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COMPENSATING PCM DRIFT FOR NEUROMORPHIC APPLICATIONS

TECHNICAL FIELD

[0001] This invention relates generally to neuromorphic computing and, more specifically, relates to

phase change memory (PCM) in neuromorphic computing.

BACKGROUND

[0002] Phase-change memory (PCM) is memory that can store information while power is off. This
memory is referred to as such because of its ability to switch from a disorderly (or amorphous) state to an orderly
(or crystalline) one very quickly. PCM scores well in terms of most of the desirable attributes of a universal memory
technology. In particular, it exhibits very good endurance on the order of 1 million cycles or more, moderate
retention, and superb scalability to sub-20-nm nodes and beyond. In addition, it is amenable to multilevel-cell
storage, thanks to the large resistivity contrast between its SET and RESET states. However, a number of
technological challenges need to be addressed for PCM to become universal memory. A significant challenge of
PCM technology is a phenomenon known as resistance drift: The resistance of a cell is observed to drift upwards in
time, with the amorphous state drifting more than its crystalline counterpart. Drift seriously affects the reliability of
multilevel-cell (MLC) storage in PCM because of the reduced sensing margin between adjacent tightly-packed

resistance levels.

[0003] In more detail, neuromorphic computing requires multiple (about 1,000) resistance levels.
The resistance difference between states is much smaller than in storage class memory, where only two resistance

states are required.

[0004] Further, the neural network training time is typically long, e.g., on the orders of hours, days,
or even weeks. Meanwhile, the drift of PCM in one hour could mix two adjacent resistance states. Resistance drift
is fundamental to disordered materials, such as amorphous materials or materials with a mix of amorphous and

poly-crystalline regions.

[0005] The resistance drift does not need to be zero, but the drift coefficient needs to be reduced to,
e.g., <0.005 for neuromorphic applications. Conventional techniques such as projected cell have been proposed to
reduce PCM resistance drift, but the results cannot meet the target drift coefficient of less than 0.005. Therefore,

there is a need in the art to address the aforementioned problem.
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SUMMARY

[0006] Viewed from a first aspect, the present invention provides an apparatus, comprising: an
analog phase change memory array, the phase change memory array comprising an array of cells addressable and
accessible through first lines and second lines; and at least one device coupled to one or more of the first lines, the
at least one device able to be coupled to or decoupled from the one or more first lines to compensate for phase

change memory resistance drift in resistance of at least one of the cells in the one or more first lines.

[0007] Viewed from a further aspect, the present invention provides a method for operating an
apparatus of the invention, comprising: addressing and accessing an array of cells of an analog phase change
memory array, through first lines and second lines of the array; and compensating for phase change memory
resistance drift in resistance of at least one of the cells in the one or more first lines, by coupling or decoupling from

the one or more first lines of at least one device are capable of being coupled to one or more of the first lines.

[0008] An exemplary embodiment is an apparatus. The apparatus includes an analog phase
change memory array. The phase change memory array includes an array of cells addressable and accessible
through first lines and second lines. The apparatus includes at least one device coupled to one or more of the first
lines, the at least one device able to be coupled to or decoupled from the one or more first lines to compensate for

phase change memory resistance drift in resistance of at least one of the cells in the one or more first lines.

[0009] Another exemplary embodiment is an apparatus. The apparatus includes an analog phase
change memory array, the phase change memory array including an array of cells addressable and accessible
through first lines and second lines. The apparatus also includes at least one device coupled to one or more of the
firstlines. The at least one device is able to be coupled to or decoupled from the one or more first lines to
compensate for phase change memory resistance drift in resistance of at least one of the cells in the one or more
first lines. The apparatus also includes control circuitry configured to send, using the first lines and second lines, a
same set pulse through the at least one device to a plurality of individual phase change memory resistors in the

phase change memory array sequentially once every period.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The present invention will now be described, by way of example only, with reference to

preferred embodiments, as illustrated in the following figures:
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[0011] FIG. 1is a graph of resistance versus time and is used to describe the drift at higher and
lower resistance states;
[0012] FIG. 2 is an exemplary method for compensating PCM drift for neuromorphic applications;
[0013] FIG. 3 illustrates exemplary circuitry for a neuromorphic application and pulse heights based
on the method of FIG. 2;
[0014] FIG. 3A is another example of exemplary circuitry for a neuromorphic application and pulse
heights based on the method of FIG. 2;
[0015] FIG. 4 is a graph illustrating a required pulse voltage versus a PCM resistor R in an
exemplary embodiment;
[0016] FIG. 5is a voltage divider circuit used for generating required input voltage for different PCM
resistors; and
[0017] FIG. 6 illustrates exemplary circuitry for a neuromorphic application and pulse heights based
on the method of FIG. 2.
DETAILED DESCRIPTION
[0018] The following abbreviations that may be found in the specification and/or the drawing figures
are defined as follows:
I/F interface
110 input/output
PCM  phase change memory
R resistance
V volts
[0019] The word “exemplary” is used herein to mean “serving as an example, instance, or

illustration.” Any embodiment described herein as “exemplary” is not necessarily to be construed as preferred or
advantageous over other embodiments. All of the embodiments described in this Detailed Description are
exemplary embodiments provided to enable persons skilled in the art to make or use the invention and not to limit

the scope of the invention which is defined by the claims.

