
TITLE OF INVENTION PHASE CHANGE MEMORYSTRUCTURE WITH
MULTIPLE RESISTANCE STATES AND METHODS OF PROGRAMMING
AND SENSING SAME FIELD OF THE INVENTION [0001] The
embodiments of the invention relate generally to the
field of semiconductor devices and, more particularly,
to resistive memory devices, e.g., phase change memory
devices, having multiple level resistance states.
BACKGROUNDOF THE INVENTION [0002]
Microprocessor-accessible memory devices have
traditionally been classified as either non-volatile
or volatile memory devices. Non-volatile memory
devices are capable of retaining stored information
even when power to the memory device is turned off.
Traditionally, however, non-volatile memory devices
occupy a large amount of space and consume large
quantities of power, making these devices unsuitable
for use in portable devices or as substitutes for
frequently-accessed volatile memory devices. On the
other hand, volatile memory devices tend to provide
greater storage capability and programming options
than non-volatile memory devices. Volatile memory
devices also generally consume less power than
non-volatile devices. However, volatile memory devices
require a continuous power supply in order to retain
stored memory content. [0003] Research and development
of commercially viable memory devices that are
randomly accessed, have relatively low power
consumption, and are non-volatileis ongoing. One
ongoing area of research is in resistive memory cells
where resistance states can be programmably changed.
One avenue of research relates to devices that store
data in memory cells by structurally or chemically
changing a physical property of the 



memory cells in response to applied programming
voltages, which in turn change cell resistance.
Examples of variable resistance memory devices being
investigated include memories using variable
resistance polymers, perovskite, doped amorphous
silicon, phase-changing glasses, and doped
chalcogenide glass, among others. [0004] FIG. 1 shows
a basic composition of a variable resistance memory
cell such as a phase change memory cell 1 constructed
over a substrate 2, having a variable resistance
material 4 formed between a bottom electrode 3 and a
top electrode 5. One type of variable resistance
material may be amorphous silicon doped with V, Co,
Ni, Pd, Fe and Mn as disclosed in U.S. Patent No.
5,541,869 to Rose et al. Another type of variable
resistance material may include perovskite materials
such as Pra-x)CaxMnq 3(PCMO), Lao- *)CaxMnO3 (LCMO),
LaSrMnO 3 (LSMO), GdBaC q cOy (GBCO) as disclosed in
U.S. Patent No. 6,473,332 to Ignatiev et al. Still
another type of variable resistance material may be a
doped chalcogenide glass of the formula AxBy, where B
is selected from among S, Se and Te and mixtures
thereof, and where A includes at least one element
from Group III-A (B, Al Ga, In, Tl), Group IV-A (C,
Si, Ge, Sn, Pb), Group V-A (N, P, As, Sb, Bi), or
Group VII-A (F, Cl, Br, I, At) of the periodic table,
and with the dopant being selected from among the
noble metals and transition metals, including Ag, Au,
Pt, Cu, Cd, Ir, Ru, Co, Cr, Mn or Ni, as disclosed in
U.S. Patent Nos. 6,881,623 and 6,888,155 to Campbell
et al. and Campbell, respectively. Yet another type of
variable resistance material includes a carbon-polymer
film comprising carbon black particulates or graphite,
for example, mixed into a plastic polymer, such as
that disclosed in U.S. Patent No. 6,072,716 to
Jacobson et al. The material used to form the
illustrated electrodes 3, 5 can be selected from a
variety of conductivematerials, such as tungsten,
nickel, tantalum, titanium, titanium nitride,
aluminum, 



platinum,, or silver, among others. [0005] Much
research has focused on memory devices using memory
elements composed of phase changing chalcogenides as
the resistance variable material. Chalcogenides are
alloys of Group VI elements of the periodic table,
such as Te or Se. A specific chalcogenide currently
used in rewriteable compact discs ("CD-RW") is
Ge2Sb2Tes. In addition to having valuable optical
properties that are utilized in CD-RW discs, Ge biTes
also has desirable physical properties as a variable
resistance material. Various combinations of Ge, Sb
and Te may be used as variable resistance materials
and which are herein collectively referred to as "GST"
materials. Specifically, GST materials can change
structural phases between an amorphous phase and two
crystalline phases. The resistance of the amorphous
phase ("a-GST") and the resistances of cubic and
hexagonal crystalline phases ("c-GST" and "h-GST,"
respectively) can differ significantly. The resistance
of amorphous GST is greater than the resistances of
either cubic GST or hexagonal GST, whose resistances
are similar to each other. Thus, in comparing the
resistances of the various phases of GST, GST may be
considered a two-state material (amorphous GST and
crystalline GST), with each state having a different
resistance that can be equated with a corresponding
binary state. A variable resistance material such as
GST whose resistance changes according to its material
phase is referred to as a phase change material.
[0006] The transition from one GST phase to another
occurs in response to temperature changes of the GST
material. The temperature changes, i.e., heating and
cooling, can be caused by passing differing strengths
of current through the GST material The GST material
is placed in a crystalline state by passing a
crystallizing current through 



