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The emergence of new nonvolatile memory (NVM) technologies—such as phase change
memory, resistive, and spin-torque-transfer magnetic RAM—has been motivated by exciting
applications such as storage class memory, embedded nonvolatile memory, enhanced solid-state
disks, and neuromorphic computing. Many of these applications call for such NVM devices to be
packed densely in vast “crosspoint” arrays offering many gigabytes if not terabytes of solid-state
storage. In such arrays, access to any small subset of the array for accurate reading or low-power
writing requires a strong nonlinearity in the IV characteristics, so that the currents passing
through the selected devices greatly exceed the residual leakage through the nonselected devices.
This nonlinearity can either be included explicitly, by adding a discrete access device at each
crosspoint, or implicitly with an NVM device which also exhibits a highly nonlinear I'V character-
istic. This article reviews progress made toward implementing such access device functionality,
focusing on the need to stack such crosspoint arrays vertically above the surface of a silicon wafer
for increased effective areal density. The authors start with a brief overview of circuit-level con-
siderations for crosspoint memory arrays, and discuss the role of the access device in minimizing
leakage through the many nonselected cells, while delivering the right voltages and currents to
the selected cell. The authors then summarize the criteria that an access device must fulfill in
order to enable crosspoint memory. The authors review current research on various discrete
access device options, ranging from conventional silicon-based semiconductor devices, to oxide
semiconductors, threshold switch devices, oxide tunnel barriers, and devices based on mixed-
ionic-electronic-conduction. Finally, the authors discuss various approaches for self-selected non-

volatile memories based on Resistive RAM. © 20714 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4889999]

I. INTRODUCTION

A crosspoint array consists of a lower and an upper plane
of closely spaced parallel wires, running at right angles to
each other, and the dense, Cartesian array of interconnec-
tions at each crossover point between the wires.' If both the
wires and the spaces between them have a width of F, then
the area per connection is 4F>. This “crosspoint” concept has
been investigated for memory applications for more than
60 yrs.?

Such a memory ought to be capable of extremely high
densities, with an effective footprint of 4F%/L per memory
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element for L crosspoint arrays stacked in 3D. Despite this,
crosspoint memory has not yet met with widespread com-
mercial success.’ One reason is that a crosspoint memory
application requires a very diverse and very large set of criti-
cal characteristics. At each interconnection, there should be
both a memory device that stores data (“remembers the
strength of the interconnection”) and a strong nonlinearity.
This nonlinearity is needed to allow external access to just a
few of these memory devices without disturbing any of the
other memory devices or inducing wasteful leakage through
the thousands or millions of other crosspoint intersections.

A crosspoint memory element should be a two-terminal
device that can be reliably, repeatedly, and readily switched
between at least two resistance states, preferably with a large
resistance contrast. This switching operation must not
require excessive power—otherwise, only a few bits can be
written in parallel and, as a result, the effective write band-
width will be extremely low. Such a device should also be
capable of surviving through many millions, if not billions
or more, of switching cycles (write endurance).

© 2014 American Vacuum Society 040802-1
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Each read operation, at lower voltages and currents than the
switching operation, should supply current sufficient for distin-
guishing the various states. Yet even a very large number of
successive read operations must not induce an undesired
switching event (known as a “read disturb”). The resistance
states should be nonvolatile over the normal operating range of
the system (typically up to 85 °C for nonmilitary applications)
over a long lifetime (often 10 yrs is specified). Error rates
should be both predictable and low enough throughout the de-
vice lifetime for correction by error-correction coding (ECC)
with a reasonable amount of redundancy overhead.

In the past 10-15 yrs, memory devices capable of these
kinds of specifications have moved closer to becoming a
reality. Research begun in the late 1990s, originally moti-
vated by the desire to have a “backup device” in case either
NAND or NOR Flash had trouble scaling to smaller dimen-
sions, has produced a number of promising two-terminal
nonvolatile memory (NVM) devices. These include ferro-
electric RAM (FeRAM),4 phase-change memory (PCM),5
spin-torque-transfer magnetic RAM (STT-MRAM),® and re-
sistance RAM (RRAM).” Even though NAND Flash suc-
ceeded at scaling and, as of early 2014, has not required
“replacement,” there has been a general realization that
many of these two-terminal NVM devices might offer better
performance through much lower latencies, direct byte-level
addressability, and much higher program-erase endurance
than NAND Flash. This opportunity is referred to collec-
tively as Storage Class Memory. %’

Ideally, we would have a vast matrix of densely packed
devices, within which we could write and read any small
subset of the memory devices at will, while all other devices
would remain completely unperturbed, dissipating zero addi-
tional power beyond that required for writing or reading.
While this ideal situation is not really attainable, one can
come close by introducing a strongly nonlinear IV character-
istic—an access device—together with each NVM element
at every crosspoint. One way to introduce this nonlinearity is
to integrate a second, discrete two-terminal device—such as
a diode, switch, or other similar element—together in series
with each state-holding element. This approach has the
advantage that the memory element and the access device
can each be optimized separately, and then integrated to-
gether in the final semiconductor processing scheme.
However, this approach tends to require additional process-
ing steps, often including costly lithography steps.

A second approach for introducing the necessary nonli-
nearity is to simply add it to the list of necessary criteria that
the prospective state-holding memory element must deliver.
This has a distinct processing advantage—once successfully
developed, there is only one device to integrate; it has the
disadvantage that the list of criteria for state-holding devices
is quite daunting already, without adding a strong nonlinear-
ity of many orders of magnitude—at exactly the “right” volt-
age—to the list.

In this article, we begin with a brief overview of circuit-
level considerations for crosspoint memory arrays and dis-
cuss the role of the access device in minimizing leakage
through all the various nonselected cells, while delivering
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the right voltages and currents to the selected cell. We then
summarize the list of criteria that an access device must ful-
fill in order to enable crosspoint memory. We review current
research on various discrete access device options, ranging
from conventional silicon-based semiconductor devices, to
oxide semiconductors, threshold switch devices, oxide tun-
nel barriers, and devices based on mixed-ionic-electronic-
conduction (MIEC). Various approaches for self-selected
RRAM are discussed, followed by conclusions.

Il. CROSSPOINT ARRAY CONSIDERATIONS

The task of operating a crosspoint array is fairly simple:
we need to apply a set of voltages at the edge of the array
such that the desired operations (reads and writes) take place
at the desired selected cells (where a “cell” refers to the com-
bination of an access device and memory element at any
given crosspoint); yet, all nonselected cells remain unper-
turbed and the overall power dissipation remains managea-
ble. Over the past few years, a large number of crosspoint
analyses have been performed,'®® which all show that it is
nearly impossible to implement a crosspoint array of any
practical size without a strong nonlinearity at each cross-
point—we will not repeat such analyses here.

The overall memory chip, storing anywhere from mega-
bytes to terabytes of memory, will be composed of numerous
crosspoint subarrays, which might each be on the order of
1000 x 1000 wires in size. We want each of these sub-arrays
to be as large as possible, such that much of the peripheral
circuitry (including address decoders, data buffers, sense
amps, and control circuitry) can be placed underneath the
arrays, thereby reducing their silicon “foot—print.” The larger
the subarray, the larger is the area efficiency, or the fraction
of silicon area associated with memory bits, and higher area
efficiency typically implies lower cost-per-bit.

