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METHODS OF OPERATING PRAMS USING
INITIAL PROGRAMMED RESISTANCES AND
PRAMS USING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119 to
Korean Patent Application No. 10-2010-0099366 filed on
Oct. 12, 2010, in the Korean Intellectual Property Office, the
disclosure of which is incorporated herein by reference.

BACKGROUND

The inventive concept relates to the field of semiconduc-
tors, and more particularly, to phase change memory devices.

A phase change memory device, such as a Phase Change
Random Access Memory (PRAM), can include a phase
change material, such as a chalcogenide alloy of germanium,
antimony, and tellurium, which can be used to store data by
inducing the phase change material to take on a crystalline
state or an amorphous state. In particular, the resistance of the
phase change material can be greater in the amorphous state
than in the crystalline state.

In a read operation of the phase change memory device,
current can be supplied to a selected phase change memory
cell whereupon different tunneling currents can develop
depending on the resistance of a phase change material in the
cell. A sense amplifier coupled to the selected cell can com-
pare a reference level with a level of a sensing node which
changes according to the tunneling current to help distinguish
between the stored data.

The data stored in phase change memory devices can be
reliable for about 60 years at temperatures up to about 85
degrees Centigrade. Errors may, however, be induced in data
that is exposed to higher temperatures. For example, data that
is exposed to temperatures of 105 degrees Centigrade may
only be reliable for about 6 months.

SUMMARY

Embodiments according to the inventive concept can pro-
vide methods of operating PRAM devices using initial pro-
grammed resistances and PRAM devices using the same.
Pursuant to these embodiments, a method of operating a
PRAM device can be provided by reading a PRAM reference
cell to determine an initial programmed resistance of the
PRAM reference cell and determining whether the initial
programmed resistance has been reduced to below a prede-
termined reference threshold resistance.

In some embodiments according to the inventive concept,
the predetermined reference threshold resistance is greater
than a predetermined data threshold resistance that is used to
distinguish between different data states stored in a PRAM
data cell. In some embodiments according to the inventive
concept, first resistances that are greater than the predeter-
mined data threshold resistance represent a reset state of the
PRAM data cell and second resistances that are less than the
predetermined data threshold resistance represent a set state
of the PRAM data cell.

In some embodiments according to the inventive concept,
the PRAM can be read by repeatedly reading the PRAM
reference cell without an intervening rewrite operation of the
PRAM reference cell until determining that the initial pro-
grammed resistance of the PRAM reference cell has been
reduced to below the predetermined reference threshold
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resistance and then rewriting the PRAM reference cell to have
the initial programmed resistance.

In some embodiments according to the inventive concept,
a method of operating a PRAM device can be provided by
programming a plurality of PRAM reference cells to have a
statistical distribution of reference resistances that falls
between and is non-overlapping a statistical distribution of
resistances for a reset state for data stored in the PRAM and a
predetermined reference threshold resistance that is greater
than a predetermined data threshold resistance used to distin-
guish between the reset state and a set state for the data stored
in the PRAM. A plurality of PRAM reference cells are read to
determine whether an initial programmed resistance of at
least one of the plurality of PRAM reference cells has been
reduced to below the predetermined reference threshold
resistance.

In some embodiments according to the inventive concept,
the method can further provide periodically reading the plu-
rality of PRAM reference cells to determine that the initial
programmed resistance of at least one of the plurality of
PRAM reference cells has been reduced to below the prede-
termined reference threshold resistance. A plurality of PRAM
data cells associated with the at least one of the plurality of
PRAM reference cells are read to provide read data. The read
data is rewritten to the plurality of PRAM data cells associ-
ated with the at least one of the plurality of PRAM reference
cells. In some embodiments according to the inventive con-
cept, the method can also include rewriting the at least one of
the plurality of PRAM reference cells to be within the statis-
tical distribution of reference resistances.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a PRAM device in some
embodiments according to the inventive concept.

FIG. 2 is a graph illustrating currents applied to place a
phase change material in different states.

FIG. 3 is a flowchart of operations of a PRAM device in
some embodiments according to the inventive concept.

FIG. 4 is a diagram illustrating an arrangement of reference
cells and data cells in a PRAM device in some embodiments
according to the inventive concept.

FIG. 5 is a diagram illustrating an arrangement of reference
cells and data cells in a PRAM device in some embodiments
according to the inventive concept.

FIG. 6 is a schematic diagram of circuits included in area LL
illustrated in FIG. 1, in some embodiments according to the
inventive concept.

FIG. 7 is a graph illustrating current pulse amplitudes over
time in some embodiments according to the inventive con-
cept.

FIG. 8 is a graph illustrating resistance values programmed
to reference cells and data cells in a PRAM device in some
embodiments according to the inventive concept.

FIG. 9 is a graph illustrating statistical distributions in
resistance values of PRAM cells programmed to be in a set
state, a reference state, and a reset state in some embodiments
according to the inventive concept.

FIGS. 10 and 11 are schematic diagrams illustrating data
and reference cell write signal generator circuits, respec-
tively, in some embodiments according to the inventive con-
cept.

FIG. 12 is a schematic diagram illustrating a program-
mable data/reference cell write signal generator circuit in
some embodiments according to the inventive concept.

FIG. 13 is a graph illustrating statistical distributions of
resistance values of PRAM cells programmed to be in a set
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state versus a reset state relative to a predetermined reference
threshold resistance in some embodiments according to the
inventive concept.

