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MULTI-LEVEL MEMORY CELL WITH
CONTINUOUSLY TUNABLE SWITCHING

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a Divisional Application of and
claims priority to co-pending U.S. patent application Ser. No.
13/278,581, filed on Oct. 21, 2011, entitled “Multi-level
Memory Cell with Continuously Tunable Switching” which
is incorporated herein by reference in its entirety.

BACKGROUND

[0002] A multi-level cell (MLC) is a memory element that
can be used to store more than a single bit of information (here
single bit means two distinctive logic states, termed ‘0’ and
‘1’ states, in a binary system). A resistive memory device,
such as memristor, is one type of memory element that can be
used as a multi-level cell. A memristor is a two-terminal
electrical element whose resistance can be switched by apply-
ing electric signals (voltage or current) beyond certain thresh-
old levels. The bit value stored to the memristor may corre-
spond to a range of resistance values of the memristor. The
memristor can be set to a specific bit value by controlling the
maximum level of current applied to the memristor during a
switching event, thereby controlling the final state of resis-
tance developed in the memristor. During a subsequent read
of the memristor, a read voltage is applied to the memristor
and the resulting current indicates the bit value that was
previously stored to the element. The read voltage is small
enough so that a resistive switching is not incurred by the read
operation.

[0003] In a resistive multi-level cell, such as a multi-level
memristor, there is usually no suitable technique for finely
controlling the off-state resistance. Thus, the bit value is
typically represented by two or more on-states and a single off
state. The accessible on-state resistance range is limited. For
example, the final on-state resistances may be less than
approximately 10 kohm. Meanwhile, the single off-state may
be represented by a range of resistances that spread much
broader than the distribution of on-state resistances. Addi-
tionally, the switching of the cells is typically not continu-
ously tunable. In other words, changing the memristor’s bit
value is often accomplished in a two-step process, wherein
the memristor is first driven to the off state and then driven to
a new on-state corresponding to the desired bit value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Certain embodiments are described in the following
detailed description and in reference to the drawings, in
which:

[0005] FIG.1is ablock diagram of a data storage device in
accordance with embodiments;

[0006] FIG. 2 is a current-voltage diagram of a multi-level
memory cell in accordance with embodiments;

[0007] FIGS. 3A and 3B are plots showing examples of
switching sequences of a memory cell, in accordance with
embodiments;

[0008] FIG.4A isaplot showing an example of the current-
voltage relationship of a multi-level memory cell using cur-
rent compliance for the OFF-switching, in accordance with
embodiments;
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[0009] FIG. 4B is a plot showing an example of the current-
voltage relationship of a multi-level memory cell using volt-
age compliance for the OFF-switching, in accordance with
embodiments

[0010] FIG. 5 is block diagram of a data storage device
configured to dynamically select a compliance mode during
OFF-switching of the memory cells, in accordance with
embodiments; and

[0011] FIG. 6 is a process flow diagram of a method of
controlling a data storage device, in accordance with embodi-
ments.

DETAILED DESCRIPTION

[0012] Embodiments described herein relate to a multi-
level cell that has a plurality of on states as a well as a plurality
of off states. In embodiments, the multilevel cell may be a
resistive, multi-level cell such as a memristor. For purposes of
the present description, the multi-level cell may be referred to
herein simply as a “cell,” and is understood to apply to resis-
tive memory cells as well as other types of multi-level
memory cells. The cell 106 may include a multi-level resistive
memory element such as a memristor, a Phase Change Mate-
rial resistor, a conductive bridge resistor, a transition metal
oxide based resistor, and the like. As used herein, the term
resistive memory element refers to a memory element
wherein the logical state of the memory element (in other
words, the particular bit value stored to the memory element)
is indicated by the resistance of the memory element. In
resistive memory elements, the resistance exhibited by the
memory element can be changed, for example, by applying
voltage across or current through the resistive memory ele-
ment beyond certain threshold levels.

[0013] Each specific bit value that can be written to the cell
may correspond to a range of resistance values exhibited by
the cell. For example, in a cell capable of storing four bit
values, the high-resistance state (the “oft” state) may be used
to represent a bit value of 0 (=00 in binary system) and
progressively lower resistance states may be used to represent
bit values of 1 (=01 in binary system), 2 (=10 in binary
system), and 3 (=11 in binary system), wherein higher bit
values represents progressively lower resistances. As used
herein, the term “ON-switching” refers to setting the cell to a
lower resistance state, and the term “OFF-switching” refers to
setting the cell to a higher resistance state.