the GST material, thus warming the GST material to a
temperature wherein a crystallinestructure may grow. A
stronger melting current is used to melt the GST
material for subsequent cooling to an amorphous state.
As the typical phase change memory cell uses the
crystalline state to represent a binary 1 and the
amorphous state to represent a binary 0, the
crystallizing current is referred to as a write or set
current ISET and the melting current is referred to as
an erase or reset current IRST. One skilled in the art
will understand, however, that the assignment of GST
states to binary values may b e switched if desired.
[0007] Phase change memory cells known in the prior
art typically have two stable resistance states,
corresponding to the binary 0 and 1. Thus, a
conventional twostate phase change memory cell can
store one bit of information. Phase change memory
cells with more than two stable resistance states are
desirable because they would allow each cell to store
more than one bit of information, thereby increasing
memory storage capacity without significantly
increasing storage device size or power consumption.
[0008] Researchers in China have proposed one such
multi-state phase change memory cell using stacked
calcogenide films as storage media. See Y. Lai, et at,
Stacked chalcogenide layers used as multi-stage
storage medium for phase change memory, Appl. Phys. A
84, 21-25 (2006). As shown in FIG. 2A, the proposed
multi-state phase change memory cell 200 comprises a
bottom electrode 201, a pure GST layer 202, a tungsten
layer 203, a silicon-doped GST layer 204, and a top
electrode 205. This proposed phase change memory cell
200 provides three relatively stable resistance states
(1), (2), and (3), as illustrated by FIG. 2B.
Implementing three-state logic with cell 200 is
difficult. There is a need for a multiple bit phase
change memory cell which is easily implemented and
which 



provides more than three stable resistance
states.BRIEF DESCRIPTION OF THE DRAWINGS [0009] FIG. 1
is a cross-sectional view of a two-state phase change
memory cell in accordance with the prior art. [0010]
FIG. 2A is a cross-sectional view of a three-state
phase change memory cell in accordance with the prior
part. [0011] FIG. 2B is a graph of the total
resistance of the phase change memory cell of FIG. 2A
in response to differing program voltages. [0012] FIG.
3A is a graph of the resistance of each element of a
phase change memory cell constructed in accordance
with an embodiment disclosed herein in response to
differing program voltages. [0013] FIG. 3B is a graph
of four stable resistance states of a phase change
memory cell constructed in accordance with an
embodiment disclosed herein. [0014] FIG. 4 is a
flowchart illustrating a method of programming a phase
change memory cell constructed in accordance with an
embodiment disclosed herein. [0015] FIG. 5A is a
cross-sectional view of a phase change memory cell
having two elements of different- lengths in
accordance with an embodiment disclosed herein. [0016]
FIG. 5B is a cross-sectional view of a phase change
memory cell having two elements of different
cross-sectional areas in accordance with an embodiment
disclosed herein.[0017] FIG. 6A is a graph of the
resistance of each element of a phase change memory
cell constructed in accordance with an embodiment
disclosed herein in response to differing program
voltages. 



[0018] FIG. 6B is a graph of six stable resistance
states of a phase change memory cell constructed in
accordance with an embodiment disclosed herein. [0019]
FIG. 6C is a cross-sectional view of a phase change
memory cell having three elements of different lengths
in accordance with an embodiment disclosed herein.
[0020] FIGs. 7A-7C are cross-sectional views of a
phase change memory cell configured as a stack cell in
accordance with an embodiment disclosed herein at
three Stages of formation. [0021] FIGs. 8A-8D are
cross-sectional views of a phase change memory cell
configured as a vertical cell with elements of
different lengths in accordance with an embodiment
disclosed herein at four stages of formation. [0022]
FIGs. 9A-9F are cross-sectional views of a phase
change memory cell configured as a vertical cell with
elements of different resistivities in accordance with
an embodiment disclosed herein at various stages of
formation. [0023] FIGs. 1OA-IOC are top-down views of
a phase change memory cell configured as a planar cell
with elements of different lengths in accordance with
an embodiment disclosed herein at three stages of
formation.[0024] FIGs. 11A-11E are top-down views of a
phase change memory cell configured as a planar cell
with elements of different resistivities in accordance
with an embodiment disclosed herein at various stages
of formation. [0025] FIG. 12 depicts a four-state,
voltage-sensing sense amplifier, which could be used
in conjunction with the multi-state phase change
memory cell embodiments disclosed herein. 