A. Problems associated with large subarrays

There are several drawbacks to using large subarrays,
which can partially counteract or even overwhelm the area-
efficiency benefits. The longer the wire, the larger the
worst-case resistance drop and the larger the capacitance.
These problems are exacerbated at advanced technology
nodes, as wires get thinner, increase in line resistance, and
are spaced more closely together (which increases coupling
capacitance®*). The worst-case access is a write operation
at the “far” corner of the array, since the currents are largest
during writes, and since both extra power and voltage drop
are consumed in the wiring leading out to the cell, and in
the orthogonal wire leading back from the cell to the other
edge of the array. The need to boost the voltage at the edge
of the array then runs the risk of perturbing the state of
memory elements in nonselected cells that sit nearest to
those edges. Depending on how the vias (between the mem-
ory wiring layer and the underlying drive circuitry) are
organized, the exact location of the worst-case device can
vary. But the general trend remains unchanged: problems
associated with line resistance get worse as the subarrays
get larger.
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Array size and switching current of the memory element
must therefore be consistent with ensuring a manageable IR
drop on selected lines. For example, a 30 pA current in a
1000 x 1000 subarray at the 32 nm technology node corre-
sponds to an IR drop of ~66 mV.?* While this may not seem
very high, access device turn-on tends to be highly nonlinear
and even small increases in the total voltage that must be
applied at the array periphery can significantly increase leak-
age currents. Furthermore, high write bandwidth may neces-
sitate a parallel write operation across multiple selected cells
along a wire. The effect of IR drop can be even more severe
in such scenarios.

Write times and bandwidth can also be affected by
increased line resistance and capacitance. The large capaci-
tance of long bitlines is a well-known issue in memory
design. In fact, it can easily be the wire parasitics that deter-
mine the effective memory speed and not the physical mem-
ory element itself. These effects are compounded by
increases in coupling capacitance as spacing is reduced.
Also, larger arrays make distinguishing low and high resist-
ance states (LRS, HRS) during read operation much more
difficult for memory elements with low resistance contrast
(such as STT-MRAM), or with absolute resistance values
comparable to the aggregate line resistance.

An added complication for RRAM is the critical impor-
tance of compliance currents. Often the RRAM “SET” oper-
ation involves triggering of a positive feedback effect (due
to the interplay between local temperature, local field, and
the underlying electrochemistry), leading to the creation or
completion of a filament (of either oxygen vacancies or
metal cations). Frequently this filament formation process is
terminated not by the device itself, but by the response of the
surrounding circuitry. Failure to terminate the filament for-
mation at a particular targeted current can lead to exces-
sively thick filaments, which then require significant
switching power to sever (or remove) during the subsequent
“RESET” operation.
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When large bitline capacitances are present, a transistor
or other circuit at the edge of the array can no longer instan-
taneously limit the current passing through a cell within the
array. What is worse, the degree to which the compliance
control will be affected can vary across the array as a func-
tion of the distance between the circuit that is enforcing
compliance and the memory device that is undergoing pro-
gramming. This is yet another problem that makes it difficult
to implement large subarrays.

B. Considerations during NVM-write

On top of difficulties arising from wire parasitics and
ensuring that a significant fraction of the externally applied
voltage drop appears across the selected cells, we must con-
sider the aggregate power consumption through all the other
cells in the activated subarray. These metrics depend directly
on the properties of the access device—specifically on its
ability to deliver high currents through selected cells while at
the same time limiting leakage through possibly millions of
nonselected cells. As we will see, however, the bias voltages
at which the access device must perform these roles depend
strongly on the NVM element with which it is paired.

Typically, a large potential difference is applied across
selected cells by driving the corresponding wires to high and
low voltages. Voltages through all other wires in the array
are set at some intermediate values to minimize leakage and
to prevent undesired disturbances to previously stored data.
The choice of this set of voltages is known as the biasing
scheme. Since it is only voltage differences that matter, the
absolute values of all voltages can be chosen to simplify the
peripheral driving and supply circuitry.

As shown in Fig. 1, cells in the array which are not fully
selected fall into three classes: the half-selected cells along
the same row as a selected cell, the half-selected cells along
the same column as a selected cell, and un-selected cells that
share neither a row nor a column with any selected cell. We
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FiG. 1. (Color online) (a) In a crosspoint array of NVM devices, voltage applied at the edge of the array, to select one or more NVM/access device pairs, also
affects three other sets of NVM + access devices: those in the same row, in the same column (both half-selected), and all others (unselected). (b) The total volt-
age drop across any selected NVM device must be sure to switch the device, despite the additional voltage drop in its own access device and in the wiring.
However, that same applied voltage must not lead to excessive leakage in either the half-selected or unselected devices. In a 1000 x 1000 array, for example,
there will be ~2000 half-selected devices and nearly 1 x 10° unselected devices (Ref. 25).
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refer to cells as half-selected not so much because they see
half of the voltage drop across the selected device, although
that situation can occur. Instead we can consider that these
devices will always be touching one of the two (i.e., half of
the) strongly energized wires associated with a selected cell.

We first address the scenario of writing the worst-case de-
vice, since this is the largest applied voltage differential that
will ever be used. One biasing scheme that works well for
this scenario is referred to as the “V/3” scheme.'®* In its
simplest form, the applied voltage is split into three parts,
one for each of the three classes of nonselected devices.
Both sets of half-selected devices see the same voltage polar-
ity as the selected device, while the unselected device expe-
riences the opposite voltage polarity. As shown in Fig. 1, the
sum of these three voltage drops is roughly equal to the
effective voltage drop across the selected device. Although
this simplistic analysis is highly useful, the presence of sig-
nificant line resistance complicates the situation consider-
ably, since the wire and local device voltages then vary
continuously along the selected rows and columns.

While the name “V/3” would suggest division into three
equal voltages,?® this is rarely the optimal choice. When we
are selecting just one device out of an N x M array, there are
many more [(M — 1) x (N — 1)] unselected devices than there
are half-selected [(M — 1) + (N — 1)] devices. In the case of a
bipolar access device with symmetric characteristics, it
makes sense to reduce the voltage across the many unselected
devices until total aggregate leakage is minimized. This sce-
nario is illustrated in Fig. 1. In a scenario where the access
device and the NVM device are unipolar (using only one po-
larity for all switching operations), then it might be preferable
to significantly increase the opposite polarity voltage across
the unselected devices. This of course assumes that one can
depend on the unipolar access device to strongly suppress
leakage current even at large “opposite” polarity voltages.

During write operations, it is critical to deliver the neces-
sary power and current to the selected cell while avoiding
two undesirable outcomes: dissipating too much aggregate
power and risking even the remote possibility that any of the
nonselected cells might accidentally switch. The probability
of such a write disturb during any one write event needs to
be extremely low—data stored early in the lifetime of the
array must persist even if there are a very large number of
writes to all other portions of the array. Any excess power
dissipated during write will necessitate a reduction in the
write parallelism and thus will reduce the effective write
bandwidth. Obviously, as the size of the subarray gets larger,
the number of potentially leaky devices increases. In addi-
tion, the energy required to drive the wires to the desired vol-
tages and to activate the subarray increases as (1/2)CV?,
thus favoring low wire capacitance and low voltage opera-
tion. Note also in Fig. 1(b) that the switching voltage of the
NVM figures prominently in the calculation of leakage cur-
rent.”” As a result, it is difficult if not impossible to accu-
rately quantify the prospects of an access device in isolation,
without knowing what NVM with which it is to be paired.”
For this very reason, there is no quantitative comparison
table included with this review article.
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A final consideration for write operations is that the nar-
row wires associated with advanced technology nodes are
subject to failure due to electromigration. Passing ~10 uA
current through an F~ 10 nm width wire with 2.1 X aspect-
ratio (suitable for 20 nm pitch arrays in a future technology
node) would translate to a current density of ~4.5 MA/
cm’—higher than the expected limit on current density
imposed by electromigration concerns (3.26 MA/cm?).**
Fortunately, this limit has been specified for microprocessor
logic circuitry, where the frequency of large switching cur-
rents is much higher than the frequency of write operations
in an NVM crosspoint array. Thus NVM switching currents
of the order of tens of microamps, consistent with some
experimentally demonstrated RRAM write currents, may in
fact still be feasible.

