interleaved with one
another, in the sense that the addressing of a data word selects one column in each group
of columns, along the selected row. Alternatively, memory array 20 may be arranged in a
non-interleaved fashion, in which each cell in the selected row is coupled to a
corresponding read/write circuit in each cycle. In that architecture, referring to FIG. 3 by
way of comparison, read/write circuits 24 could reside between bit lines BL[n-1:0], and
column select circuits 22, with the column select circuits selecting which read/write
circuits 24 (and thus which columns) are in communication with data bus DATA 1/O.

[0043] The construction of memory cells arranged in memory array 20, according
to one embodiment of this invention, will now be described in connection with FIG. 4.
This construction will be described using, by way of example, SRAM cells formed of
cross-coupled CMOS inverters, because it is contemplated that this invention is

especially beneficial when used in connection with such memory cells. However, it is
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also contemplated that disclosed embodiments will provide important benefits in
memories of other types, such as SRAM cells with resistor loads, 8-T or 10-T SRAM
cells (e.g., SRAM cells including separate read and write bit lines), ferroelectric static
RAM (FeRAM) cells based on cross-coupled inverters, and the like. It is contemplated
that those skilled in the art having reference to this specification will be readily able to
apply disclosed embodiments to advantage in connection with such other memory cell
types and technologies.

[0044] FIG. 4 illustrates the construction of SRAM cell 30;x according to an
embodiment of this invention. In this construction, SRAM cell 30;x includes a storage
clement formed by a pair of cross-coupled CMOS inverters. One inverter is formed by p-
channel MOS load transistor 33a and n-channel MOS driver transistor 34a, which have
their drains connected together at storage node SNT and their gates connected together at
storage node SNB. The source of load transistor 33a is connected to power supply node
Vada» and the source of driver transistor 34a is connected to ground, or reference, node
Vssa. The other inverter in SRAM cell 30;x consists of p-channel MOS load transistor
33b and n-channel MOS driver transistor 34b. The drains of transistors 33b, 34b are
connected together at storage node SNB, and their gates are connected together and
connected to storage node SNT, cross-coupling the two inverters with one another in the
usual manner for a CMOS SRAM cell. The source of transistor 33b is at power supply
node V44a and the source of transistor 34b is at ground node Vss,. Storage nodes SNT and
SNB constitute complementary storage nodes in SRAM cell 30;, in that when SRAM
cell 30;« is not accessed, their logic states are complementary to each other (one at a logic
“0” and the other at a logic “1”).

[0045] When deployed in a memory architecture such as that described above
relative to FIG. 3, SRAM cell 30;x corresponds to the memory cell in row j and column k
of that memory array 20. As such, SRAM cell 30; includes n-channel MOS pass-gate
transistor 35a with its source/drain path connected between storage node SNT and bit line
BLTx (for column k in memory array 20); similarly, n-channel MOS pass-gate transistor
35b has its source/drain path connected between storage node SNB and bit line BLB.

The gates of pass-gate transistors 35a, 35b are connected to word line WL;, which is
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driven by row decoder 25 responsive to the received row address indicating selection of
row j. In the architecture of FIG. 3, for example, bit lines BLT, BLBy are coupled to bit
line precharge circuitry 27, on one end, and to column select circuitry 22, on the other.
Each of memory cells 30 in column k of memory array 20 are, of course, also coupled to
bit lines BLTyk, BLBg. Similarly, each of memory cells 30 in row j of memory array 20
are coupled to word line WL;.

