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(57) ABSTRACT 

A phase-change random-access memory (PRAM) device 
includes a chalcogenide element, the chalcogenide element 
comprising a material Which can assume a crystalline state 
or an amorphous state upon application of a heating current. 
A ?rst contact is connected to a ?rst region of the chalco 
genide element and has a ?rst cross-sectional area. A second 
contact is connected to a second region of the chalcogenide 
element and having a second cross-sectional area. A ?rst 
programmable volume of the chalcogenide material is 
de?ned in the ?rst region of the chalcogenide element, a 
state of the ?rst programmable volume being programmable 
according to a resistance associated With the ?rst contact. A 
second programmable volume of the chalcogenide material 
is de?ned in the second region of the chalcogenide element, 
a state of the second programmable volume being program 
mable according to a second resistance associated With the 
second contact. 
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MULTI-BIT PHASE-CHANGE RANDOM 
ACCESS MEMORY (PRAM) WITH 

DIAMETER-CONTROLLED CONTACTS AND 
METHODS OF FABRICATING AND 
PROGRAMMING THE SAME 

RELATED APPLICATIONS 

[0001] This application relies for priority on Korean 
Patent Application number 10-2006-0000265, ?led in the 
Korean Intellectual Property O?ice on Jan. 2, 2006, the 
contents of Which are incorporated herein in their entirety by 
reference. 

FIELD OF THE INVENTION 

[0002] The invention relates to a phase-change random 
access memory (PRAM) and methods of fabricating and 
programming the same, and, more particularly, to a PRAM 
having contacts With controlled diameters and methods of 
fabricating and programming the same. 

BACKGROUND OF THE INVENTION 

[0003] Phase change memory devices have recently been 
developed. The phase change memory device has a non 
volatile property of maintaining stored data When its poWer 
supply is interrupted. A unit cell of the phase change 
memory device uses a phase change material as a data 
storing medium. The phase change material has tWo stable 
states, namely, an amorphous state and a crystalline state, 
Which is controlled by heat provided to the cell structure by 
an applied current. A generally-known phase change, or 
chalcogenide, material is a compound of Ge, Sb and Te, 
commonly referred to as a GST material (GeiSbiTe). 
Speci?cally, one type of GST material is Ge2Sb2Te5. 
[0004] When the GST material is heated for a short time 
at a temperature close to a melting point of the material and 
is then quickly cooled or quenched, the GST material is in 
its amorphous state. If the GST is heated for a long time at 
a crystallization temperature loWer than the melting point 
and sloWly cooled, the GST is in its crystalline state. The 
amorphous GST has a higher speci?c resistance than the 
crystalline GST. Therefore, Whether the information stored 
in the phase change memory cell is logical ‘l’ or ‘0’ can be 
determined by sensing an amount of current ?oWing through 
the phase change material. 
[0005] Joule heat is used as the heat supplied to the phase 
change material. That is, When the current is supplied to an 
electrode connected to the phase change material, Joule heat 
is generated from the electrode and supplied to the phase 
change material. The temperature of the heat supplied to the 
phase change material is dependent upon the amount of the 
supplied current. 
[0006] FIG. 1 is a cross-sectional diagram illustrating the 
structure of a conventional phase change memory cell. 
Referring to FIG. 1, a loWer insulating layer 102 is formed 
on a semiconductor substrate. An upper insulating layer 122 
is formed on the loWer insulating layer 102. A ?rst contact 
hole 105 is formed through the loWer insulating layer 102, 
and a second contact hole 125 is formed in the upper 
insulating layer 122. The second contact hole 125 contains 
a conductive upper or top contact plug 127 made of a 
conductive material such as tungsten (W), aluminum (Al) or 
copper (Cu). The ?rst contact hole 105 contains a conductive 
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loWer or bottom contact plug and heater 113a made of a 
conductive material such as TiAlN, TiN, or like material. 

[0007] A layer of chalcogenide GST phase change mate 
rial 115 is formed in the upper insulating layer 122 on the 
loWer insulating layer 102. A conductive upper electrode 
119, made of a material such as TiN, TaN, WN or similar 
material, is formed on the top surface of the GST phase 
change material 115. The phase change material 115 is 
electrically connected at its bottom surface to the loWer plug 
or heater 113a and is electrically connected at its top surface 
to the upper electrode 119 and the upper contact plug 127. 
A conductive metal pattern 129, made of a conductive 
material such as W, Al, Cu, or similar material, is connected 
to the upper contact plug 127 and the upper electrode 119. 

[0008] When the memory cell is programmed, a current is 
applied to the structure betWeen the metal pattern 129 and 
the bottom contact and heater 11311. As the current passes 
through the heater 11311, the resulting heat affects the state 
of the GST material 115 in a programmable volume or 
region 117. Depending on the programming process applied, 
the GST material in the programmable volume 117 takes on 
a crystalline state or an amorphous state. For example, to 
program the programmable volume to the crystalline state, 
the GST material can be heated to approximately 150 
degrees C. by passing a current of approximately 0.56 mA 
through the material and alloWing it to cool for approxi 
mately 500 ns. For example, to program the programmable 
volume to the amorphous state, the GST material can be 
heated to approximately 620 degrees C. by passing a current 
of approximately 1.2 mA through the material and alloWing 
it to cool for approximately 4-5 ns. 

[0009] FIG. 2A contains a schematic diagram of the 
memory cell of FIG. 1, and FIG. 2B is an equivalent 
schematic circuit diagram of a circuit in Which the memory 
cell of FIG. 1 is used. Referring to FIGS. 2A and 2B, current 
from a bit line BL passes through the upper electrode 119 
and the GST phase change material 115 to program the 
programmable volume 117 to the desired state. The GST 
phase change material 115 is indicated as a variable resis 
tance. A Word line is used to control a transistor 121 to 
enable the programming process. Current through the heater 
113a heats the GST phase change material 115 to program 
the programmable volume 117 to the desired state. In one 
example con?guration, the memory cell is programmed to a 
logic 0 state When the programmable volume 117 is in the 
amorphous state and the memory cell is programmed to a 
logic 1 state When the programmable volume 117 is in the 
crystalline state. 
[0010] The memory cell described above can save one of 
tWo possible states, namely, a logic 0 state or a logic 1 state. 
In general, it is bene?cial to create a multi-bit memory cell 
Which can store one of more than tWo possible states to 
increase the data storage capacity of the memory. Amulti-bit 
PRAM has been developed Which uses hybrid states of the 
programmable volume to store more than one bit of infor 
mation in a cell. In general, the programmable volume can 
be programmed to one of three possible states. In a ?rst state, 
referred to as a fully reset state, the entire programmable 
volume is programmed to the amorphous state. In a second 
state, referred to as a fully set state, the entire programmable 
volume is programmed to the crystalline state. In a third 
state, part of the programmable volume is programmed to 
the crystalline state, and another part of the programmable 
volume is programmed to the amorphous state. 
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[0011] In this type of hybrid device, the volume fraction X 
of the programmable volume, i.e., the fraction of the pro 
grammable volume in the amorphous state, is controlled by 
controlling the magnitude of the programming current and/ 
or the quenching time used after the programming current is 
removed. In general, the volume fraction X is a number 
betWeen 0 and 1. In the fully reset state, XII, and, in the 
fully set state, XIO. In the hybrid or mixed state, X is 
betWeen 0 and l, i.e., 0<X<l. Hence, theoretically, the 
hybrid memory cell can store three possible values. In 
practice, hoWever, this type of device is very dif?cult to 
program. The volume fraction cannot be accurately con 
trolled through the programming process, resulting in very 
high programming error and, as a result, very loW program 
ming reliability. 