[0014] Setting the resistance of the cell, and thus the bit
value, may be accomplished by using current compliance,
voltage compliance, or a combination thereof. The term “cur-
rent compliance” refers to a technique in which the maximum
level of current applied to the cell is controlled by applying a
specified current limit to the cell. The term “voltage compli-
ance” refers to a technique in which the maximum level of
voltage applied to the cell is controlled by applying a speci-
fied voltage limit to the cell. In accordance with embodi-
ments, the ON-switching and OFF-switching of the cell is
continuously tunable, which means that the cell can be driven
to any other bit-value regardless of the starting resistance
level of the cell. With regards to ON-switching, this means
that the cell can be switched from any resistance level to any
lower resistance level. For example, if the starting bit value of
the cell is 1, the cell can be switched directly to a bit value of
2 or 3 without first resetting the bit value to 0. With regards to
OFF-switching, this means that the cell can be switched from
any resistance level to any higher resistance level. For
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example, if the starting bit value of the cell is 3, the cell can be
switched directly to a bit value of 0, 1, or 2.

[0015] Ithas been discovered that current compliance may
be problematic during OFF-switching of a resistive multi-
level cell due to a possible inflection zone in the current-
voltage characteristics of the cell, as explained further in
relation to FIG. 2. A write protocol in accordance with
embodiments can use either current compliance or voltage
compliance during OFF-switching of a cell, depending on
whether the cell exhibits such an inflection zone. The
improved OFF-switching technique enables finer control of
the off-state resistance. Using the write protocol disclosed
herein, a cell with multiple off states may be realized, which
increases the number of bits that can be stored to the cell. The
write protocol also simplifies the process of switching the
multi-level cell to a higher resistance level. For example,
rather than switching the cell fully off before switching the
cell to the desired resistance level, the cell can be switched
from a low resistance value to a higher resistance value
directly. In other words, for the four bit cell described above,
the cell could be switched from a bit value of 3 to a bit value
of 1 or 2 directly in one step. The simplified process for
writing the cell makes cell switching faster and increases the
useful life of the cell by reducing the number of times that the
cell is likely to be driven to the full off state.

[0016] FIG.1is ablock diagram of a data storage device in
accordance with embodiments. The data storage device 100
may be incorporated into any suitable electronic device that
uses electronic memory, such as a general purpose computer,
printer, copier, mobile phone, smart phone, tablet PC, or USB
flash drive, among others. As shown in FIG. 1, the data stor-
age device 100 may include a memory array 102 and a periph-
eral memory controller circuitry 104. The memory array 102
may include a matrix of cells 106 arranged in rows and
columns.

[0017] The cells 106 may be any type of multi-level
memory storage element, including resistive memory ele-
ments such as memristors, for example. Many different mate-
rials with their respective suitable dopants can be used as the
switching material of the cell. Materials that exhibit suitable
properties for switching include oxides, sulfides, selenides,
nitrides, carbides, phosphides, arsenides, chlorides, and bro-
mides of transition and rare earth metals. Suitable switching
materials also include elemental semiconductors such as Si
and Ge, and compound semiconductors such as I1I-V and
II-VI compound semiconductors. The listing of possible
switching materials is not exhaustive and do not restrict the
scope of the present invention. The dopant species used to
alter the electrical properties of the switching material
depends on the particular type of switching material chosen,
and may be cations, anions or vacancies, or impurities as
electron donors or acceptors. For instance, in the case of
transition metal oxides such as TiO2, the dopant species may
be oxygen vacancies, in the case of TaOx (here O=x=2.5 is an
adjustable parameter), the dopant species may be oxygen
anions. For GaN or AIN, the dopant species may be nitride
vacancies or sulfide ions. For compound semiconductors, the
dopants may be n-type or p-type impurities. In embodiments,
the cells 106 may be TaOx and HfOx based memristors. For
example, the cells may be structures such as Metal/TaOx/
Metal, Metal/HfOx/Metal, or a bilayer structure such as
Metal/TaOx/NbO2/Metal, Metal/HfOx/Ti4O7/Metal, Metal/
TaOx/Ti40O7/Metal, Metal/ HfOx/NbO2/Metal.

Dec. 4, 2014

[0018] A set of conductive electrodes, referred to herein as
row lines 108, extend over one side of the array of cells 106.
Each row line 108 makes electrical contact with the cells 106
of'a particular row. A set of conductive electrodes, referred to
herein as column lines 110, extend over the other side of the
array of cells 106. Each column line 110 makes electrical
contact with the cells 106 of a particular column. Each cell
106 lies at the cross point of one row line 108 and one column
line 110. Each cell 106 may be selected for writing or reading,
by activating the particular row line 108 and column line 110
associated with that cell 106.