[0020] As stated above, the resistance drift for PCM does not need to be zero, but the drift
coefficient needs to be reduced to <0.005 for neuromorphic applications. Conventional techniques such as
projected cell have been proposed to reduce PCM resistance drift, but the results cannot mest the target drift

coefficient of less than 0.005.

[0021] It is possible to use circuits to compensate PCM drift for neuromorphic applications. There

are, however, challenges in this regard. For instance, drifting at different speeds: High R (resistance) state drifts
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faster; meanwhile, Low R states drift slower. Additionally, there are unknown resistor values in the array that

makes up the neuromorphic network structure.

[0022] FIG. 1is a graph of resistance (R, in Ohms, Q) versus time (in seconds) and is used to
describe the drift at higher and lower resistance states. The reset state 110 is described by R = Ry (t/t4)7,
where the drift coefficient v = 0.11. As can be seen, the reset state 110 starts at about 5x106 Ohms at time is 100
seconds, and moves upward until about 1x107 Ohms at time is 104 seconds. For the set state 120, where v <

0.01, the set state has a low resistance near about 8x103 Ohms between times of 100 to 104 seconds.

[0023] To address issues such as these, exemplary approaches described herein include the
following:

1) The drift is always in the direction of resistance increass;

2) Set pulses are sent to every PCM resistor individually once every few minutes in exemplary embodiments; and
3) The set pulse will crystallize the PCM and reduce resistance at a rate that compensates for the drift toward high

resistance.

[0024] There are a number of exemplary embodiments described below that implement these and

other approaches.

[0025] A first exemplary embodiment for compensating PCM drift for neuromorphic applications is
now described. Referring to FIG. 2, this figure is an exemplary method for compensating PCM drift for
neuromorphic applications. Refer also to FIG. 3, which is explained in conjunction with FIG. 2. FIG. 3illustrates

exemplary circuitry for a neuromorphic application and pulse heights based on the method of FIG. 2.

[0026] In FIG. 3, a neuromorphic network structure 300 comprises control circuitry 305 and a PCM
array 370. The neuromorphic network structure 300 may be, for instance, a memory circuit as part or all of an
integrated circuit (commonly referred to as a memory chip). The control circuitry comprises in one example one or
more processors 310, one or more memories 315, and an input/output (I/0) interface (I/F) 325. The one or more
memories comprise program instructions embodied in an example as a PCM drift compensation program 320. In
this example, the PCM drift compensation program 320, while being executed by the one or more processors 310,
causes the neuromorphic network structure 300 (e.g., via the control circuitry 305) to perform operations described
herein (such as in blocks of FIG. 2). In this embodiment, the PCM drift compensation program 320 may be
updatable and comprises computer readable program instructions, where the memory 315 is a computer readable
storage medium. Another possibility is that the PCM drift compensation program 320 can be implemented entirely
in circuitry 305, such as being implemented as part of an application-specific integrated circuit. Yet another

possibility is that some combination of hardware and software may be used. The I/O I/F 325 is used for various
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functions, such as to apply pulses to the word lines 340 and bit lines 345. The illustrated filled circles may also be

considered to be elements use to contact the corresponding word lines 340/bit lines 345.

[0027] The PCM array 370 comprises an m (row) by n (columns) matrix of PCM cells 360. The
PCM array 370 is in an exemplary embodiment analog phase change memory array. PCM could be either analog
(many states) or digital (two states). The drift is more important for analog memory. Digital PCM still has a drift
problem, but the memory window is typically large. However, the examples described herein may also be applied
there, or to any other technologies using PCM. Each row is a word line 340 and each column is a bit line 345 in this
example. There are m word lines 340 and n bit lines 345. A PCM cell 360 is shown at word line 340-(m-1) and bit
line 324-2 and is consequently referenced as PCM cell 360-(m-1)(2). This PCM cell 360 comprises a selection
transistor 390 and a corresponding PCM 395, illustrated using a resistor symbol. Because the PCM 365 operates

via resistive memory, this will also be called a PCM resistor 395.