SUMMARY OF THE INVENTION 

[0012] According to a ?rst aspect, the present invention is 
directed to a phase-change random-access memory (PRAM) 
device. The device includes a chalcogenide element, the 
chalcogenide element comprising a material Which can 
assume a crystalline state or an amorphous state upon 
application of a heating current. A ?rst contact is connected 
to a ?rst region of the chalcogenide element and has a ?rst 
cross-sectional area. A second contact is connected to a 
second region of the chalcogenide element and has a second 
cross-sectional area. A ?rst programmable volume of the 
chalcogenide material is de?ned in the ?rst region of the 
chalcogenide element, a state of the ?rst programmable 
volume being programmable according to a resistance asso 
ciated With the ?rst contact. A second programmable volume 
of the chalcogenide material is de?ned in the second region 
of the chalcogenide element, a state of the second program 
mable volume being programmable according to a second 
resistance associated With the second contact. 
[0013] In one embodiment, a resistivity of a material of 
Which the ?rst contact is formed is different from that of a 
material of Which the second contact is formed. 
[0014] In one embodiment, a resistivity of a material of 
Which the ?rst contact is formed is substantially the same as 
a material of Which the second contact is formed. 
[0015] In one embodiment, the ?rst and second contacts 
are made of different materials. 
[0016] In one embodiment, the ?rst and second contacts 
are made of substantially the same materials. 
[0017] In one embodiment, the PRAM device further 
comprises a second chalcogenide element, the second chal 
cogenide element comprising a third programmable volume 
de?ned in a third region of the second chalcogenide element. 
One of the ?rst and second contacts can be connected to the 
third region of the second chalcogenide element, a state of 
the third programmable volume being programmable 
according to the resistance associated With the one of the 
?rst and second contacts connected to the third region. A 
resistivity of a material of Which the ?rst contact is formed 
can be different from that of a material of Which the second 
contact is formed. The ?rst and second contacts can be made 
of different materials. At least one of the ?rst and second 
contacts can have more than one cross-sectional area. At 

least one of the ?rst and second contacts can have a tapered 
shape. A resistivity of a material of Which the ?rst contact is 
formed can be different from that of a material from Which 
the second contact is formed. The ?rst and second contacts 
can be made of different materials. In one embodiment, the 
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PRAM device further comprises a third contact having a 
third cross-sectional area and being connected to a fourth 
region of the second chalcogenide element, the fourth region 
of the second chalcogenide element comprising a fourth 
programmable volume, a state of the fourth programmable 
volume being programmable according to a resistance asso 
ciated With the third contact connected to the fourth region. 
The third cross-sectional area can be the same as one of the 
?rst and second cross-sectional areas. The third cross 
sectional area can be different than one of the ?rst and 
second cross-sectional areas. A resistivity of a material of 
Which the third contact is formed can be different from that 
of a material of Which at least one of the ?rst and second 
contacts is formed. The third contact and at least one of the 
?rst and second contacts can-be made of different materials. 
The third contact can have more than one cross-sectional 
area. The third contact can have a tapered shape. 

[0018] In one embodiment, the PRAM device can store 
data that can have one of more than tWo values. 

[0019] According to another aspect, the invention is 
directed to a phase-change random-access memory (PRAM) 
device. The PRAM device includes a chalcogenide element, 
the chalcogenide element comprising a material Which can 
assume a crystalline state or an amorphous state upon 
application of a heating current. A ?rst contact is connected 
to a ?rst region of the chalcogenide element and has a ?rst 
cross-sectional area. A second contact is connected to a 
second region of the chalcogenide element and has a second 
cross-sectional area different than the ?rst cross-sectional 
area. A ?rst programmable volume of the chalcogenide 
material is de?ned in the ?rst region of the chalcogenide 
element, a state of the ?rst programmable volume being 
programmable according to a resistance associated With the 
?rst contact. A second programmable volume of the chal 
cogenide material is de?ned in the second region of the 
chalcogenide element, a state of the second programmable 
volume being programmable according to a second resis 
tance associated With the second contact. 

[0020] In one embodiment, a resistivity of a material of 
Which the ?rst contact is formed is different from that of a 
material from Which the second contact is formed. In one 
embodiment, the ?rst and second contacts are made of 
different materials. In one embodiment, the PRAM device 
further comprises a second chalcogenide element, the sec 
ond chalcogenide element comprising a third programmable 
volume de?ned in a third region of the second chalcogenide 
element. One of the ?rst and second contacts can be con 
nected to the third region of the second chalcogenide ele 
ment, a state of the third programmable volume being 
programmable according to the resistance associated With 
the one of the ?rst and second contacts connected to the third 
region. A resistivity of a material of Which the ?rst contact 
is formed can be different from that of a material from Which 
the second contact is formed. The ?rst and second contacts 
can be made of different materials. At least one of the ?rst 
and second contacts can have more than one cross-sectional 
area. At least one of the ?rst and second contacts can have 
a tapered shape. 
[0021] In one embodiment, the PRAM device further 
comprises a third contact having a third cross-sectional area 
being connected to a fourth region of the second chalco 
genide element, the fourth region of the second chalco 
genide element comprising a fourth programmable volume, 
a state of the fourth programmable volume being program 
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mable according to a resistance associated With the third 
contact connected to the fourth region. The third cross 
sectional area can be the same as one of the ?rst and second 
cross-sectional areas. The third cross-sectional area can be 
different than one of the ?rst and second cross-sectional 
areas. A resistivity of a material of Which the third contact 
is formed can be different from that of a material of Which 
at least one of the ?rst and second contacts is formed. The 
third contact and at least one of the ?rst and second contacts 
can be made of different materials. The third contact can 
have more than one cross-sectional area. The third contact 

can have a tapered shape. 

[0022] The PRAM device can store data that can have one 
of more than tWo values. 