[0019] The memory controller 104 may include row line
control circuitry 112 and column line control circuitry 120.
The row line control circuitry 112 may be coupled to the cells
106 through the respective row lines 108 and configured to
activate a particular row line 108 for the reading or writing of
a particular cell 106 associated with the row line 108. For
example, the row line control circuitry 112 may include one
or more multiplexers and/or demultiplexers for selecting a
particular one of the row lines 108. For the sake of clarity,
only one demultiplexer is shown. However, it will be appre-
ciated that the row line control circuitry 112 can include any
suitable number of multiplexers and/or demultiplexers. For
example, in embodiments, each row line 108 and column line
110 is connected to a demultiplexer that has three or more
inputs, so that when applying the write voltages to the
selected row line 108 and the selected column line 110, all the
unselected rows and columns are connected to ground. The
row line control circuitry 112 may also include write and read
driver circuitry 116 that controls the writing of data to the
selected cell and reading of data from the selected cell by
supplying appropriate electrical signals (voltage and current),
and an 1/O pad 118 for receiving instructions, for example,
from a processor.

[0020] The column line control circuitry 120 may be
coupled to the cells 106 through the respective column lines
110. The column line control circuitry 120 may include a
demultiplexer 122, sense circuitry 124, and 1/O pad 126. The
demultiplexer 122 may be configured to selectively couple
the column line 110 of the selected cell 106 to the sense
circuitry 124, which determines the bit value stored to the
cell. The I/O pad 126 is used for sending the stored bit infor-
mation to external circuitry. The row line control circuitry 112
and the column line control circuitry 120 act in concert to
access individual cells 106 by activating the corresponding
row line 108 and column line 110 coupled to the selected cell
106. It will be appreciated that the row line control circuitry
112 and the column line control circuitry 120 described
herein are examples of circuitry that may be used in an exem-
plary embodiment for accessing the cells 106. Other configu-
rations known to those skilled in the art may be used for
accessing the cells 106 in accordance with the present tech-
niques.

[0021] During a write operation, the row line control cir-
cuitry 112 writes information to the selected cell 106 by
applying a voltage to the specific row line 108 corresponding
to the selected cell 106. The demultiplexer 122 of the column
line control circuitry 120 may address the selected cell 106 by
coupling the cell 106 to the sense circuitry 124. Current then
flows through the selected cell 106. When the current or
voltage surpasses a certain threshold, switching of the cell
106 occurs, in effect storing a logical bit to the cell 106. For
example, if the memory element included in the cell 106 is a
memristor, the current through (or voltage across) the mem-
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ristor beyond a certain threshold level changes the memris-
tor’s resistance. In embodiments, a constant voltage threshold
of approximately 0.5 volts will cause switching to occur. The
change in the resistance can be detected during a subsequent
read operation. As explained above, the cell may be config-
ured to store a plurality of bit values. For example, the range
of'possible bit values may be 0 to 3 (two bits per cell in binary
system), O to 7 (three bits per cell in binary system), or any
other suitable range. Each bit value may be represented by the
cell as a range of resistance values.

[0022] The writing of each cell 106 may be accomplished
using current compliance or voltage compliance. Further, a
determination may be made while writing the cell 106 regard-
ing whether to apply current compliance or voltage compli-
ance to achieve the desired resistance level. The choice of
current compliance or voltage compliance for any particular
cell may vary from write operation to write operation. In
embodiments, current compliance may be used for
ON-switching, and during OFF-switching a selection may be
made between current compliance and voltage compliance
depending on the electrical characteristics exhibited by the
cell during OFF-switching. The selection of a particular com-
pliance mode may be better understood with reference to the
description of FIGS. 2 and 3 below.

[0023] During a read operation, the row line control cir-
cuitry 112 may first address a selected cell 106, then apply a
specified voltage to the corresponding row line 108, and the
demultiplexer 122 may couple the column line 110 corre-
sponding to the selected cell 106 to the sense circuitry 124.
The resulting current detected by the sense circuitry 124
indicates the resistance state of the cell 106 and identifies the
bit value stored to the cell. For example, the sense circuitry
124 may include a trans-impedance amplifier (TTA) that con-
verts the current signal to a voltage signal, and an analog-to-
digital converter that converts the voltage signal into digital
data. The digital result of the read may then sent to the [/O pad
126. The row line control circuitry 112 and the column line
control circuitry 120 may include encoder and decoder cir-
cuitry to control the stored bit pattern in the memory array 102
for various purposes.