[0026] FIG. 13 depicts a four-state, current-sensing
sense amplifier, which could be used in conjunction
with the multi-state phase change memory cell
embodiments disclosed herein. [0027] FIG. 14
illustrates a processor system that includes a memory
device according to an embodiment disclosed herein.
DETAILED DESCRIPTION OF THE INVENTION [0028] In the
following detailed description, reference is made to
the accompanying drawings, which form a part hereof
and show by way of illustration specific embodiments
in which the claimed invention may be practiced. These
embodiments are described in sufficient detail to
enable those skilled in the art to practice them, and
it is to be understood that other embodiments may be
utilized. The progression of processing steps
described is exemplary of embodiments of the
invention. However, the sequence of steps is not
limited to that set forth herein and may be changed as
is known in the art, with the exception of steps
necessarily occurring in a certain order. [0029] In
one embodiment, two fully-switched phase change
material elements are fabricated sharing the same
first and second electrodes. The elements aredesigned
such that their respective resistance curves as a
function of programming voltage are shifted with
respect to each other, as shown in FIG. 3A. The
shifted resistance curves can be achieved by
fabricating the elements with different phase change
materials or by adjusting one or more element
properties, such as, for example, length, resistivity,
crosssectional area, crystallization temperature, and
melting point as described in greater detail below.
[0030] Still referring to FIG. 3A, the curve labeled
R(a) corresponds to one of 



the two phase change elements, while the curve labeled
R(b) corresponds to the other of the two phase change
elements. The suffix "a" or "c" following R(a) and
R(b) indicate whether the respective phase change
element is in an amorphous or crystalline state. For
example, the label "R(a)a" indicates the phase change
element R(a) is in an amorphous state. By applying
different programming voltages, four stable resistance
states labeled (1), (2), (3), and (4) can be achieved.
In state (1), both elements are in low resistance
configurations, R(a)c and R(b)c. In state (2), element
R(a) is in a high resistance configuration, R(a)a,
while element R(b) is in a low resistance
configuration, R(b)c. In state (3), element R(a) is in
a low resistance configuration, R(a)c, while element
R(b) is in a high resistance configuration, R(b)c. In
state (4), both elements are in high resistance
configurations, R(a)a and R(b)a. [0031] FIG. 3B is a
graph of the combined resistance of the elements R(a)
and R(b) plotted in FIG. 3A, i.e. the total resistance
of the phase change memory cell. Because the phase
change memory cell achieves four stable resistance
states, it is able to store two bits of information,
i.e. 22 or four discrete values corresponding to its
four stable resistance states. Total resistance level
TR(I) corresponds to state (1). Total resistance level
TR(2) corresponds to state (2), and so on.[0032] FIG.
4 Illustrates the steps of a method of programming a
multi-state phase change memory cell such as the
four-state cell just described, and the final device
states. Programming begins with a RESET pulse 402 to
return elements R(a) and R(b) to an initial amorphous
state, i.e. state (4) in which both elements are in a
high resistance configuration. A programming voltage
404 is then applied to program the memory cell to one
of the four states (1), (2), (3), and (4). The voltage
of the programming pulse is a 



function of the value to be stored in the memory cell,
as shown in FIG. 3B. [0033] FIG. 5A depicts a phase
change memory cell 500 constructed in accordance with
a disclosed embodiment. The cell 500 comprises a first
electrode 501, a first phase change element 502, a
second phase change element 503, and a second
electrode 505. The phase change elements 502, 503,
comprising any suitable variable resistance material,
such as, for example, Ge b Te , are each in contact
with both of the electrodes 501, 505. To achieve
different respective resistances, the phase change
elements 502, 503 are formed with different lengths.
The first element 502 is depicted as being longer than
the second element 503, although the reverse is also
possible. An elongated portion 501a of first electrode
501 is used to shorten the distance between the first
electrode 501 and the second electrode 505 in the
portion of the memory cell 500 containing the second
phase change element 503, thereby permitting the
second phase change element 503 to be shorter than the
first phase change element 502. Alternatively, the
first electrode 501 could be substantially planar
while the second electrode 505 contains a lowered
portion to make contact with the shorter phase change
element 503. A dielectric material 514, such as, for
example, SiCh, surrounds the phase change elements
502, 503. [0034] FIG. 5B depicts a phase change memory
cell 510 constructed in accordance with another
disclosed embodiment. The cell 510 comprises a first
electrode511, a first phase change element 512, a
second phase change element 513, and a second
electrode 515. The elements 512, 513 are each in
contact with both electrodes 511, 515. Elements 512,
513 have similar resistivity and height but element
513 has a lower melting point and a wider
cross-sectional area than element 512. Thus, the
programming voltage and resistance of element 513 is
reduced. Because first phase change element 512 and 