[0046] FIG. 5 is a plan view, and FIGS. 6a and 6b are cross-sectional views, of an
example of the layout of memory cell 30;« at the surface of a silicon substrate, fabricated
according to CMOS technology, and at a stage in the manufacture prior to the formation
of overlying metal layers. In this example, cell 50;x is formed into a region of p-type
substrate 52, into which n-well 50 has been formed by conventional methods. N-channel
MOS transistors 34a, 35a, are formed into one region of p-type substrate 52, and n-
channel MOS transistors 34b, 35b are formed into another region of p-type substrate 52.
P-channel MOS transistors 33a, 33b are formed into n-well 50, which in this example lies
between the two regions of p-type substrate 52 in cell 30;y; as will become evident from
the following description, adjacent cells 30 can be formed on all four sides of cell 30;,
such that n-well 50 and regions of substrate 52 can be shared from cell to cell. In the
conventional manner, active regions 54 are defined at the surface, between isolation
oxide structures 53 formed as LOCOS field oxide or as shallow trench isolation (STI)
structures, also in the conventional manner. Polysilicon elements 56 are patterned to
extend above the surface, separated from the surface by gate oxide 57 or by isolation
oxide 53, as the case may be. Active regions 54 within n-well 50 that are not underlying
poly elements 56 will be p-type, and active regions 54 within regions of p-type substrate
52 that are not underlying poly elements 56 will be n-type. Contact openings 58 extend
to active regions 54 or to poly elements 56, at the locations shown in FIG. 5 for this
layout. Metal conductors (shown schematically in FIG. 5) will overly the structure,
making contact via respective contact openings 58.

[0047] FIG. 5 illustrates the outline of the various transistors 33, 34, 35 within
cell 305, corresponding to the electrical schematic of FIG. 4. As is fundamental in the

art, MOS transistors are located at regions of the surface at which a gate clement (i.c.,
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poly element 56 in this example) overlies an instance of active region 54. The metal
conductors shown schematically in FIG. 5 interconnect these transistors according to the
schematic of FIG. 4. In this example, a metal conductor connects storage node SNB from
active region 54 at the drain of transistor 34b to active region 54 at the drain of transistor
33b and to polysilicon element 56 serving as the gate of transistors 33a, 34a (via a shared
contact opening 58). Similarly, a metal conductor connects storage node SNT from
active region 54 between transistors 34a, 35a to active region 54 at the drain of transistor
33a, and (via shared contact opening 58) to polysilicon element 56 serving as the gates of
transistors 33b, 34b.

[0048] Of course, the layout of FIG. 8 is presented by way of example only, it
being understood that the particular layout of cell 30;x can vary widely from that shown,
depending on the particular manufacturing technology and design rules applicable to each
implementation, and on the layout optimization arrived at by those skilled in that art.
[0049] According to disclosed embodiments, SRAM cell 30;x is constructed
according to a dual stress liner (DSL) manufacturing technology. As known in the art
and as described above in connection with the Background of the Invention, DSL
technology is intended to improve the performance of n-channel and p-channel MOS
transistors by applying a strain to the silicon in the transistor channel region. As known
in the art, a compressive strain applied to the single-crystal silicon channel region of a p-
channel MOS transistor can improve the mobility in its channel region and improve
transistor performance; conversely, a tensile strain applied to the channel region of an n-
channel MOS transistor can improve its transistor performance.

[0050] FIG. 6a illustrates, in cross-section, the placement of compressive nitride
liner layer 40C and tensile nitride liner layer 40T over transistors 35a, 33a of SRAM cell
30k according to an embodiment of the invention. As shown in this FIG. 6a, tensile
nitride liner layer 40T is present over polysilicon element 56 serving as the gate electrode
of transistor 35a (and also over sidewall nitride filaments 59 on the sidewalls of
polysilicon element 56, which are provided to define graded source/drain junction
profiles as known in the art). Tensile nitride liner layer 40T also extends over surface of

active regions 54 extending away from the gate electrode, exerting a tensile strain on the
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underlying single-crystal silicon of active regions 54 and the channel region underlying
polysilicon element 56 and gate oxide 57. In similar fashion, FIG. 6a shows compressive
nitride liner layer 40C is in place over polysilicon element 56 serving as the gate
electrode of transistor 33a, extending over the surface of the source and drain of transistor
33a, and thus exerting a compressive strain on active regions 54 of this device, including
the channel region underlying polysilicon element 56. Planarizing dielectric layer 60 is
disposed over liner layers 40T, 40C in the conventional manner. Contact openings 58 are
etched through dielectric layer 60, tensile liner layer 40T, and compressive liner layer
40C, to enable overlying metal conductors to make contact to active regions 54 at the
desired locations.