[0024] FIG. 2 is a plot showing an example of the current-
voltage relationship of a multi-level memory cell in accor-
dance with embodiments. The current-voltage plot 200 shows
an example of switching characteristics that may be exhibited
by a multi-level memory cell, such as one of the cells 106
shown in FIG. 1. As shown in FIG. 2, the x-axis 202 repre-
sents voltage in volts and the y-axis 204 represents current in
micro-amperes. [t will be appreciated that the specific current
and voltage values shown in FIG. 2 are provided for illustra-
tion purposes only and are not intended to be limiting. The
current and voltage characteristics of a multi-level memory
cell in accordance with embodiments may vary depending on
the specific design choices of a particular implementation.
[0025] FIG. 2 illustrates the possible electrical characteris-
tics exhibited by the cell during ON-switching and OFF-
switching. For purposes of clarity, FIG. 2 illustrates a cell
configured to store one of four bit values. However, it will be
appreciated that any suitable number of bit values can be
stored to the cell in accordance with embodiments. Based on
the foregoing description, it will be appreciated that the elec-
trical characteristics of the cell may vary depending on the
specific bit value stored to the cell. As shown in example
diagram of FIG. 2, the solid line 206 represents the electrical
characteristics of the cell when the cell has been set to a bit
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value of 1, the dotted line 208 represents the electrical char-
acteristics of the cell when the cell has been set to a bit value
of'2, and the dashed line 210 represents the electrical charac-
teristics of the cell when the cell has been set to a bit value of
3. A bit value of zero may be referred to as the “full off state,”
which correspond to the highest resistance value of the cell as
shown by the solid line 211. As used herein, the current
polarity is described as “positive” if the direction of current
flowing through the cell causes the ON-switching of the cell
to occur. Conversely, negative current is current in the direc-
tion that causes the OFF-switching to occur.

[0026] During ON-switching, the cell may be subjected to
apositive voltage, which induces positive current through the
cell. The occurrence of ON-switching is indicated by a sud-
den drop of the cell resistance that causes the slope of current-
voltage trace to surge, as indicated by the arrow 212. During
the ON-switching event, which can occur in a time scale of
several nano-seconds or even less, the fast decrease of the cell
resistance causes a corresponding surge in the current
through the cell in accordance with Ohm’s law (I=V/R). The
ON-switching is referred to as “continuously tunable,” mean-
ing that the cell can be set to any desired resistance within a
suitable range by applying the corresponding current compli-
ance (essentially placing a ceiling that the current can reach
during the ON-switching event). The example configuration
of FIG. 2 shows three current compliance levels depicted by
the arrows, each of which corresponds to a different bit value.
For example, the current compliance Icomp1 may correspond
to a bit value of 1, the current compliance Icomp2 may cor-
respond to abit value of 2, and the current compliance Icomp3
atmay correspond to a bit value of 3. Furthermore, the cell can
be set to a lower resistance state from any initial resistance
state. For example, although not shown in FIG. 2, the cell can
be switched from a bit value of 1 to a bit value of 2 or 3
directly, without first resetting the cell to zero.

[0027] During OFF-switching, the cell is subjected to a
negative voltage which induces a negative current in the cell.
The OFF switching event is indicated by the arrow 220,
during which the slope of current-voltage trace suddenly
decreases, reflecting an increase in the cell resistance. The
final state of the cell after OFF-switching occurs is highly
nonlinear and asymmetric (curve 211), indicating that an
insulating regime in the device has been developed. The state
of the cell may change once the negative voltage exceeds a
switching threshold, for example, —0.5 volts, as shown by the
switching zone 222. Resetting the bit value in a typical multi-
level device is generally accomplished in a two stage process.
The cell is first switched to the full off state by setting the cell
to the highest resistance value (curve 211) corresponding to a
bit value of zero. The cell then undergoes on-switching to set
the bit to the desired value. Thus, for example, if the current
bit value is 3, setting the cell to a bit value of 2 would involve
setting the bit value to zero and then setting the bit value to 2.
In other words, for a typical multilevel cell, the cell is con-
tinuously tunable during the ON-switching, but not the OFF-
switching. In embodiments of the present techniques, the
OFF-switching is continuously tunable so that the cell can be
set to ahigher resistance bit value directly in one step. In other
words, the negative current can be terminated when the cell
106 has reached a current or voltage threshold corresponding
to the desired resistance indicative of the desired bit value.
Following the example set forth above, the OFF-switching of
the cell may terminate once the cell reaches the resistance
level corresponding to a bit value of 2. Furthermore, in a TaOx



US 2014/0355331 Al

based memristor, the compliance control techniques in accor-
dance with embodiments enable access to states at greater
resistances larger than 10 kohm. Therefore, more bits can be
stored per cell because a wider resistance range can be
accessed.

[0028] As explained above, the OFF-switching may use
current compliance or voltage compliance. In current com-
pliance, the OFF-switching of the cell terminates when the
specified current limit has been reached. In voltage compli-
ance, the OFF-switching of the cell terminates when the
specified voltage limit has been reached. In either case, the
specified current or voltage limit corresponds to the level of
current or voltage which would be exhibited at the desired
level of resistance. For the examples of OFF-switching in
FIG. 2, the same level of current compliance (-800 pA) is
used to switch from bit values 3, 2, and 1 (curves 210, 208,
and 206) to bit value 0 with the highest resistance value (curve
211).

