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(57) ABSTRACT

In accordance with an embodiment, a memory includes: a
memory element, a sense amplifier circuit configured to
sense a difference during a sense operation between a sense
current passing through the memory element and a reference
current, and a margin current branch coupled in parallel with
the memory element and configured to selectively add a
margin current to the sense current.
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MEMORY WITH MARGIN CURRENT
ADDITION AND RELATED METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation-in-part of U.S. application
Ser. No. 15/476,618, filed on Mar. 31, 2017, which is a
continuation-in-part of U.S. application Ser. No. 15/225,
898, filed on Aug. 2, 2016, which applications are hereby
incorporated herein by reference.

TECHNICAL FIELD

[0002] The present invention relates generally to an elec-
tronic circuit, and, in particular embodiments, to memories
and related methods.

BACKGROUND

[0003] Solid-state memory devices have become quite
popular due to several advantages over typical active
memory devices. First and foremost, the solid-state memory
device comprises no moving parts, so it consumes less
power and provides robust reliability. Moreover, solid-state
memory devices are resistant to mechanical stress, such as
impacts and vibration.

[0004] One type of memory used for solid-state memory
devices is the flash memory device. The flash memory
device may be based upon NAND or NOR logic gates, for
example. For example, U.S. Patent Application Publication
No. 2009/0080236 to Nakamura discloses a memory device.
The memory device comprises a plurality of memory cells,
and bit lines coupled to each memory cell. The memory
device provides a supply voltage to each of the memory cells
via the bit lines. Flash memory writing may be implemented
by erasing a bank of memory and then programming the
desired words into the memory. Because of the bank erasing
and programming, flash memory programming may exhibit
low granularity.

[0005] Another approach to solid-state memory is a phase-
change memory. These devices, rather than using the float-
ing gate approach of flash memory, use chalcogenide glass
for storing data. In particular, chalcogenide glass may be
forced to take either amorphous or crystalline form by
exposing it to a prescribed level of heat. The current state is
detected by detecting the resistivity of the chalcogenide
glass, which predictably varies based upon the form thereof.
In phase-change memory the granularity is bit by bit.

SUMMARY

[0006] In accordance with an embodiment, a memory
includes: a memory element, a sense amplifier circuit con-
figured to sense a difference during a sense operation
between a sense current passing through the memory ele-
ment and a reference current, and a margin current branch
coupled in parallel with the memory element and configured
to selectively add a margin current to the sense current.

[0007] In accordance with an embodiment, a circuit
includes: a sense amplifier circuit configured to sense a
difference between a first current based on a direct memory
bit and a second current based on a complementary memory
bit, the direct memory bit coupled to a first input of the sense
amplifier circuit, and the complementary memory bit
coupled to a second input of the sense amplifier circuit; and
a controller configured to, during a sense operation, selec-
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tively add a first margin current to the first current, and
during the sense operation, selectively add a second margin
current to the second current.

[0008] Generally speaking, a differential phase change
material (PCM) memory may include first and second PCM
elements, and a sense amplifier circuit configured to sense a
difference between first and second sense currents passing
through the first and second PCM elements, respectively,
during a sense operation. The differential PCM memory may
include a first margin current branch coupled in parallel with
the first PCM element and configured to selectively add a
first margin current to the first sense current, and a second
margin current branch coupled in parallel with the second
PCM element and configured to selectively add a second
margin current to the second sense current. Particularly this
PCM structure with margin current branches may be used to
develop a method to check the current margin between direct
and complementary cells, which uses three differential read-
ings, the first with no current margin added, the second with
a current margin added to the direct cells and the third with
a current margin added to complementary cells. This allows
to check 0’s and 1’s current margin, and if the required
margin is not respected, to refresh the memory content.
[0009] More specifically, each of the first and second
margin current branches may comprise a control switch
coupled to the sense amplifier circuit and configured to
control flow of the first and second margin currents. The
control switch of the first margin current branch may be
configured to perform a logic check operation on the first
PCM element by adding the first margin current to the first
sense current during the sense operation. The control switch
of the second margin current branch may be configured to
perform a logic check operation on the second PCM element
by adding the second margin current to the second sense
current during the sense operation. By selectively adding
margin currents to the two branches, the robustness of the
margin current between the two cells in differential configu-
ration may be tested. When the margin current becomes
lower than a predetermined threshold, the memory cells may
be refreshed. This may be useful for all differential memo-
ries that are subject to a current drift with aging that could
reduce the current margin.