FIG. 14 is a graph illustrating statistical distributions of
resistance values of PRAM cells programmed to be in a set
state, a reset state, and a reference state relative to a predeter-
mined reference threshold resistance in some embodiments
according to the inventive concept.

FIG. 15 is a schematic diagram illustrating a data cell read
signal generator circuit in some embodiments according to
the inventive concept.

FIG. 16 is a schematic diagram illustrating a reference cell
read signal generator circuit in some embodiments according
to the inventive concept.

FIG. 17 is a schematic diagram illustrating a data cell read
signal generator circuit in some embodiments according to
the inventive concept.

FIG. 18 is a schematic diagram illustrating a reference cell
read signal generator circuit in some embodiments according
to the inventive concept.

FIG. 19 is a cross-sectional view of a package-on-package
(POP) semiconductor arrangement including a PRAM device
in some embodiments according to the inventive concept.

FIGS. 20-22 are block diagrams of systems including
PRAM devices in some embodiments according to the inven-
tive concept.

DESCRIPTION OF EMBODIMENTS
ACCORDING TO THE INVENTIVE CONCEPT

The inventive concept is described more fully hereinafter
with reference to the accompanying drawings, in which
embodiments of the inventive concept are shown by way of
example. The inventive concept may, however, be embodied
in many different forms and should not be construed as lim-
ited to the example embodiments set forth herein. Rather,
these example embodiments are provided so that this disclo-
sure will be thorough and complete, and will fully convey the
scope of the inventive concept to those skilled in the art.

It will be understood that when an element is referred to as
being “connected to,” “coupled to” or “responsive to” (and/or
variants thereof) another element, it can be directly con-
nected, coupled or responsive to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected to,” “directly
coupled to” or “directly responsive to” (and/or variants
thereof) another element, there are no intervening elements
present. Like numbers refer to like elements throughout. As
used herein, the term “and/or” includes any and all combina-
tions of one or more of the associated listed items and may be
abbreviated as “/”.

It will be understood that, although the terms first, second,
third, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another region, layer or section. Thus, a first element, com-
ponent, region, layer or section discussed below could be
termed a second element, component, region, layer or section
without departing from the teachings of the inventive con-
cept.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the inventive concept. As used herein, the singular
forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
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It will be further understood that the terms “comprises™ and/
or “comprising” (and/or variants thereof), when used in this
specification, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other fea-
tures, integers, steps, operations, elements, components, and/
or groups thereof. In contrast, the term “consisting of”” (and/or
variants thereof) when used in this specification, specifies the
stated number of features, integers, steps, operations, ele-
ments, and/or components, and precludes additional features,
integers, steps, operations, elements, and/or components.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which the inventive concept belongs. It will be further under-
stood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and the present application, and will not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein.

It will be understood that the term “initial programmed
resistance” represents the resistance value initially pro-
grammed to the selected reference cell, and is stored therein
without an intervening rewrite operation. In other words, the
initial programmed resistance includes the value which is
initially programmed and those subsequently reduced when
subjected to excessive temperatures. Once a rewrite operation
is performed, however, a new initial programmed resistance
is stored by the reference cell. The term “resistance” is used
herein to refer to values that are written to and read from the
reference and data cells. It will be understood that the resis-
tance values are interchangeable with voltage values as the
respective values can be proportional to one another. Accord-
ingly, when a resistance value is said to have been read from
acell, it will be understood that the resistance may be actually
represented by a proportional voltage.

FIG. 11is a block diagram of a Variable Resistance Memory
device 200 according to some embodiments of the inventive
concept. The Variable Resistance Memory device 200 may be
a phase-change random access memory (PRAM) device, but
the inventive concept is not restricted thereto. The Variable
Resistance Memory device 200 may be a magnetic RAM
(MRAM) device, a resistive RAM (RRAM) device, a ferro-
electric RAM (FeRAM) device or a Spin Transfer Torque-
Magnetic Random Access Memory (STT-MRAM). The
PRAM device 200 includes a memory cell area 250, a column
select circuit 210, a column decoder circuit 270, a row
decoder and driver circuit 260, an address register circuit 280,
a read/write circuit 220, a data input/output circuit 230, an
analog/logic circuit 240, and control logic circuit 300. The
PRAM device 200 may further include a temperature sensor
circuit 290.

The memory cell area 250 includes a plurality of bit lines,
aplurality of word lines, and a memory cell array including a
plurality of phase change memory cells connected to the bit
lines and the word lines. The memory cell array can be
divided into partitions, where each partition can include a
plurality of tiles. In addition, a group of the phase change
memory cells can be defined as a unit, such a block, for which
a rewrite operation can be performed when, for example, the
phase change memory cells in the group should be re-pro-
grammed to address the likelihood that the data stored therein
may otherwise be lost due to excessive temperature. In some
embodiments according to the inventive concept, whether to
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perform a rewrite can be determined on a block by block
basis. The blocks may include a plurality of data cells and at
least one reference cell.

It will be understood that a data cell is configured to store
data specified by, for example, a user of a system in which the
PRAM device is included. In contrast, a reference cell is
configured to store an initial programmed resistance that can
be used to determine whether the data stored in the PRAM
device is more likely to be in-error due to excessive tempera-
tures. For example, in some embodiments according to the
inventive concept, the initial programmed resistance can be
reduced when exposed to excessive temperatures, which can
be detected during a read operation if the initial programmed
resistance has fallen below a predetermined reference thresh-
old resistance.