[0029] As shown in FIG. 2, the electrical characteristics
exhibited by the cell 106 as a result of OFF-switching are
dependent on the previous resistance value of the cell. In
some cases, the magnitude of the current monotonically
increases over time throughout the entire duration of the
OFF-switching process. In other words, the instantaneous
rate of change in current amplitude with respect to time (dl/dt)
is greater than zero throughout the entire OFF-switching pro-
cess (within the switching zone 222). An example of mono-
tonically increasing current as a result of the OFF-switching
is shown by the solid line 206 and the dotted line 208. In some
cases, rather than monotonically increasing, the magnitude of
the current decreases over a span of time even as the magni-
tude of the voltage increases (this is because the rate of
resistance increase is larger than the rate of voltage ramp, so
that I=V/R decreases). In other words, the instantaneous rate
of change in current amplitude with respect to time (dl/dt) is
less than zero throughout a portion of the switching zone, as
shown by the OFF switching of state 3 (the dashed line 210).
The time span over which the current magnitude decreases
may be referred to as an inflection zone 224, which typically
resides within the partial or full range of the switching zone
222. Similarly, the reversal of the current magnitude from
increasing current to decreasing current during the switching
process may be referred to as an inflection. The lower the
initial resistance value, the more likely the cell will exhibit
such an inflection during OFF-switching.

[0030] Ifthe cell exhibits an inflection during OFF-switch-
ing, applying current compliance to obtain a specific desired
resistance value may be difficult or impossible. This can be
better appreciated with regard to FIG. 4B and the accompa-
nying description. Thus, if the current-voltage characteristics
of the cell exhibit an inflection, the final resistance of the cell
developed in OFF-switching may be determined using volt-
age compliance rather than current compliance. In embodi-
ments, it may be possible to predict when an inflection zone
may be exhibited based on the known electrical behavior of
the cells. For example, it may be known that the cells of a
particular storage device will exhibit an inflection zone dur-
ing OFF-switching when the resistance states for the higher
bits are below a certain characteristic value. Thus, the write
circuitry may be configured to apply current compliance or
voltage compliance based on the current bit value stored to the
cell. Further, the selection of the compliance mode may be
made prior to switching the cell.
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[0031] In embodiments, the selection of current compli-
ance or voltage compliance may be selected dynamically. For
example, the current through the cell may be measured during
OFF-switching in order to detect a potential inflection. If an
inflection is detected, the write circuitry may switch from
applying current compliance to applying voltage compliance.
Other techniques for selecting current compliance or voltage
compliance may be implemented in accordance with embodi-
ments, depending on the design choices of the particular
implementation. Furthermore, it will be appreciated that ON-
switching may also use voltage compliance or current com-
pliance. If the ON-switching current-voltage characteristics
of the cell exhibit an inflection zone (not shown), current
compliance may not be effective for ON-switching, in which
case voltage compliance may be used. Therefore, it will be
appreciated that the techniques described herein for selecting
between voltage compliance or current compliance are appli-
cable to both OFF-switching and ON-switching.

[0032] FIGS. 3A and 3B are plots showing examples of
switching sequences of a memory cell, in accordance with
embodiments. Memory cells in accordance with embodi-
ments have the ability to switch from any resistance state to
any other resistance state directly, regardless of the starting
resistance. As explained above, the cells 106 (FIG. 1) can be
set to a lower resistance state through ON-switching and reset
to a higher resistance state through OFF-switching. Plot 300
of FIG. 3A shows an example switching sequence in which
the cell 106 is first set from a resistance state corresponding to
a bit value of 0 to a bit value of 3, as shown by trace 302.
During a subsequent off-switching event, the cell 106 is reset
from the bit value of 3 to a bit value of2, as shown by the trace
304. Based on the plot 300, it can be seen that the cell is reset
to the bit value of 2 directly, in one step. During a next
switching event, the cell 106 is reset from the bit value of 2 to
a bit value of 1, as shown by the trace 306. During the next
switching event, the cell 106 is reset from the bit value of 1 to
a bit value of 0, as shown by the trace 308.

[0033] Theplot310of FIG. 3B represents the same cell 106
as represented in plot 300, but with a different switching
sequence. As shown in the plot 310, the cell 106 is first set
from a resistance state corresponding to a bit value of 0 to a bit
value of 3, as shown by trace 302. During a subsequent
off-switching event, the cell 106 is reset from the bit value of
3 to abit value of 1 directly, as shown by the trace 312. During
the next switching event, the cell 106 is reset from the bit
value of 1 to a bit value of 0, as shown by the trace 308. Thus,
it can be seen that the order of the switching can be random-
ized for the memory cell 106. In other words, the cell 106 can
be switched to any arbitrary switching state regardless of the
history of switching states imposed on the cell 106. It will be
appreciated that the plots 300 and 310 are only examples of
switching sequences that may be implemented in the cell 106
and that any random order of switching states may be realized
in accordance with embodiments.