[0010] In some embodiments, the differential PCM
memory may further comprise a controller configured to flag
the first and second PCM elements with an error value when
the sense operation has a different output value when the first
and second margin currents are added. Each of the first and
second margin current branches may comprise a plurality of
current sources. Each of the first and second margin current
branches may be configured to generate different margin
currents.

[0011] Additionally, the sense amplifier circuit may com-
prise a first stage current integrator circuit coupled to the first
and second PCM elements, and a second stage comparator
circuit coupled downstream from the first stage current
integrator circuit. The sense amplifier circuit may comprise
a third stage latch circuit coupled downstream from the
second stage comparator circuit and configured to output an
output signal based upon the difference between the first and
second sense currents.

[0012] Another aspect is directed to a method for making
a differential PCM memory. The method may include form-
ing first and second PCM elements, and forming a sense
amplifier circuit configured to sense a difference between
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first and second sense currents passing through the first and
second PCM elements, respectively, during a sense opera-
tion. The method may include forming a first margin current
branch coupled in parallel with the first PCM element and
configured to selectively add a first margin current to the first
sense current, and forming a second margin current branch
coupled in parallel with the second PCM element and
configured to selectively add a second margin current to the
second sense current.

[0013] Another aspect is directed to a method for checking
and refreshing a differential PCM memory. The differential
PCM memory may include first and second PCM elements,
a sense amplifier circuit configured to sense a difference
between first and second sense currents passing through the
first and second PCM elements, respectively, during a sense
operation, a first margin current branch coupled in parallel
with the first PCM element, and a second margin current
branch coupled in parallel with the second PCM element.
The method may include during the sense operation, using
the first margin current branch to selectively add a first
margin current to the first sense current, and during the sense
operation, using the second margin current branch to selec-
tively add a second margin current to the second sense
current. This method allows to check the margin robustness,
and to refresh the cells in case the current margin selected is
not respected.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] For a more complete understanding of the present
invention, and the advantages thereof, reference is now
made to the following descriptions taken in conjunction with
the accompanying drawings, in which:

[0015] FIG. 1 shows a schematic diagram of a single
ended memory, according to the present disclosure;

[0016] FIG. 2 shows a schematic diagram of another
embodiment of the single ended memory, according to the
present disclosure.

[0017] FIG. 3 shows a schematic diagram of a differential
PCM memory, according to the present disclosure.

[0018] FIG. 4 shows a timing diagram for the differential
PCM memory of FIG. 3.

[0019] FIG. 5 shows a flowchart of a check and refresh
procedure embedded in a differential PCM, according to an
embodiment of the present invention;

[0020] FIGS. 6a and 65 show schematic diagrams of a
memory, according to an embodiment of the present inven-
tion.

[0021] Corresponding numerals and symbols in different
figures generally refer to corresponding parts unless other-
wise indicated. The figures are drawn to clearly illustrate the
relevant aspects of the preferred embodiments and are not
necessarily drawn to scale. To more clearly illustrate certain
embodiments, a letter indicating variations of the same
structure, material, or process step may follow a figure
number.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0022] The present disclosure will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which several embodiments of the present disclosure
are shown. This present disclosure may, however, be embod-
ied in many different forms and should not be construed as

Mar. &, 2018

limited to the embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of
the present disclosure to those skilled in the art. Like
numbers refer to like elements throughout, and base 100
reference numerals are used to indicate similar elements in
alternative embodiments.

[0023] The present invention will be described with
respect to preferred embodiments in a specific context, a
memory system with margin current additions in various
memory technology implementations and with particular
memory sensing circuits. Embodiments of the present inven-
tion may also be used with other memory technologies as
well as with other memory sensing circuit.

[0024] Referring to FIG. 1, an approach to a memory 10
is now described. The memory 10 illustratively includes a
memory element branch comprising a memory element 12,
a write line transistor (e.g. the illustrated metal-oxide-
semiconductor field-effect transistor (MOSFET), a bipolar
junction transistor (BJT), or a junction gate field-effect
transistor (JFET)) 17 coupled to a first end of the PCM
element, and first and second read transistors (e.g. the
illustrated MOSFET, a BIT, or a JFET) 18-19 coupled to a
second end of the PCM element. The PCM memory 10
illustratively includes a reference branch comprising a set-
table current source (e.g. the illustrated programmable digi-
tal-to-analog converter) 26, and a reference transistor (e.g.
the illustrated MOSFET, a BIT, or a JFET) 25 coupled to the
settable current source.