second phase change element 513 have a substantially
similar length, the raised portion 501a of first
electrode 501 shown in FIG. 5A is not required,
thereby simplifying electrode formation in this
embodiment. In an alternative embodiment, element 513
has the same melting point, cross-sectional area, and
height as element 512 but a lower resistivity, thereby
achieving a similarly shifted programming voltage. In
yet another alternative embodiment, element 513 has
the same cross-sectional area and height as element
512 but a lower resistivity and melting point, thereby
achieving a similarly shifted programming voltage. A
dielectric material 514 surrounds the phase change
elements 512, 513. [0035] Although FIGs. 5A and 5B
depict four-state phase change memory cells
constructed in accordance with disclosed embodiments,
the claimed invention is not so limited and can be
expanded to provide an arbitrary number of stable
resistance states. FIG. 6A shows the resistance curves
for three phase change elements in a six-state phase
change memory cell, e.g. cell 600 of FIG. 6C,
constructed in accordance with a disclosed embodiment.
The elements are designed such that their respective
resistance curves as a function of programming voltage
are shifted with respect to each other. The shifted
resistance curves can be achieved by fabricating the
elements with different phase change materials or by
adjusting one or more element properties, such as, for
example, length, resistivity, cross-sectional area,
crystallization temperature, and melting point, as
described in greater detail below.[0036] Still
referring to FIG. 6A, the curve labeled R(a)
corresponds to a first phase change element, the curve
labeled R(b) corresponds to a second phase change
element, and the curve labeled R(c) corresponds to a
third phase change element. The suffix "a" or "c"
following R(a), R(Tb), and R(c) indicate whether the
respective phase 



change element is in an amorphous or crystalline
state. For example, the label "R(b)c" indicates the
phase change element R(b) is in an crystalline state.
By applying different programming voltages, six stable
resistance states labeled (1), (2), (3), (4), (5), and
(6) can be achieved. In state (1), all three elements
are in a low resistance, i.e. crystalline,
configuration. In state (2), the first element is in a
high resistance configuration while the second and
third elements are in a low resistance configuration.
In state (3), the first and second elements are in a
high resistance configuration while the third element
is in a low resistance configuration. In state (4),
the first and second elements are in a low resistance
configuration while the third element is in a high
resistance configuration. In state (5), the first
element is in a low resistance configuration while the
second and third elements are in a high resistance
configuration. In state (6), all three elements are in
a high resistance, i.e. amorphous, configuration.
[0037] FIG. 6B is a graph of the combined resistance
of the elements R(a), R(b), and R(c) plotted in FIG.
6A, i.e. the total resistance of the phase change
memory cell. Because the phase change memory cell
achieves six stable resistance states, it is able to
store six discrete values. Total resistance level
TR(I) corresponds to state (1). Total resistance level
TR(2) corresponds to state (2), and so on. [0038] FIG.
6C shows one possible structure of a six-state phase
change memory cell 600. The cell 600 comprises a first
electrode 601 with elongated portions 601a, 601b, a
first phase change element 602, a second phase change
element 603, a third phasechange element 604, and a
second electrode 605. The structure is similar to that
of the four-state phase change memory cell depicted in
FIG. 5A and described above, but adds the third
element 604 and a second elongated portion 601b of
first electrode 601. Each of 



the three phase change elements 602, 603, 604 has a
different respective length, causing each to have a
different resistance. Different resistances can also
be achieved through other means, such as, for example,
varying the cross-sectional area of each phase change
element, as described above with reference to FIG. 5B.
A dielectric material 606 surrounds the phase change
elements 602, 603, 604. [0039] Phase change memory
cells in accordance with embodiments disclosed herein
can be constructed as stack cells. FIGs. 7A-7C
illustrate a method that can be used to form a
four-state phase change memory cell as a stack cell.
As shown in FIG. 7A, memory cell stack 700 is formed
comprising a first layer of phase change material 701,
for example G&SbiTes, a dielectric layer 702, for
example SiCh, and a second layer of phase change
material 703. The resistivity of the second phase
change material 703 is altered by doping 704, for
example with an O or N dopant, as shown in FIG. 7B.
Conductive sidewalls 705, 706 serve as electrodes and
are formed on either side of the gate stack 700, as
shown in FIG. 7C. - [0040] Phase change memory cells
in accordance with embodiments disclosed herein can
also be constructed as vertical cells. FIGs. 8A-8D
illustrate a method that can be used to form a
four-state phase change memory cell as a vertical
cell. As shown in FIG. 8A, a bottom electrode 801 is
formed with an elevated portion 801a, as described
above with reference to FIG. 5A. A layer of phase
change material 802 is deposited over the bottom
electrode 801, as shown in FIG. 8B. The phase change
material 802 is etched to form two phase change
material elements 803, 804, as shown in FIG. 8C.
Adielectric material 806 is formed surrounding the
phase change elements 803, 804. A top electrode 805 is
then formed over and in contact with the two phase
change elements 803, 



804 and the dielectric material 806, as shown in FIG.
8D. [0041] In an another vertical cell embodiment, a
phase change memory cell constructed in accordance
herewith comprises phase change elements of the same
length but different phase change material
compositions. FIGs. 9A-9F illustrate two alternative
methods of forming such a phase change memory cell. As
shown in FIG. 9A, a bottom electrode 901 is formed.
According to one embodiment, two phase change elements
902, 903 of the same phase change material are then
formed over and in contact with the bottom electrode
901, as shown in FIG. 9B. A dielectric material is
formed surrounding the phase change elements 902, 903.
Alternatively, the dielectric material could be formed
first, then etched to form channels in which the phase
change elements 902, 903 are formed. To achieve
different resistances, one of the elements 903 is
subjected to doping 905, for example O or N doping,
while the other element 902 remains pure, as shown in
FIG. 9C. [0042] Referring to FIG. 9D, in an
alternative embodiment, one phase change element 902
is formed of a first phase change material. A
dielectric material 906 is formed around the phase
change element 902. Alternatively, the dielectric
material could be formed first and etched to form a
channel in which the phase change element 902 is
formed. A second phase change element 903 of a second
phase change material having a different resistivity
than the first phase change material 902 is formed in
a channel etched in the dielectric material 906 and
over and in contact with the bottom electrode 901, as
shown in FIG. 9E. According to either embodiment, a
top electrode 904 is formed over and in contact with
the phase change elements 902, 903, as shown in FIG.
9F.[0043] Phase change memory cells in accordance with
embodiments 