[0051] As evident from FIG. 6a, compressive liner layer 40C and tensile liner
layer 40T are effectively formed to about the same thickness over p-channel and n-
channel transistors, respectively. The manufacturing process for forming these layers
may follow that known in the art for DSL technology. For example, a generalized
approach to the formation of compressive liner layer 40C and tensile liner layer 40T
begins with the deposition of a thin silicon dioxide etch stop layer overall, after the
formation, patterning and etch of polysilicon elements 56 (and, typically, the ion
implantation and anneal of dopant to form the transistor source/drain regions). Following
deposition of the silicon dioxide etch stop layer, one of liner layers (e.g., compressive
liner layer 40C) is deposited overall, for example by way of chemical vapor deposition
(CVD) of silicon nitride under the appropriate conditions (as known in the art) to result in
a compressive stress within the deposited film. Another etch stop layer of silicon dioxide
is then deposited overall, and photolithographically patterned to expose compressive
nitride liner layer 40C over those locations at which it is to be removed, such as the
region of transistor 35a of FIG. 6a; the silicon dioxide remains in locations (e.g., at the
location of transistor 33a) at which compressive liner layer 40C is to remain.
Compressive nitride liner layer 40C is then etched where exposed by the patterned silicon
dioxide layer, so that compressive liner layer 40C remains over those transistors at which
compressive strain is to be exerted. Tensile silicon nitride layer 40T is then deposited

overall, for example by way of CVD under conditions resulting in a tensile stress within
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the deposited film.  Another thin layer of silicon dioxide is then deposited,
photolithographically patterned and etched, to expose the surface of tensile nitride liner
layer 40T at the desired locations (e.g., the location of transistor 33a of FIG. 6a). Silicon
nitride etch is then performed again, removing tensile nitride liner layer 40T from those
locations, stopping at the silicon dioxide etch stop layer remaining at the surface of
compressive nitride liner layer 40C. Formation of the dual liner layers is thus complete.
It will be understood that other methods of forming the compressive and tensile liner
layers may alternatively be used, and that the particular order of formation of these layers
is of no particular importance to disclosed embodiments.

[0052] Referring back to FIG. 4, according to this embodiment of the invention,
asymmetry is incorporated into SRAM cell 30; by forming compressive liner layer 40C
over n-channel driver transistor 34b, while forming tensile liner layer 40T over n-channel
driver transistor 34a on the other side of SRAM cell 30;x. Compressive liner layer 40C is
also formed over p-channel load transistors 33a, 34b, and tensile liner layer 40T is also
formed over n-channel pass-gate transistors 35a, 35b. FIG. 6b illustrates this
construction by way of cross-section, in which n-channel driver transistor 34b underlies
compressive nitride liner layer 40C (as do p-channel load transistors 33a, 33b in SRAM
cell 30;x), while n-channel pass-gate transistor 35b underlies tensile nitride liner layer
40T (similarly as the other n-channel transistors 34a, 35a in SRAM cell 30;y).

[0053] As a result of this construction, driver transistor 34a has a stronger drive
characteristic than does driver transistor 34b, because transistor 34a is enhanced by the
tensile strain applied to its channel region by tensile liner layer 40T while transistor 34b
is degraded by the compressive strain applied to its channel region by compressive liner
layer 40C. SRAM cell 30;x thus has asymmetric transfer function behavior, which as
discussed above, can improve the static noise margin and cell stability of SRAM cell
30; k.

[0054] According to disclosed embodiments, the implementation of asymmetry
within memory array 20 constructed of asymmetric SRAM cells 30; can be efficiently
implemented, with no additional photomasks or ion implantation processes required, and

with no increase in the memory cell chip areca. This implementation will now be
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described in connection with the plan layout views of FIGS. 7a and 7b, for the case of
SRAM cell 30; of FIGS. 4 and 5.

[0055] FIG. 7a illustrates the layout of a portion of memory array 20, including
SRAM cells 30(S) that are constructed in a symmetric manner, but including dual stress
liner (DSL) technology. In this symmetric implementation, compressive liner layer 40C
is disposed over all p-channel MOS transistors (i.c., load transistors 33a, 33b in each
cell), and tensile liner layer 40T is disposed over all n-channel MOS transistors (i.c.,
driver transistors 34a, 34b; pass-gate transistors 35a, 35b). In this layout, as shown in
FIG. 7a, liner layers 40C, 40T are arranged over memory array 20 (including symmetric
SRAM cells 30(S)jx-1, 30(S);x and their near neighbors) essentially in strips. This
formation of liner layers 40C, 40T involves the use of two photolithography steps (i.c.,
two photomasks) to define the location of each liner layer 40C, 40T.