C. Considerations during NVM-read

During read operations, both the currents and the associ-
ated device voltages are usually significantly lower. Since
read currents are typically at least 10x smaller than write cur-
rents, line resistance can frequently be ignored during read
operations. Many authors have studied the use of a “V/2”
scheme, where the voltage applied to the wires leading to
unselected devices is either brought to zero or alternatively,
these lines are allowed to float.'* There are different tradeoffs
associated with these choices. Driving these lines to the same
voltage has the advantage that the leakage within the array is
sure to be low; however, the act of driving these wires con-
sumes some amount of power in the peripheral circuitry.

During write, we were concerned with perturbing stored
data and with wasted power; during read, we are additionally
concerned with being able to accurately sense the state of
individual devices. Without strong nonlinearity at each node,
there are many potential “sneak paths” from the higher
potential selected wire to the lower potential selected wire.
In fact, every path that leads through a series combination of
three cells in the low-resistance state—one each from the
pool of half-selected/same-row, unselected, and then half-
selected/same-column devices—can contribute, at the read-
out node, significant signal that is not representative of the
state of the selected device.'®?® Given the large number of
possible connections for any nontrivial pattern of stored
data, the sensing margin—the detectable difference at the
edge of the array between the high and low resistance
states—collapses in the absence of a strong nonlinearity,
even for a fairly modest size array. The presence of such a
nonlinearity cuts off the sneak paths, either by suppressing
the current through all three legs or in some cases, simply by
blocking the current through the reverse-biased unselected
devices, making it possible to have reasonable sense margin
for large arrays.

D. Failed access devices

One consideration that was a frequent topic in the molec-
ular circuits literature,27 but which is rarely considered in the
NVM literature is the presence of failed access devices
within the array. Access devices that fail as opens are not the
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issue here—although the associated stored bit is inaccessible
and ECC must be present to correct the erroneous data, there
is no adverse effect on the rest of the array. However, access
devices that fail as a low resistance, or “short,” can create
havoc in a crosspoint array. Since very little voltage falls
across the failed access device, the associated NVM device
now has a much larger voltage drop than intended, and thus
passes a large amount of current. Not only is the state of this
device perturbed for almost any access to the array, but this
crosspoint intersection is now leaking an unexpectedly large
amount of current. This is one factor that would seem to
favor driving every wire to a known voltage, rather than
depending on wires to “float” to a desired voltage, since
shorted devices will shift the potential of such floated lines
and lead to unintended device activity all over the array.

However, even when the biasing scheme does call for
driving each line to a known voltage, “shorted” access devi-
ces can impact both write and read operations. Such failed
access devices draw high current, causing writes to draw
much more power than expected. Since these high currents
can degrade the voltage drop across the selected crosspoint
cell(s), write operations that would otherwise have suc-
ceeded could potentially fail. By acting as strong ‘“sneak
paths,” failed access devices also mask read currents from
all devices that share the same sense-amplifier during a read
operation, degrading read margin. If the number of failed
devices is very low, then known techniques for remapping
failed static or dynamic random access memory lines can be
used to simply redirect that address to a redundant line
included for just such purposes. While this removes the pos-
sibility that the failed access device will be addressed in ei-
ther the selected or half-selected roles, higher leakage will
still be generated because every access to the subarray still
places the failed device into the unselected state.

Another approach, demonstrated for two-terminal MIEC
devices in series with phase-change memory (PCM),*® is to
place the state-bearing device in an extremely high resistance
state. This is possible for PCM because negative polarity
pulses that are ramped down slowly are known to lead to
phase-separation of the phase-change material,”*>° producing
a very high resistance state. Although this requires a voltage
similar to very large writing voltages, this corrective action
can be taken without damaging neighboring devices since the
failed access device is, by definition, not consuming any of
the applied voltage. The PCM device, once in this ultrahigh
resistance state, then protects the array from the leakage that
would otherwise be induced by the shorted access device.
Unfortunately, for other NVMs such as RRAM, it is not yet
clear if devices can be placed in such a high-resistance state
with voltage sequences that can be applied within the array
without damaging neighboring healthy device pairs.

lll. TARGET SPECIFICATIONS FOR ACCESS
DEVICES

An ideal access device has a number of critical character-
istics for application in high density resistive crosspoint
memory arrays.
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In each selected cell, the access device should be capable
of supplying high currents as needed to program and erase
the memory element that is in series with it. Delivering such
high currents through the low cross-sectional area corre-
sponding to devices of ~1F? implies that the access device
should support a High ON-state current density, on the
order of several MA/cm?. For example, passing ~10 A cur-
rent (consistent with experimentally demonstrated RRAM
write currents) through an F~ 10 nm diameter access device
(suitable for 20 nm pitch arrays) translates to a current den-
sity of ~13 MA/cm?.

Since the unselected cells vastly outnumber the selected
cells in typical crosspoint memory arrays, the access devi-
ce’s OFF-state leakage current needs to be as low as pos-
sible so as to prevent the aggregate leakage through all the
unselected cells from dominating the overall system power
budget. Access device OFF-state leakage currents that are
several orders of magnitude lower than the ON-state current
allow the use of large arrays which are desirable to increase
overall area efficiency. For instance, assuming that a single
bit is being written in a 1000 x 1000 array, an access device
ON/OFF current ratio of ~10° is needed in order to keep the
aggregate unselected cell leakage current to the same order
of magnitude as the write current. As the array size
increases, the corresponding maximum tolerable OFF-state
leakage per device must commensurately decrease.
Satisfying both of these first two points (high ON-state cur-
rent and low OFF-state leakage) simultaneously implies that
the access device needs to have a highly nonlinear I-V curve.
However, it is difficult to extract this ratio for convenient
comparison in a table because the voltages at which this ratio
matters cannot be known until the NVM is specified.”>

STT-MRAM devices require currents to flow in opposite
direction during program and erase. Also, many RRAM de-
vice candidates show better cycling reliability and lower
power requirements if operated in bipolar mode, where the
program and erase operations are carried out under opposing
voltage polarities. This implies that any access device that is
used in conjunction with such memory elements must also
be capable of bidirectional operation, as opposed to stand-
ard diodes. Given that program and erase currents typically
have similar magnitudes, the access device should possess
highly nonlinear I-V curves and drive high ON-state current
density under both voltage polarities.

If, like most emerging resistive memory elements, the
access device can be located above the wafer surface without
consuming active Si wafer area, this frees up Si area for
placement of some peripheral circuits underneath the cross-
point memory array. Such process compatibility with 3D
multilayer stacking leads to more efficient utilization of the
overall chip area for maximizing memory density.
Furthermore, if the access device can be fabricated in a back-
end-of-the-line (BEOL)-compatible process, this enables
layering of multiple crosspoint arrays on top of each other.