[0023] According to another aspect, the invention is 
directed to a phase-change random-access memory (PRAM) 
device. The PRAM device includes a chalcogenide element, 
the chalcogenide element comprising a material Which can 
assume a crystalline state or an amorphous state upon 
application of a heating current. A ?rst contact is connected 
to a ?rst region of the chalcogenide element and has a ?rst 
cross-sectional area. A second contact is connected to a 
second region of the chalcogenide element and has a second 
cross-sectional area substantially the same as the ?rst cross 
sectional area. A ?rst programmable volume of the chalco 
genide material is de?ned in the ?rst region of the chalco 
genide element, a state of the ?rst programmable volume 
being programmable according to a resistance associated 
With the ?rst contact. A second programmable volume of the 
chalcogenide material is de?ned in the second region of the 
chalcogenide element, a state of the second programmable 
volume being programmable according to a second resis 
tance associated With the second contact. 

[0024] A resistivity of a material of Which the ?rst contact 
is formed can be different from that of a material from Which 
the second contact is formed. The ?rst and second contacts 
can be made of different materials. In one embodiment, the 
PRAM device further includes a second chalcogenide ele 
ment, the second chalcogenide element comprising a third 
programmable volume de?ned in a third region of the 
second chalcogenide element. One of the ?rst and second 
contacts can be connected to the third region of the second 
chalcogenide element, a state of the third programmable 
volume being programmable according to the resistance 
associated With the one of the ?rst and second contacts 
connected to the third region. A resistivity of a material of 
Which the ?rst contact is formed can be different from that 
of a material from Which the second contact is formed. The 
?rst and second contacts can be made of different materials. 
At least one of the ?rst and second contacts can have more 
than one cross-sectional area. At least one of the ?rst and 
second contacts can have a tapered shape. 

[0025] In one embodiment, the PRAM device further 
comprises a third contact having a third cross-sectional area 
and being connected to a fourth region of the second 
chalcogenide element, the fourth region of the second chal 
cogenide element comprising a fourth programmable vol 
ume, a state of the fourth programmable volume being 
programmable according to a resistance associated With the 
third contact connected to the fourth region. The third 
cross-sectional area can be the same as one of the ?rst and 

second cross-sectional areas. The third cross-sectional area 
can be different than one of the ?rst and second cross 
sectional areas. A resistivity of a material of Which the third 
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contact is formed can be different from that of a material of 
Which at least one of the ?rst and second contacts is formed. 
The third contact and at least one of the ?rst and second 
contacts can be made of different materials. The third 
contact can have more than one cross-sectional area. The 

third contact can have a tapered shape. 
[0026] In one embodiment, the PRAM device can store 
data that can have one of more than tWo values. 

[0027] According to another aspect, the invention is 
directed to a method of making a phase-change random 
access memory (PRAM) device. According to the method, a 
chalcogenide element is provide, the chalcogenide element 
comprising a material Which can assume a crystalline state 
or an amorphous state upon application of a heating current. 
A ?rst contact is formed connected to a ?rst region of the 
chalcogenide element and having a ?rst cross-sectional area. 
A second contact is formed connected to a second region of 
the chalcogenide element and having a second cross-sec 
tional area. A ?rst programmable volume of the chalco 
genide material is de?ned in the ?rst region of the chalco 
genide element, a state of the ?rst programmable volume 
being programmable according to a resistance associated 
With the ?rst contact. A second programmable volume of the 
chalcogenide material is de?ned in the second region of the 
chalcogenide element, a state of the second programmable 
volume being programmable according to a second resis 
tance associated With the second contact. 
[0028] In one embodiment, the ?rst and second cross 
sectional areas are substantially the same. The ?rst and 
second cross-sectional areas can be different. 

[0029] In one embodiment, a resistivity of a material of 
Which the ?rst contact is formed is different from that of a 
material of Which the second contact is formed. 
[0030] In one embodiment, a resistivity of a material of 
Which the ?rst contact is formed is substantially the same as 
a material of Which the second contact is formed. 

[0031] In one embodiment, the ?rst and second contacts 
are made of different materials. 

[0032] In one embodiment, the ?rst and second contacts 
are made of substantially the same materials. 

[0033] In one embodiment, the method further comprises 
forming a second chalcogenide element, the second chalco 
genide element comprising a third programmable volume 
de?ned in a third region of the second chalcogenide element. 
[0034] In one embodiment, one of the ?rst and second 
contacts is connected to the third region of the second 
chalcogenide element, a state of the third programmable 
volume being programmable according to the resistance 
associated With the one of the ?rst and second contacts 
connected to the third region. In one embodiment, a resis 
tivity of a material of Which the ?rst contact is formed is 
different from that of a material of Which the second contact 
is formed. In one embodiment, the ?rst and second contacts 
are made of different materials. In one embodiment, at least 
one of the ?rst and second contacts is formed to have more 
than one cross-sectional area. In one embodiment, at least 
one of the ?rst and second contacts is formed to have a 
tapered shape. In one embodiment, a resistivity of a material 
of Which the ?rst contact is formed is different from that of 
a material from Which the second contact is formed. In one 
embodiment, the ?rst and second contacts are made of 
different materials. In one embodiment, the method further 
comprises forming a third contact having a third cross 
sectional area and being connected to a fourth region of the 
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second chalcogenide element, the fourth region of the sec 
ond chalcogenide element comprising a fourth program 
mable volume, a state of the fourth programmable volume 
being programmable according to a resistance associated 
With the third contact connected to the fourth region. The 
third cross-sectional area can be the same as one of the ?rst 

and second cross-sectional areas. The third cross-sectional 
area can be different than one of the ?rst and second 
cross-sectional areas. In one embodiment, a resistivity of a 
material of Which the third contact is formed is different 
from that of a material of Which at least one of the ?rst and 
second contacts is formed. In one embodiment, the third 
contact and at least one of the ?rst and second contacts are 
made of different materials. The third contact can be formed 
to have more than one cross-sectional area. In one embodi 

