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Array Architecture for a Nonvolatile 3-Dimensional
Cross-Point Resistance-Change Memory

Elaine Ou and S. Simon Wong, Fellow, IEEE

Abstract—This work explores the design and capabilities of a
three-dimensional cross-point array structure suitable for use with
resistance-change non-volatile memory. The resistance-change cell
serves as both the access element and the memory element, elimi-
nating the need for individual selection devices. This work presents
novel architecture and circuit techniques that minimize leakage
current effects while maintaining a high effective bit density. A test
chip fabricated in 0.18 ;#zm CMOS technology verifies the architec-
ture and circuit functionality. The performance of an 8 Gb memory
chip built in 65 nm technology has been simulated. A random ac-
cess time of 104 ns is achieved with a power dissipation of 61.2 mW.
This makes the 3D cross-point memory competitive with NOR flash
in terms of read time, and competitive with NAND flash in terms
of area efficiency.

Index Terms—3D, cross-point, flash, nonvolatile memory.

I. INTRODUCTION

T IS anticipated that NAND flash may not scale below the

2 x -nm process technology generation due to degradation in
performance and reliability characteristics [1]. There is a wide
range of emerging technologies under development to replace
flash, and the most notable candidates include magnetoresistive
random access memory (MRAM) [2], phase-change memory
[3], [4], and resistance-change memory [5]. Resistance-change
metal-oxide materials have been shown to possess favorable
characteristics that make them particularly suitable for a 3D
memory architecture. They are compatible with modern CMOS
processes and have demonstrated high-speed and low-power
switching abilities [6], with sufficient retention times and en-
durance for many applications that would ordinarily use flash
memory.

A typical resistance-change memory array requires a selec-
tion device such as a transistor or a diode for each memory ele-
ment [7],[8][9]. The MOSFET or bipolar junction transistor oc-
cupies a significant area and the cell size is normally 10-15 2,
where F' is the minimum feature size available for the process
technology. Memory cells using diode selection devices have
been demonstrated with a cell size of about 4F2[7]. The inte-
gration of selection polysilicon diodes in a 3D memory array has
been commercially demonstrated [10], [11] . However, the high
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temperature processing requirements of polysilicon diode fab-
rication may not be compatible with current resistance-change
metal-oxides. Furthermore, some metal-oxides require bipolar
programming for proper operation [12]. Implementing this ma-
terial in a memory array involves the use of two anti-parallel
diodes per cell and results in a substantial increase in array area.
For true scalability beyond 20 nm technology nodes, it is de-
sirable to design a cross-point memory array that does not re-
quire selection devices for individual cells. Without the inser-
tion of active cell-selection devices, the memory architecture
should accommodate 3-dimensional stacking of memory layers.
This will reduce the effective cell size to 42 /n, where n is the
number of memory layers.

II. CROSS-POINT MEMORY ARCHITECTURE

A cross-point memory architecture without cell-selection de-
vices will allow wordlines and bitlines to be laid out in the min-
imum metal pitch allowed by the technology process. However,
the peripheral circuitry must be able to access the bitlines and
wordlines in such a dense pitch.

The leakage current that arises as a result of unwanted
memory cells being biased during a read or write operation
is a major concern. For the read operation, this adds noise
to the signal being sensed. For the write operation, this can
create disturb conditions on unselected cells, or result in the
incomplete programming of selected cells. The worst-case
leakage condition occurs when the majority of the memory
array is in the low-resistance state and a selected cell is in the
high-resistance state. The unselected memory cells must also
serve as rectifying devices, and are less effective at this when
at a low resistance. The peripheral access circuitry must be
designed to overcome this leakage current problem.

This paper addresses the design challenges of implementing
the read operation of a cross-point memory array without in-
dividual cell-selection devices. This section describes the read
strategies employed in a 2-dimensional cross-point memory
array. The design procedure for the memory architecture is
detailed and the read operation is explored at a circuit level.
Section III describes a test chip that emulates the cross-point
memory array and demonstrates the functionality of the read
operation. Sections IV and V present the area and performance
analysis of the read operation on a simulated 8 Gb 3-dimen-
sional memory chip and compare the results to those of other
nonvolatile memory products fabricated in similar process
technologies.