Alternatively, vias and/or trenches deeply etched into a
layered substrate can be recessed selectively and filled with
memory material, creating a “VerticallRRAM” structure.
This approach eliminates costly lithography steps but

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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introduces the need for deep etches with extremely steep side-
walls,31’32 much like the numerous bit-cost-scalable techni-
ques being pursued for 3D NAND Flash.**> More memory
cells packed in a given chip area footprint leads to a lower
effective cost per bit. BEOL-compatibility means that the
maximum thermal budget during the access device fabrication
process should not exceed ~400°C; yet, the access devices
themselves should be able to withstand up to ~400°C for 2 h,
in order to account for the processing needs of the memory
elements and wiring levels fabricated above them.

Various resistive memory elements have different pro-
gram/erase voltages and currents. It is important that the
access device achieves voltage compatibility with the
memory element with which it is paired. Access device
turn-on voltages should have (or be tunable to) the appropri-
ate values to ensure that the half-selected and unselected
cells still have low leakage currents, even under array bias-
ing conditions that provide the proper voltage drop across,
and current through, the selected memory element for read
and write conditions. If the access device’s turn-on voltage
is much lower than that needed across the selected memory
element, array biasing voltages will lead to large currents
through the half-selected cells, degrading the effective selec-
tivity (ON/OFF ratio) of the access device. Typically, the
voltage margin of the access device (defined as the voltage
spread over which the leakage current is less than 10 nA)
must be 0.3-0.5 V higher than the switching voltage of the
NVM for 1000 x 1000 subarrays and ON-currents in the
order of ~10 s of microamperes. These considerations must
also accommodate variations in switching voltages due to
device-to-device distributions and variations in operating
temperature.

Since access device properties should not limit the overall
memory chip performance and reliability, therefore all other
properties of the access device should be better than that
of the memory element. These properties—such as switch-
ing speed, cycling endurance, array yield, and variability—
should be as good as or better than the corresponding proper-
ties of the memory element.

The set of requirements listed above make it very chal-
lenging to find access devices that are fully suitable for
high-density, 3D multilayer resistive crosspoint memory.
Section IV will survey a number of device candidates that
have been proposed as access devices and highlight some of
their strengths and weaknesses.

IV. TYPES OF ACCESS DEVICES
A. Si-based

Several silicon-based access devices have been proposed
and demonstrated previously, leveraging the many decades
of research, development, and manufacturing experience
with silicon devices. Three-terminal devices such as transis-
tors meet many of the access device requirements listed pre-
viously, including the ability to drive large ON-state currents
(while maintaining a large ON-to-OFF current ratio), operate
in bidirectional mode (although with some complications,
due to the asymmetry introduced by the placement of the
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NVM cell), and the easy tunability of threshold voltage
(with appropriate doping in the bulk, for instance).
Moreover, the ability to use the transistor’s gate voltage to
constrain the saturation drain current offers an excellent way
to enforce local current compliance (which is important for
some NVM applications). For these reasons, and since
silicon-based transistors can be mass-produced with very
high yield and reliability, transistors are widely used as
access devices in single-layer memory arrays.

However, transistor-based access devices also have their
drawbacks, which include their relatively large cell size,
complicated process, and incompatibility with 3D multilayer
BEOL stacking (due to the required high processing thermal
budget). While the latter two issues will likely be very diffi-
cult to solve, the use of vertical transistors (wherein current
flows perpendicular to the Si wafer surface) offers a path to
reducing the cell size. Wang et al. proposed a compact (4F>
cell-size) FET access device based on vertical Si nanopillars
with gate-all-around (GAA)* and experimentally demon-
strated successful operation of HfO,-based RRAM stacked
above these transistors (Fig. 2). Alternatively, compact verti-
cal bipolar junction transistors (BJTs) have also been used as
access devices for resistive memories. Wang et al. showed
switching of HfO,-based RRAM stacked above vertical
BJTs built in a standard commercial foundry CMOS logic
process.>” They pointed to the higher current driving capa-
bility of such vertical BJTs compared to planar MOSFETs
built in the same CMOS process. Vertical BJT access
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FiG. 2. (Color online) In a dense crosspoint 1T-1R array realized using verti-
cal GAA Si nanopillar FETs, (a) each crosspoint intersection contains an
RRAM element stacked above vertical Si transistor. (b) TEM cross section
through experimental 1T-1R structure. (c) Drain-current as a function of
gate voltage (for two different drain voltages) on a nanopillar GAA FET.
Reprinted with permission from Wang et al., IEDM Tech. Dig. 2012, 20.6.
Copyright 2012 IEEE. Personal use of this material is permitted. However,
permission to reuse this material for any other purpose must be obtained
from the IEEE.).
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devices, capable of achieving very high drive currents (300
uA) and low base-emitter reverse bias leakage (<0.1 pA),
have also been employed to drive PCM cells in a 45 nm gen-
eration 1 Gb chip.*®

Two-terminal structures such as vertical Si PN junction
diodes have been used as access devices for unipolar mem-
ory elements such as PCM. Oh et al. reported a 512 Mbit
PCM chip® which had vertical Si PN junction diode access
devices made using selective epitaxial growth (SEG) of Si
over highly doped N-type Si substrate, using ion implanta-
tion to create superficial P-doped regions. They achieved a
5.8F? cell size at the 90 nm technology node. The reported I-
V curves suggest very high ON-state current density (>25
MA/cm2) and ON/OFF current ratio ~10°%, However, the
area efficiency was somewhat degraded since contacts had to
be made to the heavily N+ doped substrate after every eight
cells in order to reduce the otherwise large series resistance
that would be introduced by this layer. Also, second-order
effects (due to vertical and lateral parasitic BJT currents)
must be carefully considered in such structures, especially as
the intercell spacing is decreased.’*** There have been
numerous studies of SEG optimization*'** as well as alter-
native approaches based on solid-phase epitaxy® to build
vertical Si PN diodes.

As an alternative to epitaxially grown Si diodes, polysili-
con diodes have also been proposed. Sasago et al. showed
polysilicon P-I-N diodes built above metal wiring** and
reduced contact resistances to get high ON-state current den-
sity ~8 MA/cm?. The worst-case forward/reverse rectifica-
tion ratio was >~8 x 10*. The authors were able to drive
PCM cells with 160 uA RESET current through the polysili-
con diodes. While the maximum process temperature was
not specified in this paper, it is unlikely that these devices
could be made in a typical sub-400°C Cu-BEOL process
while maintaining good enough crystalline quality and dop-
ant activation for such high current density. In order to use
polysilicon diodes for 3D-stacked multilayer crosspoint
memory, one would need to either resort to high-tempera-
ture-compatible metallization schemes,* or employ proc-
esses such as laser annealing®®*’ for crystallization and
activation of ion-implanted dopants in an effectively low
thermal budget process.