The predetermined reference threshold resistance can be
selected to be greater than a predetermined data threshold
resistance so that the reduction in the initial programmed
resistance can provide an early warning of the occurrence of
an error in the cells used to store the data, before the resistance
of the data cells is reduced below a threshold used to distin-
guish between states of the data. Upon a determination that an
error make be likely if unaddressed, the data cells and the
reference cell can be rewritten to help avoid an error in the
data. In some embodiments according to the inventive con-
cept, the reference cell may be a redundant cell or a dummy
cell in the memory cell array.

The row decoder and driver circuit 260 decodes a row
address XADD output from the address register circuit 280
and selects at least one word line (i.e., a row) from among the
plurality of word lines. The column decoder circuit 270
decodes a column address YADD output from the address
register circuit 280 and selects at least one bit line (i.e., a
column) from among the plurality of bit lines.

The read/write circuit 220 writes data, provided via the
data in/out circuit 230, to the selected memory cells. The
read/write circuit 220 can also perform a verify-read or a read
operation on the data stored in the selected memory cells. In
some embodiments according to the inventive concept, the
data in/out circuit 230 generates an error signal when an error
has been detected during a read of a reference cell. The error
signal can be provided to the control logic circuit 300, which
can then generate a rewrite operation to data cells associated
with the reference cell that generated the error signal. For
example, in some embodiments according to the inventive
concept, aread is performed to a selected reference cell and to
data cells that are associated with the selected reference cell.
When the error signal is generated, the control logic circuit
300 can cause the data read from the data cells to be main-
tained in (or returned to) the read/write circuit 220 so that a
rewrite of data can be performed.

For example, in some embodiments according to the inven-
tive concept, the control logic circuit 300 can be used to
determine whether to perform a rewrite operation based on a
result from reading a reference cell and, when a failure on the
read of the reference cell occurs, the read/write circuit 220 is
controlled to rewrite the data that was read from the data cells
back into the selected memory cells from which the data was
read. In some embodiments according to the inventive con-
cept, the read/write circuit 220 is also controlled to rewrite the
initial programmed resistance back into the selected refer-
ence cell that generated the error on the read operation.

The control logic circuit 300 decodes a command CMD,
such as a write command or a read command, and transmits a
signal to the analog/logic circuit 240 so that the command
CMD is executed. In addition, the control logic circuit 300
receives temperature information from the temperature sen-
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sor circuit 290, which can be accessed by, for example, a host
or controller circuit configured to operate the system in which
the PRAM device 200 is included. The temperature informa-
tion provided to the control logic circuit 300 can also be used
to determine whether data stored in the data cells in the
memory cell area 250 should be rewritten.

FIG. 2 is a graph illustrating currents applied to place a
phase change material in different states. The phase change
material may be a compound of two elements such as GaSb,
InSh, InSe, Sh,Te;, or GeTe, a compound of three elements
such as GeSbTe, GaSeTe, InSbTe, SuSh,Te,, or InSbGe, or a
compound of four elements such as AglnSbTe, (GeSn)SbTe,
GeSb(SeTe), or Teg,Ge,sSh,S,. Other compounds may be
used.

In some embodiments according to the inventive concept,
aphase change memory cell canbe placed in one of two stable
states, i.e., a crystalline state or an amorphous state. The
amorphous state may be referred to as a reset state corre-
sponding to a logic “1”, which has a resistance that is greater
than a predetermined data threshold resistance (used to dis-
tinguish between states). The crystalline state may be referred
to as a set state corresponding to a logic “0”, which has a
resistance that is less than the predetermined data threshold
resistance. It will be understood that in some embodiments
according to the inventive concept, the logic values assigned
to the reset and set states may be the reverse of that described
above.

The phase change material may be heated using any tech-
nique, such as a laser beam or a current. In FIG. 2, a curve AS
denotes a profile of a current waveform that can be applied to
place a selected cell in the amorphous state, whereas the curve
CS denotes a profile of a current waveform that can be applied
to place the selected cell in the crystalline state

For example, when the phase change material is heated to
a temperature that is greater than a melting temperature Tm
using the current waveform AS during a first time period T1,
and then rapidly quenched, the phase change material
changes to the amorphous state. When the phase change
material is heated to a temperature thatis less than the melting
temperature Tm, but greater than a crystallization tempera-
ture Tx using the current waveform CS supplied during a
second time period T2 (where T2>T1) and then gradually
quenched, the phase change material changes to the crystal-
line state.

FIG. 3 is a flowchart of operations of a PRAM device in
some embodiments according to the inventive concept. The
PRAM device 200 stores received data in selected data cells
(S10). As appreciated by the present inventors, if the PRAM
device 200 is exposed to excessive temperatures, the amor-
phous state (the reset state) may degrade into the crystalline
state (the set state) so that, if unaddressed, a data error may
occur. As further appreciated by the present inventors, a ref-
erence cell associated with the data cells of S10 can be pro-
grammed to have an initial programmed resistance which is
greater than a predetermined data threshold resistance (e.g., a
logic “1) (S20). In some embodiments according to the inven-
tive concept, the reference cell can be proximate to the data
cells in S10 or in the same memory block as the data cells in
S10.