A. Memory Read Operation

A memory array is accessed wordline-by-wordline. During
a read operation, the selected wordline is raised to Vggap and
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Fig. 1. A read operation performed on a cross-point array. The leftmost word-
line is biased for reading, and the arrows indicate possible leakage current paths.
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Fig. 2. Op-amp current-to-voltage converter.

a read current is driven in parallel through the bitlines. The
unselected wordlines are terminated with high impedances
while each bitline is connected to an individual sense amplifier
at one end. In this manner, the sense amplifiers should provide
the only current path to ground. Fig. 1 depicts the current
leakage paths through the unselected wordlines. If the voltage
difference between bitlines is minimized, then so is the leakage
current. Hence, the sense amplifiers should maintain the bit-
lines at a nearly constant voltage regardless of the state of the
memory cell. Current-sensing amplifiers provide significant
reductions in bit-line voltage swing and sensing delays over
voltage-sensing amplifiers [13].

An operational-amplifier can be implemented as a current-to-
voltage converter, as shown in Fig. 2. The op-amp maintains the
inverting input at virtual ground and the entire input current is
directed across resistor I2. The benefit of this design is that every
bitline can be maintained at the same virtual ground, while the
current differential between a high-resistance and a low-resis-
tance state is seen as the voltage drop across resistor I2. With
this ideal sense amplifier design, the memory array will see no
leakage current whatsoever. Unfortunately, in practice, the com-
plexity level of an effective op-amp circuit renders it impossible
to be fitted within the bitline pitch.

To address this challenge, a simpler alternative consisting of a
diode-connected NMOS transistor followed by a current mirror
is used to detect the read current from a bitline, as shown in
Fig. 3. The mirrored current is compared to a bias current set
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Fig. 3. Single gain stage current-sensing amplifier.

by the gate voltage V};4s on the PMOS transistor in the refer-
ence branch, and this controls the voltage signal V,,,;, which is
buffered and latched. The diode-connected NMOS must have
a sufficiently low input resistance relative to the resistances of
the memory cells to ensure that it provides enough conductance
for sensing current. The NMOS transistor in the current-mirror
branch must be sufficiently sized to detect the small amount of
voltage swing.

B. Memory Cell Characterization

The memory array design depends strongly on the resistance-
change memory cell characteristics. There are a number of metal
oxide materials that offer reversible, voltage-induced, resistance
changes. The resistance of the chosen material must be high
enough to regulate leakage current in both the low-resistance
and high-resistance states. The metal oxide should have low
write-energy requirements, as high current or voltage require-
ments for programming would require extra peripheral circuitry
and limit future scalability. In this work, the target device is a
HfO;-based resistance-change material [6]. The low-resistance
state has a resistance of approximately 2 k! (Ron) and the
high-resistance state has a resistance of over 1 M} (Rorr).

C. Design Tradeoffs

The key variables to be determined in designing a read circuit
architecture to support a memory array are: array dimensions,
wordline driver size, and sense amplifier input impedance. The
leakage current path between bitlines can be moderated if the
input impedance of the sense amplifiers is sufficiently low. Al-
ternately, the number of wordlines can be reduced, giving the
read current fewer leakage paths. Finally, the wordline drivers
can be made larger, resulting in a larger absolute current differ-
ential between the bitlines. The design methodology presented
can be applied in the same manner when later optimizing the
memory architecture for the write operation.

A cross-point memory array using a resistor model of the
HfO5-based RRAM device was created in HSPICE using a
0.18 psm process technology with a nominal voltage of 1.8 V.
The array was simulated for accuracy while varying the number
of wordlines, the sense amplifier NMOS sizes, and the wordline
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Fig. 4. Normalized current between the bitline and sense amplifier input under various array sizes and states. The upper lines represent the output when accessing
a low-resistance cell, and the lower lines represent the output when accessing a high-resistance cell.
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Fig. 5. Sense amplifier design tradeoffs. The optimum sense amplifier size for a 16-wordline array is marked (1), and the optimum sense amplifier size for a

32-wordline array is marked (2).

driver transistor sizes. Read accuracy was determined by ac-
cessing the leftmost wordline in a memory array and measuring
the amount of current reaching the sense amplifier input from
the bitlines. Fig. 4 illustrates the degradation of the differential
between the sense current of a high- and low-resistance cell
when the number of wordlines increases, and when most cells
are in the low-resistance (logical ”1”) state. The current is
normalized to the output of a low-resistance memory cell when
the rest of the array is in a high-resistance state. In order to
properly sense a signal, there should be a sufficient difference
in the current between the high- and low-resistance states on
the active wordline when the remainder of the array is in the
low-resistance state, as this array configuration allows the most
leakage current across unselected cells. It is determined that a
15% current differential at the sense amplifier input is sufficient
for a minimum-size buffer to latch the sense amplifier output
following a 4x current gain stage.