Since some of the emerging memory technologies (such
as RRAM or STT-MRAM) operate more efficiently in bipo-
lar mode, two-terminal access devices capable of bidirec-
tional operation have also been proposed. For instance,
two-terminal NPN diodes have been proposed as access
devices in simulation®®*® and experimental studies.’** The
basic idea (Fig. 3) is to establish a NPN doping profile that
results in the formation of a potential barrier for electron
transport from one side of the device to the other at equilib-
rium (zero applied bias). Positive voltage applied to one of
the electrodes will initially drop across the reverse-biased
PN junction closer to that electrode. At higher voltages, the
nonzero electric field within the middle P-region lowers the
potential barrier for electron injection from the other
(grounded) electrode. This mechanism is similar to the
well-known “drain-induced barrier lowering” or “punch-
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Fic. 3. (Color online) (a) Schematic cross-section through a two-terminal
bidirectional NPN Si punchthrough diode selector. (b) Band diagrams
through NPN structure at equilibrium (zero applied bias to positive elec-
trode), during exponential turn-on (V,; applied bias), and in the ON-state
(applied voltage V,,). Note that the barrier V,, for electron injection reduces
with increasing applied voltage. (c) Experimental and simulated current den-
sity vs voltage plots for two structures, S1 and S2, with different doping pro-
files. Reprinted with permission from Srinivasan et al., IEEE Electron
Device Lett. 33, 1396 (2012). Copyright 2012 IEEE. Personal use of this
material is permitted. However, permission to reuse this material for any
other purpose must be obtained from the IEEE.

through” effect that causes enhanced drain-to-source OFF-
state leakage current in short channel MOSFETs. By
symmetry, the same behavior would be seen if the opposite
voltage polarity is applied across the NPN diode.

Srinivasan ef al.>® obtained >1 MA/cm” ON-state current
density and maximum ON/OFF ratio > 10° (with OFF-
current measured close to 0 V) on epitaxially grown Si NPN
punchthrough diodes (Fig. 3). Threshold voltage tunability
by adjusting the doping profile to obtain asymmetric turn-on
voltages has also been shown.”' Since the epitaxial growth
process requires high temperatures (~700 °C, according to
Ref. 50) as well as a crystalline Si template, such a device is
unlikely to be either BEOL-compatible or easily stackable
above the Si substrate. Polysilicon NPN structures made by
Lee et al.> eliminate the need for a single-crystal Si seed
layer but still require 800°C annealing, again ruling out
standard BEOL stacking. These devices showed bidirec-
tional exponential turn-on with high maximum ON/OFF
ratio but lower (~0.1 MA/cm?) ON-state current density.

Park et al. studied a metal-semiconductor-metal (MSM)
diode™ with a P-type polysilicon layer contacted on both
sides by metallic (Ta) electrodes which had assumably low
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barriers to the Si conduction band edge. Simulations on such
structures, proposed as access devices for STT-MRAM,
showed >1 MA/cm? ON-state current density and >10°
maximum ON/OFF ratio. The authors suggest that this struc-
ture offers potentially better control of the middle P-region
thickness compared to the doped NPN devices. However,
the I-V characteristics are dependent on the metal-
semiconductor barrier height.

B. Oxide diodes
1. Oxide PN junction diodes

Most of the Si-based access devices discussed in Sec. IV A
are not compatible with 3D-stacked multilayer crosspoint
schemes mainly due to the high processing temperatures
needed during their fabrication. This has motivated research
into non-Si-based access devices which can be made at
lower BEOL-compatible temperatures. Several groups have
studied diodes made from semiconducting oxide heterojunc-
tions.”*® Baek er al. fabricated PN diodes using P-type
NiO and N-type TiO, at sub-300°C processing tempera-
tures®* and demonstrated their operation with unipolar oxide
RRAM elements. However, the ON-state current density of
~1kA/cm? in these diodes was quite low.

Lee et al. built 2 stacked layers of small crosspoint
arrays with unipolar NiO-based RRAM accessed through
P-CuO,/N-InZnO, diodes.>® Their oxide diodes, deposited
at room temperature, had higher ON-state current density
(>10kA/cm?) than the P-NiO/N-TiO, diodes from Ref. 54,
attributed to the lower bandgaps of these oxides. Kang
et al. published more detailed studies of P-CuO,/N-InZnO,
diodes’” including optical absorption measurements to esti-
mate the bandgaps of the CuO, and InZnO. Hall measure-
ments revealed the conductivity of CuO, to be P-type. Ahn
et al. showed successful operation of one-time-program-
mable Al,O; memory elements accessed through P-CuO/
N-InZnO, thin film diodes and integrated in 8 x 8 cross-
point arrays.”®

2. Metal-oxide Schottky barrier devices

Unipolar diodelike IV characteristics have also been
reported in several two-terminal metal-insulator—metal
(MIM) structures, where current rectification is due to trans-
port across a Schottky-barrier at each metal-oxide interface.

Tallarida et al. obtained high rectification ratios
(~10’-10%) and moderate ON-state current density
(~10kA/cm?) in their devices with ZnO sandwiched
between Ag and Ti/Au electrodes.’® In these structures (of
size down to 36 um?), ZnO was deposited by ALD at rela-
tively low process temperatures (~100 °C) and intrinsically
N-doped polycrystalline films were obtained. ZnO was
assumed to form a Schottky junction with the Ag bottom
electrode and an ohmic contact to the Ti/Au top electrode.
The authors integrated these access devices with stacked
unipolar NiO RRAM elements in 10 kbyte crosspoint arrays
and reported RRAM SET switching through the diode.

Huang et al. measured rectification ratio >10> and ON-
state current density ~2 kA/cm® in room-temperature-
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fabricated Ti/TiO,/Pt MIM structures.®® Based on the
polarity of the I-V curves—low current and exponential
turn-on with positive and negative voltage respectively
applied to the Ti—the authors suggested, and confirmed via
temperature-dependent measurements, that there were
asymmetric barriers for electron transport from the metal
electrodes into the TiO,. The Schottky barrier height for
electron injection from Pt into TiO, was found to be higher
than that for injection from Ti into TiO,. The role of inho-
mogeneous conduction through oxygen-deficient filaments
in the TiO, was also highlighted. Reliability studies showed
that the diodes survived *3 V stress applied for 1000 s with-
out degradation and 1000x repeated cycling between =3V
with some reduction in forward and reverse currents.
However, application of higher voltages (~5 V) with current
compliance caused breakdown and turned these diodes into
bipolar RRAM elements.

Park e al.°' obtained very high rectification ratios ~10°
in similar (Pt/TiO,/Ti) MIM structures. Device operation
was explained by assuming that the bottom Ti electrode
interface was an ohmic contact while the top electrode Pt
had a ~1V barrier for electron transport into the TiO, de-
posited by atomic layer deposition (ALD). While the meas-
ured ON-state current density was very low (~10 A/cm?) in
these rather large devices (~60 000 ,um2), the authors used
conducting AFM measurements to infer that the ohmic con-
tact area at the Ti/TiO, interface was effectively confined to
very small regions. Based on the estimated local ON-state
current density of ~300 kA/cm? from these measurements,
the authors suggested that these devices would show better
ON-state current density when scaled down in size.
Measurements on smaller crosspoint-type Pt/TiO,/Ti/Pt
devices®® indeed showed higher ON-state current density
~300 kA/cm? in 2 x 2 devices, although with lower rectifi-
cation ratio (~2.4 x 10°) compared to the earlier devices in
Ref. 61.

There have been reports of Ni/TiO,/Ni structures,
which show bipolar nonlinear I-V characteristics. The devi-
ces published by Huang er al.** had ON/OFF ratio of ~10°
between 0 and *2V. Furthermore, the nonlinearity was
maintained even under high temperature (125 °C) operation
and after 1000 x DC cycling. The device operation was
ascribed to electron emission over the Ni/TiO, Schottky bar-
rier whose height was estimated to be ~0.58V at zero
applied bias. Ni/TiO,/Ni devices of varying sizes down to
0.36 um” were reported by the same group in Ref. 63.