ment, the third contact is formed to have a tapered shape. 
[0035] In one embodiment, the PRAM device can store 
data that can have one of more than tWo values. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the more 
particular description of preferred aspects of the invention, 
as illustrated in the accompanying draWings in Which like 
reference characters refer to the same parts throughout the 
different vieWs. The draWings are not necessarily to scale, 
emphasis instead being placed upon illustrating the prin 
ciples of the invention. In the draWings, the thickness of 
layers and regions are exaggerated for clarity. 
[0037] FIG. 1 is a cross-sectional diagram illustrating the 
structure of a conventional phase change memory cell. 
[0038] FIG. 2A contains a schematic diagram of the 
memory cell of FIG. 1, and FIG. 2B is an equivalent 
schematic circuit diagram of a circuit in Which the memory 
cell of FIG. 1 is used. 
[0039] FIG. 3 contains a schematic cross-sectional vieW of 
an embodiment of a PRAM memory cell illustrating a 
bottom contact or heater in tWo cases in Which the bottom 
contact or heater has one of tWo possible cross-sectional 
areas, according to the invention. 
[0040] FIG. 4 contains a schematic Waveform diagram 
illustrating the current-resistance (I-R) characteristics for the 
tWo cases of the PRAM memory cell illustrated in FIG. 3. 
[0041] FIG. 5 contains a graph illustrating the dependency 
of the reset current IRESET on the diameter (CD) of the 
bottom contact of a PRAM memory cell, illustrating 1“ 
order regression. 
[0042] FIG. 6 contains a graph illustrating the dependency 
of the reset current IRESET on the diameter (CD) of the 
bottom contact of a PRAM memory cell, illustrating 2'” 
order regression. 
[0043] FIG. 7 contains a graph illustrating the dependency 
of the set resistance RSET on the diameter (CD) of the bottom 
contact of a PRAM memory cell, in Which the set resistance 
is proportional to the square of the diameter CD. 
[0044] FIG. 8 is a schematic cross-sectional vieW of a 
multi-bit PRAM cell according to an embodiment of the 
invention. 
[0045] FIG. 9 contains a schematic Waveform diagram 
illustrating the current-resistance (I-R) characteristics for the 
PRAM memory cell illustrated in FIG. 8. 
[0046] FIG. 10 contains a schematic cross-sectional vieW 
of a multi-bit PRAM cell according to another embodiment 
of the invention. 
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[0047] FIG. 11 contains a schematic cross-sectional vieW 
of a multi-bit PRAM cell according to another embodiment 
of the invention. 
[0048] FIG. 12 contains a schematic timing diagram illus 
trating the timing of programming the multi-bit PRAM cell 
according to an embodiment of the invention, such as the 
embodiment of the invention shoWn in FIG. 8. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

[0049] A semiconductor device and method according to 
the present invention Will noW be described more fully 
hereinafter With reference to the accompanying draWings, in 
Which exemplary embodiments of the invention are shoWn. 
It should be noted that, throughout the description, unless 
noted otherWise, When a layer is described as being formed 
on another layer or on a substrate, the layer may be formed 
directly on the other layer or on the substrate, or one or more 
layers may be interposed betWeen the layer and the other 
layer or the substrate. 
[0050] In general, the cross-sectional area of the bottom 
contact or heater has an effect on the programming process 
applied to program the programmable volume to the desired 
state. FIG. 3 contains a schematic cross-sectional vieW of a 
PRAM memory cell 10 illustrating a bottom contact or 
heater 5 in tWo cases in Which the bottom contact or heater 
has one of tWo possible cross-sectional areas. The memory 
cell 10 of FIG. 3 includes a substrate 1 on Which is formed 
an insulating layer 3. An upper metal pattern 11 is formed on 
the insulating layer 3. The chalcogenide GST phase change 
material 7 is formed in the insulating layer 3 such that its 
bottom surface is in contact With the bottom contact 5. The 
top electrode 9 is formed on top of the top surface of the 
GST phase change material 7, in contact With the GST phase 
change material 7 and the upper metal pattern 11. As 
illustrated in FIG. 3, the bottom contact can have one of tWo 
possible cross-sectional areas for purposes of illustrating and 
describing the invention. The tWo possible cross-sectional 
areas are de?ned by the tWo possible diameters D1 and D2 
that the bottom contact 5 can have. 
[0051] FIG. 4 contains a schematic Waveform diagram 
illustrating the current-resistance (I-R) characteristics for the 
tWo cases of the PRAM memory cell 10 illustrated in FIG. 
3. The Waveforms of FIG. 4 illustrate the programming of 
the memory cell 10 of FIG. 3 under the tWo conditions of 
bottom contact cross-sectional area. Speci?cally, the curve 
labeled G1 illustrates programming for the memory cell 10 
having the bottom contact With diameter D1, and the curve 
labeled G2 illustrates programming for the memory cell 10 
having the bottom contact With diameter D2. 
[0052] As noted in Waveform G1 of FIG. 4, When the cell 
having the bottom contact With the smaller cross-sectional 
area is in the reset state, the programmable volume is in the 
amorphous state, and the resistance RR S1 of the cell is 
comparatively high. With a set current I S1 applied, the cell 
enters the set state in Which the programmable volume 
enters the crystalline state, and the resistance RSl of the cell 
in the set state drops substantially. While in the set state, if 
the reset current I R S1 is applied, the cell enters the reset state 
in Which the programmable volume is in the amorphous 
state, such that the resistance of the cell returns to the reset 
resistance value RRSI. 
[0053] As noted in Waveform G2 of FIG. 4, When the cell 
having the bottom contact With the larger cross-sectional 
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area is in the reset state, the programmable volume is in the 
amorphous state, and the resistance RRS2 of the cell is 
comparatively high, but is loWer than the reset resistance 
RRSl of the cell With the bottom contact having the smaller 
cross-sectional area. With a set current IS2 applied, the cell 
enters the set state in Which the programmable volume 
enters the crystalline state, and the resistance RS2 of the cell 
in the set state drops substantially, to a value loWer than the 
set resistance RSl of the cell having the bottom contact With 
the smaller cross-sectional area. While in the set state, if the 
reset current IRS2 is applied, the cell enters the reset state in 
Which the programmable volume is in the amorphous state, 
such that the resistance of the cell returns to the reset 
resistance value RRSZ. 
[0054] As shoWn in FIG. 4, because of the difference in 
cross-sectional area of the bottom contacts of the tWo 
exemplary memory cells, the resistance of the cell is differ 
ent for the cells in both the reset state and the set state. The 
cell having the bottom contact With the larger cross-sectional 
area has both a loWer reset resistance and set resistance than 
the cell With the bottom contact With the smaller cross 
sectional area. It is also noted that, because of the difference 
in cell resistance betWeen the tWo cells, both the set current 
and reset current for the tWo cells are different. Speci?cally, 
the set current IS2 of the cell With the larger bottom contact 
is higher than the set current ISl of the cell With the smaller 
bottom contact. Also, the reset current I R S2 of the cell With 
the larger bottom contact is higher than the reset current I R S1 
of the cell With the smaller bottom contact. 

[0055] FIG. 5 contains a graph illustrating the dependency 
of the reset current IRESET on the diameter (CD) of the 
bottom contact of a PRAM memory cell, illustrating 1“ 
order regression. In the graph of FIG. 5, the squares illustrate 
the case of a bottom contact made of TiN, and the circles 
illustrate the case of a bottom contact made of TiAlN. The 
reset current I R ESET is the current required to change the 
programming of the cell from the crystalline state to the 
amorphous state. As shoWn in FIG. 5, the decrease in ratio 
of IRESET With respect to bottom contact CD illustrates a 
lst-order regression. It is noted from the curve of FIG. 5 that 
the reset current-to-CD ratio for a TiN bottom contact is 38.9 
uA/nm, and the ratio for a TiAlN bottom contact is 27.4 
uA/nm. The reset current is 0.8 mA for a TiAlN bottom 
contact at 44 nm and for a TiN bottom contact at 36 nm. 