[0025] The memory 10 illustratively includes a sense
amplifier circuit 11 configured to sense a difference during
a sense operation between a sense current passing through
the memory element 12 and a reference current from the
settable current source 26. The sense amplifier circuit 11
illustratively includes a first stage current integrator circuit
14 coupled to the memory element branch and the reference
branch. The first stage current integrator circuit 14 illustra-
tively includes first and second extracted capacitances 27-28
respectively coupled to the memory element branch and the
reference branch.

[0026] The sense amplifier circuit 11 illustratively
includes a second stage comparator circuit 15 coupled
downstream from the first stage current integrator circuit 14.
The second stage comparator circuit 15 illustratively
includes first and second transistors (e.g. the illustrated
MOSFET, a BJT, or a JFET) 31-32. The sense amplifier
circuit 11 illustratively includes a third stage latch circuit 16
coupled downstream from the second stage comparator
circuit 15 and configured to output an output signal based
upon the difference between the sense current and the
reference current. The third stage latch circuit 16 illustra-
tively includes a simple reset (SR) latch circuit having
cross-coupled first and second inverters 33-34, but other
latch configurations could be used.

[0027] The memory 10 may have some potential draw-
backs. For example, the memory 10 is single ended, and the
memory element 12 may suffer current drift as time passes,
thereby reducing the differential between the sensed current
and the reference current, which can provide erroneous
readout and increase access time. Hence, there is a need to
improve the reliability of the memory 10 as time passes and
to address degradation in the memory element 12.

[0028] Memory element 12 may be implemented with
PCM technology. Alternatively, other technologies that may
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be programmed to have different resistances may be used.
Examples include resistive random-access memory technol-
ogy (RRAM) and magnetoresistive random-access memory
technology (MRAM). In some embodiments, memory ele-
ment 12 may be implemented with technologies that are
configured to produce a high current or a low current
depending on the state programmed, such as memories using
floating gates.

[0029] Referring now additionally to FIG. 2, another
embodiment of the memory 110 is now described. In this
embodiment of the memory 110, those elements already
discussed above with respect to FIG. 1 are incremented by
100 and most require no further discussion herein. This
embodiment differs from the previous embodiment in that
this memory 110 illustratively includes a margin current
branch 113 coupled in parallel with the memory element 112
and configured to selectively add a margin current to the
sense current.

[0030] More specifically, the margin current branch 113
illustratively includes a control switch (e.g. the illustrated
MOSFET, a BIT, or a JFET) 120 coupled to the sense
amplifier circuit 111 and configured to control flow of the
margin current. The control switch 120 is configured to
perform a logic check operation on the memory element 112
by adding the margin current to the sense current during the
sense operation.

[0031] The margin current branch 113 illustratively
includes a plurality of current sources 123-124, and a
plurality of sub-control switches (e.g. the illustrated MOS-
FET, a BIT, or a JFET) 121-122 respectively coupled to the
plurality of current sources. Via selective control of the
plurality of sub-control switches 121-122, the margin cur-
rent may be selectively varied via current addition, i.e. to
generate different margin currents (e.g. the illustrated 5 pA,
10 pA, and 15 pA) for addition to the sense current.
[0032] Helpfully, the memory 110 may detect degradation
in the memory element 112 if the detected data value
changes when adding the margin current. This embodiment
of the memory 110 may provide an approach to detecting
degradation in the memory element 112. This may provide
for a more reliable memory 110 and faster access times.
[0033] Another aspect is directed to a method for making
a memory 110. A method according to the aspect includes
forming a memory element 112, and forming a sense ampli-
fier circuit 111 configured to sense a difference during a
sense operation between a sense current passing through the
memory element and a reference current. A method accord-
ing to the aspect includes forming a margin current branch
113 coupled in parallel with the memory element 112 and
configured to selectively add a margin current to the sense
current.

[0034] Another aspect is directed to a method for checking
and refreshing a memory 110. The memory 110 includes a
memory element 112, a sense amplifier circuit 111 config-
ured to sense a difference during a sense operation between
a sense current passing through the memory element and a
reference current, and a margin current branch 113 coupled
in parallel with the memory element. A method according to
the aspect comprises during the sense operation, using the
margin current branch 113 to selectively add a margin
current to the sense current.