[0034] FIG. 4A isaplot showing an example of the current-
voltage relationship of a multi-level memory cell using cur-
rent compliance for the OFF-switching, in accordance with
embodiments. The y-axis 402 of the plot 400 represents cur-
rent, and the x-axis 404 of the plot 400 represents voltage. As
shown in FIG. 4A, the example memory cell can have four
possible bit values, labeled “07, “17, “2”, and “3”. As dis-
cussed above, the bit value can be set during ON-switching by
applying a positive voltage to the memory cell that exceeds
the cell’s switching threshold and appropriate current com-
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pliance levels that determines the final state developed in
ON-switching. The memory cell may be reset during OFF-
switching by applying a negative voltage to the memory cell
that exceeds the cell’s switching threshold. The line labeled
Icomp1 represents the current compliance used to reset the bit
value of the cell to a value of 2, the line labeled Icomp2
represents the current compliance used to reset the bit value of
the cell to a value of 1, and the line labeled Icomp3 represents
the current compliance used to reset the bit value of the cell to
avalue of 0. For the example memory cell represented in FIG.
4A, current compliance is used to reset the memory cell
because the magnitude of the current through the cell is
monotonically increasing throughout the switching zone 222.

[0035] FIG.4B is aplot showing an example of the current-
voltage relationship of a multi-level memory cell using volt-
age compliance for the OFF-switching, in accordance with
embodiments. As in plot 400 of FIG. 4A, the example
memory cell has four possible bit values, labeled “0”, “1”,
“27”, and “3”, which can be set during ON-switching by apply-
ing a positive voltage to the memory cell that exceeds the
cell’s switching threshold and appropriate current compli-
ance levels that determines the final state developed in ON-
switching. As explained above, the memory cell can be reset
during OFF-switching by applying a negative voltage to the
memory cell that exceeds the cell’s switching threshold. As
shown in the example plot 408 of FIG. 4B, the line labeled
Vceompl represents the voltage limit used to reset the bit value
of'the cell to a value of 2, the line labeled Vcomp?2 represents
the voltage limit used to reset the bit value of the cell to a value
of'1, and the line labeled Vcomp3 represents the voltage limit
used to reset the bit value of the cell to a value of 0. For the
example memory cell represented in FIG. 4B, voltage com-
pliance is used to reset the memory cell because the magni-
tude of the current through the cell exhibits an inflection, as
shown by the fact that the current decreases throughout the
switching zone 222. It can be appreciated that current com-
pliance would not be suitable for OFF-switching the memory
cell represented by the plot 408 of FIG. 4B due to the fact that
the hypothetical current limit corresponding to a specific bit
value would already be exceeded by the current magnitude at
the start of OFF switching. Furthermore, it will be appreci-
ated that the plots shown in FIGS. 4A and 4B are examples
only. In embodiments, the current-voltage characteristics of a
single memory cell may be such that voltage compliance is
used during some resets and current compliance is used dur-
ing other resets, depending on the measured or expected
current characteristics of the memory cell for that specific
reset.

[0036] FIG. 5 is block diagram of a data storage device
configured to dynamically select a compliance mode during
OFF-switching of the memory cells in accordance with
embodiments. As shown in FIG. 5, the cell array includes a
matrix of cells 106, wherein each cell 106 is electrically
coupled to and disposed between a corresponding row line
108 and column line 110. A selected cell, referred to in FIG.
5 with the item number 502, may be addressed by the row line
control circuitry 112 and the column line control circuitry 120
(FIG. 1) to read or write the selected cell 502. For the sake of
simplicity, the multiplexer and/or demultiplexer circuitry
used to address the selected row and column is not shown in
FIG. 5. The selected cell 502 is at the cross point of the
selected row line 504 and selected column line 506. Row
driver circuitry 508 and column driver circuitry 510 is used to
write data to the cells 106. As shown in FIG. 5, the selected
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cell 502 may be written by applying a write voltage, + Vwrite/
2, to the selected row line 504 and applying a corresponding
write voltage, —Vwrite/2, to the selected column line 506. The
row lines 108 and column lines 110 corresponding to the
unselected cells may be maintained at zero volts (ground
level). It will be appreciated that the specific voltages shown
in FIG. 5 are relative. In embodiments, +Vwrite may be
applied to the selected row 504, +Vwrite/2 may be applied to
the unselected rows 108 and columns 110, and 0 Volts may be
applied to the selected column 506.