A current supplied to program the reference cell to have the
initial programmed resistance may be equal to or less than a
current used to program the data cells in the amorphous state.
When the current supplied to place the reference cell in the
amorphous state is less than the current supplied to the data
cell in the amorphous state, the reference cell may degrade to
the crystalline state (i.e., a logic “0” on a read) before the data
cells degrade to the crystalline state.
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A reference cell time interval may be used to periodically
read the reference cell of S20 (S25). The reference cell time
interval can cause the controller or host to wait until the time
interval elapses before initiating a read of the reference cell in
S20. When the time interval elapses, a read operation is per-
formed on the reference cell along with the data cells associ-
ated with the reference cell (S30). If the data read from the
reference cell is a logic “1” (in the amorphous state) no error
in the reference data is detected and operations continue at
S25 after the time interval is reset. If, however, the data read
from the reference cell is a logic “0” (in the crystalline state)
an error signal is generated indicating that the initial pro-
grammed resistance of the reference cell has been reduced to
below a predetermined reference threshold resistance, which
in the present embodiment according to the inventive con-
cept, is equal to the predetermined data threshold resistance.
It will be understood, however, that in some embodiments
according to the present invention, the predetermined refer-
ence threshold resistance can be greater than predetermined
data threshold resistance.

It will be understood that each reference cell can have an
associated reference cell time interval, which indicates when
aread operation is to be performed to the associated reference
cell. The different reference cell time intervals can be based,
for example, on an indication from the temperature sensor
circuit 290 in the PRAM device 200, the location of the
reference cell in the array, historical error analysis of the
PRAM device 200, or a combination of these parameters. In
some embodiments according to the inventive concept, the
PRAM device 200 may include a plurality of temperature
sensor circuits 290 configured to provide temperature infor-
mation associated with respective reference cells or predeter-
mined regions in the array. In some embodiments according
to the inventive concept, the time interval can be based on
previous intervals over which the initial programmed resis-
tance of the reference cell degraded to less than the predeter-
mined reference threshold resistance. Other parameters can
also be used.

In some embodiments according to the inventive concept,
a rewrite operation is performed to the data and reference
cells in response to the data failure occurring when reading
the reference cell (S50). Moreover, because the data cells
were programmed in the amorphous state to have a resistance
greater than the initial programmed resistance, the amor-
phous state of the data cells may still be intact despite the
excessive temperature due to the fact that the initial pro-
grammed resistance of the reference cell fell below the pre-
determined data threshold resistance first to provide an early
warning of a future error in the data cells. The rewrite opera-
tion may, therefore, increase the resistance of the data cells
before a data error occurs. Operations continue at S25 after
the time interval is reset.

FIGS. 4 and 5 are diagrams illustrating arrangements of
reference cells and data cells in a PRAM device in some
embodiments according to the inventive concept. The
memory cell arrays in FIGS. 4 and 5 are each divided into
pluralities of memory blocks for which rewrite operations can
be performed. Each memory block includes a plurality of data
cells DC and at least one associated reference cell RC. The
data cells DC are used to store data, whereas the reference
cells RC are used to store reference data (i.e., logic “1”) rather
than to store user specified data. The reference cell RC is used
to indicate temperature information, such as thermal energy
and temperature change, related to the PRAM device 200,
which may indicated that a rewrite may be needed. In some
embodiments according to the inventive concept, the refer-

20

25

30

35

40

45

50

55

60

65

8

ence cells RC and the data cells have the same structure and
may be formed using the same process.

Referring to FIG. 4, the memory cell array may be divided
into a plurality of partitions each including a plurality of tiles,
exemplary tiles being illustrated by the dotted regions. Each
memory block in the array may include at least one partition
or at least one tile. In the memory cell array, a plurality of data
cells DC are connected between word lines WL0-WLn and
bit lines BLO-BLn and a plurality of reference cells RC are
connected between a particular bit line, e.g., BL3, and the
word lines WLO-WLn. Accordingly, a reference cell can be
associated with a particular row of data cells. When a rewrite
is performed, the data cells in each of the rows in the tile may
be rewritten (as well as the row including the reference cell
that generated the error). Further, the reference cells can be
located in the array at locations where high temperatures may
be expected to occur, and therefore, may give advanced warn-
ing of imminent failure of the associated data cells. Fr
example, in some embodiments according to the inventive
concept, the reference cells can be located proximate to cur-
rent driver circuits or proximate to the central portions of the
array or tile.

Referring to FIG. 5, a memory block may be defined based
on thermal stress obtained through monitoring or testing of
the phase change memory device 200. For example, memory
cells having the same or similar thermal stress may be logi-
cally grouped into the same memory block. Reference cells
RC may be positioned at particular locations between
memory blocks and at a particular spacing. In some embodi-
ments according to the inventive concept, a cell that is prone
to failure may be selected as a reference cell based on the
results of monitoring or testing the PRAM device 200.

FIG. 6 is a schematic diagram of circuits included in area LL
illustrated in FIG. 1, in some embodiments according to the
inventive concept. Referring to FIG. 6, a phase change
memory cell 50 is connected to a word line WLj (where “j” is
0 or a natural number) that is selected by the row address
XADD and is connected to a bit line BLi (where “i”is O or a
natural number) selected by the column address YADD. The
phase change memory cell 50 includes a resistive memory
element 51 and an access element 52. The resistive memory
element 51 may be formed using a chalcogenide alloy and the
access element 52 may be implemented as a diode, a metal-
oxide-semiconductor field eftect transistor (MOSFET), or a
bipolar junction transistor (BJT). Other types of access ele-
ments may be used.

The column select circuit 210 connects the bit line BLi to
the read/write circuit 220 responsive to a signal received from
the column decoder 270. The read/write circuit 220 includes
aread circuit 223 and a write circuit 225. The write circuit 225
includes first through fourth transistors T51, T52, T53, and
T54. When a write enable signal WEN is activated (set to a
logic high), the first transistor T51 is turned on and the write
circuit 225 is electrically connected to the bit line BLi. The
second and third transistors T52 and T53 form a current
mirror structure and supply a set current I_set or a reset
current I_reset to the memory cell 50 in response to a write
control signal Vw applied to a gate of the fourth transistor
T54.