[0035] As discussed above, memory element 112 may be
implemented with PCM technology. Alternatively, other
technologies that may be programmed to have different
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resistances may be used, such as RRAM, and MRAM. In
some embodiments, memory element 12 may be imple-
mented with technologies that are configured to produce a
high current or a low current depending on the state pro-
grammed, such as memories using floating gates.

[0036] Referring now additionally to FIGS. 3-5, another
embodiment of a PCM memory 210 is now described. In this
embodiment of the PCM memory 210, those elements
already discussed above with respect to FIGS. 1-2 are
incremented by 200 and most require no further discussion
herein. This embodiment differs from the previous embodi-
ment in that this PCM memory 210 is a differential PCM
memory (i.e. having first/direct and second/complementary
memory elements). The differential PCM memory 210 illus-
tratively comprises first and second PCM elements 212a-
2125 (i.e. the direct read and complementary read PCM
cells), and a sense amplifier circuit 211 configured to sense
a difference between first and second sense currents passing
through the first and second PCM elements, respectively,
during a sense operation. The differential PCM memory 210
illustratively includes a first margin current branch 213a
coupled in parallel with the first PCM element 212a¢ and
configured to selectively add a first margin current to the first
sense current, and a second margin current branch 2134
coupled in parallel with the second PCM element 2126 and
configured to selectively add a second margin current to the
second sense current.

[0037] More specifically, each of the first and second
margin current branches 213a-2135 comprises a control
switch 220a-2205 coupled to the sense amplifier circuit 211
and configured to control flow of the first and second margin
currents. The control switch 220a of the first margin current
branch 213a is configured to perform a logic check opera-
tion on the first PCM element 212a by adding the first
margin current to the first sense current during the sense
operation. The control switch 2206 of the second margin
current branch 2135 is configured to perform a logic check
operation on the second PCM element 2126 by adding the
second margin current to the second sense current during the
sense operation. In the illustrated embodiment, the differ-
ential PCM memory 210 further comprises a controller 235
configured to flag the first and second PCM elements
2124-212b with an error value (e.g. an error bit value) when
the sense operation has a different output value when the first
and second margin currents are added.

[0038] Another aspect is directed to a method for making
a differential PCM memory 210. A method according to the
aspect includes forming first and second PCM elements
212a-212b, and forming a sense amplifier circuit 211 con-
figured to sense a difference between first and second sense
currents passing through the first and second PCM elements,
respectively, during a sense operation. A method according
to the aspect includes forming a first margin current branch
213a coupled in parallel with the first PCM element 2124
and configured to selectively add a first margin current to the
first sense current, and forming a second margin current
213b branch coupled in parallel with the second PCM
element 2125 and configured to selectively add a second
margin current to the second sense current.

[0039] Another aspect is directed to a method for checking
and refreshing a differential PCM memory 210. The differ-
ential PCM memory 210 includes first and second PCM
elements 2124-212b, a sense amplifier circuit 211 config-
ured to sense a difference between first and second sense
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currents passing through the first and second PCM elements,
respectively, during a sense operation, a first margin current
branch 213a coupled in parallel with the first PCM element,
and a second margin current branch 2135 coupled in parallel
with the second PCM element. A method according to the
aspect includes during the sense operation, using the first
margin current branch 213a to selectively add a first margin
current to the first sense current, and during the sense
operation, using the second margin current branch 2135 to
selectively add a second margin current to the second sense
current.

[0040] Referring now to FIG. 4, a timing diagram 40 is
now described. The timing diagram 40 shows a busy signal
41, a clock signal 42, an ADD<0> signal 43 configured to
activate the control switch 220a of the first margin current
branch 213a, an ADD<1> signal 44 configured to activate
the control switch 2205 of the second margin current branch
2135, an E_10u signal 45a configured to activate the sub-
control switch 221a of the first and second margin current
branches 213a-213b, an E_u signal 455 configured to acti-
vate the sub-control switch 2215 of the first and second
margin current branches 213a-2135, and a READ_N signal
46.