[0056] FIG. 7b illustrates the implementation of the asymmetry described above
in connection with FIGS. 4 and 6b, in the context of memory array 20 including SRAM
cell 30;x of FIG. 5. As shown in FIG. 7b, compressive nitride liner layer 40C extends
over the area including p-channel transistors 33a, 33b, and also over n-channel driver
transistor 34b in each of SRAM cells 30; k.1, 30jx. Tensile nitride liner layer 40T extends
over n-channel pass-gate transistors 35b in SRAM cells 30;.1, 30;x, as well as in each
cell within memory array 20. As evident from the layout of FIG. 7b, the various memory
cells are mirror-imaged with one another (e.g., as shown below SRAM cells 30;k.1, 30;%)
to minimize the complexity of the photomask structures used to define liner layers 40C,
40T. Furthermore, as evident from a comparison of FIGS. 7a and 7b, no additional
photomask or photolithography step, relative to the symmetric case of FIG. 7a, is
required to incorporate asymmetry into memory array 20 according to the embodiment of
the invention shown in FIG. 7b. Indeed, if dual stress liner technology is used for any
portion of integrated circuit 10 in which memory array 20 is implemented, those same
photomasks, and photolithography, deposition, and etch processes, are already present
within the manufacturing flow. The only difference necessary is the particular pattern in

the photomasks used to define the locations of liner layers 40T, 40C.
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[0057] FIG. 8a illustrates, as an electrical schematic, the arrangement of SRAM
cell 30°;x according to an alternative embodiment of the invention. In this embodiment
of the invention, asymmetry in the characteristics of SRAM cell 30’; is implemented by
constructing pass-gate transistors 35a, 35b asymmetrically relative to one another, while
driver transistors 34a, 34b are constructed to match one another. More specifically, n-
channel pass-gate transistor 35a is provided with tensile nitride liner layer 40T as before,
but n-channel pass-gate transistor 35b is deployed with compressive nitride liner layer
40C (as are p-channel load transistors 33a, 33b). As a result, pass-gate transistor 35a will
have a stronger drive characteristic than will pass-gate transistor 35b, because transistor
35a is enhanced by the tensile strain applied to its channel region by tensile liner layer
40T while transistor 35b is degraded by the compressive strain applied to its channel
region by compressive liner layer 40C. SRAM cell 30’y thus has asymmetric transfer
function behavior, which as discussed above, can improve the static noise margin and cell
stability of SRAM cell 30; .

[0058] FIG. 8D illustrates, in plan layout view, the arrangement of SRAM cells
30’1, 30°;x and their near neighbors in a portion of memory array 20 according to this
embodiment of the invention. As shown in FIG. 8b, compressive nitride liner layer 40C
and tensile nitride liner layer 40T are placed so that n-channel pass-gate transistors 35b in
cach SRAM cell 30 are deployed with compressive nitride liner layer 40C, while n-
channel driver transistors 34b (as well as driver transistors 34a and pass-gate transistors
35a) are deployed with tensile nitride liner layer 40T. As in the layout of FIG. 7b, no
additional photomask or photolithography process step is required to implement memory
cell asymmetry according to this embodiment of the invention, relative to the symmetric
DSL case illustrated in FIG. 7a or to any implementation of DSL technology within the
same integrated circuit. Rather, it is simply the pattern of the photomasks defining the
location of liner layers 40C, 40T that implements the desired asymmetry.

[0059] FIGS. 9a and 9b illustrate, in schematic and plan layout views,
respectively, another embodiment of this invention in connection with SRAM cell 307} .
As shown in FIG. 9a, both of n-channel driver transistor 34b and n-channel pass-gate

transistor 35b are implemented with compressive nitride liner layer 40C, along with p-
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channel load transistors 33a, 33b. On the other side of SRAM cell 30”’;x, n-channel
driver transistor 34a and n-channel pass-gate transistor 34a are implemented with tensile
nitride liner layer 40T. As a result, both of driver transistor 34a and pass-gate transistor
35a will have stronger drive characteristics than their respective counterparts, driver
transistor 34b and pass-gate transistor 35b, because transistors 34a, 35a are enhanced by
the tensile strain applied to its channel region by tensile liner layer 40T while transistors
34b, 35b are degraded by the compressive strain applied to its channel region by
compressive liner layer 40C. SRAM cell 30”’; thus has asymmetric transfer function
behavior, to a greater extent than the asymmetry of SRAM cells 30;k, 30’ in the other
embodiments of the invention described above.