[0037] The data storage device 100 may also include com-
pliance circuitry 512 configured to operate in one of various
compliance modes including a voltage compliance mode and
current compliance mode. The compliance circuitry 512 may
be included in the row line control circuitry and selectively
coupled to the selected row line 504 of the selected cell 502.
Alternatively, the compliance circuitry 512 may also be
included in the column line control circuitry and selectively
coupled to the selected column line 506 of the selected cell
502. The compliance circuitry may include voltage compli-
ance circuitry 514 configured to implement voltage compli-
ance and current compliance circuitry 516 configured to
implement current compliance. The current compliance cir-
cuitry 516 may include a transistor, such as metal-oxide semi-
conductor field effect transistor (MOSFET) configured as a
current limiter. For example, the MOSFET may be operated
in saturation mode such that the current through the MOSFET
is determined by the gate voltage applied to the gate of the
MOSFET. The voltage compliance circuitry 514 may include
a voltage regulator with a resistor network, for example.

[0038] The data storage device 100 may also include cir-
cuitry configured to detect a possible inflection in the current
characteristics of the selected cell 502. For example, a cur-
rent-sensing resistor 518 may be disposed in series with the
selected column line 506 of the selected cell 502. The voltage
across the resistor 518 may be monitored by the sense cir-
cuitry 520, which is configured to detect an inflection. In an
embodiment, the sense circuitry 520 may include a voltage
amplifier 522, a buffer 524, a sample-and-hold capacitor 526,
a switch 528, and a comparator 530. The voltage amplifier
522 includes differential inputs coupled across the resistor
518 to detect the voltage across the resistor 518. The voltage
output of the voltage amplifier 522 will be proportional to the
current through the selected cell 502. The output of the volt-
age amplifier 522 may be sent to a buffer 524, which is
coupled to a sample-and-hold circuit, such as a capacitor 526.
The output of the voltage amplifier 522 and the voltage of the
sample-and-hold capacitor 526 may be sent to the comparator
530. If the magnitude of the current through the cell 106 is
monotonically increasing, the output of the voltage amplifier
522 will always be greater than or equal to the voltage of the
sample-and-hold capacitor 526. However, if the magnitude of
the current through the cell 106 decreases as a result of an
inflection, the voltage of the sample-and-hold capacitor will
be greater than the output of the voltage amplifier 522 and the
output of the comparator 530 will be triggered to change from
logic low to logic high. In this way, the output of the com-
parator 530 will indicate whether an inflection has occurred.
It will be appreciated that the sense circuitry 520 is only one
example of a circuit configuration that can be used to detect an
inflection. Other implementations may also work, such as
using a high-speed trans-impedance amplifier (TTA) to detect
the current through the selected cell.
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[0039] The output of the sense circuitry 520 may be
coupled to amode selection circuitry 532 configured to select
current compliance or voltage compliance based on the out-
put of the sense circuitry 520. The output of the mode selec-
tion circuitry 532 may be coupled to the compliance circuitry
512 and configured to activate the voltage compliance cir-
cuitry 514 or the current compliance circuitry 516 depending
on the outcome of the mode selection. In embodiments, the
compliance mode may be selected dynamically. For example,
the default compliance mode may be current compliance, and
if the mode selection circuitry 532 senses an inflection, the
mode selection circuitry 532 may cause a switch from current
compliance to voltage compliance, and vice versa.

[0040] Inembodiments, the compliance mode may be pre-
determined. For example, a RESET test may be conducted for
each cell or a selected subset of cells, wherein each tested cell
is reset from different starting resistance values to determine
if an inflection zone exists. The results of the RESET test may
be stored to a lookup table that identifies the starting resis-
tance (or the corresponding bit value) and whether or not an
inflection was detected. Prior to an actual reset, the current bit
value may be read and the lookup table may be searched by
the mode selection circuitry to determine which compliance
mode should be used for that particular reset. In embodi-
ments, the RESET test may be performed for a representative
sample of memory cells such that data storage devices with
similarly fabricated cell arrays may be programmed with the
same lookup table information. In embodiments wherein the
identification of an inflection zone is based on a lookup table
generated from a representative sample of memory cells, the
circuitry configured to detect an inflection (the resistor 518
and the sense circuitry 520) may not be included in some
implementations of the data storage device 100.

[0041] In embodiments, the compliance mode selection
may be the same for all writes. For example, current compli-
ance may be used for all ON-switching and voltage compli-
ance may be used for all OFF-switching.