The read circuit 223 includes first through third transistors
T31, T32, and T33 and a sense amplifier S/A. When a read
enable signal REN is activated (set to a logic high), the first
transistor T31 is turned on and the read circuit 223 is electri-
cally connected to the bit line BLi. When a discharge signal
DIS is activated (set to a logic high), the third transistor T33
is turned on and the bit line BLi is initialized to a ground (or
reference) voltage.
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The analog/logic circuit 240 includes a read signal genera-
tor circuit 241 and a write signal generator circuit 242. When
aread control signal Vr output from the read signal generator
241 of the analog/logic circuit 240 is activated (set to a logic
low), the second transistor T32 of the read circuit 223 is
turned on and the bit line BLi is charged to a precharge
voltage VPRE. The sense amplifier S/A compares a read
voltage Vm with a reference voltage Vref, detects the on- or
off-state of the memory cell 50, and reads data.

As described herein, the voltages provided by the write
signal generator circuit 242 can be controlled to provide
different amounts of current to data cells and reference cells
so that those respective cells are programmed to have, in some
embodiments according to the present invention, different
resistances. For example, reference cells can be programmed
to have an initial programmed resistance that is less than that
programmed to data cells storing a logic “1”. Further, the read
data signal generator circuit 241 can be provided with difter-
ent voltage signals so that data read from reference cells is, in
some embodiments according to the inventive concept, com-
pared to the predetermined reference threshold resistance
(represented by the signal provided by the read data signal
generator circuit 241). In contrast, the read data signal gen-
erator circuit 241 provides a different signal when the data
cell is read.

FIG. 7 is a graph illustrating current pulse amplitudes over
time in some embodiments according to the inventive con-
cept. According to FIG. 7, areset current pulse P1, a reference
current pulse P2, and a set current pulse P3 are different
currents supplied to the phase change memory cell to store
data during a write. The relative current intensities are shown
in decreasing order where the reset current pulse P1 has the
greatest intensity and the set current pulse P3, has the least
intensity. Further, the duration of the set current pulse P3 is
greater than the duration of the reset current pulse P1 and the
duration of the reference current pulse P2.

It will be understood that the separation of the intensities
and durations of the pulses has been provided for clarity in
illustrating the exemplary differences between the pulses. In
some embodiments according to the inventive concept, how-
ever, the different current pulses may be applied to the respec-
tive cells during the same or overlapping time intervals and,
therefore, may not be separated in time as shown. In addition,
in some embodiments according to the inventive concept, the
intensity of each current pulse may not be constant during the
entire duration so that the magnitude of the supplied current
may vary over time.

The reset current pulse P1 is used to place a data cell in the
reset state and the set current pulse P3 is used to place a data
cell in the set state. The reference current pulse P2 is used to
program the reference cell with the initial programmed resis-
tance to be in the reference state which can be between the
reset state and the set state. In some embodiments according
to the inventive concept, however, the reference state coin-
cides with the reset state.

FIG. 8 is a graph illustrating current and resistance values
used to program reference and data cells to the reset state in
some embodiments according to the inventive concept. As
described above with reference to FIG. 3, the reference cell
can be programmed to the initial programmed resistance (to
be in the reset state) using a current that is less than or equal
to a current used to program a data cell in the reset state.
Accordingly, when the PRAM device 200 is exposed to
excessive temperatures, the state of the reference cell may be
reduced to the crystalline state before the data cells are
reduced to the crystalline state. Accordingly, upon a read, the
reference cell may fail before the data cell, therefore provid-
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ing early warning of impending likely failure of the data cells
so that a rewrite operation of the data cells can be performed
to avoid a data failure

Referring to FIG. 8, the horizontal axis is current I used to
change the phase of the phase change material, e.g., GST, and
the vertical axis is the resistance R of the phase change mate-
rial in the reset state for both the data and reference cells in
some embodiments according to the inventive concept. The
reset current [_reset is used to program the data cell with a
logic “1”, which provides a reset resistance R_reset. In con-
trast, the reference cell is programmed using I_ref to store a
logic “1”, but having the initial programmed resistance,
R-ref, that is less than R_reset, but still enough resistance to
be interpreted to be logic “1” during a read operation. In
particular, I_ref sets the initial programmed resistance of the
reference cell to a value that is greater than the predetermined
data threshold resistance used to distinguish between data
states. It will be understood that, although FIG. 8 shows the
that the reference cell and the data cells can be programmed to
different resistance levels within the reset state, in some
embodiments according to the inventive concept, the refer-
ence cell and the data cells can be programmed to have about
the same resistances within the reset state, as described, for
example in reference to FIG. 14.

FIG. 9 is a graph illustrating statistical distributions in
resistance values of PRAM cells programmed to be in a set
state, a reference state, and a reset state in some embodiments
according to the inventive concept. As shown in FIG. 9, the
distribution of initial programmed resistances programmed to
the reference cells is less than the distribution of resistances
for the data cells in the reset state but greater than a predeter-
mined data threshold resistance Rn. It will be understood that
the predetermined data threshold resistance Rn is used during
a read operation to determine whether the read data is a logic
“1” or logic “0”. Accordingly, if data read from the reference
cell is a logic “0” (i.e., in the set state), an error is generated
because the initial programmed resistance stored in the ref-
erence cell has been reduced to less than the predetermined
data threshold resistance Rn by excessive temperature.