[0060] FIG. 90 illustrates, in plan layout view, the arrangement of SRAM cells
30°’; k1, 307« and their near neighbors in a portion of memory array 20 according to this
embodiment of the invention. As shown in FIG. 9b, compressive nitride liner layer 40C
is placed over much of the layout of memory array 20, in a continuous film overlying p-
channel transistors 33a, 33b, driver transistor 34b, and pass-gate transistor 35b in
adjacent rows of SRAM cells 30°” in memory array 20. Tensile nitride liner layer 40T is
formed to overlie n-channel driver transistor 34a and pass-gate transistor 35a. As in the
embodiments of the invention described above relative to FIGS. 7a and 7b, no additional
photomask or photolithography process step is required to implement memory cell
asymmetry according to this embodiment of the invention. Asymmetry is incorporated
due to the pattern of the photomasks defining the location of liner layers 40C, 40T.

[0061] Other alternative implementations of this invention are also contemplated.
For example, the pass-gate transistors in each SRAM cell may be p-channel rather than n-
channel MOS transistors. In that case, asymmetry involving pass-gate transistors of
asymmetric drive may be implemented in the same manner, with one of the p-channel
pass-gate transistors having a tensile nitride liner layer and the other having a
compressive nitride liner layer. Further in the alternative, asymmetry may be
implemented by applying a tensile nitride liner layer to one but not the other of the p-
channel load transistors in the SRAM cell. And, of course, the polarity of the asymmetry

is of no particular relevance in the general sense, but will typically depend on other
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factors (e.g., precharge voltage of the bit lines, trip voltages of the cross-coupled
inverters, etc.) that indicate the polarity of the asymmetry required to attain the improved
cell stability and static noise margin. It is contemplated that this invention may also be
applied to other memory cells, including SRAM cells of the 8-T and 10-T type, as well as
other static memory cells such as non-volatile floating-gate and ferroelectric memory
cells.

[0062] According to disclosed embodiments, therefore, cell stability and static
noise margin are improved for memory cells of the cross-coupled inverter type, in a
manner that is essentially cost-free from the standpoints of chip area and manufacturing
cost. This improvement in cell stability can enable the designer to greatly strengthen the
pass-gate transistors to improve write margin, with reduced concern over degraded cell
stability that may result. The power consumed by memory cells according to disclosed
embodiments is also essentially identical to that of conventional 6-T SRAM cells, such
that little or no power penalty is suffered.

[0063] Those skilled in the art will appreciate that modifications may be made to
the described example embodiments, and also that many other embodiments are possible,

within the scope of the claimed invention.
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CLAIMS
What is claimed is:
1. A solid-state memory cell, comprising:

a first inverter circuit including an inverter and a pass-gate transistor,
having an output for coupling a first storage node between its inverter and its pass-gate
transistor to a first bit line, and having an input, the first inverter circuit constructed of
one or more p-channel metal-oxide-semiconductor (MOS) transistors, and one or more n-
channel MOS transistors, wherein the p-channel MOS transistors are constructed with a
compressive liner layer and the n-channel MOS transistors are constructed with a tensile
liner layer; and

a second inverter circuit including an inverter and a pass-gate transistor,
having an output for coupling a second storage node between its inverter and its pass-gate
transistor to a second bit line, the second storage node coupled to the input of the inverter,
the second inverter circuit having an input coupled to the first storage node in the first
inverter circuit, the second inverter circuit constructed of one or more p-channel MOS
transistors and one or more n-channel MOS transistors;