The results in Fig. 5 show the minimum transistor sizes that
can be used during a worst-case read operation. The transistor
sizes in the figure are normalized to the minimum transistor size
for the process technology used in simulation. The rationale be-
hind the sizing tradeoffs can be understood from Fig. 6, which is
a simplified representation of the resistive network that occurs
during a read operation in the worst-case array state. In order
for a sense amplifier to be able to differentiate between the input
currents /oy and Iopr in this scenario, the leakage current from

the low-resistance bitline (l2¢x) to the high-resistance bitline
(Rorr) must be less than the original bias current across the
memory cell. The amount of current traversing from the Ron
bitline to the oy bitline is equal to the difference between
the bitline voltages (AVpr) divided by the effective resistance
of all the memory cells on the bitline in parallel. As illustrated in
Fig. 6, total resistance between a pair of bitlines through a word-
line is 2 - Rox/#W L, where #W L is the number of word-
lines. Since each bitline has two neighboring bitlines (except
for the first and last bitlines in an array), the worst-case effec-
tive resistance for leakage current is Rox/#W L.
Then,

AVpy - #WL < VREAD

Ron Rox
VREAD
—_— W L.
AvVgr T

This gives the minimum requirements for a functional
memory array.

For an array with a certain number of wordlines, VrRgap can
be increased and AVpp decreased by increasing the width of the
wordline drivers and sense amplifier transistors respectively. In-
creasing the wordline transistor size drives more current through
the selected cells to account for the greater number of leakage
paths. Increasing the size of the sense amplifier transistors pro-
vides a lower-impedance path relative to that of the unselected
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Fig. 6. Memory array design variables.

memory cells in parallel. This generates the L-shaped curve seen
in Fig. 5. For a constant Vygap, AVpr must be halved to ac-
commodate a doubling of the number of wordlines. In order to
double the array size from 16 to 32 wordlines, either the word-
line driver width, the sense amplifier transistor width, or both
must be increased in order to reduce AVpy,. When the array size
is increased to 64 wordlines, the wordline drivers and sense am-
plifier widths must be increased in size again to the point where
it is no longer practical for implementation.

Two acceptable array configurations are marked (1) and (2)
in Fig. 5. Design (1) is optimized for a 16-wordline array, with a
wordline driver width of 12x the minimum transistor size, and
a sense amplifier width of 10X the minimum transistor size. De-
sign (2) is optimized for a 32-wordline array and has a wordline
driver width of 12X and a sense amplifier width of 40x.

III. CROSS-POINT MEMORY ARRAY MEASUREMENT RESULTS

A test chip was fabricated using 0.18 ;zm CMOS technology.
The die micrograph is shown in Fig. 7. In order to evaluate the
sense amplifier performance under different memory cell resis-
tances, the memory cells were emulated using PMOS transistors
at the cross-points. The gate voltage of these transistors was ex-
ternally controlled to model a wide range of low-resistance 12
and high-resistance Rorr values. The test procedure involved
setting a variable-size memory array to a fully low-resistance
configuration by biasing the PMOS memory cell gate voltages
to Vron - The cells along the leftmost wordline alternate between
high- and low-resistance states (Fig. 8) by setting gate voltages
to Vro sy and Vg, respectively. This wordline would then be
selected and biased, and the sense amplifier outputs would be
latched and shifted out through the I/O pins. For each array test,
Vroyy begins at a low enough voltage that Iipr is almost as
low as Ron. If the outputs could not be successfully differen-
tiated at the I/O pins, then Vg, s was increased by 10 mV and
the wordline was accessed again. If, even at the highest value
of Vg, ¢, the outputs could not be detected, then IZon was in-
creased and the process was repeated. In this manner, we iter-
atively determined the lowest possible {iox and Ropp combi-
nations that could still produce a distinguishable output through
the latch.
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Fig. 8. Array configuration during a test read operation.

Failures (in the form of high-resistance cells being detected as
low-resistance cells, or vice versa) generally first occurred at the
very bottom of the memory array, and would propagate upwards
to the bit closest to the wordline driver. This is probably due
to the voltage drop along the wordline providing a lower read
voltage to the farther cells. As will be discussed in the following
section, a memory array will have 32 bitlines after optimizing
the tradeoff between array size and read current on the wordline.
Thus, we designated a failure mode as the point when bit number
32 along the wordline first fails.

The results of the read operation tests on a 32-bitline by
32-wordline array are plotted in Figs. 9 and 10. These results
show the range of IZon and Roprp resistance values that
can be detected by each of the sense amplifier designs. The
shaded areas indicate the IZon and 2o combinations that
failed, while the white areas indicate resistance combinations
that yielded a differentiable output. As seen in Fig. 9, with a
memory array of 32 wordlines, IZon can be as low as 1746 €2
while Ropp can be as low as 2400 €2 using the 10 -sized sense
amplifier design that was optimized for 16 wordlines.