[0041] Referring now to FIG. 5, a flowchart 50 and a
method for checking and refreshing the differential PCM
memory 210 is now described. (Block 51). At Block 52, the
control switches 220a-2205 are opened and a normal dif-
ferential read operation is performed. At Blocks 53-55, the
first margin current is added to the first sense current of the
first PCM element 212a and a differential read operation is
performed (i.e. performing a logic check on a “0” bit). If the
read data from this differential read operation differs from
that of the normal differential read operation, the error flag
for the 0’s (the direct cell 212q) is set at Block 56.

[0042] At Blocks 57-59, the second margin current is
added to the second sense current of the second PCM
element 2125 and a differential read operation is performed
(i.e. performing a logic check on a “1” bit). If the read data
from this differential read operation differs from that of the
normal differential read operation, the error flag for the 1’s
(the complementary cell 2125) is set at Block 60. In other
words, the method may include three separate differential
read operations (i.e. a normal read, and two margin current
addition reads). At Blocks 61-64, the control switches 220a-
2206 are opened, and if any error flag is set, the data is
rewritten to the first and second PCM elements 212a-2125.
In some embodiments, the controller 235 is configured to
store each memory word with a command bit for activating
the above described memory check and refresh method.
[0043] The above described memory check and refresh
method may use only three memory read accesses, which
provides a fast memory check without introducing signifi-
cant latency. A method according to the aspect also provides
for reduced access time to the PCM memories 110, 210 due
to the greater read margins (i.e. a greater differential at
inputs leads to the comparators providing output faster).
[0044] Also, the disclosed method can check data content
robustness in specific moment and can refresh content in
case of reduced cells current margins. This provides an
approach to issues with differential PCM memories, where
the direct and complementary cells have a specific behavior.
[0045] It is understood that the systems and methods
described herein are not limited to PCM memories. For
example, FIG. 6a shows a schematic of memory 600,
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according to embodiments of the present invention. FIG. 6a
omits some of the components for clarity purposes. Memory
600 includes memory bit 612a, complementary bit 6125,
programmable current sources 623a and 6235, switches
620a, 6184, 6185, and 6205, sense amplifier 615 and con-
troller 640.

[0046] During normal operation, memory 600 may oper-
ate with switches 620a and 62056 constantly open. In other
words, sense amplified 615 may sense the difference
between currents I, and 1, with current I being zero
and current I, .., being zero.

[0047] During a check operation, sense amplifier 615, may
initially sense a first current difference between currents I,
and I, with switches 6204 and 6205 open. A second current
difference may be sensed with switch 620a closed and
switch 6205 open. A third current difference may be sensed
with switch 620a open and switch 6205 closed. If either the
second or third current difference is different from the first
current difference, it may indicate that memory 600 is
degrading. In such a case, a refresh operation that repro-
grams bits 612a and 6125 with their respective original
values is performed. An alert flagging memory 600 as a
memory that failed the margin test may be issued. In some
embodiments, the refresh operation may be executed auto-
matically after the alert is issued.

[0048] The check operation may be executed at various
times, depending on the specific application. For example,
applications where the memory is exposed to environments
that make the particular memory technology susceptible to
degrade, such as, for example, high temperature applica-
tions, may perform the check operation every time the
memory powers up. Other applications may perform the
check operation after a user request, where the user may be,
for example, an external controller. In some embodiments,
the check operation may be performed during manufactur-
ing, for example, in cases where the memory has default
content.

[0049] Memory bit 612¢ and complementary bit 6125
may be implemented with PCM technology. Alternative,
other technologies that may be programmed to have differ-
ent resistances may be used, such as RRAM, and MRAM.
In some embodiments, memory bit 612¢ and complemen-
tary bit 6126 may be implemented with technologies that are
configured to produce a high current or a low current
depending on the state programmed, such as memories using
floating gates.

[0050] Programmable current sources 623a and 6235 may
be implemented with multiple current sources and a select-
ing mechanism, such as the implementation shown in FIG.
3, where, for example, current source 623a is implemented
with current source 223a, which is selectable with transistor
221a, and current source 224a, which is selectable with
transistor 222a. Programmable current sources 623a and
6235 may be implemented in other ways known in the art.
[0051] Some embodiments may implement programmable
current source 623a as a bidirectional current source. In
other words, programmable current source may be capable
of generating a current in both positive and negative direc-
tions. In such embodiments, current source 6235 may not be
implemented.