In response, the data read from the data cells (along with
the reference cell data) can be rewritten to the PRAM cells
from which they were read to increase the likelihood that an
error in the data can be avoided. In some embodiments
according to the inventive concept, the initial programmed
resistance is also rewritten to the reference cell that generated
the error to return that reference cell to a higher resistance
level to provide ongoing protection from excessive tempera-
tures.

FIGS. 10 and 11 are schematic diagrams of the write signal
generator circuits illustrated in FIG. 6 according to some
embodiments of the inventive concept. In some embodiments
according to the inventive concept, different currents, I_reset
and I_ref, are provided to the data cells and to the reference
cell, respectively, by write signal generators circuits 242a and
242b. The write signal generators circuits 242a and 2425,
include a plurality of resistors R1 through R3 connected in
series with one another. In some embodiments according to
the inventive concept, the resistors R1 through R3 have the
same or different resistances.

Referring to FIG. 10, the write signal generator circuit
2424 transmits a first write control signal V,, to the write
circuit 225 connected to the data cell. The first write control
signal V., is connected to a node between the resistors R1
and R2, as shown to provide the I_reset current.

Referring to FIG. 11, the write signal generator circuit
242p transmits a second write control signal V ;. to the write
circuit 225 connected to the reference cell. The second write
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control signal V, is connected to a node between the resis-
tors R2 and R3 as shown to provide the I_ref current. Accord-
ingly, the second write control signal V ;. is less than the first
write control signal V., so that the write current [_ref sup-
plied to the reference cell is less than the write current I_reset
supplied to the data cell.

FIG. 12 is a schematic diagram illustrating a program-
mable data/reference cell write signal generator circuit 242¢
in FIG. 6, in some embodiments according to the inventive
concept. Referring to FIG. 12, the write signal generator
circuit 242¢ includes a plurality of resistors R1 through R4
and a plurality of anti-fuses AF, each one of which is con-
nected across a respective one of the plurality of resistors. The
anti-fuses AF can be activated to remove the respective resis-
tor, across which it is connected, from the circuit. In opera-
tion, any combination of resistors can be connected together
to select a particular level for a write current to be used to
program a cell (i.e., a data cell or a reference cell).

FIG. 13 is a graph illustrating statistical distributions of
resistance values of PRAM cells programmed to be in a set
state versus a reset state relative to a predetermined reference
threshold resistance in some embodiments according to the
inventive concept. According to FIG. 13, the initial pro-
grammed resistance of the reference cells is about equal to
that for the data cells so that both fall within the statistical
distribution of resistances shown as being a logic “1”, A
predetermined reference threshold resistance, Rr, is used dur-
ing read operations to detect whether the initial programmed
resistance of the reference cell has been reduced to a level
indicating that an error in the data may occur in the future.

In particular, the resistance provided by the reference cell
during the read is compared to the predetermined reference
threshold resistance. If the resistance is greater than the pre-
determined reference threshold resistance, no error is gener-
ated. If, however, the resistance is less than the predetermined
reference threshold resistance, an error is generated, where-
upon a rewrite can be performed. Therefore, even though the
data and reference cells may be programmed initially to have
the same resistance, the resistance of the reference cells is
monitored relative to the predetermined reference threshold
resistance, Rr, which is above the predetermined data thresh-
old resistance, Rn, and relatively close to the statistical dis-
tribution of resistances representing the reset state. In such an
approach, it will be understood that the write signal generator
circuits for both the reference and data cells can be structured
the same.

FIG. 14 is a graph illustrating statistical distributions of
resistance values of PRAM cells programmed to be in a set
state, a reset state, and a reference state relative to a predeter-
mined reference threshold resistance in some embodiments
according to the inventive concept. According to FIG. 13, the
initial programmed resistance of the reference cells is less
than that of the data cells but greater than the predetermined
data threshold resistance. Accordingly, both the reference
cells and the selected data cells are in the logic “1” state even
though their respective statistical distributions can be non-
overlapping one another and both greater than the predeter-
mined data threshold resistance. The predetermined refer-
ence threshold resistance, Rr, is less than the statistical
distribution of the reference cells having and greater than the
predetermined data threshold resistance, Rn. The predeter-
mined reference threshold resistance is used during read
operations to detect whether the initial programmed resis-
tance of the reference cell has been reduced to a level indi-
cating that an error in the data may occur in the future.

In particular, the resistance provided by the reference cell
during the read is compared to the predetermined reference
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threshold resistance. If the resistance is greater than the pre-
determined reference threshold resistance, no error is gener-
ated. If, however, the resistance is less than the predetermined
reference threshold resistance, an error is generated, where-
upon a rewrite can be performed. It will be understood that in
some embodiments according to the inventive concept, the
predetermined reference threshold resistance can be about
equal to the predetermined data threshold resistance, such as
the embodiments described herein in reference to, for
example, FIG. 9.

FIGS. 15 and 16 are diagrams of data and reference cell
read signal generator circuits illustrated in FIG. 6, which can
provide for different resistances for use in reading reference
cells and data cells in some embodiments according to the
inventive concept.

A second read control signal V, which is greater than a
level of a first read control signal V,, is applied to the P-type
metal-oxide-semiconductor (PMOS) transistor T32 pre-
charging the bit line BLi in the read circuit 223. This enables
the read reference resistance of the reference cell, i.e., the
predetermined reference threshold resistance, Rr, to be equal
to or greater than the predetermined data threshold resistance,
Rn.