[0056] FIG. 6 contains a graph illustrating the dependency 
of the reset current IRESET on the diameter (CD) of the 
bottom contact of a PRAM memory cell, illustrating 2'” 
order regression, in Which the reset current is proportional to 
the square of the diameter CD. In the graph of FIG. 6, the 
squares illustrate the case of a bottom contact made of TiN, 
and the circles illustrate the case of a bottom contact made 
of TiAlN. The reset current IRESET is the current required to 
change the programming of the cell from the crystalline state 
to the amorphous state. It is noted from the curve of FIG. 6 
that the reset current is 0.8 mA for a TiAlN bottom contact 
at 39 nm and for a TiN bottom contact at 32 nm. 

[0057] FIG. 7 contains a graph illustrating the dependency 
of the set resistance RSET on the diameter (CD) of the bottom 
contact of a PRAM memory cell, in Which the set resistance 
is proportional to the square of the diameter CD. In the graph 
of FIG. 7, the squares illustrate the case of a bottom contact 
made of TiN, and the circles illustrate the case of a bottom 
contact made of TiAlN. It is noted from the curve of FIG. 7 
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that the set resistance RSET is 2.5-3 kQ for a TiAlN bottom 
contact and 2.2-2.9 kQ for a TiN bottom contact and a reset 

current IRESET of 0.8 mA. 
[0058] According to the invention, each PRAM memory 
cell can have multiple programmable volumes of phase 
change GST chalcogenide material Which are independently 
programmable, such that each cell can store a plurality of 
bits of data. According to the invention, each programmable 
volume is connected to a respective contact. The resistance 
of each contact is controlled, such as by controlling its 
cross-sectional area, such that a programming current ?oW 
ing through all of the contacts can independently program 
each programmable volume to a selected state. 

[0059] FIG. 8 is a schematic cross-sectional vieW of a 
multi-bit PRAM cell 200 according to an embodiment of the 
invention. Referring to FIG. 8, the memory cell 200 includes 
a substrate 210 on Which an insulating layer 213 is formed. 
A phase change GST material pattern 217 is formed in the 
insulating layer 213 . A bottom contact 215 having a diameter 
D3 is formed in the insulating layer 213 in contact With the 
bottom surface of the phase change material pattern 217. 
The bottom contact 215 de?nes a ?rst programmable vol 
ume P1 in the phase change material pattern 217. A top 
contact 219 having a diameter D4 is formed in the insulating 
layer 213 in contact With the top surface of the phase change 
material pattern 217. The top contact 219 de?nes a second 
programmable volume P2 in the phase change material 
pattern 217. A conductive plate line 221 is formed over the 
structure in contact With the top end of the top contact 219. 

[0060] According to the invention, the resistances of the 
tWo contacts 215 and 219 are independently controlled such 
that speci?c programming currents can be applied to inde 
pendently program the programmable volumes P1 and P2 to 
desired states. When the resistances are different, the heat 
generated in the programmable volumes P1 and P2 is 
different, such that the programmable volumes P1 and P2 
can be independently programmed. The control over the 
resistances of the contacts 215 and 219 can be accomplished 
by one or more means. For example, the diameters D3 and 
D4 can be made different such that the resistances of their 
respective contacts 215 and 219 are different. Also, the 
contacts 215 and 219 can be formed of different materials, 
such that their resistivities are different. For example, one of 
the contacts 215 and 219 can be made of TiAlN, and the 
other can be made of TiN. Also, a combination of different 
diameters D3 and D4 as Well as different resistivities can be 
used to obtain the controlled difference in resistances. It 
should be noted that the diameters D3 and D4 of the contacts 
215 and 219, Whether they are the same or different, are 
typically less than 50 nm, such that they operate as heating 
elements. 

[0061] FIG. 9 contains a schematic Waveform diagram 
illustrating the current-resistance (I-R) characteristics for the 
PRAM memory cell 200 illustrated in FIG. 8. In the graph 
of FIG. 9, the references to the resistances R and to the 
currents I each contain tWo subscripts, either “A” or “C.” 
These refer to the amorphous state or crystalline state of the 
tWo programmable volumes P1 and P2. Speci?cally, the ?rst 
subscript refers to the state of the ?rst programmable volume 
P1, and the second subscript refers to the state of the second 
programmable volume P2. The resistance RAA is the cell 
resistance With both programmable volumes P1 and P2 in 
the amorphous state. The current ICA is the programming 
current used to program the programmable volume P1 to the 
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crystalline state While leaving the programmable volume P2 
in the amorphous state, such that the resistance of the cell 
becomes RCA. The current ICC is the programming current 
used to program the cell such that both programmable 
volumes P1 and P2 are in the crystalline state, such that the 
resistance of the cell becomes RCC. The current I AC is the 
programming current used to program the cell such that the 
programmable volume P1 returns to the amorphous state 
While the programmable volume P2 remains in the crystal 
line state, such that the resistance of the cell becomes R AC. 
The current I A A is the programming current used to program 
the cell such that both programmable volumes P1 and P2 
return to the amorphous state, such that the resistance of the 
cell becomes R A A. Because of the different resistances of the 
tWo contacts 215 and 219, the cell can be programmed to one 
of four possible resistances. Hence, the cell is a multi-bit cell 
Which can store four possible values or tWo bits of data per 
chalcogenide element. 
[0062] FIG. 10 contains a schematic cross-sectional vieW 
of a multi-bit PRAM cell 300 according to another embodi 
ment of the invention. Referring to FIG. 10, the memory cell 
300 includes a substrate 310 on Which an insulating layer 
313 is formed. In the illustrated embodiment, three phase 
change GST material patterns 337a, 3371) and 3370 are 
formed in the insulating layer 313. A bottom contact 335 
having a diameter D5 is formed in the insulating layer 313 
in contact With the bottom surface of the bottom phase 
change material pattern 33711. The bottom contact 335 
de?nes a programmable volume P5 in the bottom phase 
change material pattern 33711. A top contact 339 having a 
diameter D8 is formed in the insulating layer 313 in contact 
With the top surface of the top phase change material pattern 
3370. The top contact 339 de?nes a programmable volume 
P8 in the top phase change material pattern 3370. A contact 
33611 having a diameter D6 is connected betWeen the bottom 
phase change material pattern 337a and the middle phase 
change material pattern 33719. The top end of the contact 
33611 de?nes a programmable volume P6 in the middle 
phase change material pattern 337b, and the bottom end of 
the contact 33611 de?nes a programmable volume P6 in the 
bottom phase change material pattern 33711. A contact 3361) 
having a diameter D7 is connected betWeen the top phase 
change material pattern 3370 and the middle phase change 
material pattern 33719. The bottom end of the contact 33619 
de?nes a programmable volume P7 in the middle phase 
change material pattern 337b, and the top end of the contact 
33619 de?nes a programmable volume P7 in the top phase 
change material pattern 3370. A conductive plate line 321 is 
formed over the structure in contact With the top end of the 
top contact 339. 