A larger operation region can be seen from the test results of
the 40x -sized sense amplifier in Fig. 10. Here, for a 32-word-
line array, 2N can be as low as 1065 2 with Ropp as low as
2182 ) and still be differentiable at the sense amplifier output.
In practice, there will be deviations in the memory cell resis-
tances due to process variations and operating conditions. The
experimental results in Figs. 9 and 10 confirm that our sense
amplifier design can cover the memory cell variations present
in the target resistance-change device [6], as well as the mis-
match in MOSFET threshold voltages.

The supply voltage could be reduced to 1.6 V while reading
a 32-wordline array using the 10x sense amplifier design, and
1.4 V using the 40% -sized sense amplifier design. There was
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Fig. 9. Minimum detectable Rox and Rorr values in a 32-wordline array
with 10x -sized sense amplifier. The shaded area indicates on/off resistance
combinations resulting in failed read operations, while the white area indicates
on/off resistance combinations resulting in successful read operations. Actual
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Fig. 10. Minimum detectable Ry and Ropye values in a 32-wordline array
with 40x -sized sense amplifier.

no apparent benefit to increasing Vpp to 2.0 V in either design.
The value of I2¢x must increase with a lower supply voltage be-
cause the amount of current generated from the memory cell will
no longer be sufficient to withstand the effects of leakage across
unselected cells. Ultimately, the sense amplifier completely fails
because the latch is sized for a fixed range of sense amplifier
output voltage. When the supply voltage becomes sufficiently
low, then the output voltage falls outside the range that can be
latched. The 40x -sized sense amplifier does not suffer from this
problem because the original sense amplifier output range be-
gins at a lower voltage due to the wider NMOS transistors and
their lower effective resistance.

IV. THREE-DIMENSIONAL MEMORY ARCHITECTURE

An array with 32 wordlines provides the most area-efficient
solution for a cross-point array given the target memory cell
characteristics presented in Section II. The number of bitlines
does not affect the sense accuracy, but is limited by the amount
of current that a wordline can drive during the write operation,
where cells will be programmed in parallel. Based on a program-
ming current of about 40 pA per cell, 32 bitlines will require a
total programming current of approximately 1.2 mA, which is
manageable. Thus, the chosen memory block size is 32 bitlines
by 32 wordlines. There are no selection transistors within the
block.

A single page architecture is shown in Fig. 11. The bitlines in
each block are connected to the global bitlines through bitline-
selection transistors. The wordlines in each block are connected
to voltage buses through wordline driver transistors. There are
128 blocks in a row because this results in about a 500 €2 re-
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sistance along the global bitlines between the farthest memory
cells and the sense amplifier inputs, keeping the voltage drop
across the global bitline small enough to maintain the sense
margin. There are also 128 blocks in a column. The limiting
factor is the delay along the polysilicon line that runs vertically
down the page and controls the block-selection transistors. The
column decoders are located at the top of the page and con-
trol the bitline-selection transistors down a column of blocks.
During a page access, an entire column of blocks is read in par-
allel by selecting a single wordline. The wordline decoders are
located on the left side of the page and propagate control signals
for the wordline drivers horizontally across the entire page. The
horizontal routing is necessary to ensure that control signal lines
do not interfere with wordlines when multiple layers of memory
are used.

A popular approach in two-dimensional memory designs in-
volves the arrangement of support circuitry between adjacent
memory arrays [ 14]. A page is divided into two halves with 128
by 128 blocks on each half and a single set of sense amplifiers
and latches in the middle. A read operation is performed in two
cycles. In the first cycle, the odd-numbered blocks in a column
are accessed on the left half of the page. The even-numbered
blocks are accessed in the corresponding column on the right
half of the page. In the second cycle, the even-numbered blocks
are accessed in the same column on the left half of the page, and
the odd-numbered blocks in the same column are accessed on
the right half of the page. In these two cycles, an entire column
of bits is read on both sides of the page. The column decoder
provides an identical output for each half of the page. Because
alternating blocks are accessed for each read cycle, it is possible
to share wordline-driver transistors between vertically adjacent
blocks.

