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LOW POWER PHASE CHANGE MEMORY CELL

BACKGROUND

Technical Field

The present subject matter relates to semiconductor phase change memory, and
more specifically, to a low power phase change memory cell to use in a phase change
memory with switch (PCMS) semiconductor memory.

Background Art

Memory for computers or other electronic devices can include blocks of memory
cells integrated into a larger integrated circuit or stand-alone integrated circuits. There are
many different types of memory including random-access memory (RAM), read only
memory (ROM), dynamic random access memory (DRAM), static RAM (SRAM),
synchronous dynamic RAM (SDRAM), flash memory and phase change memory. Phase
change memory devices utilize materials that have different electrical properties in their
crystalline and amorphous phases. Each phase change memory cell may be programmed
by putting the material in the memory cell into either a crystalline phase or an amorphous
phase providing non-volatile memory that does not require power to retain its contents.
Phase change memories are often programmed using heat generated by an electrical
current to control the state of the phase change material.

Phase change memory cells may be made from chalcogenide materials.
Chalcogenide materials include at least one element from group 16 (also known as Group
VI A) of the periodic table, such as sulfur (S), selenium (Se), and tellurium (Te).
Chalcogenide phase change material, when heated to a temperature above its melting point
and allowed to cool quickly, will remain in an amorphous glass-like state with a high
electrical resistance. The chalcogenide phase change material, when heated to a
temperature above its glass transition temperature T, but below the melting point, will
transform into a crystalline phase with a much lower resistance. This difference in the
material properties between the amorphous and crystalline phases of chalcogenide
materials may be used to create a phase change memory device.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and constitute part of the
specification, illustrate various embodiments. Together with the general description, the

drawings serve to explain various principles. In the drawings:
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FIG. 1A and 1B show a cross-sectional diagram of an embodiment of a phase
change memory element in the reset state and set state, respectively;

FIG. 2 shows a graph of current-voltage response of a phase change material
useful for embodiments;

FIG. 3 shows an array of phase change memory cells including access devices and
associated circuitry for various embodiments; and

FIG. 4 shows an embodiment of a system utilizing an embodiment of phase change
memory.

DETAILED DESCRIPTION

In the following detailed description, numerous specific details are set forth by way
of examples in order to provide a thorough understanding of the relevant teachings.
However, it should be apparent to those skilled in the art that the present teachings may be
practiced without such details. In other instances, well known methods, procedures and
components have been described at a relatively high-level, without detail, in order to avoid
unnecessarily obscuring aspects of the present concepts. A number of descriptive terms
and phrases are used in describing the various embodiments of this disclosure. These
descriptive terms and phrases are used to convey a generally agreed upon meaning to
those skilled in the art unless a different definition is given in this specification. Reference
now is made in detail to the examples illustrated in the accompanying drawings and
discussed below.

FIG. 1A and 1B show a cross-sectional diagram of an embodiment of a phase
change memory element in the reset state 100A and set state 100B, respectively. The
phase change memory element 100A/B may be a part of a cross-point memory array, and
may be fabricated on a semiconductor substrate 101 that may include various layers,
patterns, doping levels, or other materials and may include circuitry, conductors, and/or
insulators. A first electrode 111 may be created on the substrate 101 and may be separated
by an insulating layer 102 such as an oxide from other conductors or circuitry in some
embodiments. A layer of phase change material 120 may be deposited over the first
electrode 111. The phase change material may be in a non-conductive or highly resistive
amorphous reset state so that the phase change material of the memory element 121/122, is
insulated from neighboring memory elements. In some embodiments the phase change
material may be patterned, with little if any phase change material outside of the memory
cell area, but some embodiments may have large areas of a die covered by an unpatterned

layer of phase change material, taking advantage of the non-conductive state of the
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amorphous phase change material to insulate the memory cells or other elements from
cach other. A second clectrode 112, which may be separated from other conductors by an
insulating layer 103, may be deposited on top of the phase change material 120. In other
embodiments, the layout of the memory cell may be horizontal instead of vertical, with the
two electrodes on opposite sides of the phase change material of the memory cell.