disclosed herein can be constructed as planar cells.
FIG. lOA-C are top-down views illustrating a method of
forming a four-state phase change memory cell as a
planar cell. As shown in FIG. 1OA, first and second
electrodes 1001, 1002 are formed on a substrate (not
shown). The first electrode 1001 includes an extended
portion 1001a to accommodate phase change material
elements of differing length, as described previously.
A phase change material 1003 is deposited over the
electrodes, as shown in FIG. 1OB. The phase change
material is then patterned to form two phase change
material elements 1004, 1005, both in contact with the
first and second electrodes 1001 and 1002, as shown in
FIG. 1OC. A dielectric (not shown) is formed
surrounding the phase change elements 1004, 1005.
[0044] In an another planar cell embodiment, a phase
change memory cell constructed in accordance herewith
comprises phase change elements of the same length but
different phase change material compositions. FIGs.
HA-E are top-down views illustrating two alternative
methods of forming such a phase change memory cell As
shown in FIG. HA, first and second electrodes 1101,
1102 are formed. According to one embodiment, a phase
change material is deposited over the electrodes, then
patterned to form two phase change elements 1103,
1104, as shown in FIG HB. To achieve different
resistances, one of the elements 1104 is subjected to
doping 1105, for example O or N doping, while the
other element 1103 remains pure, as shown in FIG. HC.
In an alternative embodiment, one phase change element
1103 is formed of a first phase change material, as
shown in FIG. HD. A second phase change element 1104
of a second phase change material having a different
resistivity than the first phase change material is
formed between and in contact with electrodes 1101 and
1102, as shown in FIG. HE. A 



dielectric (not shown) is formed surrounding phase
change elements 1103, 1104.[0045] Memory devices with
multi-state phase change memory cells, such as the
embodiments disclosed herein, must also comprise
multi-state sense amplifiers in their readout
circuitry. For example, memory devices with four-state
phase change memory cells, such as those depicted in
FIGs. 5A and 5B require four-state sense amplifiers.
FIGs. 12 and 13 depict two possible sensing schemes
for sensing the resistances of four-state phase change
memory cells. Of course, other embodiments and
configurations are possible, including those capable
of determining more than four states as is known by
those skilled in the art. [0046] FIG. 12 depicts a
four-state, voltage-sensing scheme for a sense
amplifier 1200, which could be used in conjunction
with the multi-state phase change memory cell
embodiments disclosed herein. The sense amplifier 1200
obtains the first bit of the two-bit result by
applying a fixed read current and determining whether
a readout voltage corresponding to ceil resistance R
is greater than 1/2 of the readout voltage
corresponding to a reference resistance Ro. If R >
1/2Ro then the first bit is 1. Otherwise, the first
bit is 0. If the first bit is 0, the sense amplifier
obtains the second bit by determining whether the
readout voltage corresponding to resistance R is
greater than 1/6 of the readout voltage corresponding
to the reference resistance Ro. If R > 1/6Ro then the
second bit is 1. Otherwise, the second bit is 0. If
the first bit is 1, the sense amplifier then obtains
the second bit by determining whether the readout
voltage corresponding to cell resistance R is greater
than 5/6 of the readout voltage corresponding to the
reference resistance Ro. If R > 5/6Ro then the second
bit is 1. Otherwise, the second bit is 0. Thus,
according to one embodiment, a readout voltage
corresponding to R = 0 yields 00, a 