With this architecture, selection transistors are required for
every bitline and wordline of each block. The bitline-selection
transistors connect the bitlines in each block to the global
bitlines and serve to isolate the block and prevent additional
leakage current from other blocks. These selection transistors
need to fit in the minimum metal pitch. The wordline-selection
transistors are used to drive the selected wordline to the desired
voltages during read and write operations. In order to minimize
area overhead, the wordline-selection transistors are shared
between vertically adjacent blocks. Both wordline and bitline
selection transistors are NMOS devices. This avoids the p-well
spacing constraints involved if complementary devices are
used. The body effect requires that a slightly wider transistor
be used for driving a positive voltage into the wordline or
bitline. A bitline only needs to accommodate up to 50 pA
during a read operation. A minimum-size selection transistor
may be used when fabricating the memory array in typical
process technologies. When reduced to layout, the transistor
will occupy a horizontal width of approximately 6A. With
staggered placement and routing, these selection transistors
can be fit into a minimum bitline pitch as shown in Fig. 12.
The resulting width is 32, and spans 8 wordline-widths after
taking substrate contacts and diffusion spacing into account.
As shown in Fig. 13, the wordline drivers can be staggered to
fit into the minimum metal-width pitch. The wordline drivers
for a 32-bitline block occupy a height of 24 bitlines.
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Fig. 12. Layout and schematic of four bitline-selection transistors in minimum
bitline pitch.

A. Layout Techniques and Array Efficiency

Array efficiency is defined as the total area occupied by the
memory cells divided by the total combined area of the memory
and the peripheral circuitry. For a single layer of cross-point
memory, it is possible to fold the access circuitry entirely under-
neath the memory array. The bitline-selection transistors span a
width of 8 metal lines and the wordline drivers span a height of
24 metal lines, thus the total selection-transistor overhead will
occupy the same area as a 32 wordline by 32 bitline block when
packed as tightly as possible. Fig. 14 gives a three-dimensional
perspective of the vertical vias and local interconnect involved
with routing bitlines to the selection transistors. The same tech-
nique can be employed for the wordlines with an additional

Vreap
bus
|5 5
N/ selection
J lines
1]
m

AEOEENE]

- i wordlines

| ||

Fig. 13. Layout and schematic of wordline-selection transistors in minimum
wordline pitch.

metal layer to bypass the bitline-selection transistors. To enable
wordline-driver sharing, contacts and associated selection cir-
cuitry lie on alternating bitlines and wordlines. The corners of
the blocks are already occupied by the bitline transistors, thus
wordline drivers need to be folded under the adjacent blocks.
The remaining space under the blocks is reserved for the bit-
line-selection transistors of neighboring blocks. The bitline and

Authorized licensed use limited to: Intel Corporation via the Virtual Library. Downloaded on October 04,2020 at 19:52:05 UTC from IEEE Xplore. Restrictions apply.



2164

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 46, NO. 9, SEPTEMBER 2011

Global bit lines

word lines

bit lines

substrate

Fig. 14. Cross-sectional view of bitline-selection transistors made to fold under a cross-point memory array.
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Fig. 15. Schematic of bitline-selection transistors made to fold under a cross-point memory array of 32-bit by 32-bit blocks connected to global bitlines.

wordline transistors are placed under adjacent memory blocks
in a checkerboard pattern as shown in Figs. 15 and 16.

A page consisting of 32-bit by 32-bit memory blocks with
the selection circuitry folded underneath the arrays as described
above achieves an array efficiency of 91.3% (without taking into
account the decoders or sense circuitry), as the only peripheral
circuitry within the blocks that cannot lie beneath the memory
array are the contacts to the global bitlines and wordline voltage
buses.

B. Stacking Memory Layers

A second memory array can be stacked on top of the first with
little area overhead as illustrated in Fig. 17. In a single-layer

layout, contacts to the wordline voltage buses occupy two pe-
ripheral edges of each memory array, and contacts to the global
bitlines occupy one peripheral edge. The remaining peripheral
edge can be used to route a second layer of bitlines through the
selection devices to the global bitlines. Wordlines will be shared
between two layers of bitlines. Only one layer of bitlines will be
active at a time, so the wordline drivers will not drive any more
current in a read operation than with the single-layer design.
The additional bitlines should have no significant effect on the
leakage current during the read or write operations as they are
essentially ’floating” when unselected, with no path to ground.
However, by layering bitlines between two sets of wordlines,
the opportunities for current leakage effectively doubles in the
worst-case array configuration. Thus, memory cell devices will
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need to fall within a tighter range of resistance values. The only
additional area overhead is the space at the array edge where an
additional set of bitline contacts must be inserted. The effective
array efficiency is now 88.5% for two layers of memory cells in
a 32 by 32 block.