FIG. 15 shows a first read signal generator circuit 241a that
provides the predetermined data threshold resistance for the
data cell and FIG. 16 shows a second read signal generator
circuit 2415 that provides the predetermined reference
threshold resistance for the reference cell. Each of the first
and second read signal generator circuits 241a and 2415
includes a PMOS transistor T,,or T and a resistor R. Each of
the PMOS transistors T,,and T, forms a current mirror struc-
ture together with the PMOS transistor T32 of FIG. 6 and
fixes the level of the read control signal Vi, or V. A gate
electrode of the PMOS transistor T,,, to which the first read
control signal V,,1s applied, is connected to a node between
the PMOS transistor T,, and the resistor R and has a fixed
voltage, i.e., Vz,=R*1,,. The difference in the levels between
the read control signal V 5, and read control signal V. may
be controlled by the gate width of the PMOS transistors T,,
and Tz. When the gate width increases, a current flowing in
the resistor R increases, and therefore, the voltage level of the
gate electrode is increased. Accordingly, the gate width of the
PMOS transistor T in the second read signal generator 2415
may be equal to or greater than the gate width of the PMOS
transistor T,, in the first read signal generator circuit 241a
FIGS. 17 and 18 are schematic diagrams illustrating a data
cell read signal generator circuit and a reference cell read
signal generator circuit, respectively, in some embodiments
according to the inventive concept. According to FIG. 17, the
data cell read signal generator circuit 241¢ provides the pre-
determined data threshold resistance, Rn, for the data cell and
includes a plurality of resistors R,,, and R,,, connected in
series with one another. The read control signal V,, con-
nected to a node between the resistors R,,; and R,,, has a
voltage level given by the relationship: VDD*(R,./(R,»+
Ryn))-

The reference cell read signal generator circuit 2414 illus-
trated in FIG. 18 provides the predetermined reference
threshold resistance, Rr, for a reference cell and includes a
plurality of resistors R, and R, connected in series with one
another. The read control signal V., is connected to a node
between the resistors Ry, and Rz, has a voltage level given by
the relationship: VDD*(R,,/(Rz,+Ry;)). The resistances
Ry Rpss Reys and Ry, may be controlled such that the read
control signal V has a level that is equal to or greater than a
level of the read control signal V.
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FIG. 19 is a cross-sectional view of a package-on-package
(POP) semiconductor arrangement including a PRAM device
in some embodiments according to the inventive concept. The
semiconductor POP 400 includes an upper package 410 and a
lower package 420. The upper package 410 includes a first
printed circuit board (PCB) 411, a plurality of stacked
memory chips 430 and 440, a plurality of bonding wires 460,
and a plurality of first solder balls 470. The memory chips 430
and 440 stacked on the first PCB 411 are electrically con-
nected to the first PCB 411 via some of the bonding wires 460.
The memory chips 430 and 440 may be implemented by
sequentially stacking a dynamic memory device such as a
DRAM and a non-volatile memory device including a resis-
tive memory such as a NAND or NOR flash memory or a
PRAM. The first solder balls 470 on the bottom of the first
PCB 411 are bonded to ball lands formed on the top of the
lower package 420 to electrically connect the packages 410
and 420 to each other.

The lower package 420 includes a second PCB 421, alogic
device 450, a number of the plurality of bonding wires 460,
and a plurality of second solder balls 471. The solder balls 471
on the bottom of the second PCB 421 electrically connect the
semiconductor POP 400 to a motherboard or the like. The
logic device 450 is positioned at the center of the second PCB
421. Some of the plurality of bonding wires 460 connect the
logic device 450 to the second PCB 421. The logic device 450
may be used as a central processing device, which may gen-
erate heat during operation. Since the gap between the logic
device 450 and the memory chips 430 and 440 may be small,
the memory chips 430 and 440 can be exposed to excessive
temperatures. The memory chips 430 and 440 may utilize a
reference cell, as described herein, to provide an early warn-
ing of a data failure, whereupon a rewrite operation may be
performed in some embodiments according to the inventive
concept.

FIGS. 20-22 are block diagrams of systems including
PRAM devices in some embodiments according to the inven-
tive concept. Referring to FIG. 20, a computer system 500a
includes a central processing unit CPU 510, a dynamic
memory device, such as a DRAM 520, a non-volatile memory
device such as a phase change memory device 530, and a
system bus 540 connecting the other elements 510, 520, and
530 to one another. Since the phase change memory device
530 may be vulnerable to excessive temperatures, tempera-
ture sensors 521 and 531 may be used to check the operating
environment of the system 500a.

In some embodiments according to the inventive concept,
the DRAM 520 includes a temperature sensor 521, and may
further allow temperature information to be stored in the
DRAM 520, which may be accessed by the CPU 510 for use
in the operation of the phase change memory device 530. The
phase change memory device 530 may also include a tem-
perature sensor 531. Temperature information sensed by the
temperature sensors 521 and 531 may be used when the
period of a reference cell read operation is adjusted or used to
determined whether to perform a rewrite operation when a
temperature at which the state of a phase change material is
prone to change has been stored. For example, in some
embodiments according to the invention, the reference cells
may be monitored for errors during read operations when the
temperature information indicates that the operating environ-
ment of the PRAM device 200 has reached level where errors
may occur soon if unaddressed.