[0028] Referring also to FIG. 2, in block 210, identical pulses 331 are sent to the PCM array to
individual PCM resistors 395 sequentially once every period such as every minute or tens of minutes. By
“sequentially’, it is meant that a set pulse 331 is sent to one of the individual PCM resistors 395, then is sent to
another of the individual PCM resistors 395, ..., and this process continues until non-overlapping set pulses 331
have been sent to a certain number of individual PCM resistors 395. This operation is performed by the control
circuitry 305, e.g., under control of the PCM drift compensation program 320. To address a PCM resistor 395, a
corresponding switch 335 for the corresponding row would be enabled (e.g., “shut’) and a corresponding selection
transistor 390 would be enabled. This allows each PCM resistor 395 in a row (as a word line 340) to be individually
addressed. By “identical’ pulses, it is meant that the pulse does not need to be changed from the source. Using an
“identical’ pulse is a major advantage of the exemplary embodiments. Normally, one would need different pulses to
correct the drift for different PCM cells. In this case, the control circuit becomes extremely complicated for a large
array. One exemplary benefit of the exemplary embodiments is that one can send the same pulse to all PCM cells
and correct all of them. Note that there may be slight differences in the pulses, due to normal variances in creating
similar pulses, so the same set pules may be substantially, but not exactly, the same. From the perspective of the
circuitry used to create the pulse, it should be assumed that the set pulses are the same, but actual pulse

envelopes might differ slightly.

[0029] As illustrated in block 220, an external resistor 330 is added in the word line 340 to form a
voltage divider that can automatically tune the actual pulse height applied on the PCM resistor 395, The external
resistor 330 is a device compensating for phase change memory resistance drift in cells in the associated word line.
The external resistor 330 is referred to as “external” (in this example) because the resistor is outside the PCM array
370. This example illustrates a single resistor 330 for the PCM array 370. A corresponding switch 335-1 is also
shown, which allows the resistor 330 to be connected to or disconnected from the word line 340-1. There are m

switches 335, one for each of the m word lines 340. Each switch 335 is connected to a line 331. This one resistor
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per PCM array is suitable, if there are switches 335 for each word line 340 to connect to this resistor at different
times. If this resistor can be made tunable (e.g., using a transistor as illustrated in FIG. 6) this could allow further

tuning, e.g., for individual word lines.

[0030] Although only one resistor 330-1 and corresponding switch 335 are illustrated in FIG 3, each
of the word lines 340-1 through 340-m could have a corresponding resistor 330 and switch 335. FIG. 3A illustrates
this possibility, where there are resistors 330-1 through 330-m, one resistor 330 for each of a corresponding word
line 340-1 through 340-1 m. Each resistor 330 is couples to a line 229 and has a corresponding output line 331-1
through 331-m, which is coupled to a corresponding switch 335-1 through 335-m. Note that the circuitry illustrated
in FIG. 3Ais only one possibility, and other circuitry might be used. As an example, the switches 335 may be placed

in lines 229 (prior to the resistors 33), or other changes may be made.

[0031] As for the period, with the exemplary embodiments herein, one does not need to send in
pulses every clock cycle or every second. The frequency of sending the pulse depends on the drift coefficient of the
PCM and other parameters and may be tuned accordingly. Every few minutes (say, 3-5 minutes) is one example.
Tens of minutes (say, 10 or 15 or 20 minutes) might also be used. It is also possible one hour (or even longer) can

be used. One skilled in this area should easily be able to determine a suitable period.

[0032] As illustrated by block 230, pulse height is determined by the R value of each PCM resistor
395in a PCM cell 360: Large R get high pulse to compensate for fast drift; or Small R get low pulse to compensate
for slow drift. There is no need to read out the resistor values. That is, the voltage is divided between the PCM
resistor 395 and the external resistor 330. Even though a PCM resistor value is not read out, different voltage can

be applied to the PCM resistor 395 using the external resistor 330 as a voltage divider.

[0033] In the example of FIG. 3 (or FIG. 3A), there is a cell 360-(1)(n) having a large R value. The
applied pulse 331, e.g., applied by the I/O I/F 325 to the corresponding word line 340-1 under control of the PCM
drift compensation program 320, is illustrated having an envelope 332 (e.g., rise time + duration + fall time) with a
height H. This gets translated via a voltage divider (described below) to be an actual pulse height of H1, which is
close to the height H. This is an example for the large R case. There is always large R and small R in the array.
The instant exemplary techniques apply to all of them automatically to any corresponding resistor values. There is
also a cell 360-(x)(n) having a small R value and the applied pulse 331 gets translated via a voltage divider to be an

actual pulse height of Ha, which is about half the height H.