With some additional decoder complexity, it is possible to
build up to four memory layers by adding two sets of wordlines
as shown in Fig. 18. The top and bottom wordline layers (1) and
(3) can share a set of selection transistors, as they deliver current
to different bitline layers. The middle wordline layer (2) is con-
nected to driver transistors on the opposite side of the array. All
wordline driver transistors are connected to a global bus that

provides the appropriate voltage bias. The wordline-selection
circuitry for the two-layer design occupies a height of 24 bit-
lines. After accounting for spacing and metal via requirements,
an additional height of 10 bitlines will be necessary. This de-
creases the array efficiency to 71.7%. Now that all four edges of
each memory array are surrounded by vias, it would be difficult
to increase the number of memory layers beyond four without
a significant decrease in array efficiency.

C. 3D Memory Area Comparisons

In a 65 nm process technology, a 32-by-32-bit cross-point
array (1 Kbit) has an area of 17.3 ym?. Since our array archi-
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Fig. 18. Four-layer memory with wordline driver connections.
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Fig. 19. Array efficiency vs. number of vertical memory layers, assuming
32-by-32-bit arrays.

tecture allows wordline and bitline selection transistors to be
placed under the memory array, as shown in Figs. 15 and 16, we
assume a conservative estimate of 50% memory area efficiency.
Then, approximately 4 Gbits will fit on a 139 mm? die with the
single-layer cross-point memory design, with an overall bit-ef-
ficiency of 28.9 Mbits/mm?. Assuming the peripheral circuitry
(decoders, buffers, sense amplifiers, etc.) occupies the same area
for a multi-layer memory as for a single-layer memory, and
that the only difference in total layout area is the decrease in
array efficiencies shown in Fig. 19, then a two-layer cross-point
memory will have a die efficiency of 48.5%, but allow 8 Gbits
to fit on a 144 mm? die. A four-layer cross-point memory will
have a die efficiency of 39.3%, but an 8 Gbit capacity will oc-
cupy a die area of only 89 mm?.

Table I lists some production NAND flash memory devices
fabricated in similar process technologies and their area effi-
ciencies to provide a basis of comparison to the multi-layer
cross-point memories presented in this work. Even with a con-
servative efficiency estimate, the four-layer cross-point memory
will achieve a far better bit-efficiency than a multi-level NAND
flash that stores two bits per cell.

substrate
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Vdd bus

substrate

TABLE I
NAND FLASH MEMORY AREA EFFICIENCY COMPARISONS

memory die size  bit-efficiency die

size (mmz) (Mbits/mm?) efficiency

65nm SLC NAND [15] 4 Gb 131 31.3 54%
65nm SLC NAND [16] 4 Gb 137 29.2 60.4%
50nm SLC NAND [17] 8 Gb 170 472 65%
63nm MLC [18] 8 Gb 133 61.6 70%
65nm 1-layer X-point 4 Gb 139 29.5 50%
65nm 2-layer X-point 8 Gb 144 56.9 48.5%
65nm 4-layer X-point 8 Gb 89 92.4 39.3%

V. PERFORMANCE ANALYSIS

An 8 Gb cross-point memory array built in four layers was
modeled and simulated in HSPICE using device parameters for
atypical 65 nm CMOS process with a nominal operating voltage
of 1.2 V. The simulation includes all the peripheral circuits, ad-
dress buffers, decoders, sense amplifiers, and output drivers.

A. 8 Gb Memory Architecture

A general block diagram for the 8 Gb memory is shown in
Fig. 20. Four layers of 32-bit by 32-bit blocks are tiled into
a page, with 128 rows and 256 columns of blocks per page.
The column decoders control the bitline-selection devices and
are located above the page. The wordline decoders control the
wordline-selection devices and are located to the sides of the
page. The sense amplifiers used in this model are the 40x -sized
sense amplifiers described in Section II. A page stores 32 Mb per
layer, so a four-layer page has a memory capacity of 128 Mb.
The memory utilizes a single-core architecture with 64 four-
layer pages. A design with 32 pages in two vertical columns
was chosen for simulation as this layout resembles most NAND
flash architectures.

B. Decoder Architecture

A complete read operation reads two columns of bits, one
from each half of a page. This takes two cycles, as a read cycle
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TABLE II
NONVOLATILE MEMORY PERFORMANCE COMPARISONS.