wherein one of the MOS transistors of the second inverter circuit is constructed
with a liner layer of opposite stress characteristics from that of a corresponding MOS
transistor in the first inverter circuit.
2. The memory cell of claim 1, wherein the inverter of the first inverter circuit
comprises:
an n-channel MOS drive transistor constructed with a tensile liner
layer, having a source coupled to a reference voltage, a gate connected to the input of the
inverter circuit, and a drain coupled to the first storage node; and
a p-channel MOS transistor constructed with a compressive liner
layer, having a drain coupled to the first storage node, a gate connected to the input of the
inverter circuit, and a source coupled to a power supply voltage;

wherein the inverter of the second inverter circuit comprises:
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an n-channel MOS drive transistor having a source coupled to a
reference voltage, a gate connected to the input of the inverter circuit, and a drain coupled
to the first storage node; and

a p-channel MOS load transistor having a drain coupled to the first
storage node, a gate connected to the input of the inverter circuit, and a source coupled to
a power supply voltage.

3. The memory cell of claim 2, wherein both the p-channel MOS load transistor
and the n-channel MOS driver transistor of the second inverter circuit are constructed
with a compressive liner layer.

4. The memory cell of claim 3, wherein the pass-gate transistor of the first
inverter circuit comprises an n-channel MOS transistor constructed with a tensile liner
layer, having a source/drain path coupled between the first storage node and the first bit
line, and a gate for receiving a word line signal;

and wherein the pass-gate transistor of the second inverter circuit comprises an n-
channel MOS transistor constructed with a compressive liner layer, having a source/drain
path coupled between the second storage node and the second bit line, and a gate for
receiving the word line signal.

5. The memory cell of claim 2, wherein the pass-gate transistor of the first
inverter circuit comprises an n-channel MOS transistor constructed with a tensile liner
layer, having a source/drain path coupled between the first storage node and the first bit
line, and a gate for receiving a word line signal;

and wherein the pass-gate transistor of the second inverter circuit comprises an n-
channel MOS transistor constructed with a compressive liner layer, having a source/drain
path coupled between the second storage node and the second bit line, and a gate for
receiving the word line signal.

6. The memory cell of claim 1, wherein each of the compressive liner layer and
tensile liner layer comprise silicon nitride.

7. A method of constructing a memory array in an integrated circuit at a
semiconductor surface of a body, the memory array comprising a plurality of memory

cells arranged in rows and columns, each row of memory cells associated with a word
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line, each column of memory cells associated with first and second bit lines, each
memory cell storing a data state represented at complementary first and second storage
nodes driven from the outputs of first and second cross-coupled inverters, respectively,
the method comprising:
defining n-type and p-type regions at the surface;
forming gate electrodes overlying selected locations for ecach of the
memory cells, the gate electrodes within each memory cell serving as the gate of
transistors within each memory cell;
for cach of the memory cells, forming p-type source and drain regions on
opposing sides of a plurality of p-channel transistors;
for each of the memory cells, forming n-type source and drain regions on
opposing sides of a plurality of n-channel transistors;
for each of the memory cells, forming a compressive liner layer over the
source and drain regions, and the gate, of the plurality of p-channel transistors and at least
one of the n-channel transistors; and
for each of the memory cells, forming a tensile liner layer over others of
the n-channel transistors.
8. The method of claim 7, wherein the plurality of p-channel transistors in each
of the memory cells comprises first and second p-channel load transistors;
wherein the plurality of n-channel transistors in each of the memory cells
comprises first and second n-channel driver transistors,
wherein the step of forming the compressive liner layer forms the compressive
liner layer over the gate electrode and the source and drain regions for the first and
second load transistors and the second n-channel driver transistor;
and wherein the step of forming the tensile liner layer forms the tensile liner layer
over the gate electrode and the source and drain regions for the first n-channel driver

transistor.
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9. The method of claim 8, wherein the plurality of n-channel transistors in each
of the memory cells further comprises first and second n-channel pass-gate transistors;

wherein the step of forming the compressive liner layer also forms the
compressive liner layer over the second n-channel driver transistor;

and wherein the step of forming the tensile liner layer also forms the tensile liner
layer over the gate electrode and the source and drain regions for the first n-channel pass-
gate transistor.