readout voltage corresponding to R = 1/3 Ro yields 01,
a readout voltage corresponding to R = 2/3 Royields
10, and a readout voltage corresponding to R = Ro
yields 11.[0047] FIG. 13 depicts a four-state,
current-sensing scheme for a sense amplifier 1300,
which could be used in conjunction with the
multi-state phase change memory cell embodiments
disclosed herein. As shown, when a fixed read voltage
is applied, three current sensing comparators 1301,
1302, 1303 compare a readout current corresponding to
cell resistance R to reference currents corresponding
to reference resistances 1/6Ro, 1/2Ro, and 5/6Ro,
respectively. The first bit of the two-bit result is
the output of current sensing comparator 1302. Thus,
if the readout current corresponding to cell
resistance R is smaller than the readout current
corresponding to 1/2Ro, then the first bit is 1.
Otherwise, the first bit is 0. The second bit of the
two-bit result is obtained by passing the output of
the three current sensing comparators 1301, 1302, 1303
through logic gates 1304, as shown. Thus, according to
one embodiment, a readout current corresponding to R =
0 yields 00, a readout current corresponding to R =
1/3 Ro yields 01, a readout current corresponding to R
= 2/3 Royields 10, and a readout current corresponding
to R = Royields 11. [0048] Multi-state phase change
memory cells, including the disclosed embodiments
described herein, may be fabricated as part of a
memory device integrated circuit having one or more
arrays of memory cells constructed in accordance with
embodiments described herein. The corresponding
integrated circuits may be utilized in a typical
processor system. For example, FIG. 14 illustrates a
typical processor system 1400 that includes a memory
device 1403 employing improved phase change memory
cells in accordance with the embodiments described
herein. A processor system, such as a 



computer system, generally comprises a central
processing unit (CPU) 1401, such as a microprocessor,
a digital signal processor, or other programmable
digital logic devices, which communicates with one or
more input/output (I/O) devices 1404 over a bus
1405.The memory device 1403 communicates with the CPU
1401 over bus 1405 typically through a memory
controller. [0049] In the case of a computer system,
the processor system 1400 may include peripheral
devices such as removable media devices 1402 (e.g.,
CD-ROM drive or DVD drive) which communicate with CPU
1401 over the bus 1405. Memory device 1403 is
preferably constructed as an integrated circuit which
includes one or more arrays of phase change memory
devices. If desired, the memory device 1403 may be
combined with the processor, for example CPU 1401, as
a single integrated circuit. [0050] The phase change
memory cells disclosed herein can be formed using
conventional deposition, implantation, and etching
techniques well known in the art. Additionally, and
also as well known in the art, the phase change
elements are typically bordered by dielectric material
on the sides not in contact with electrodes. It should
also be appreciated that various embodiments have been
described as using a phase change material as an
exemplary variable resistance material. Embodiments of
the invention may also be formed with other types of
variable resistance material. [0051] The above
description and drawings should only be considered
illustrative of exemplary embodiments that achieve the
features and advantages described herein. Modification
and substitutions to specific process conditions and
structures can be made. Accordingly, the claimed
invention is not to be considered as being limited by
the foregoing description and drawings, but is only
limited by the scope of the appended 



claims.CLAIMS What is claimed as new and desired to be
protected by Letters Patent of the United States is:
1. A resistive memory cell, comprising: first and
second electrodes; and a plurality of phase change
resistance elements provided between said first and
second electrodes, each of said resistance elements
having a respective resistance curve as a function of
programming voltage which is shifted relative to the
resistance curves of others of said resistance
elements. 2. The resistive memory cell of claim I
wherein the plurality of phase change resistance
elements comprises two phase change resistance
elements. 3 . The resistive memory cell of claim 2,
wherein at a first programming voltage the first and
second resistance elements are in a low resistance
state, at a second programming voltage the first
element is i a high resistance state while the second
element is in a low resistance state, at a third
programming voltage the first element is in a low
resistance state while the second element is in a high
resistance state, and at a forth programming voltage
the first and second elements are in a high resistance
state. 4. The resistive memory cell of claim 2,
wherein the first resistance element has a first
length and the second resistance element has a second
length less than the first length.5. The resistive
memory cell of claim 2, wherein the second resistance
element is doped such that the second resistance
element has a resistance different than a 



resistance of the first resistance element. 6. The
resistive memory cell of claim 1, wherein the
plurality of phase change elements comprises three
phase change elements. 7. The resistive memory cell of
claim 6, wherein at a first programming voltage first,
second, and third elements are in a low resistance
state, at a second programming voltage the first
element is in a high resistance state while the second
and third elements are in a low resistance state, at a
third programming voltage the first and second
elements are in a high resistance state while the
third element is in a low resistance state, at a forth
programming voltage the first and second elements are
in a low resistance state while the third element is
in a high resistance state, at a fifth programming
voltage, the first element is in a low resistance
state while the second and third elements are in a
high resistance state, and at a sixth programming
voltage the first, second, and third elements are in a
high resistance state. 8. The resistive memory cell of
claim 1, wherein the plurality of phase change
resistance elements comprises four or more phase
change resistance elements. 9. The resistive memory
cell of claim 1, wherein the memory cell is capable of
storing at least two bits.10. A resistive memory,
comprising: first and second electrodes; a first phase
change resistance material provided between and in
contact with said first and second electrodes, said
first phase change material having a first resistance
curve as a function of programming voltage; and a
second phase change resistance material provided
between and in contact 