[0063] In accordance With the invention, the resistances of 
the contacts are controlled such that the programming of the 
multiple programmable volumes can be controlled. In one 
embodiment, the diameters D5, D6, D7 and D8 can be 
different such that their respective contacts have different 
resistances. Alternatively, the contacts can be made With 
different materials having different resistivities. These tWo 
approaches can also be used in combination With any 
combination of the contacts. By controlling the resistances 
of the contacts, the programmable volumes can be indepen 
dently programmed to different states. As in the previously 
described embodiment, the diameters D5, D6, D7 and D8 
are all preferably less than 50 nm such that their respective 
contacts perform as heating elements. It is noted that, in the 
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embodiment, of FIG. 10, the contacts 336a and 33619 are 
substantially cylindrical such that each de?nes a program 
mable volume of the same siZe in both of the phase change 
material patterns they contact. That is, contact 33611 de?nes 
tWo similar programmable volumes P6 in phase change 
material patterns 337a and 337b, and contact 33619 de?nes 
tWo similar programmable volumes P7 in phase change 
material patterns 33719 and 3370. 

[0064] FIG. 11 contains a schematic cross-sectional vieW 
of a multi-bit PRAM cell 400 according to another embodi 
ment of the invention. Referring to FIG. 11, the memory cell 
400 includes a substrate 410 on Which an insulating layer 
413 is formed. In the illustrated embodiment, tWo phase 
change GST material patterns 457a and 45719 are formed in 
the insulating layer 413. A bottom contact 435 having a 
diameter D10 is formed in the insulating layer 413 in contact 
With the bottom surface of the bottom phase change material 
pattern 45711. The bottom contact 435 de?nes a program 
mable volume P10 in the bottom phase change material 
pattern 45711. A top contact 439 having a diameter D13 is 
formed in the insulating layer 413 in contact With the top 
surface of the top phase change material pattern 45719. The 
top contact 439 de?nes a programmable volume P13 in the 
top phase change material pattern 45719. A contact 456 
having a tapered shape Which de?nes tWo diameters D11 and 
D12 is connected betWeen the bottom phase change material 
pattern 457a and the top phase change material pattern 45719. 
The top end of the tapered contact 456 de?nes a program 
mable volume P12 in the top phase change material pattern 
457b, and the bottom end of the tapered contact 456 de?nes 
a programmable volume P11 in the bottom phase change 
material pattern 457a. Because the diameter D12 of the 
tapered contact 456 is different than the diameter D11 of the 
tapered contact 456, tWo different and independently pro 
grammable volumes P12 and P11 are de?ned in the tWo 
phase change material patterns 457a and 45719. A conductive 
plate line 321 is formed over the structure in contact With the 
top end of the top contact 339. 

[0065] According to the invention, the resistances of the 
contacts are independently controlled such that speci?c 
programming currents can be applied to independently pro 
gram the programmable volumes to desired states. The 
control over the resistances of the contacts can be accom 
plished by one or more means. For example, the diameters 
can be made different such that the resistances of their 
respective contacts are different. Also, the contacts can be 
formed of different materials, such that their resistivities are 
different. Also, a combination of different diameters as Well 
as different resistivities can be used to obtain the controlled 
difference in resistances. It should be noted that the diam 
eters of the contacts, Whether they are the same or different, 
are typically less than 50 nm, such that they operate as 
heating elements. 
[0066] FIG. 12 contains a schematic timing diagram illus 
trating the timing of programming the multi-bit PRAM cell 
according to an embodiment of the invention, such as the 
embodiment of the invention shoWn in FIG. 8. As noted 
above, FIG. 9 contains a schematic Waveform diagram 
illustrating the current-resistance (I-R) characteristics for the 
PRAM memory cell according to an embodiment of the 
invention. Referring to FIGS. 8, 9 and 12, in one embodi 
ment, programming the device involves ?rst applying an 
initial programming current pulse (I) ,P at an initial current 
magnitude of H1. This initial programming pulse (I) ,P is used 
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to program both programmable volumes P1 and P2 to the 
amorphous state such that the cell resistance is in the R AA 
state. The current magnitude H1 is de?ned as IAA. The 
programming pulse is indicated as having a Width in time of 
W1. That time includes the current pulse itself as Well as a 
relatively short quenching time of a feW nanoseconds to 
alloW both programmable volumes to reach the amorphous 
state. 

[0067] The Waveforms labeled A, B, C and D in FIG. 12 
shoW the programming process according to the desired ?nal 
state of the cell. For example, curve A illustrates the pro 
gramming process if the desired ?nal state is R A A, in Which 
both programmable volumes are programmed to the amor 
phous state. In this case, the programming process is com 
plete after application of the initial programming pulse (I) ,P 
. Curve B illustrates the programming process if the desired 
?nal state is R AC, in Which the programmable volume P1 is 
in the amorphous state and the programmable volume P2 is 
in the crystalline state. Curve C illustrates the programming 
process if the desired ?nal state is RCC, in Which the 
programmable volumes P1 and P2 are both in the crystalline 
state. Curve D illustrates the programming process if the 
desired ?nal state is RCA, in Which the programmable 
volume P1 is in the crystalline state and the programmable 
volume P2 is in the amorphous state. In each of processes B, 
C and D, an additional programming pulse CPA], is applied 
after the initial programming pulse (I) ,P to program the cell 
from the R AA state to the desired ?nal state. 

[0068] Referring to Curve B of FIG. 12 and FIG. 9, the 
additional programming pulse labeled (D3 is applied at a 
magnitude of H4, de?ned as IAC, betWeen H1 and H3 
described herein. The current is in a range betWeen about 
lAC and IAA to ensure proper programming of the pro 
grammable volumes P1 and P2, i.e., to ensure that P1 
remains in the amorphous state and P2 transitions to the 
crystalline state. The additional programming pulse is active 
for a time period W2, Which includes the actual current pulse 
duration and the relatively long quenching time required to 
alloW P2 to enter the crystalline state. 
[0069] Referring to Curve C of FIG. 12 and FIG. 9, the 
additional programming pulse labeled (D2 is applied at a 
magnitude of H3, de?ned as ICC, greater than H2 described 
herein. The current is in a range betWeen about ICC and TAG 
to ensure proper programming of the programmable vol 
umes P1 and P2, i.e., to ensure that both P1 and P2 transition 
to the crystalline state. The additional programming pulse is 
active for a time period W2, Which includes the actual 
current pulse duration and the relatively long quenching 
time required to alloW P1 and P2 to enter the crystalline 
state. 

[0070] Referring to Curve D of FIG. 12 and FIG. 9, the 
additional programming pulse labeled (D1 is applied at a 
magnitude of H2, de?ned as ICA. The current is in a range 
betWeen about ICA and ICC to ensure proper programming of 
the programmable volumes P1 and P2, i.e., to ensure P1 
transitions to the crystalline state and P2 remains in the 
amorphous state. The additional programming pulse is 
active for a time period W2, Which includes the actual 
current pulse duration and the relatively long quenching 
time required to alloW P1 to enter the crystalline state. 