tR_access  tR_sequential TLivg/Imax Povg/Prax
1Gb NOR Flash [20] 100 ns 25 ns 21 mA/24 mA  35.7 mW/40.8 mW
8Gb NAND Flash [17] 25 us 30 ns 15 mA/30 mA  40.5 mW/81 mW
1Gb 3-D OTP [21] 140 ps 100 ns 20 mA/30 mA 54 mW/81 mW
4-layer 8Gb Cross-point 104 ns 201 ps 27 mA/51 mA 324 mW/61.2 mW
‘ Address Buffer ‘ load. The interface for the 8 Gb memory will have 8 I/O pads.
| The 21 address bits will be stored in an address buffer in three
‘ Column decoder ‘ ‘ Column decoder | address cycles. For these simulations, each single read cycle is
, ] considered independently addressed. Each read cycle stores 4 kb
|| 32 Mb page || 32 Mb page of data in the page buffer, shifted out 8 bits at a time.
= = . D. Simulation Methodology
A1l 32 Mb page All 32 Mb page é % Parasitic interconnect delay is the greatest contributor to
5 % % read latency in the cross-point memory array. Long bitlines and
g = I A A wordlines are fabricated in the minimum metal pitch, leading to
= high parasitic resistance and capacitance. In order to accurately
B l x32 J %32 model parasitic capacitance, each wire and memory element
must be treated as a three-dimensional structure in metal or
32 Mb page 32 Mb page polysilicon, interacting w.it.h all of Fhe surrgunding wir.es and
A il the ground plane. Parasitic capacitances in the multi-layer

Fig. 20. Four-layer cross-point memory implemented in an 8 Gb architecture.

accesses alternating rows from each half. Each read cycle senses
4 Kb of data. A 21-bit address is required to access a column
of 4096 bits in a single read cycle. Every page receives a 5-bit
wordline address to select one of 32 wordlines. The wordline-se-
lection signal propagates across the page. Each page also re-
ceives an 8-bit column address and a 2-bit layer selection code.
The column decoder output controls the bitline-selection tran-
sistors. The wordline address is decoded using a two-stage de-
coder and the column address enters a three-stage decoder. The
page outputs ultimately pass through a multiplexer controlled
by a 6-bit, two-stage page decoder.

C. Critical Path

The slowest-case read operation occurs when trying to ac-
cess one of the bottom-most pages in the two columns shown in
Fig. 20. In this case, the address bits must be propagated from
the address buffer all the way across the die. The critical path
follows the address bits to the wordline decoder, which must
drive the capacitance of a metal line the width of a page as well
as 256 wordline drivers. The local wordlines and bitlines charge
within picoseconds, as they are only 32 bits in length. The re-
mainder of the critical path involves charging the global bitlines,
sensing and latching the bitline signal, and propagating the data
to the output buffer.

All decoders and buffers are built using minimum-size tran-
sistors, with the exception of the wordline drivers and the ouput
buffer, which must drive a 10 pF load. In order to achieve a
fast burst speed, the output buffer is optimized for a fan-out of
4 (FO4). An eight-stage buffer is used to drive a 10 pF output

cross-point memory arrays were modeled and extracted using
Ansoft Q3D Extractor [19].

E. Waveform Analysis and Timing Diagrams

Fig. 21 shows the modeled waveforms of a single access
performed on the 8 Gb four-layer memory architecture. A
worst-case access was simulated, reading a bit from the left-
most column of the bottom-most page in the memory structure.

The address signal takes over 100 ns to fully propagate to the
decoder input of the farthest page from the address buffer. How-
ever, the wordline selection transistors can latch the address by
30 ns. The global wordline is charged by 35 ns, and the local
wordline can drive sufficent current for sensing to the local bit-
lines by 45 ns. The global bitline is charged at 50 ns and the
sense amplifier output can be latched by 66 ns. The data from the
page buffer can be propagated through the I/O driving a 10 pF
load by 70 ns, but the page buffer output lines are not stabilized
until 104 ns. After a stable signal is latched by the page buffer at
104 ns, the page buffer data can be shifted out and the next read
cycle can commence. Only 8 bits are available for the I/O, while
a single read cycle accesses 4096 bits. Thus, it takes 512 cycles
to fully output the 4096 bits. An eight-stage output buffer opti-
mized for a fan-out of 4 can shift out each set of data in 173 ps,
but it could be clocked as slowly as 201 ps so that the data is
shifted out within a read cycle of 104 ns.

F. Capacitive Noise Considerations

Due to the close proximity of adjacent wordlines and bitlines,
capacitive coupling is a concern in the design. The crosstalk ca-
pacitance extracted from the 3-D model is 0.615 fF between ad-
jacent bitlines or wordlines. The vertical capacitance between
the metal lines is only 0.0892 fF. Fig. 22 shows the transient
voltage induced on adjacent wordlines and bitlines in the array
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Fig. 21. Simulation waveforms for 8 Gb memory read access.
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Fig. 22. Transient effects of capacitive coupling on adjacent wordlines and bitlines in a 32-by-32-bit array. WL1 is raised to 1.2 V for a read operation.

as wordline WL1 is raised to 1.2 V during a read operation. The
unselected wordlines are left floating. The resistance-change
memory cells along the selected WL 1 alternate between ON and
OFF states. The immediately-adjacent wordlines WL0O and WL2
see a peak coupling voltage of 0.65 V, and then settle to between
0.3 and 0.4 V. The other wordlines also settle to this range. This
is also in the same range as the bitline voltages, BLO with an
ON-state cell and BL1 with an OFF-state cell. Thus, the unse-

lected wordlines do not induce any additional leakage current
and there are no significant coupling effects on the bitlines.