The phase change material 120 has an amorphous reset state which may be the
state of the phase change material 120 as it is deposited on the memory device. The phase
change material 120 may be essentially non-conductive in the amorphous reset state,
which may be defined as having a resistance of greater than about 1,000 mega-ohms (MQ)
for typical geometries of the phase change material. The thickness of the phase change
material 120 may vary between embodiments but may be between about 30 nanometers
(nm) and 100 nm in some embodiments. The area of the electrodes 111, 112 may also
affect the resistance and the area of the electrodes may vary between embodiments, but
some embodiments may have electrodes that are between about 10 nm and about 100 nm
on a side. The section of the phase change material 121 positioned between the two
electrodes 111,112 may be in the amorphous state in FIG. 1A, so that the resistance
between the two electrodes 111,112 may be greater than about 1,000 MQ.

Traditional phase change materials may form a fully crystalized state which may
have a relatively low resistance, such as below 1,000 ohms at typical geometries, and may
not have a threshold voltage. The threshold voltage may be defined as a voltage at which
the resistivity of the phase change material dramatically changes. The phase change
materials described herein may partially crystalize and may have a threshold voltage,
similar to an ovonic threshold switch (OTS), so the phase change material 120 also has a
partially crystalized set state. In FIG. 1B, the memory 100B is in the set state, so the
section of the phase change material 122 positioned between the two electrodes 111,112 is
in the partially crystalized state. In the partially crystalized state, the phase change material
122 may have a highly nonlinear current-voltage response at subthreshold voltage levels,
as is shown in FIG. 2. The resistance of the phase change material between the two
electrodes 111,112 may be greater than about 100-200 kilo-ohms (k€2), and more than 1
MQ in some embodiments, at typical geometries at subthreshold voltage levels, such as
less than about 1.5 V for some phase change materials 120 in the partially crystalized set
state.

Various material compositions may be used for the phase change material 120. The

inventors believe that a wide range of phase change materials may be suitable for the
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embodiments described herein. The phase change material may be a chalcogenide material
and may include tellurium. In some embodiments, the phase change material may be an
alloy of indium (In), germanium (Ge) and tellurium (Te), which may be referred to as an
IGT alloy, although other elements may be included for some IGT alloys. In some
embodiments the phase change material may be an alloy of indium (In), antimony (Sb),
and tellurium (Te), which may be referred to as an IST alloy, although other elements may
be included for some IST alloys. IST alloys that may be suitable for embodiments may
include IST alloys with atomic percentages of between about 25% and about 40% indium
(In), between about 1% and about 15% antimony (Sb), and between about 50% and about
70% tellurium (Te).

The phase change material 120 may be changed from the amorphous reset state to
the partially crystalized state by heating the phase change material to a specific
temperature for a predefined period of time. The phase change materials described herein
may use less power to reset the phase change material from the set state to the reset state
due to due to self-heating effects caused by the relatively high resistance of the phase
change material 120 in the set state. In traditional phase change materials, a programming
current of in excess of 1 milli-amp (mA) may be used to convert the phase change material
from the set state back to the reset state due to the low resistance of traditional phase
change materials in the fully crystalized set state. The phase change material 120 may use
less than 200 micro-amps (LA) of current, and in some cases less than 100 pA of current,
to change the phase change material of the memory in the partially crystallized set state
122, to the amorphous reset state 121. This may be due to the much higher resistance of
the phase change material in the set state 122 as compared to traditional phase change
materials. In at least one embodiment, a pulse of current of less than about 200 pA through
the phase change material, for less than about 100 ns, may change the phase change
material from the set state to the reset state, which may be much less power than
traditional phase change materials may use to perform a reset.

The higher resistance of the set state in the phase change material 120 may also
reduce leakage current of the phase change memory cell. This may allow lower power
devices to be fabricated and/or larger memory cells may be constructed. The higher
threshold voltage of the phase change material in the set state 122 as compared to
traditional phase change materials may also increase blocking margin for embodiments

using a phase change memory with switch (PCMS) architecture.
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FIG. 2 shows a graph 200 of current-voltage response of a phase change material
useful for embodiments. The graph 200 shows a voltage level on the x-axis using a linear
scale and a current level on the y-axis using a logarithmic scale. Data was collected at
several places in an array of phase change memory on a test chip using an exemplary IST
alloy as described above, and is shown in the graph 200. The reset response curve 201
represents the amount of current that was found to flow through the phase change material
at a given voltage level if the phase change material was in the amorphous reset state. The
set response curve 210 represents the amount of current that was found to flow through the
phase change material at a given voltage level if the phase change material was in the
partially crystalized set state.