Figure 4 depicts some measured [-V curves from this
work.®® The authors suggested that nonuniform current con-
duction explains the observed weak scaling of ON-state cur-
rent with device area. They found that the calculated
ON-state current density increased after reducing the device
area and obtained ~100 kA/cm? in their smallest (0.36 ,umz)
devices. These Ni/TiO,/Ni structures were used as bidirec-
tional access devices to access Ni/HfO,/Pt bipolar RRAM.
Leveraging the room temperature deposition process for the
access devices as well as RRAM elements, the authors built
small 8 x 8 crosspoint 1S-1R arrays on flexible plastic
substrates.

63,64
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Fic. 4. (Color online) (a) Bidirectional exponential current-voltage curves
measured on experimental Ni/TiO,/Ni devices. (b) Experimental I-V curves
measured on Ni/TiO,/Ni bipolar selectors of varying area. The inset shows
that the ON-state current density increases as the device area is reduced.
Reprinted with permission from Huang et al., IEDM Tech. Dig. 2011, 31.7.
Copyright 2011 IEEE. Personal use of this material is permitted. However,
permission to reuse this material for any other purpose must be obtained
from the IEEE.

C. Threshold switch

A threshold switch makes for an ideal access device,
since from an initial highly resistive state the device turns
ON to a highly conducting state as soon as a threshold volt-
age or current is applied. Various types of threshold switches
such as ovonic threshold switches, metal—insulator-transition
(MIT)-based devices, and threshold vacuum switches have
been proposed for application as access devices for cross-
point memory.

1. Ovonic threshold switching

The ovonic threshold switching (OTS) phenomenon was
first reported by Stanford Ovshinsky in thin films of amor-
phous chalcogenide alloys.®> Unlike high field electrical
breakdown phenomena, ovonic threshold switching is repeat-
able and nondestructive. The current—voltage (I-V) curve of a
simple two terminal threshold switching device measured
with current sweep mode is generally “S” shaped [Fig. 5(a)],
switching rapidly from an initial high resistance “OFF” state
into a highly conductive dynamic “ON” state once the
applied voltage exceeds the threshold voltage, V. The de-
vice remains in the ON state so long as a minimum holding
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Fic. 5. (Color online) (a) Measured I-V curve for a phase-change memory
cell with amorphous Ge,Sb,Tes chalcogenide and dependence of threshold
voltage on thickness of the amorphous chalcogenide. Reprinted with permis-
sion from D. Ielmini, Phys. Rev. B 78, 035308 (2008). Copyright 2008 The
American Physical Society. (b) Electron tunneling, from lower energy filled
traps into higher energy empty traps, can occur under high field (Ref. 67).
Reprinted with permission from D. Ielmini and Y. G. Zhang, J. Appl. Phys.
102, 054517 (2007). Copyright 2007 AIP Publishing LLC.

voltage, V}, (or current /) is present across (through) the de-
vice, otherwise switching back into the OFF state.

This threshold switching occurs after a finite delay time
(1),%® which could potentially affect the upper limit for the
speed of the integrated memory device.®” However, it has
been found that the switching delay time decreases with
increasing applied voltage and even ~ns switching speed
can be obtained.®®"" The threshold voltage tends to decrease
with decreasing thickness,’>’® as well as with increasing
temperature,”” suggesting that the threshold event is trig-
gered by a threshold electric field.”*”® On the other hand,
the holding voltage is independent of the chalcogenide thick-
ness but is affected by the electrode materials.”

To explain the threshold switching phenomenon, various
theoretical models including thermally induced instabil-
ities,”* impact ionization and Shockley—Hall-Read recombi-
nation,ﬁ&75 polaron instabilities,”® and field induced
crystallization’®”” have been proposed.

Recently, lelmini ef al. proposed a model based on trap-
limited current conduction, similar to Poole—Frenkel trans-
port at high electric fields.®*®” Applied electric field
decreases the barrier height for electron hopping conduction,
which in turn dramatically increases conductivity.®*” As
the applied voltage increases, the carriers gain energy and
tunnel into higher energy traps [Fig. 5(b)]. When these traps
are filled, mobility increases and current rises until switching
occurs. This model has successfully explained
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experimentally observed trends for threshold voltage as a
function of both temperature and thickness.®®

For use as an access device, it is important that any unde-
sired structural rearrangement, such as crystallization, is sup-
pressed during threshold switching (and high-current
operation) of an OTS device.””> While similar chalcogenide
materials are used in phase change memory (PCM) devices,
where both threshold switching and fast crystallization is de-
sirable, it is possible to find materials that exhibit threshold
switching without fast crystallization.®®*%*7""*  Various
materials have been reported as ovonic threshold switching—
based memory access devices.®”’%7?

Kau et al. demonstrated the successful integration of an
OTS access device on top of a “mushroom-cell” PCM device
in a stackable crosspoint structure.”® Figure 6(a) shows a TEM
of the PCM device and OTS access device, while Fig. 6(b)
shows the measured I-V characteristics. Unfortunately, the use
of a linear current scale makes it impossible to gauge the
actual ON-OFF contrast of this device.

The higher threshold voltage of the OFF state of the
stacked device pair is attributed to the serial connection of
two amorphous alloys, OTS and amorphous PCM.”® Figure
6(c) shows the cut-away SEM image of a 64 Mb “PCMS”
(PCM + OTS) test chip fabricated using 90 nm technology
node,”® which was used to explore cell-sizes ranging from
40 to 230 nm. Single PCMS devices showed fast reset speed
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of 9 ns and pulse endurance of 10° cycles; statistics over a 2
Mb block showed more than 1 V of dynamic range between
the highest threshold voltage of a PCMS device in the SET
state and the lowest threshold voltage of a device in the
RESET state.”®

Lee et al. have reported threshold switching in AsTeGeSi
based material by utilizing electronic charge injection.”
Improved characteristics, including a reduction in threshold
voltage and current, were observed after N, plasma nitridiza-
tion, which led to higher tellurium (Te) composition.
Fabricated AsTeGeSiN threshold switches have shown pulse
switching endurance of more than 10® cycles at a pulse width
of 1 us. Such an OTS device (1S) was integrated with TaO,
based resistive memory (1R) to realize a 1S1R memory cell.
The 30 nm thick (10 nm of Ta,O5 on 20 nm TaO,) RRAM cell
was located under the 40 nm thick OTS cell, separated by the
bottom TiN electrode of the OTS deposited onto the top Pt
electrode of the RRAM cell. An ON-OFF selectivity of 100
was observed for 30 um devices with a leakage floor of ~1 uA
for Vgz7/2, but scaling experiments suggested that a selectivity
of 1000 could potentially be achieved for 30 nm devices.

2. Metal-insulator transition

MIT behavior in transition metal oxides has been a
widely researched topic in the field of condensed matter

1 (b)
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Fic. 6. (Color online) (a) SEM cross section of a PCMS (OTS + PCM) cell; (b) I-V Characteristics of a such a cell in SET (On state) and RESET (Off state)
state; and (c) one layer of an integrated PCMS array. Reprinted with permission from D. C. Kau et al., IEDM Tech. Dig. 2009, 27.1. Copyright 2009 IEEE.
Personal use of this material is permitted. However, permission to reuse this material for any other purpose must be obtained from the IEEE.
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materials.®* Tt has been observed that various stimuli (mag-
netic, optical, and pressure) can activate MIT behavior.*°
Recently, electrically or thermoelectrically triggered MIT
devices have become attractive candidates as bidirectional
access devices for ReRAM application because of their sim-
ple metal/metal—insulator stack, high ON/OFF ratio, and fast
transition speed.