10. The method of claim 7, wherein the plurality of p-channel transistors in each
of the memory cells comprises first and second p-channel load transistors;

wherein the plurality of n-channel transistors in each of the memory cells
comprises first and second n-channel driver transistors and first and second n-channel
pass-gate transistors;

wherein the step of forming the compressive liner layer forms the compressive
liner layer over the gate electrode and the source and drain regions for the first and
second load transistors and the second n-channel pass-gate transistor;

and wherein the step of forming the tensile liner layer forms the tensile liner layer
over the gate electrode and the source and drain regions for the first and second n-channel
driver transistors and the first n-channel pass-gate transistor.

11.  An integrated circuit, comprising a solid state memory, the memory
comprising:

an array of solid-state memory cells arranged in rows and columns, each memory
cell comprising:

a first inverter circuit including an inverter and a pass-gate transistor,
having an output for coupling a first storage node between its inverter and its pass-gate
transistor to a first bit line for its column responsive to a word line for its row, and having
an input, the first inverter circuit constructed of one or more p-channel metal-oxide-
semiconductor (MOS) transistors, and one or more n-channel MOS transistors, wherein
the p-channel MOS transistors are constructed with a compressive liner layer and the n-

channel MOS transistors are constructed with a tensile liner layer; and
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a second inverter circuit including an inverter and a pass-gate transistor,
having an output for coupling a second storage node between its inverter and its pass-gate
transistor to a second bit line for its column responsive to a word line for its row, the
second storage node coupled to the input of the inverter, the second inverter circuit
having an input coupled to the first storage node in the first inverter circuit, the second
inverter circuit constructed of one or more p-channel MOS transistors and one or more n-
channel MOS transistors;

address select circuitry, for receiving a row address and a column address, for
energizing a word line associated with a row of memory cells corresponding to the row
address; and
read/write circuitry coupled to the first and second bit lines of each column of
memory cells;
wherein one of the MOS transistors of the second inverter circuit in each of the
memory cells is constructed with a liner layer of opposite stress characteristics from that
of a corresponding MOS transistor in the first inverter circuit.
12. The integrated circuit of claim 11, wherein the inverter of the first inverter
circuit in each of the memory cells comprises:
an n-channel MOS drive transistor constructed with a tensile liner
layer, having a source coupled to a reference voltage, a gate connected to the input of the
inverter circuit, and a drain coupled to the first storage node; and
a p-channel MOS transistor constructed with a compressive liner
layer, having a drain coupled to the first storage node, a gate connected to the input of the
inverter circuit, and a source coupled to a power supply voltage;
wherein the inverter of the second inverter circuit in each of the memory cells
comprises:
an n-channel MOS drive transistor having a source coupled to a
reference voltage, a gate connected to the input of the inverter circuit, and a drain coupled

to the first storage node; and
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a p-channel MOS load transistor having a drain coupled to the first
storage node, a gate connected to the input of the inverter circuit, and a source coupled to
a power supply voltage.

13. The integrated circuit of claim 12, wherein both the p-channel MOS load
transistor and the n-channel MOS driver transistor of the second inverter circuit, in each
of the memory cells, are constructed with a compressive liner layer.

14. The integrated circuit of claim 13, wherein the pass-gate transistor of the first
inverter circuit in each of the memory cells comprises an n-channel MOS transistor
constructed with a tensile liner layer, having a source/drain path coupled between the first
storage node and the first bit line, and a gate connected to the word line for its row;

and wherein the pass-gate transistor of the second inverter circuit in each of the
memory cells comprises an n-channel MOS transistor constructed with a compressive
liner layer, having a source/drain path coupled between the second storage node and the
second bit line, and a gate connected to the word line for its row.

15. The integrated circuit of claim 13, wherein the pass-gate transistor of the first
inverter circuit in each of the memory cells comprises an n-channel MOS transistor
constructed with a tensile liner layer, having a source/drain path coupled between the first
storage node and the first bit line, and a gate connected to the word line for its row;

and wherein the pass-gate transistor of the second inverter circuit in each of the
memory cells comprises an n-channel MOS transistor constructed with a compressive
liner layer, having a source/drain path coupled between the second storage node and the
second bit line, and a gate connected to the word line for its row.

16. The integrated circuit of claim 11, further comprising;:

a logic circuit coupled to the read/write circuitry and the address select

circuitry.
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