The set response curve 210 of the phase change material in the partially crystalized
set state is highly nonlinear. A linear response is shown by the curve 231, which would be
a straight line if it were plotted on a graph with a linear x-axis and a linear y-axis. For the
purposes of this disclosure and claims, a current voltage response may be considered to be
highly nonlinear in the subthreshold region 230 if the curve departs more than about -50%
or about +100% from a linear response at one or more voltage levels inthe subthreshold
region 230. This means that the resistance of the phase change material, which may be
defined as voltage/current, is strongly dependent on voltage. The subthreshold voltage
region, which may vary between phase change materials, is a range of voltages that are
below an amount of voltage that may be required to activate the ovonic switch response of
the phase change material in the partially crystalized set state, which may also be referred
to as a threshold voltage. So a subthreshold voltage level may be any voltage in range
between about 0 volts (V) and the threshold voltage of a phase change material. In the
example shown, the subthreshold region 230 may be a voltage range of about 0 V to about
2 V. So the linear response curve 231 represents a linear response from the origin to a
point on the set response curve 210 at about 2 V. It can be easily seen that the set response
curve 210 departs dramatically from the linear response curve. For example, at about 0.25
V, the set response curve 210 yields a current of about 6x107° amps (A), while the linear
response curve 231 yields a current of about 2x10™® A, so at that point, the set response
curve departs from the linear response curve 231 by about -97%.

A high resistance of the phase change material in the partially crystalized set state
may be a characteristic of a suitable material. The resistance may be measured at any point
in the subthreshold region 230 and the characteristic of a high resistance may vary

between embodiments. But in at least some embodiments, a resistance over 100 k€, may
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be considered a high resistance, with some embodiments of phase change materials having
a set state resistance of 1 mega-ohm (M€) or higher. The high resistance may be
exhibited over an entire subthreshold voltage rage, but in at least one embodiment, the
resistance of the phase change material in the set state may be greater than about 200 kQ
at voltages of less than about 1.5 V, which is represented by 200 kQ curve 220 on the
graph 200, which may represent the amount of current that would flow through a 200 kQ
resistor at a given voltage. So a material with a set response curve 210 that is below the
200 kQ curve 220 may have a high resistance in the set state. In other embodiments, the
resistance of the phase change material in the set state may be greater than about 1 M€, so
less than about 1 uA of current may flow through the phase change material if the voltage
across the material is about 1.5 V.

If the voltage across the phase change material in the set state is increased beyond
the subthreshold range to a threshold voltage, the resistance of the phase change material
in the set state may quickly reduce dramatically. In various embodiments the reduction of
the resistance may be more than an order of magnitude if the voltage reaches a threshold
voltage. The threshold voltage may vary in embodiments, but may be in a range of about
1.5 V to about 3 volts, depending on the composition of the phase change material. Once
the threshold voltage is reached and the resistance drops, the current may rise
dramatically, which may cause the voltage to reduce due to limits of the voltage source
and/or source resistance, which may be referred to as snapback. The resistance may stay at
a low level until the voltage across the phase change material drops below a holding
voltage. One the voltage drops below the holding voltage, the resistance may rise to its
former high value.

FIG. 3 shows an array 300 of phase change memory cells including access devices,
or phase change memory with switch (PCMS) cells 331-334, and associated circuitry 314,
315 for various embodiments. The array 300 shows four PCMS cells 331-334 with two
word lines 341, 342 and two bit lines 351, 352, although most embodiments may contain a
much greater number of cells and associated word lines and bit lines. PCMS cell 331 may
be representative of other PCMS cells 332-334. PCMS 331 may include two electrodes
that may be referred to as a first electrode 311 and a second electrode 312, phase change
material 320 coupled between the two electrodes 311, 312, and an access device (or
switch) 325. The phase change material 320 may have a highly nonlinear I'V curve at
subthreshold voltage levels as shown in FIG. 2 and may have an amorphous reset state and

a partially crystalized set state. The access device 325 may be any type of device suitable
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for integration into the array 300, including, but not limited to, an ovonic threshold switch
(OTR), a transistor, a semiconductor diode, or other device that is capable of regulating the
current that passes through the phase change material 320. An OTS may be made of a
chalcogenide alloy that does not exhibit an amorphous to crystalline phase change and
which undergoes rapid, electric field initiated change in electrical conductivity that
persists only so long as a holding voltage is present. Some embodiments may not include
an access device as a part of the memory cells in the array 300. The access device 325 may
be electrically coupled between the word line 341 and the first electrode 311, or the access
device 325 may be electrically coupled between the second electrode 312 and the bit line
351, depending on the embodiment.