with said first and second electrodes, said second
phrase change material having a second resistance
curve as a function of programming voltage, which is
shifted relative to said first resistance curve. 11.
The resistive memory of claim 10 wherein at a first
programming voltage the first and second resistance
materials are in a high resistance state, at a second
programming voltage the first and second resistance
materials are in a low resistance state, at a third
programming voltage the first resistance material is
in a high resistance state and the second resistance
material is in a low resistance state, and at a fourth
programming voltage the first resistance material is
in a low resistance state and the second resistance
material is in a high resistance state. 12. The
resistive memory of claim 10, wherein a
cross-sectional area of the second resistance material
is greater than a cross-sectional area of the first
resistance material. 13. The resistive memory of claim
10 wherein a crystallization temperature of the second
resistance material is lower than a crystalization
point of the first resistance material14. The
resistive memory of claim 10, wherein a melting point
of the second resistance material is lower than a
melting point of the first resistance material. 15.
The resistive memory of claim 10, wherein the second
resistance material has a resistivity lower than a
resistivity of the first resistance material. 16. The
resistive memory of claim 10, wherein the first and
second resistance materials have approximately the
same resistivity and length but the second resistance
material has a lower crystallization temperature, a
lower melting point, and a wider 



cross-sectional area than a crystallization
temperature, a melting point, and a crosssectional
area of the first resistance material. 17. The
resistive memory of claim 10, wherein the first and
second resistance materials have approximately the
same crystallization temperature, melting point,
crosssectional area, and length, but the second
resistance material has a lower resistivity than a
resistivity of the first resistance material. 18. The
resistive memory of claim 10, wherein the first and
second resistance materials have approximately the
same cross-sectional area and length but the second
resistance material has a lower crystallization
temperature, a lower melting point, and a lower
resistivity than a crystallization temperature, a
melting point, and a resistivity of the first
resistance material. 19. The resistive memory of claim
10, wherein the memory is a stack cell. 20. The
resistive memory of claim 10, wherein the memory is a
planar cell. 21. The resistive memory of claim 10,
wherein the first and second resistance materials
comprise a combination of Ge, Sb, and Te.22. The
resistive memory of claim 21, wherein the first and
second resistance materials comprise Ge Sl Te . 23.
The resistive memory of claim 10, wherein the first
and second resistance materials are surrounded by a
dielectric material except on sides in contact with
the first or second electrodes. 24. A memory device,
comprising: an array of memory cells, each memory cell
comprising: first and second electrodes; and 



a plurality of phase change resistance elements
provided between said first and second electrodes,
each of said resistance elements having a respective
resistance curve as a function of programming voltage
which is shifted relative to the resistance curves of
others of said resistance elements. 25. The memory
device of claim 24, wherein the plurality of phase
change elements comprises two phase change elements.
26. The memory device of claim 25, wherein at a first
programming voltage the first and second phase change
elements are in a low resistance state, at a second
programming voltage the first phase change element is
in a high resistance state while the second phase
change element is in a low resistance state, at a
third programming voltage the first phase change
element is in a low resistance state while the second
phase change element is in a high resistance state,
and at a forthprogramming voltage the first and second
phase change elements are in a high resistance state.
27. The memory device of claim 24, wherein the
plurality of phase change elements comprises three or
more phase change elements. 28. The memory device of
claim 24, wherein each of the memory cells is a
vertical cell. 29. The memory device of claim 24,
wherein each of the memory cells is a planar cell. 30.
The memory device of claim 24, wherein each memory
cell is capable of storing at least two bits. 31. A
processing system, comprising: a processor; and 



a resistive memory coupled to the processor, said
resistive memory comprising: first and second
electrodes; and a plurality of phase change elements
arranged between said first and second electrodes,
said phase change elements having different
programming characteristics such that at a first
programming voltage all phase change elements are in a
high resistance state, at a second programming voltage
all phase change elements are in a low resistance
state, and at other programming voltages some of said
phase change elements are in a high resistance state
while others are in a low resistance state.32. The
processing system of claim 3I wherein the plurality of
phase change elements comprises two phase change
elements. 33. The processing system of claim 31,
wherein the plurality of phase change elements
comprises three or more phase change elements. 34. The
processing system of claim 31, wherein each of the
plurality of phase change elements has a different
length. 35. The processing system of claim 31, wherein
each of the plurality of phase change elements has
approximately the same resistivity and length but
different respective crystallization temperatures,
melting points, and cross-sectional areas. 36. The
processing system of claim 31, wherein each of the
plurality of phase change elements has approximately
the same crystallization temperature, melting point,
cross-sectional area, and length but different
respective resistivity. 



37. The processing system of claim 31, wherein each of
the plurality of phase change elements has
approximately the same cross-sectional area and length
but different respective crystallization temperatures,
melting points, and resistivities. 38. A method of
fabricating a resistive memory cell, the method
comprising: forming a first electrode; forming a
plurality of phase change resistance elements in
contact with said first electrode, each of said
resistance elements having a respective resistance
curve as a function of programming voltage which is
shifted relative to the resistance curves of others of
said resistance elements; andforming a second
electrode in contact with the plurality of phase
change elements. 39. The method of claim 38, wherein
at least one of the plurality of phase change
resistance elements is doped with a dopant. 40. The
method of claim 39, wherein the dopant is at least one
of O, N, and Si. 41. The method of claim 38, wherein
the plurality of resistance elements are formed before
the second electrode. 42. The method of claim 38,
wherein forming the plurality of phase change
resistance elements comprises depositing a layer of
phase change material, selectively etching the layer
of phase change material to form the plurality of
phase change resistance elements, and depositing a
dielectric between each of said plurality of phase
change resistance elements. 43. The method of claim
42, further comprising doping at least one of the
plurality of phase change elements after the etching
step. 