[0052] Switches 620a, 618a, 62056 and 6185 may be
implemented in any way known in the art. For example,
switches 620a, 618a, 6205 and 6185 may be implemented
with NMOS transistors.

marginl
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[0053] Sense amplifier 615 may be implemented as a
differential amplifier that produces a single ended logic
output. For example, FIG. 65 shows a schematic of sense
amplifier 615, according to an embodiment of the present
invention. As can be seen from FIG. 6b, when current I, is
greater than current 1,, transistor 646 turns on and transistor
648 turns off, thereby causing OUT_INT_N to be high and
OUT_INT to be low. When OUT_INT_N is high and
OUT_INT is low, transistor 650 is on and transistor 652 is
off, thereby causing COMP_OUT_N to be high and COMP_
OUT to be low. When COMP_OUT_N is high and COMP_
OUT is low, DATA_OUT is high. When COMP_OUT _N is
high and COMP_OUT is low, signal SA_DETECT is low,
thereby causing the inverter 644 to output high and turn on
transistor 642, which in turn shorts the inputs of sense
amplifier 615, thereby causing latches 654, 656 and 658 to
retain their content. A similar, but opposite, behavior is
exhibited when current I, is greater than current I,.

[0054] Transistor 642 may be turned off after a sense
operation to avoid shorting the input of sense amplifier 615.
Transistor 642 may be turned off, for example, by turning on
transistor 660 and turning off transistors 662. Signal DISA-
B_EQ may be used to turn on transistor 660 and turn off
transistor 662. Other implementations and methods known
in the art may be used.

[0055] Signals OUT_INT and OUT_INT_N may be pre-
charged to V ,, before a sense operation. Signals OUT_INT
and OUT_INT_N, thereby, may turn off transistors 650 and
652. Signals OUT_INT and OUT_INT_N may be pre-
charged by signal PRECH being high, and corresponding
PRECH_N signal being low. When PRECH+N is low,
transistors 666 and 668 may be on, hereby pre-charging
OUT_INT and OUT_INT_N to V. When PRECH is high,
transistor 664 may be off and transistors 670 and 672 may
be on.

[0056] A reset signal may be used to initialize the output
of sense amplified 615. For example, signal RESET, when
high, may cause DATA_OUT to be low.

[0057] Sense amplified 615 may be disabled, for example,
to save power. For example, signal ENAB_SA may be used
to disable sense amplified 65 when not in use. When signal
ENAB_SA is low, sense amplifier 615 may be disabled.
When signal ENAB_SA is high, sense amplifier 615 may be
enabled.

[0058] The voltage on the inputs of sense amplifier 615
may be regulated to appropriate levels for a particular
operation on a particular memory technology. Signal
VCASC_SA may be used to regulate the voltage on the
inputs of sense amplifier 615 to appropriate levels.

[0059] It is described: A phase change material (PCM)
memory comprising: a PCM element; a sense amplifier
circuit configured to sense a difference during a sense
operation between a sense current passing through the PCM
element and a reference current; and a margin current branch
coupled in parallel with the PCM element and configured to
selectively add a margin current to the sense current.
[0060] The margin current branch may comprise a control
switch coupled to the sense amplifier circuit and configured
to control flow of the margin current.

[0061] The control switch may be configured to perform a
logic check operation on the PCM element by adding the
margin current to the sense current during the sense opera-
tion.
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[0062] The PCM memory may comprise a controller con-
figured to flag the PCM element with an error value when
the sense operation has a different output value when the
margin current is added.

[0063] The margin current branch may comprise a plural-
ity of current sources.

[0064] The margin current branch may be configured to
generate different margin currents.

[0065] A method for making a phase change material
(PCM) memory, the method comprising: forming a PCM
element; forming a sense amplifier circuit configured to
sense a difference during a sense operation between a sense
current passing through the PCM element and a reference
current; and forming a margin current branch coupled in
parallel with the PCM element and configured to selectively
add a margin current to the sense current.

[0066] The margin current branch may comprise a control
switch coupled to the sense amplifier circuit and configured
to control flow of the margin current.

[0067] The control switch may be configured to perform a
logic check operation on the PCM element by adding the
margin current to the sense current during the sense opera-
tion.

[0068] The PCM element may be flagged with an error
value when the sense operation has a different output value
when the margin current is added.

[0069] The margin current branch may comprise a plural-
ity of current sources.