Row circuitry 314 may drive the word lines 341, 342 and column circuitry 315
may be coupled to the bit lines 351, 352. A particular combination of word line 341, 342
and bit line 352, 352 may select a particular PCMS cell to be read. For example, to select
PCMS cell 331, word line 341 and bit line 351 may be used. Some embodiments may
have an additional set of control lines for programming the memory cells by changing the
phase change material between the amorphous reset state and the partially crystalized set
state. The additional set of control lines may be parallel to the bit lines 351, 352 that
couple directly to the second electrodes of a column or cells, such as the second electrode
312 of cell 331 and the second clectrode of cell 333. In other embodiments, the first
electrode 311 may be a heater element and may have other control lines may be coupled to
the first electrode 311 to allow current to flow through the first electrode 311 to heat the
phase change material 320.

The row circuitry 314 and/or column circuitry 315 may implement several
functions, depending on the embodiment. Different embodiments may implement the
various functions in either the row circuitry 314 of the column circuitry 315 or may utilize
both the row circuitry 314 and column circuitry 315 to implement a function. Circuitry to
provide appropriate voltage and/or current to the word lines 341, 342, bit lines 351, 352,
and/or other control lines, may be implemented in the row circuitry 314 and/or column
circuitry 315, so that the various memory cells, such as PCMS cell 331, may be written to
and read. Reading may be accomplished by applying a demarcation voltage across the
memory cell and determining whether or not current flows through the memory cell or by
comparing the resistance of the phase change material 320 to a known resistance. Data
may be written to the memory cells by heating the phase change material 320 to an

appropriate temperature to change the material from the amorphous reset state to the
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partially crystalized set state or from the partially crystalized set state to the amorphous
reset state. Details of the implementations may vary widely, depending on the
embodiment, and should be easily understood by one of ordinary skill in the art.

FIG. 4 is a block diagram of an embodiment of an electronic system 400 that
includes a a memory device 410 having a memory array 417 using a three dimensional
NAND flash memory with self-aligned select gates. A processor 401 is coupled to the
memory device 410 with control/address lines 403 and data lines 404. In some
embodiments, data and control may utilize the same lines. The processor 401 may be an
external microprocessor, microcontroller, or some other type of external controlling
circuitry. In some embodiments, the processor 401 may be integrated in the same package
or even on the same die as the memory device 410. In some embodiments, the processor
401 may be integrated with the control circuitry 411, allowing some of the same circuitry
to be used for both functions. The processor 401 may have external memory, such as
random access memory (RAM) and read only memory (ROM), used for program storage
and intermediate data, or it may have internal RAM or ROM. In some embodiments, the
processor may use the memory device 410 for program or data storage. A program
running on the processor 401 may implement many different functions including, but not
limited to, an operating system, a file system, defective chunk remapping, and error
management.

In some embodiments an external connection 402 is provided. The external
connection 402 is coupled to the processor 401 and allows the processor 401 to
communicate to external devices. Additional circuitry may be used to couple the external
connection 402 to the processor 401. If the electronic system 400 is a storage system, the
external connection 402 may be used to provide an external device with non-volatile
storage. The electronic system 400 may be a solid-state drive (SSD), a USB thumb drive, a
secure digital card (SD Card), or any other type of storage system. The external
connection 402 may be used to connect to a computer or other intelligent device such as a
cell phone or digital camera using a standard or proprietary communication protocol.
Examples of computer communication protocols that the external connection may be
compatible with include, but are not limited to, any version of the following protocols:
Universal Serial Bus (USB), Serial Advanced Technology Attachment (SATA), Small
Computer System Interconnect (SCSI), Fibre Channel, Parallel Advanced Technology
Attachment (PATA), Integrated Drive Electronics (IDE), Ethernet, IEEE-1394, Secure
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Digital Card interface (SD Card), Compact Flash interface, Memory Stick interface,
Peripheral Component Interconnect (PCI) or PCI Express.