G. Performance Comparisons With Commercial Products

Table I shows a comparison of the performance of various
types of nonvolatile memory currently in production. The 3D
cross-point memory has an access time (tR_access) almost as
fast as that of a lower-capacity NOR flash, and a burst read time
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Fig. 23. A RESET (left) and a SET (right) operation performed on a cross-point array.

(tR _sequential) that is much faster than that of NAND flash.
However, the 8 Gb cross-point memory architecture described
in this chapter does not implement any sort of error-correction or
redundancy, which adds some amount of overhead to the access
times of flash memory. The power requirements for the read
operation are also compared in Table II, and are similar to that of
other designs. In the worst-case read operation, the current draw
for propagating an 8-bit address to the farthest page is 802 pA,
the current draw for reading and latching 4096 bits in parallel is
27.3 mA, and the current draw for buffering the 4096 bits to the
output is 22.8 mA. The total power consumption is 61.2 mW on
the critical path.

VI. MEMORY WRITE OPERATION

Programming resistance-change memory cells is accom-
plished by applying either a SET voltage (Vsgr) or a RESET
voltage (Vreser). "SET” is defined as the transition of cells
from a high-resistance state to a low-resistance state, while
"RESET” brings the cells back to a high-resistance state from
a low-resistance state. Fig. 23 shows a representation of the
RESET and SET operations. The entire memory array is
RESET bitline-by-bitline before the SET voltage is applied
to those cells that need to be programmed. This enables us
to predict the current requirements for the SET operation
to avoid over-programming (bringing memory cells to too
low a resistance). Over-programming is not a concern during
RESET because the higher resistance will automatically limit
the current flow. In the RESET operation, Vrgspr is applied
sequentially to one bitline at a time. All wordlines in the array
are pulled to ground (0 V), and every cell in this row of bits
becomes RESET. The unselected bitlines are terminated with
high-impedances so that the only current path is from the se-
lected bitline to the wordlines. It is expected that the unselected
bitlines will drift to some voltage slightly higher than 0 V.
Leakage current is not a significant concern in the RESET
operation because every cell in the array will eventually be
brought to the high-resistance state. In the SET operation, 0 V
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is applied sequentially to one bitline at a time, while Vsgr is

applied only to selected wordlines. The unselected wordlines
are terminated with a high-impedance and are expected to drift
to some voltage between ground and Vggr/2. Unselected
bitlines are biased at Vsgr /2. The unselected cells see a bias
of at most Vspr /2. While this allows some leakage current
in the array, it is necessary to prevent unselected bitlines from
drifting to too low a voltage and causing an inadvertent SET.
The capacitive coupling effects during SET and RESET need
to be carefully simulated to avoid accidental programming.

Although some resistance-change memory cells can be set to
intermediate low-resistance states by modulating the SET cur-
rent, a SET voltage close to Vsgr is still required [6]. The cur-
rent requirements during the write operation may further limit
the size of the memory block. This will be a subject for future
investigation.

VII. CONCLUSION

A novel sense amplifier and memory architecture for resis-
tance-change memory has been designed and experimentally
verified in this work. The cross-point memory array does not
require individual access transistors, thus the memory architec-
ture can be integrated into a 3-dimensional stacked structure
simply by layering the arrays. The resulting multi-layer memory
array has an expected bit-density exceeding that of single- and
multi-level NAND flash. It should be noted that memory cell de-
vice characteristics become increasingly stringent with multiple
memory layers, as vertical connections between memory array
layers allow for more opportunities for leakage current. Test
chip measurement results show that the sense amplifier design
described in this work can indeed tolerate increased leakage cur-
rent from connecting multiple layers of memory when memory
cell variations are within target device specifications.

Simulation results also show that an 8 Gb memory architec-
ture can be accessed with power and speed that are competi-
tive with those of NOR flash. The greatest benefit of a resis-
tance-change cross-point memory over NAND flash is its scala-
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bility. A four-layer cross-point memory can have a significantly
greater bit-density than NAND flash memories fabricated in the
same technology node. This provides a great advantage in the
cost-per-bit scaling for future nonvolatile memory.
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