[0034] Concerning the shape (as illustrated by the envelope 332) of the pulse 331, the pulse shape
is another parameter that could be modified, such as through optimization. The rise could be sharp. The falling
edge should be long enough the cause crystallization. This is a function of the PCM cell 360 being used, and one

skilled in this area can determine parameters for the envelope 332 based on the PCM cell 360 being used.
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[0035] Turning to FIG. 4, this figure is a graph illustrating a required pulse voltage versus a PCM
resistor R in an exemplary embodiment. This graph illustrates the voltage V for a pulse voltage (e.g., used to create
the applied pulse 331) for one update based on R, the resistance of the PCM resistor 395 in a PCM cell 360.
Typical resistance of PCM resistors typically varies from about (~) 10 KOhm to ~100 KOhm, although these are not
limiting. As for pulse widths, typical gradual SET programming uses 5 to 10 ns (nanoseconds). It is noted that this
graph is used to illustrate a general case. The voltage is calculated based on the resistance values. In reality, the
pulse height and duration should be tailored to the PCM device (e.g., PCM resistor 395). It should be noted that the

values of 10KOhm to 110KOhm are merely exemplary and will depend on the actual PCM cell.

[0036] Referring to FIG. 5, this figure is a voltage divider circuit used for generating required input
voltage for different PCM resistors. The Rex is an external resistor and corresponds to a resistor 330. Using two
variables (Vap and Rex), the required input voltage for different PCM resistors can be determined. The voltage

divider equation is as follows:

R

V= V“P R+Rey
where R is the PCM resistor 395, Rex is the external resistor 330, Vep is voltage (e.g., the height H) of the applied

pulse 331, and V is the voltage (e.g., the H1 or Hz) of the pulse as it reaches the corresponding R.

[0037] One example of using this is as follows. Solve for external resistor Rex and applied pulse
voltage Vap, and one may determine Rex =3.8 KOhm, V2=2.1V for this exemplary case. Itis noted that FIG. 4
provides two endpoints; (10KOhm, 1.5V) and (100KOhm, 2V). Each of these can be used in the equation above to
provide one partially completed equation. This will yield two partially filled equations with two unknowns (Rex and

Vap), and therefore allows solving for the two unknowns.

[0038] It is noted that all the design of Rex and Vap can be performed before the chip (comprising
e.g., the neuromorphic network structure 300) is made. This is because the PCM resistance values are determined
by the technology and have a certain range. For training the PCM drift compensation application 320, a certain
resistance range would also be used for this. If the PCM resistance is out of the range, this will be programmed into
avalue inside this usable range. For an inference-only implementation, all the PCM resistor values are fixed (one
should program the PCM resistor to the desired values beforehand). So, it is possible to know the resistance values
ahead of time. It may also be possible to have an actual-value implementation, where PCM resistances are
measured (e.g., in lieu of or in addition to the inferencing of the PCM resistances). For instance, using a variable
resistor (such as the transistor describe in reference to FIG. 6) for the PCM array would allow the actual-value

implementation to occur.

[0039] FIG. 6 is an illustration of another example for compensating PCM drift for neuromorphic

applications. This example has a neuromorphic network structure 300-1 that uses a transistor 430 to replace the
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single input resistor 330 of FIG. 3. The fransistor 430 is a device compensating for phase change memory
resistance drift in cells in the associated word line, e.g., and operates as the resistor as in block 220 of FIG. 2. The
resistance of the transistor 430 (such as 430-1) can be tuned by gate voltage, Vg, which is supplied (along with the
source/drain voltage, Vsq) by the control circuitry 305, e.g., under control of the PCM drift compensation program
320. This transistor 430 can be used as a nonlinear resistor and can be applied on, e.g., a word line basis. Thatis,

the resistance of the transistor 430 can be varied, as per block 230 of FIG. 2, on a word line basis.

[0040] It is noted that it is possible to have a single transistor per word line, similar to what is shown
in FIG. 3A for resistors 330. It is also possible to use both transistors and resistors in an application. Furthermore,
although the word line(s) 340 has been used to couple the resistor(s) 330 to the PCM cells 360, it is also possible to
use the bit line(s) 345 instead of the word line(s) 340 to couple the resistor(s) 330 to the PCM cells 360.

[0041] The present invention may be a system, a method, and/or a computer program product. The
computer program product may include a computer readable storage medium (or media) having computer readable

program instructions thereon for causing a processor to carry out aspects of the present invention.