If the electronic system 400 is a computing system, such as a mobile telephone, a
tablet, a notebook computer, a set-top box, or some other type of computing system, the
external connection 402 may be a network connection such as, but not limited to, any
version of the following protocols: Institute of Electrical and Electronic Engineers (IEEE)
802.3, IEEE 802.11, Data Over Cable Service Interface Specification (DOCSIS), digital
television standards such as Digital Video Broadcasting (DVB) — Terrestrial, DVB-Cable,
and Advanced Television Committee Standard (ATSC), and mobile telephone
communication protocols such as Global System for Mobile Communication (GSM),
protocols based on code division multiple access (CDMA) such as CDMA2000, and Long
Term Evolution (LTE).

The memory device 410 may include an array 417 of phase change memory cells.
The memory cells may be fabricated using low power phase change material as described
above. Address lines and control lines 403 may be received and decoded by control
circuitry 411, 1/O circuitry 413 and address circuitry 412 which may provide control to the
memory array 417. 1/O circuitry 413 may couple to the data lines 404 allowing data to be
received from and sent to the processor 401. Data read from the memory array 417 may be
temporarily stored in read buffers 419. Data to be written to the memory array 417 may be
temporarily stored in write buffers 418 before being transferred to the memory array 417.

The system illustrated in Figure 4 has been simplified to facilitate a basic
understanding of the features of the memory. Many different embodiments are possible
including using a single processor 402 to control a plurality of memory devices 410 to
provide for more storage space. Additional functions, such as a video graphics controller
driving a display, and other devices for human oriented I/O may be included in some
embodiments.

Unless otherwise indicated, all numbers expressing quantities of elements, optical
characteristic properties, and so forth used in the specification and claims are to be
understood as being modified in all instances by the term “about.” The recitation of
numerical ranges by endpoints includes all numbers subsumed within that range (e.g. 1 to
5 includes 1, 2.78, 3.33, and 5). Numbers should be construed in light of the number of
reported significant digits and by applying ordinary rounding techniques.

I RTINS
a

As used in this specification and the appended claims, the singular forms “a”, “an”,

and “the” include plural referents unless the content clearly dictates otherwise.
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Furthermore, as used in this specification and the appended claims, the term “or” is
generally employed in its sense including “and/or” unless the content clearly dictates
otherwise. As used herein, the term “coupled” includes direct and indirect connections.
Moreover, where first and second devices are coupled, intervening devices including
active devices may be located there between.

Examples of various embodiments are described in the following paragraphs:

An example of a memory may include two electrodes, and phase change material
having an amorphous reset state and a partially crystalized set state, the phase change
material being coupled between the two electrodes. The phase change material in the set
state has a highly nonlinear current-voltage response in a subthreshold voltage region. In
some examples of the memory, the phase change material may include indium,
germanium and tellurium. In some examples of the memory, the phase change material
may include indium, antimony, and tellurium. In some examples of the memory, the phase
change material in the set state has a resistance of more than about 200 kQ if the voltage
between the two electrodes is less than about 1.5 V. In some examples of the memory, a
current of less than about 1 pA flows through the phase change material in the set state if
the voltage between the two electrodes is less than about 1.5 V. In some examples of the
memory, a resistance of the phase change material in the set state reduces by more than an
order of magnitude if a voltage across the two electrodes is increased to a threshold
voltage. In some examples of the memory, a pulse of current of less than about 200 pA
through the phase change material, for less than about 100 ns, changes the phase change
material from the set state to the reset state. In some examples of the memory, the
subthreshold voltage region may include voltage levels between about 0 V and about 2 V.
Some example memories may include an access device, coupled between a control line
and one of the two electrodes. In some examples of the memory, the access device is an
ovonic threshold switch or a semiconductor diode. Any combination of the examples of
this paragraph may be used in embodiments.

An example memory element may include two electrodes, and phase change
material having an amorphous reset state and a partially crystalized set state, coupled
between the two electrodes. The phase change material, by atomic percentage, may
include between about 25% and about 40% indium (In), between about 1% and about 15%
antimony (Sb), and between about 50% and about 70% tellurium (Te). Some example

memory elements may also include an access device, coupled between a control line and
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one of the two electrodes. In some example memory devices, the access device is an
ovonic threshold switch or a semiconductor diode.