Vanadium dioxide VO, possesses a first-order metal—in-
sulator transition. Although its XRD pattern exhibits only a
single monoclinic phase, MIT behavior cannot be observed
in microscale VO, device—in such large devices, there are
invariably numerous leakage current paths through nonstoi-
chiometric oxide defects.®'®? In nanoscale devices, however,
as applied voltage is increased from O to 0.5 V, the current
suddenly increases at 0.35 V as the electrical property of
VO, changes from an insulating to a metallic state [Fig.
7(a)].8"%2 When the voltage is brought back down below 0.2
V, the current suddenly decreases as the VO, returns to its
initial insulating state. Nanoscale VO, devices show very
fast response (<20 ns) to an input voltage signal, and indi-
vidual devices show stable and uniform threshold and
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Fic. 7. (Color online) (a) I-V characteristics of a nanoscale vanadium diox-
ide device. (Inset) Left: I-V characteristics of microscale device, right: struc-
ture of nanoscale Pt/VO,/Pt device. (b) Distribution of V;, and V,,,;; over
100 successive switching cycles. Reprinted with permission from Son et al.,
IEEE Electron Device Lett. 32, 1579 (2011). Copyright 2011 IEEE.
Personal use of this material is permitted. However, permission to reuse this
material for any other purpose must be obtained from the IEEE.
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hold voltages over 100 successive
[Fig. 7(b)].3"82

While VO, exhibits excellent MIT characteristics at room
temperature, its transition temperature is too low (~67°C)
for practical device application at operating temperatures up
to 85°C. NbO,, however, offers a bulk transition tempera-
ture of 1081 K.*3 Recently, ultrathin NbO, film, intentionally
fabricated by reactive sputtering method and patterned to
nanoscale device area, has been investigated for access de-
vice applications.**® Similar to VO, devices, individual
NbO, MIT-based access devices exhibit well-behaved and
repeatable hysteretic I-V characteristics over 1000 switching
cycles (Fig. 8).%* Thermal simulations have shown that Joule
heating through the device causes the internal maximum
temperature to exceed 1100 K, triggering the metal—insulator
transition.®* Unlike devices using VO,, NbO,-based access
devices show excellent thermal stability up to 160 °C, suffi-
cient for reliable memory application.** However, the
threshold voltages are significantly larger and the hysteretic
window smaller than VO,, and the leakage current corre-
sponding to the half-select condition is still fairly high.

switching cycles
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Fic. 8. (Color online) (a) I-V characteristics of MIT behavior of Pt/NbO,/Pt
device. (b) Distribution of V,, and V,,;; during single-device cycling.
Reprinted with permission from S. Kim et al., Symp. VLSI Technol. 2012,
T18.3. Copyright 2012 IEEE. Personal use of this material is permitted.
However, permission to reuse this material for any other purpose must be
obtained from the IEEE.
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3. Threshold vacuum switch

Recently, a threshold vacuum switch (TVS) was proposed
as a bidirectional access device for 3D stackable crosspoint
arrays.86 The TVS stack consists of W/TiN bottom electrode,
TiN/vacuum top electrode with vacuum gap of ~1nm
(established by a SiN sacrificial layer), and WO, as a switch-
ing layer, prepared by electrochemical oxidation.

Volatile switching behavior with high current density
(>100MA/cm?) and high ON-OFF selectivity of >10°
between ON and OFF states was observed in individual devi-
ces upon application of modest (1.5 V) dc or pulsed bias.
The TVS ON state in the low voltage region corresponds to
direct tunneling, with the high voltage region limited by the
ohmic conduction WO, layer. The TVS OFF state is
described as the superposition of direct tunneling and nonlin-
ear conduction. Constant voltage stress tests with *2V
applied, resulting in high (100 MA/cm?) current density,
were made, suggesting an equivalent endurance of over of
>10® cycles using 100 ns programming pulses. However, it
is not clear how easily an array of devices with identical
ultranarrow vacuum gaps could be fabricated.

D. Oxide tunnel barrier

One attractive approach for achieving strongly nonlinear
I-V characteristics is to use a thin oxide or nitride layer as a
tunneling barrier. Such field-induced tunneling behavior is
the basis of programming in conventional NAND FLASH
memory,®” and allows currents to increase exponentially by
several orders of magnitude at both polarities via electron
tunneling behavior. Tunnel barriers can be formed by vari-
ous high-k materials (HfO,, SiO», ZrO,, and Ti0,)***" and
the field sensitivity enhanced by tunnel-barrier engineering
of multilayer oxides. According to how the dielectrics are
stacked, such engineered tunnel barriers are classified as
crested and variable oxide thickness (VARIOT)-type
barriers.”%%!

1. Single layer oxide-(nitride-)based access devices
(TiO» and SiN,)

By choosing electrode materials with suitable work-
functions relative to the oxide/nitride-based semiconductor
layers (TiO, or SiN,), Schottky barriers can be formed at
both interfaces (Fig. 9).”* At low bias, electron injection is
initially limited by one of the two barriers. When higher bias
is applied, band-bending leads to increased -current.
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F1G. 9. Schematic diagram of a tunnel barrier device composed of two back-
to-back Schottky barriers. Reprinted with permission from Kawahara et al.,
IEEE J. Solid-State Circuits 48, 178 (2013). Copyright 2013 IEEE. Personal
use of this material is permitted. However, permission to reuse this material
for any other purpose must be obtained from the IEEE.
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Symmetrical device structures lead to the symmetric I-V
curves needed for bipolar RRAM applications.

In devices composed of an ultrathin TiO, layer deposited
by atomic layer deposition (ALD) on a TiN bottom layer,
when a positive voltage is applied to the Pt top electrode,
electrons transfer from TiN layer to Pt layer.”® In this case,
current density is relatively high (15 kA/cm? at 2 V) because
of the small (~0.4 eV) Schottky barrier at the TiN/TiO,
interface.”®> The current density under negative bias is
smaller (1kA/cm? at —2 V) because the barrier at the Pt/
TiO, interface is larger. The Schottky barrier height and the
film thickness are both parameters that can increase the cur-
rent density exponentially. By changing the injection time of
oxidizer in the TiO,-ALD process, the ratio of lattice to non-
lattice oxygen can be controlled, leading to a change in the
number of oxygen vacancies and a modulation in the work-
function of TiO,.”* This allows the current density level of
access devices to be adjusted to match with the particular
ReRAM device of interest.

2. Multilayer oxide-based access devices

Another method for achieving a strongly nonlinear I-V
curve is tunnel-barrier engineering of a multilayer oxide
stack, in which the stacking of the tunnel dielectrics is opti-
mized to enhance the field sensitivity and thus strengthen the
nonlinearity in the I-V curve. The engineered tunnel barriers
can be classified as c:re:st<3d,89’90’94 in which the tunneling
barrier height is maximum in the middle and gradually
decreases toward the conducting electrode; and VARIOT-
type, where the central region has a lower bandgap than the
outer regions.” VARIOT-type stacking has been realized by
using simple thermal oxidation process on TaO,/TiO, stack
which resulted the formation of a Ta,Os tunneling barrier as
shown in Figs. 10(b) and 10(c).”1%¢

High current densities (>10MA/cm?) and a nearly sym-
metric [-V curve have been observed, together with a large
(~10% ON-OFF contrast [Fig. 10(a)]. In the low bias OFF
state, electron conduction is restricted by the higher total
thickness. When the bands bend at higher bias, current
increases exponentially under either polarity, by tunneling
through the extremely thin oxide layer. No disturbance was
observed under Vgzap and Vgzap/2 conditions out to 10
pulses of 100 ns width.”!