44. The method of claim 38, wherein each of the
plurality of phase change elements has a different
length. 45. The method of claim 38, wherein the
plurality of phase change elements comprises two
elements. 46. The method of claim 38, wherein the
plurality of phase change elements comprises three or
more elements.47. A method of programming a resistive
memory cell having multiple level resistance states,
the method comprising: applying a reset pulse; and
applying a programming voltage corresponding to one of
the multiple level resistance states. 48. The method
of claim 47, wherein the reset pulse returns all
resistive elements of the resistive memory cell to an
amorphous state. 49. The method of claim 47 wherein
the multiple level resistance states comprise four
resistance states. 50. A method of sensing a multi-bit
value stored in a resistive memory cell having
multiple level resistance states, the method
comprising: applying a read current to the memory
cell; comparing a readout voltage corresponding to a
resistance of the memory cell to a plurality of
reference voltages; determining the multi-bit value
stored in the resistive memory cell based on results
of the comparisons. 51. The method of claim 50,
wherein the plurality of reference voltages comprises
a first 



reference voltage approximately equal to 1/2 of a
readout voltage corresponding to a reference
resistance, a second reference voltage approximately
equal to 1/6 of a readout voltage corresponding to the
reference resistance, and a third referencevoltage
approximately equal to 5/6 of a readout voltage
corresponding to the reference resistance. 52. The
method of claim 51 wherein a first bit of the
multi-bit value is determined by comparing the readout
voltage corresponding to a resistance of the memory
cell to the first reference voltage and a second bit
of the multi-bit value is determined by comparing the
readout voltage corresponding to a resistance of the
memory cell to the second or third reference voltage.
53. The method of claim 51, wherein the determining
step comprises the steps of: if the readout voltage
corresponding to a resistance of the memory cell is
greater than the first reference voltage: determining
that a first bit of the multi-bit value is 1; and if
the readout voltage corresponding to a resistance of
the memory cell is greater than the third reference
voltage, determining that a second bit of the
multi-bit value is 1 and, otherwise, determining that
the second bit of the multi-bit value is 0, and if the
readout voltage corresponding to a resistance of the
memory cell is not greater than the first reference
voltage: determining that a first bit of the multi-bit
value is 0; and if the readout voltage corresponding
to a resistance of the memory cell is greater than the
second reference voltage, determining that a secondbit
of the multi-bit value is 1 and, otherwise,
determining that the 



second bit of the multi-bit value is 0. 54. The method
of claim 51, wherein a readout voltage corresponding
to a resistance of the memory cell greater than 0 but
less than the second reference voltage corresponds to
a multi-bit value of 00, a readout voltage greater
than the second reference voltage but less than the
first reference voltage corresponds to a multi-bit
value of 01, a readout voltage greater than the first
reference voltage but less the third reference voltage
corresponds to a multi-bit value of 10, and a readout
voltage greater than the third reference voltage
corresponds to a multi-bit value of 11. 55. A sense
amplifier for reading a multi-bit value stored in a
resistive memory cell having multiple level resistance
states, the sense amplifier comprising: a plurality of
current sensing comparators configured to compare a
readout current corresponding to a resistance of the
memory cell to a plurality of reference currents
corresponding to reference resistances 56. The sense
amplifier of claim 55, wherein the plurality of
current sensing comparators comprise: a first current
sensing comparator configured to compare the readout
current corresponding to a resistance of the memory
cell to a first reference current approximately equal
to 1/2 of a readout current corresponding to a
reference resistance; a second current sensing
comparator configured to compare the readout current
corresponding to a resistance of the memory cell to a
secondreference current approximately equal to 1/6 of
a readout current corresponding to a reference
resistance; and 



a third current sensing comparator configured to
compare the readout current corresponding to a
resistance of the memory cell to a third reference
current approximately equal to 5/6 of a readout
current corresponding to a reference resistance. 57.
The sense amplifier of claim 56 wherein an output of
the first current sensing comparator corresponds to a
first bit of the multi-bit value. 58. The sense
amplifier of claim 56, wherein outputs of the second
and third sensing comparators correspond to a second
bit of the multi-bit value. 59. The sense amplifier of
claim 56, further comprising: an inverter coupled to
the first current sensing comparator; a first AND gate
coupled to the inverter and the second current sensing
comparator; a second AND gate coupled to the first and
third current sensing comparators; and an OR gate
coupled to the first and second AND gates. 60. The
sense amplifier of claim 59, wherein an output of the
OR gate corresponds to a second bit of the multi-bit
value. 