An example system may include a processor to generate memory control
commands, and at least one memory, coupled to the processor, to respond to the memory
control commands. Some example systems may also include I/O circuitry, coupled to the
processor, to communicate with an external device. Any combination of the examples of
this paragraph and the previous two paragraphs may be used in embodiments.

The description of the various embodiments provided above is illustrative in nature
and is not intended to limit this disclosure, its application, or uses. Thus, different
variations beyond those described herein are intended to be within the scope of
embodiments. Such variations are not to be regarded as a departure from the intended
scope of this disclosure. As such, the breadth and scope of the present disclosure should
not be limited by the above-described exemplary embodiments, but should be defined only

in accordance with the following claims and equivalents thereof.
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CLAIMS

What is claimed is:
1. A memory comprising:

two electrodes; and

phase change material having an amorphous reset state and a partially crystalized
set state, the phase change material being coupled between the two electrodes;

wherein the phase change material in the set state has a highly nonlinear current-
voltage response in a subthreshold voltage region.
2. The memory of claim 1, wherein the phase change material comprises indium,
germanium and tellurium.
3. The memory of claim 1, wherein the phase change material comprises indium,
antimony, and tellurium.
4. The memory of claim 1, wherein the phase change material in the set state has a
resistance of more than about 200 kQ if the voltage between the two electrodes is less than
about 1.5 V.
5. The memory of claim 1, wherein a current of less than about 1 pA flows through
the phase change material in the set state if the voltage between the two electrodes is less
than about 1.5 V.
6. The memory of claim 1, wherein a resistance of the phase change material in the
set state reduces by more than an order of magnitude if a voltage across the two electrodes
is increased to a threshold voltage.
7. The memory of claim 1, wherein a pulse of current of less than about 200 pA
through the phase change material, for less than about 100 ns, changes the phase change
material from the set state to the reset state.
8. The memory of claim 1, wherein the subthreshold voltage region comprises
voltage levels between about 0 V and about 2 V.
9. The memory of claim 1, further comprising an access device, coupled between a
control line and one of the two electrodes.
10.  The memory of claim 9, wherein the access device is an ovonic threshold switch or
a semiconductor diode.
11. A system comprising:

a processor to generate memory control commands; and

at least one memory, coupled to the processor, to respond to the memory control

commands, the at least one memory comprising:
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two electrodes; and
phase change material having an amorphous reset state and a partially crystalized
set state, the phase change material being coupled between the two electrodes;
wherein the phase change material in the set state has a highly nonlinear current-
voltage response in a subthreshold voltage region.
12.  The system of claim 11, wherein the phase change material comprises indium,
antimony, and tellurium.
13.  The system of claim 11, wherein the phase change material in the set state has a
resistance of more than about 200 k€ if the voltage between the two electrodes is less than
about 1.5 V.
14.  The system of claim 11, wherein a resistance of the phase change material in the
set state reduces by more than an order of magnitude if a voltage across the two electrodes
is increased to a threshold voltage.
15.  The system of claim 11, wherein a pulse of current of less than about 200 pA
through the phase change material, for less than about 100 ns, changes the phase change
material from the set state to the reset state.
16.  The system of claim 11, wherein the subthreshold voltage region comprises
voltage levels between about 0 V and about 2 V.
17.  The system of claim 11, the at least one memory further comprises an access
device, coupled between a control line and one of the two electrodes.
18.  The system of claim 17, wherein the access device is an ovonic threshold switch or
a semiconductor diode.
19.  The system of claim 11, further comprising;
/O circuitry, coupled to the processor, to communicate with an external device.
20. A memory element comprising:
two electrodes; and
phase change material having an amorphous reset state and a partially crystalized
set state, coupled between the two electrodes;
wherein the phase change material, by atomic percentage, comprises
between about 25% and about 40% indium (In);
between about 1% and about 15% antimony (Sb); and
between about 50% and about 70% tellurium (Te).
21.  The memory element of claim 20, further comprising an access device, coupled

between a control line and one of the two electrodes.

13-
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22.  The memory element of claim 21, wherein the access device is an ovonic threshold

switch or a semiconductor diode.
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