[0042] The mode selection circuitry 532 may be imple-
mented using any combination of analog and digital circuit
components suitable for enabling the mode selection circuitry
to identify an inflection zone in the current characteristics of
the cell 106 to which it is a coupled. For example, the mode
selection circuitry may include operational amplifiers, ana-
log-to-digital converters, comparators, transistors, latches,
flip-flops, and logic gates, among others. In an embodiment,
the mode selection circuitry may be implemented in an Appli-
cation Specific Integrated circuit (ASIC), Field Program-
mable Gate Array (FPGA), and the like. The mode selection
circuitry 532 may include memory for storing an operating
program of the mode selection circuitry and data collected
from the sense circuitry 520. In embodiments, the lookup
table is incorporated in the memory of the mode selection
circuitry 532. Further, the mode selection circuitry 532 and
the compliance circuitry may be implemented as components
within the memory controller 104, for example, part of the
row line control circuitry 112.

[0043] FIG. 6 is a process flow diagram of a method of
controlling a data storage device, in accordance with embodi-
ments. The method 600 may be implemented by a memory
controller 104 such as the memory controller 104 of FIG. 1.
The method may begin at block 602 wherein a determination
may be made regarding whether the current through the cell
exhibits an inflection. In embodiments, the determination
may be made by sensing a current through the multi-level
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memory cell. In embodiments, the determination may be
made based on known electrical characteristics of the cell. For
example, it may be known, based on previous measurements
of similar cells that the current through the cell is likely to
exhibit an inflection when OFF-switching from a particular
bit value or resistance level. As described above, the determi-
nation of whether the current through the cell exhibits an
inflection may be made by reading the current bit value and
accessing the lookup table entry for that bit value. Further-
more, the compliance mode may be selected based on
whether the cell is being ON-switched to a lower resistance
level or OFF-switched to a higher resistance level. For
example, current compliance may be used during ON-switch-
ing, and either voltage or current compliance may be used
during OFF-switching. Furthermore, as explained above,
both the ON-switching and the OFF-switching may be con-
tinuously tunable.

[0044] At block 604, a compliance mode may be selected
for writing the memory cell based on the determination made
atblock 602. As explained above, the compliance mode may
be used for setting the resistance level of the multi-level cell.
In embodiments, the compliance mode may be selected from
the group that includes current compliance and voltage com-
pliance. For example, if current through the cell exhibits an
inflection, or is likely to exhibit an inflection based on known
electrical characteristics of the cell, then voltage compliance
may be selected. Selecting a suitable compliance mode based
on the electrical characteristics of the cell enables the use of
continuously tunable OFF-switching and ON-switching.
Thus, if the cell is switched from a lower resistance state to a
higher resistance state, a suitable current or voltage limit can
be applied during the writing of the cell to achieve the desired
resistance level directly, in other words, without first setting
the resistance of the cell to the full off state.

[0045] Atblock 606, data may be written to the multi-level
memory cell using the selected compliance mode. In embodi-
ments, writing data to the multi-level memory cell includes
setting a resistance level of the multi-level cell, the resistance
level corresponding to a desired bit value.

[0046] While the present techniques may be susceptible to
various modifications and alternative forms, the exemplary
embodiments discussed above have been shown only by way
of'example. It should be understood that the technique is not
intended to be limited to the particular embodiments dis-
closed herein. Indeed, the present techniques include all alter-
natives, modifications, and equivalents falling within the true
spirit and scope of the appended claims.

What is claimed is:

1. A method comprising:

writing data to a multi-level memory cell by setting a

resistance level of the multi-level cell, the resistance
level corresponding to a bit value; and

selecting a compliance mode used for setting the resistance

level of the multi-level cell, the compliance mode com-
prising current compliance or voltage compliance.

2. The method of claim 1, wherein setting a resistance level
of the multi-level cell comprises OFF-switching the multi-
level memory cell from a first resistance corresponding a first
bit value to a second resistance corresponding to a second bit
value, the second resistance being higher than the first resis-
tance, and wherein the OFF-switching is continuously tun-
able.

3. The method of claim 1, wherein setting the multi-level
memory cell from the first resistance to the second resistance
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comprises setting the multi-level memory cell to the second
resistance directly without first setting the resistance to the
full off state.

4. The method of claim 1, comprising sensing a current
through the multi-level memory cell, determining whether
the current exhibits an inflection, and selecting the compli-
ance mode based on whether the current exhibits an inflec-
tion.

5. The method of claim 4, wherein selecting the compli-
ance mode comprises selecting voltage compliance if the
current exhibits an inflection.

6. The method of claim 4, wherein selecting the compli-
ance mode comprises accessing a lookup table that indicates
whether a current though the cell is likely to exhibit an inflec-
tion based on a bit value stored to the cell prior to initiating the
switching.

7. The method of claim 6, wherein the lookup table is
populated based on the results of a RESET test performed for
a representative sample of multi-level memory cells, wherein
current through the representative sample of multi-level
memory cells is measured for each initial resistance state.
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