[0071] According to the invention, by providing a phase 
change material pattern With a plurality of independently 
programmable volumes, a multi-bit PRAM device, Which 
can be readily fabricated, is provided. 
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[0072] It should be noted that in the foregoing description, 
heating contacts used to program programmable volumes in 
chalcogenide phase change material patterns are described 
as being circular in cross-section. It should be noted that the 
invention is applicable to contacts having any shape, includ 
ing but not limited to contacts that are circular, rectangular, 
or other shape, in cross-section. 
[0073] While the present invention has been particularly 
shoWn and described With reference to exemplary embodi 
ments thereof, it Will be understood by those of ordinary 
skill in the art that various changes in form and details may 
be made therein Without departing from the spirit and scope 
of the present invention as de?ned by the folloWing claims. 

1. A phase-change random-access memory (PRAM) 
device, comprising: 

a chalcogenide element, the chalcogenide element com 
prising a material Which can assume a crystalline state 
or an amorphous state upon application of a heating 
current; 

a ?rst contact connected to a ?rst region of the chalco 
genide element and having a ?rst cross-sectional area; 
and 

a second contact connected to a second region of the 
chalcogenide element and having a second cross-sec 
tional area, Wherein:. 

a ?rst programmable volume of the chalcogenide material 
is de?ned in the ?rst region of the chalcogenide ele 
ment, a state of the ?rst programmable volume being 
programmable according to a resistance associated 
With the ?rst contact; and 

a second programmable volume of the chalcogenide 
material is de?ned in the second region of the chalco 
genide element, a state of the second programmable 
volume being programmable according to a second 
resistance associated With the second contact. 

2. The PRAM device of claim 1, Wherein a resistivity of 
a material of Which the ?rst contact is formed is different 
from that of a material of Which the second contact is 
formed. 

3. The PRAM device of claim 1, Wherein a resistivity of 
a material of Which the ?rst contact is formed is substantially 
the same as a material of Which the second contact is formed. 

4. The PRAM device of claim 1, Wherein the ?rst and 
second contacts are made of different materials. 

5. The PRAM device of claim 1, Wherein the ?rst and 
second contacts are made of substantially the same materi 
als. 

6. The PRAM device of claim 1, further comprising a 
second chalcogenide element, the second chalcogenide ele 
ment comprising a third programmable volume de?ned in a 
third region of the second chalcogenide element. 

7. The PRAM device of claim 6, Wherein one of the ?rst 
and second contacts is connected to the third region of the 
second chalcogenide element, a state of the third program 
mable volume being programmable according to the resis 
tance associated With the one of the ?rst and second contacts 
connected to the third region. 

8. The PRAM device of claim 7, Wherein a resistivity of 
a material of Which the ?rst contact is formed is different 
from that of a material of Which the second contact is 
formed. 

9. The PRAM device of claim 7, Wherein the ?rst and 
second contacts are made of different materials. 
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10. The PRAM device of claim 7, wherein at least one of 
the ?rst and second contacts has more than one cross 

sectional area. 

11. The PRAM device of claim 7, Wherein at least one of 
the ?rst and second contacts has a tapered shape. 

12. The PRAM device of claim 6, Wherein a resistivity of 
a material of Which the ?rst contact is formed is different 
from that of a material from Which the second contact is 
formed. 

13. The PRAM device of claim 6, Wherein the ?rst and 
second contacts are made of different materials. 

14. The PRAM device of claim 6, further comprising a 
third contact having a third cross-sectional area and being 
connected to a fourth region of the second chalcogenide 
element, the fourth region of the second chalcogenide ele 
ment comprising a fourth programmable volume, a state of 
the fourth programmable volume being programmable 
according to a resistance associated With the third contact 
connected to the fourth region. 

15. The PRAM device of claim 14, Wherein the third 
cross-sectional area is the same as one of the ?rst and second 
cross-sectional areas. 

16. The PRAM device of claim 14, Wherein the third 
cross-sectional area is different than one of the ?rst and 
second cross-sectional areas. 

17. The PRAM device of claim 14, Wherein a resistivity 
of a material of Which the third contact is formed is different 
from that of a material of Which at least one of the ?rst and 
second contacts is formed. 

18. The PRAM device of claim 14, Wherein the third 
contact and at least one of the ?rst and second contacts are 
made of different materials. 

19. The PRAM device of claim 14, Wherein the third 
contact has more than one cross-sectional area. 

20. The PRAM device of claim 14, Wherein the third 
contact has a tapered shape. 

21. The PRAM device of claim 1, Wherein the PRAM 
device can store data that can have one of more than tWo 
values. 

22. A phase-change random-access memory (PRAM) 
device, comprising: 

a chalcogenide element, the chalcogenide element com 
prising a material Which can assume a crystalline state 
or an amorphous state upon application of a heating 
current; 

a ?rst contact connected to a ?rst region of the chalco 
genide element and having a ?rst cross-sectional area; 
and 

a second contact connected to a second region of the 
chalcogenide element and having a second cross-sec 
tional area different than the ?rst cross-sectional area, 
Wherein: a ?rst programmable volume of the chalco 
genide material is de?ned in the ?rst region of 

the chalcogenide element, a state of the ?rst program 
mable volume being programmable according to a 
resistance associated With the ?rst contact; and 

a second programmable volume of the chalcogenide 
material is de?ned in the second region of the chalco 
genide element, a state of the second programmable 
volume being programmable according to a second 
resistance associated With the second contact. 
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23. The PRAM device of claim 22, Wherein a resistivity 
of a material of Which the ?rst contact is formed is different 
from that of a material from Which the second contact is 
formed. 

24. The PRAM device of claim 22, Wherein the ?rst and 
second contacts are made of different materials. 

25. The PRAM device of claim 22, further comprising a 
second chalcogenide element, the second chalcogenide ele 
ment comprising a third programmable volume de?ned in a 
third region of the second chalcogenide element. 

26. The PRAM device of claim 25, Wherein one of the 
?rst and second contacts is connected to the third region of 
the second chalcogenide element, a state of the third pro 
grammable volume being programmable according to the 
resistance associated With the one of the ?rst and second 
contacts connected to the third region. 

27. The PRAM device of claim 26, Wherein a resistivity 
of a material of Which the ?rst contact is formed is different 
from that of a material from Which the second contact is 
formed. 

28. The PRAM device of claim 26, Wherein the ?rst and 
second contacts are made of different materials. 

29. The PRAM device of claim 26, Wherein at least one 
of the ?rst and second contacts has more than one cross 
sectional area. 

30. The PRAM device of claim 26, Wherein at least one 
of the ?rst and second contacts has a tapered shape. 

31. The PRAM device of claim 25, Wherein a resistivity 
of a material of Which the ?rst contact is formed is different 
from that of a material from Which the second contact is 
formed. 