[0042] The computer readable storage medium can be a tangible device that can retain and store
instructions for use by an instruction execution device. The computer readable storage medium may be, for
example, but is not limited to, an electronic storage device, a magnetic storage device, an optical storage device, an
electromagnetic storage device, a semiconductor storage device, or any suitable combination of the foregoing. A
non-exhaustive list of more specific examples of the computer readable storage medium includes the following: a
portable computer diskette, a hard disk, a random access memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash memory), a static random access memory (SRAM), a portable
compact disc read-only memory (CD-ROM), a digital versatile disk (DVD), a memory stick, a floppy disk, a
mechanically encoded device such as punch-cards or raised structures in a groove having instructions recorded
thereon, and any suitable combination of the foregoing. A computer readable storage medium, as used herein, is
not to be construed as being transitory signals per se, such as radio waves or other freely propagating
electromagnetic waves, electromagnetic waves propagating through a waveguide or other transmission media (e.g.,

light pulses passing through a fiber-optic cable), or electrical signals transmitted through a wire.

[0043] Computer readable program instructions described herein can be downloaded to respective
computing/processing devices from a computer readable storage medium or to an external computer or external
storage device via a network, for example, the Internet, a local area network, a wide area network and/or a wireless
network. The network may comprise copper transmission cables, optical transmission fibers, wireless transmission,
routers, firewalls, switches, gateway computers and/or edge servers. A network adapter card or network interface in

each computing/processing device receives computer readable program instructions from the network and forwards
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the computer readable program instructions for storage in a computer readable storage medium within the

respective computing/processing device.

[0044] Computer readable program instructions for carrying out operations of the present invention
may be assembler instructions, instruction-set-architecture (ISA) instructions, machine instructions, machine
dependent instructions, microcode, firmware instructions, state-setting data, or either source code or object code
written in any combination of one or more programming languages, including an object oriented programming
language such as Smalltalk, C++ or the like, and conventional procedural programming languages, such as the "C"
programming language or similar programming languages. The computer readable program instructions may
execute entirely on the user's computer, partly on the user's computer, as a stand-alone software package, partly
on the user's computer and partly on a remote computer or entirely on the remote computer or server. In the latter
scenario, the remote computer may be connected to the user's computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or the connection may be made to an external computer
(for example, through the Internet using an Internet Service Provider). In some embodiments, electronic circuitry
including, for example, programmable logic circuitry, field-programmable gate arrays (FPGA), or programmable
logic arrays (PLA) may execute the computer readable program instructions by utilizing state information of the
computer readable program instructions to personalize the electronic circuitry, in order to perform aspects of the

present invention.

[0045] Aspects of the present invention are described herein with reference to flowchart illustrations
and/or block diagrams of methods, apparatus (systems), and computer program products according to
embodiments of the invention. It will be understood that each block of the flowchart illustrations and/or block
diagrams, and combinations of blocks in the flowchart illustrations and/or block diagrams, can be implemented by

computer readable program instructions.

[0046] These computer readable program instructions may be provided to a processor of a general
purpose computer, special purpose computer, or other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the processor of the computer or other programmable data
processing apparatus, create means for implementing the functions/acts specified in the flowchart and/or block
diagram block or blocks. These computer readable program instructions may also be stored in a computer readable
storage medium that can direct a computer, a programmable data processing apparatus, and/or other devices to
function in a particular manner, such that the computer readable storage medium having instructions stored therein
comprises an article of manufacture including instructions which implement aspects of the function/act specified in

the flowchart and/or block diagram block or blocks.
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[0047] The computer readable program instructions may also be loaded onto a computer, other
programmable data processing apparatus, or other device to cause a series of operational steps to be performed
on the computer, other programmable apparatus or other device to produce a computer implemented process, such
that the instructions which execute on the computer, other programmable apparatus, or other device implement the

functions/acts specified in the flowchart and/or block diagram block or blocks.

[0048] The flowchart and block diagrams in the Figures illustrate the architecture, functionality, and
operation of possible implementations of systems, methods, and computer program products according to various
embodiments of the present invention. In this regard, each block in the flowchart or block diagrams may represent a
module, segment, or portion of instructions, which comprises one or more executable instructions for implementing
the specified logical function(s). In some alternative implementations, the functions noted in the block may occur out
of the order noted in the figures. For example, two blocks shown in succession may, in fact, be executed
substantially concurrently, or the blocks may sometimes be executed in the reverse order, depending upon the
functionality involved. It will also be noted that each block of the block diagrams and/or flowchart illustration, and
combinations of blocks in the block diagrams and/or flowchart illustration, can be implemented by special purpose
hardware-based systems that perform the specified functions or acts or carry out combinations of special purpose

hardware and computer instructions.