Referring to FIG. 21, the CPU 510 or the phase change
memory device 530 may include an address counter 511 or
532, respectively. In operation the reference cells may be
periodically and/or aperiodically read and monitor for errors
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as described herein. In some embodiments according to the
inventive concept, the CPU 510 can transmit a reference read
command to the phase change memory device 530, where-
upon the phase change memory device 530 reads the
addressed reference cell. In particular, the CPU 510 may load
an address of a selected reference cell into the address counter
511 included in the CPU 510 as part of the reference read
command.

When the address counter 532 is provided in the phase
change memory device 530, the address counter 532 counts
the address of the reference cell in response to the reference
read command received from the CPU 510, so that data is read
from the reference cell. Alternatively, data may be read from
the reference cell with a predetermined period using a con-
troller provided in the phase change memory device 530. In
some embodiments according to the inventive concept, the
period of a read operation may be controlled by the tempera-
ture sensors 521 and 531.

Referring to FIG. 22, the phase change memory device 530
may also include a status check unit 533 apart from the
address counter 532. When the phase change memory device
530 controls a rewrite operation, phase change memory
device 530 avoids collisions between operations provided by,
for example, the CPU 510 and those of the phase change
memory device 530. To avoid the collision, information about
whether to perform the rewrite operation and relevant cell
address information may be stored in the status check unit 533
and transmitted to the CPU 510.

While the present invention has been particularly shown
and described with reference to exemplary embodiments
thereof, it will be understood by those of ordinary skill in the
art that various changes in forms and details may be made
therein without departing from the spirit and scope of the
present invention as defined by the following claims.

What is claimed is:

1. A method of operating a Variable Resistance Memory
comprising:

reading a reference cell to determine an initial programmed

resistance of the reference cell; and

determining whether the initial programmed resistance has

been reduced to below a predetermined reference
threshold resistance; and

rewriting the reference cell to the initial programmed resis-

tance when it is determined that the initial programmed
resistance programmed to the reference cell has been
reduced to less than the predetermined reference thresh-
old resistance.

2. The method according to claim 1 wherein the predeter-
mined reference threshold resistance is greater than a prede-
termined data threshold resistance used to distinguish
between different data states stored in a data cell.

3. The method according to claim 2 wherein first resis-
tances greater than the predetermined data threshold resis-
tance represent a reset state of the data cell and second resis-
tances less than the predetermined data threshold resistance
represent a set state of the data cell.

4. The method according to claim 1 wherein reading the
reference cell comprises repeatedly reading the reference cell
without an intervening rewrite operation of the reference cell
until determining that the initial programmed resistance of
the reference cell has been reduced to below the predeter-
mined reference threshold resistance; and then

rewriting the reference cell to have the initial programmed

resistance.

5. A method according to claim 2 wherein the predeter-
mined reference threshold resistance is less than a statistical
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distribution of resistances provided by programming a plu-
rality of data cells in a reset state.

6. A method according to claim 1 wherein the initial pro-
grammed resistance of the reference cell is included in a
statistical distribution of resistances provided by program-
ming a plurality of data cells in a reset state.

7. A method according to claim 2 wherein the initial pro-
grammed resistance of the reference cell is less than a statis-
tical distribution of resistances provided by programming a
plurality of data cells in a reset state.

8. A method according to claim 1 wherein reading the
reference cell comprises periodically reading the reference
cell according to a reference cell time interval.

9. The method according to claim 8 wherein the reference
cell time interval is reduced responsive to an increase in a
temperature associated with the memory and is increased
responsive to a decrease in the temperature associated with
the memory.

10. The method according to claim 8 wherein the reference
cellis included in a plurality of reference cells each associated
with a particular region of the memory selected based on a
likelihood to exhibit a high operating temperature.

11. The method according to claim 10 wherein the region
of the memory is proximate to a current driver circuit.

12. The method according to claim 10 wherein the region
of'the memory is proximate to a central portion of a block of
cells in the memory.

13. A Variable Resistance Memory comprising:

a control circuit configured to read a reference cell to
determine that an initial programmed resistance of the
reference cell has been reduced to below a predeter-
mined reference threshold resistance, wherein the initial
programmed resistance of the reference cell is included
in a statistical distribution of resistances provided by
programming a plurality of data cells in a reset state.
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14. The Variable Resistance Memory according to claim 13
wherein the predetermined reference threshold resistance is
greater than a predetermined data threshold resistance used to
distinguish between different data states stored in a data cell
in the memory.

15. The Variable Resistance Memory according to claim 14
wherein first resistances greater than the predetermined data
threshold resistance represent a reset state of the data cell and
second resistances less than the predetermined data threshold
resistance represent a set state of the data cell.

16. The Variable Resistance Memory according to claim 13
wherein reading the reference cell comprises repeatedly read-
ing the reference cell without an intervening rewrite operation
of the reference cell until determining that the initial pro-
grammed resistance of the reference cell has been reduced to
below the predetermined reference threshold resistance and
then

rewriting the reference cell to have the initial programmed
resistance.

17.The Variable Resistance Memory according to claim 14
wherein the predetermined reference threshold resistance is
less than the statistical distribution of resistances.

18. The Variable Resistance Memory according to claim 14
wherein the initial programmed resistance of the reference
cell is less than the statistical distribution of resistances.

19. A Variable Resistance Memory comprising:

a control circuit configured to read a reference cell to
determine that an initial programmed resistance of the
reference cell has been reduced to below a predeter-
mined reference threshold resistance and configured to
rewrite the reference cell to the initial programmed resis-
tance when it is determined that the initial programmed
resistance programmed to the reference cell has been
reduced to less than the predetermined reference thresh-
old resistance.