[0070] A method for checking and refreshing a phase
change material (PCM) memory comprising a PCM ele-
ment, a sense amplifier circuit configured to sense a differ-
ence during a sense operation between a sense current
passing through the PCM element and a reference current,
and a margin current branch coupled in parallel with the
PCM element, the method comprising: during the sense
operation, using the margin current branch to selectively add
a margin current to the sense current.

[0071] The margin current branch may comprise a control
switch coupled to the sense amplifier circuit and configured
to control flow of the margin current.

[0072] The control switch may be configured to perform a
logic check operation on the PCM element by adding the
margin current to the sense current during the sense opera-
tion.

[0073] The method may further comprise flagging the
PCM element with an error value when the sense operation
has a different output value when the margin current is
added.

[0074] The margin current branch may comprises a plu-
rality of current sources. While this detailed description has
set forth some embodiments of the present invention, the
appended claims cover other embodiments of the present
disclosure which differ from the described embodiments
according to various modifications and improvements. For
example, the herein described PCM memories could be
applied within an array of such memory devices.

[0075] One general aspect includes a circuit including: a
sense amplifier circuit configured to sense a difference
between a first current based on a direct memory bit and a
second current based on a complementary memory bit, the
direct memory bit coupled to a first input of the sense
amplifier circuit, and the complementary memory bit
coupled to a second input of the sense amplifier circuit; and
a controller configured to, during a sense operation, selec-
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tively add a first margin current to the first current, and
during the sense operation, selectively add a second margin
current to the second current.

[0076] Implementations may include one or more of the
following features. The circuit where the direct memory bit
includes a first variable resistance and the complementary
memory bit includes a second variable resistance. The
circuit where the direct memory bit includes a phase change
material (PCM) and the complementary memory bit
includes a PCM. The circuit where the direct memory bit and
the complementary memory bit are implemented with resis-
tive random-access memory technology (RRAM). The cir-
cuit where the direct memory bit and the complementary
memory bit are implemented with magnetoresistive random-
access memory technology (MRAM). The circuit where the
direct memory bit includes a first floating gate transistor and
the complementary memory bit includes a second floating
gate transistor. The circuit where the first margin current is
programmable and the second margin current is program-
mable. The circuit where the first margin current is pro-
grammable between 5 uA and 15 vA. The circuit where the
controller is further configured to: during the sense opera-
tion, capture a first difference between the first current and
the second current; add the first margin current to the first
current; after adding the first margin current, capture a
second difference between the first current and the second
current; and if the first difference has opposite polarity to the
second difference, issue a flag. The circuit where the con-
troller is further configured to, after the flag is issued, refresh
the memory bit and the complementary memory bit.

[0077] Another general aspect includes a method of oper-
ating a memory, the method including: executing a check
operation including sensing a first difference between a first
current based on a direct memory bit and a second current
based on a complementary memory bit; adding a first margin
current to the first current; and after adding the first margin
current, sensing a second difference between the first current
and the second current.

[0078] Implementations may include one or more of the
following features. The method where the check operation
further includes: if the first difference has opposite polarity
to the second difference, issue a flag. The method further
including, after the flag is issued, executing a refresh opera-
tion. The method where executing the check operation
includes executing the check operation when the memory
powers up. The method where the first margin current has a
same direction of the first current. The method where the
first margin current has opposite direction of the first current.

[0079] Yet another general aspect includes a circuit
including: a sense amplifier circuit configured to sense a
difference between a first current based on a direct memory
bit and a second current based on a complementary memory
bit, the direct memory bit being coupled to a first input of the
sense amplifier circuit, and the complementary memory bit
being coupled to a second input of the sense amplifier
circuit; a first current source coupled to the first input of the
sense amplifier circuit, the first current source configured to
generate a first margin current; a second current source
coupled to the second input of the sense amplifier circuit, the
second current source configured to generate a second
margin current; a latch coupled to an output of the sense
amplifier circuit; and a controller configured to selectively
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add the first margin current to the first current, and selec-
tively add the second margin current to the second margin
current.

[0080] Implementations may include one or more of the
following features. The circuit where the first current source
includes a first auxiliary current source and a second aux-
iliary current source. The circuit where the sense amplifier
circuit includes: a first latch coupled to the first input of the
sense amplifier circuit and further coupled to the second
input of the sense amplifier circuit; a second latch coupled
to an output of the first latch; and a third latch coupled to an
output of the second latch. The circuit where the sense
amplifier circuit further includes a ftransistor coupled
between the first input of the sense amplifier circuit and the
second input of the sense amplifier circuit.