32. The PRAM device of claim 25, Wherein the ?rst and 
second contacts are made of different materials. 

33. The PRAM device of claim 25, further comprising a 
third contact having a third cross-sectional area and being 
connected to a fourth region of the second chalcogenide 
element, the fourth region of the second chalcogenide ele 
ment comprising a fourth programmable volume, a state of 
the fourth programmable volume being programmable 
according to a resistance associated With the third contact 
connected to the fourth region. 

34. The PRAM device of claim 33, Wherein the third 
cross-sectional area is the same as one of the ?rst and second 
cross-sectional areas. 

35. The PRAM device of claim 33, Wherein the third 
cross-sectional area is different than one of the ?rst and 
second cross-sectional areas. 

36. The PRAM device of claim 33, Wherein a resistivity 
of a material of Which the third contact is formed is different 
from that of a material of Which at least one of the ?rst and 
second contacts is formed. 

37. The PRAM device of claim 33, Wherein the third 
contact and at least one of the ?rst and second contacts are 
made of different materials. 

38. The PRAM device of claim 33, Wherein the third 
contact has more than one cross-sectional area. 

39. The PRAM device of claim 33, Wherein the third 
contact has a tapered shape. 

40. The PRAM device of claim 22, Wherein the PRAM 
device can store data that can have one of more than tWo 
values. 

41. A phase-change random-access memory (PRAM) 
device, comprising: 
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a chalcogenide element, the chalcogenide element com 
prising a material Which can assume a crystalline state 
or an amorphous state upon application of a heating 
current; 

a ?rst contact connected to a ?rst region of the chalco 
genide element and having a ?rst cross-sectional area; 
and 

a second contact connected to a second region of the 
chalcogenide element and having a second cross-sec 
tional area substantially the same as the ?rst cross 
sectional area, Wherein: 

a ?rst programmable volume of the chalcogenide material 
is de?ned in the ?rst region of the chalcogenide ele 
ment, a state of the ?rst programmable volume being 
programmable according to a resistance associated 
With the ?rst contact; and 

a second programmable volume of the chalcogenide 
material is de?ned in the second region of the chalco 
genide element, a state of the second programmable 
volume being programmable according to a second 
resistance associated With the second contact. 

42. The PRAM device of claim 41, Wherein a resistivity 
of a material of Which the ?rst contact is formed is different 
from that of a material from Which the second contact is 
formed. 

43. The PRAM device of claim 41, Wherein the ?rst and 
second contacts are made of different materials. 

44. The PRAM device of claim 41, further comprising a 
second chalcogenide element, the second chalcogenide ele 
ment comprising a third programmable volume de?ned in a 
third region of the second chalcogenide element. 

45. The PRAM device of claim 44, Wherein one of the 
?rst and second contacts is connected to the third region of 
the second chalcogenide element, a state of the third pro 
grammable volume being programmable according to the 
resistance associated With the one of the ?rst and second 
contacts connected to the third region. 

46. The PRAM device of claim 45, Wherein a resistivity 
of a material of Which the ?rst contact is formed is different 
from that of a material from Which the second contact is 
formed. 

47. The PRAM device of claim 45, Wherein the ?rst and 
second contacts are made of different materials. 

48. The PRAM device of claim 45, Wherein at least one 
of the ?rst and second contacts has more than one cross 
sectional area. 

49. The PRAM device of claim 45, Wherein at least one 
of the ?rst and second contacts has a tapered shape. 

50. The PRAM device of claim 44, Wherein a resistivity 
of a material of Which the ?rst contact is formed is different 
from that of a material from Which the second contact is 
formed. 

51. The PRAM device of claim 44, Wherein the ?rst and 
second contacts are made of different materials. 

52. The PRAM device of claim 44, further comprising a 
third contact having a third cross-sectional area and being 
connected to a fourth region of the second chalcogenide 
element, the fourth region of the second chalcogenide ele 
ment comprising a fourth programmable volume, a state of 
the fourth programmable volume being programmable 
according to a resistance associated With the third contact 
connected to the fourth region. 
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53. The PRAM device of claim 52, Wherein the third 
cross-sectional area is the same as one of the ?rst and second 
cross-sectional areas. 

54. The PRAM device of claim 52, Wherein the third 
cross-sectional area is different than one of the ?rst and 
second cross-sectional areas. 

55. The PRAM device of claim 52, Wherein a resistivity 
of a material of Which the third contact is formed is different 
from that of a material of Which at least one of the ?rst and 
second contacts is formed. 

56. The PRAM device of claim 52, Wherein the third 
contact and at least one of the ?rst and second contacts are 
made of different materials. 

57. The PRAM device of claim 52, Wherein the third 
contact has more than one cross-sectional area. 

58. The PRAM device of claim 52, Wherein the third 
contact has a tapered shape. 

59. The PRAM device of claim 41, Wherein the PRAM 
device can store data that can have one of more than tWo 
values. 

60. A method of making a phase-change random-access 
memory (PRAM) device, comprising: 

providing a chalcogenide element, the chalcogenide ele 
ment comprising a material Which can assume a crys 
talline state or an amorphous state upon application of 
a heating current; 

forming a ?rst contact connected to a ?rst region of the 
chalcogenide element and having a ?rst cross-sectional 
area; and 

forming a second contact connected to a second region of 
the chalcogenide element and having a second cross 
sectional area, Wherein: 

a ?rst programmable volume of the chalcogenide material 
is de?ned in the ?rst region of the chalcogenide ele 
ment, a state of the ?rst programmable volume being 
programmable according to a resistance associated 
With the ?rst contact; and 

a second programmable volume of the chalcogenide 
material is de?ned in the second region of the chalco 
genide element, a state of the second programmable 
volume being programmable according to a second 
resistance associated With the second contact. 

61. The method of claim 60, Wherein the ?rst and second 
cross-sectional areas are substantially the same. 

62. The method of claim 60, Wherein the ?rst and second 
cross-sectional areas are different. 

63. The method of claim 60, Wherein a resistivity of a 
material of Which the ?rst contact is formed is different from 
that of a material of Which the second contact is formed. 

64. The method of claim 60, Wherein a resistivity of a 
material of Which the ?rst contact is formed is substantially 
the same as a material of Which the second contact is formed. 

65. The method of claim 60, Wherein the ?rst and second 
contacts are made of different materials. 

66. The method of claim 60, Wherein the ?rst and second 
contacts are made of substantially the same materials. 

67. The method of claim 60, further comprising forming 
a second chalcogenide element, the second chalcogenide 
element comprising a third programmable volume de?ned in 
a third region of the second chalcogenide element. 

68. The method of claim 67, Wherein one of the ?rst and 
second contacts is connected to the third region of the 
second chalcogenide element, a state of the third program 
mable volume being programmable according to the resis 