[0081] While this invention has been described with ref-
erence to illustrative embodiments, this description is not
intended to be construed in a limiting sense. Various modi-
fications and combinations of the illustrative embodiments,
as well as other embodiments of the invention, will be
apparent to persons skilled in the art upon reference to the
description. It is therefore intended that the appended claims
encompass any such modifications or embodiments.

What is claimed is:

1. A memory comprising:

a memory element;

a sense amplifier circuit configured to sense a difference
during a sense operation between a sense current pass-
ing through the memory element and a reference cur-
rent; and

a margin current branch coupled in parallel with the
memory element and configured to selectively add a
margin current to the sense current.

2. The memory of claim 1, wherein the memory element

comprises a phase change material (PCM).

3. The memory of claim 1, wherein the memory element
comprises a first variable resistance.

4. The memory of claim 1, wherein the memory element
is implemented with resistive random-access memory tech-
nology (RRAM).

5. The memory of claim 1, wherein the memory element
is implemented with magnetoresistive random-access
memory technology (MRAM).

6. The memory of claim 1, wherein the memory element
comprises a floating gate transistor.

7. The memory of claim 1, wherein the margin current
branch comprises a control switch coupled to the sense
amplifier circuit and configured to control flow of the margin
current.

8. The memory of claim 7, wherein the control switch is
configured to perform a logic check operation on the
memory element by adding the margin current to the sense
current during the sense operation.

9. The memory of claim 1, further comprising a controller
configured to flag the memory element with an error value
when the sense operation has a different output value when
the margin current is added.

10. The memory of claim 1, wherein the margin current
branch comprises a plurality of current sources.

11. The memory of claim 1, wherein the margin current
branch is configured to generate different margin currents.

12. A method for making a memory, the method com-
prising:
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forming a memory element;

forming a sense amplifier circuit configured to sense a
difference during a sense operation between a sense
current passing through the memory element and a
reference current; and

forming a margin current branch coupled in parallel with

the memory element and configured to selectively add
a margin current to the sense current.

13. The method of claim 12, wherein the memory element
comprises a phase change material (PCM).

14. The method of claim 12, wherein the memory element
comprises a first variable resistance.

15. The method of claim 12, wherein the memory element
is implemented with resistive random-access memory tech-
nology (RRAM).

16. The method of claim 12, wherein the memory element
is implemented with magnetoresistive random-access
memory technology (MRAM).

17. The method of claim 12, wherein the memory element
comprises a floating gate transistor.

18. The method of claim 12, wherein the margin current
branch comprises a control switch coupled to the sense
amplifier circuit and configured to control flow of the margin
current.

19. The method of claim 18, wherein the control switch is
configured to perform a logic check operation on the
memory element by adding the margin current to the sense
current during the sense operation.

20. The method of claim 12, wherein the memory element
is flagged with an error value when the sense operation has
a different output value when the margin current is added.

21. The method of claim 12, wherein the margin current
branch comprises a plurality of current sources.

22. A method for checking and refreshing a memory
comprising a memory element, a sense amplifier circuit
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configured to sense a difference during a sense operation
between a sense current passing through the memory ele-
ment and a reference current, and a margin current branch
coupled in parallel with the memory element, the method
comprising:

during the sense operation, using the margin current

branch to selectively add a margin current to the sense
current.

23. The method of claim 22, wherein the memory element
comprises a phase change material (PCM).

24. The method of claim 22, wherein the memory element
comprises a first variable resistance.

25. The method of claim 22, wherein the memory element
is implemented with resistive random-access memory tech-
nology (RRAM).

26. The method of claim 22, wherein the memory element
is implemented with magnetoresistive random-access
memory technology (MRAM).

27. The method of claim 22, wherein the memory element
comprises a floating gate transistor.

28. The method of claim 22, wherein the margin current
branch comprises a control switch coupled to the sense
amplifier circuit and configured to control flow of the margin
current.

29. The method of claim 28, wherein the control switch is
configured to perform a logic check operation on the
memory element by adding the margin current to the sense
current during the sense operation.

30. The method of claim 22, further comprising flagging
the memory element with an error value when the sense
operation has a different output value when the margin
current is added.

31. The method of claim 22, wherein the margin current
branch comprises a plurality of current sources.
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