A scalable Cu-based conductive bridging RAM
(CBRAM) was directly integrated on top of such an access
device, using a via-hole structure [Fig. 11(a)].”! Figure 11(b)
shows the I-V characteristics of the 1S-1R combined device
pair. The presence of the access device suppresses the cur-
rent at the original Vzz4p/2 by a factor of 10°.

E. Mixed-ionic-electronic-conduction

Copper-containing MIEC materials®*’~'% have become
an intriguing choice as 3D-ready access devices for NVM.
MIEC materials can be processed at sub-400 °C temperatures
making them back-end-of-line (BEOL) friendly. MIEC-
based access devices offer large ON/OFF ratios (>107), high
voltage margin V,, (over which current <10 nA), and
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Fic. 10. (Color online) (a) Typical I-V switching characteristics of 15 cells
with 100 cycles, using engineered tunnel barriers (Pt/Ta,O5/TaO,/TiO,/Pt
stack); (b) X-ray photoelectron spectroscopy (XPS) spectra and (c) TEM
images after 30 min oxidation. In the top electrode interface region (A), the
main composition is Ta,Os, an insulator, and in the bulk region (B), subox-
ides such as TaO,. Reprinted with permission from Woo et al., Symp. VLSI
Technol. 2013, T12.4. Copyright 2013. The Japan Society of Applied
Physics.

ultralow leakage (<10 pA). In pulse-mode, the devices can
carry high current densities needed for PCM and fully bipo-
lar operation needed for high-performance RRAM.””®
MIEC materials contain a large amount of mobile copper
ions, which can move readily within devices made from
MIEC-materials. At low bias, Schottky barriers at the
MIEC-electrode interfaces are believed to strongly suppress
current flow, leading to the low leakage. As bias increases in
either direction, copper ions move toward the negatively bi-
ased electrode and vacancies toward the positively biased
electrode within the device, modulating the interfaces and
leading to an exponential increase in electronic current.
Although the current eventually saturates, extremely high
current densities have been observed [up to 50 MA/cm?
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FiG. 11. (Color online) (a) Cross-sectional TEM image of the selector inte-
grated with CB-RAM in the 250-nm via-hole structure and (b) the I-V char-
acteristics of CB-RAM and integrated 1S-1R device. Reprinted with
permission from Woo et al., Symp. VLSI Technol. 2013, T12.4. Copyright
2013 IEEE. Personal use of this material is permitted. However, permission
to reuse this material for any other purpose must be obtained from the
IEEE.).

(Ref. 97)]. Although higher drive currents have been
observed to sharply reduce cycling endurance, ~10® cycles
have been demonstrated at ~150 pA.°® No sudden break-
down has been observed, but practical maximum operating
voltages are constrained by rapid endurance failure as cur-
rents increase above ~150 uA.%®

An integration scheme has been developed for large scale
manufacture of MIEC-based access devices and demon-
strated on 8 in. wafers. Major steps in the scheme involve
deposition of Cu-containing MIEC materials onto patterned
vias followed by an optimized CMP process;”® the vias are
finally capped with a patterned nonionizable top electrode.
The devices can then be tested either using a probe-tester or
using conductive atomic force microscopy (C-AFM). With
C-AFM methodology, MIEC devices fabricated in a short-
loop with minimal wiring, yet the three critical elements of
the basic device structure can be evaluated: the bottom elec-
trode, the MIEC-based material deposited and polished in a
confined via, and a patterned top electrode. C-AFM testing
has validated single-target deposition and revealed a wide
processing temperature window (up to 500°C) for these
MIEC-based access devices.”® Although these access

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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devices themselves do not need high processing tempera-
tures, MIEC-based access devices would not be adversely
affected if a cointegrated RRAM or other NVM were to
require such processing conditions.

In order to test large numbers of MIEC-based access devi-
ces, bidirectional array diagnostic monitor arrays of up to
512 x 1024 integrated MIEC access devices were tested
using integrated 1-bit sense-amplifiers and a fast electrical
tester (Magnum 2EV).2® Cumulative distribution functions
(CDFs) of the bitline voltage V; needed to produce various
device currents I, show tightly distributed array I-V charac-
teristics [Fig. 12(a)]. All 524288 MIEC devices—100%—
had V,,> 1.1 V, and 99.955% of access devices fell within
*150 mV of the median voltage margin V,,=1.36 V at
10nA [Fig. 12(c)].?®

C-AFM studies were used to explore scaling of MIEC-
based access devices in both vertical and lateral dimensions.
As MIEC-based access devices become thinner (at nominally
similar lateral dimensions), the voltage margin remained
mostly unchanged until the minimum gap between electrodes,
doins Teaches ~11-12 nm.”” When the lateral dimension is
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Fic. 12. (Color online) CDFs across bitline voltage Vg, at various device
currents /, (a) show array level I-V results with tight distributions across a
512 x 1024 array of integrated MIEC access devices Ref. 28. (b) Within this
same 512 x 1024 array, there were no leaky devices; 100% of the array
showed V,,> 1.1 V, while 99.955% of MIEC access devices had voltage
margins V,, at 10 nA within £150mV of the median of 1.36 V. Reprinted
with permission from Burr ef al., Symp. VLSI Technol. 2012, T5.4.
Copyright 2012 IEEE. Personal use of this material is permitted. However,
permission to reuse this material for any other purpose must be obtained
from the IEEE.
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also made small, leading to highly scaled vias, these MIEC-
based devices show both high yield and high voltage mar-
gin.”? In order to enable pulse testing of ultrascaled vias, a
bottom contact was fabricated a few micrometers away from
the devices. Despite their small size, these MIEC access devi-
ces can still rapidly drive the large currents needed for NVM
switching [Fig. 13(a)]. Voltage margin V,, (at 10 nA)
improves markedly as devices are scaled in lateral size.
Aggressively scaled MIEC access devices retain all requisite
characteristics, including low leakage (<10pA) and the large
voltage margins (V,, > 1.50V) needed for large arrays, even
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Fic. 13. (Color online) (a) In addition to high yield, scaled short-loop MIEC
access devices (Ref. 99) exhibit the same >10" ON-OFF contrast, <50 ns
turn-ON times (test-setup-limited), and low leakage shown in larger devices
(Refs. 28 and 98). Aggressively scaled short-loop MIEC access devices,
with (b) both TEC and BEC <30 nm, also show (c) large voltage margins
and low leakage. Reprinted with permission from Virwani et al., IEDM
Tech. Dig. 2012, 2.7. Copyright 2012 IEEE. Personal use of this material is
permitted. However, permission to reuse this material for any other purpose
must be obtained from the IEEE.
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with both top and bottom critical dimensions (CDs) <30nm
[Figs. 13(b) and 13(c)]. Unlike thickness scaling, where leak-
age increases sharply below d,;,;;, ~ 11nm, no lower limit to
CD scaling has yet been identified.”

To demonstrate access characteristics of MIEC devices,
an integration scheme whereby MIEC access devices were
fabricated immediately above small (CD~35nm) PCM
devices to form PCM + MIEC device pairs was successfully
achieved. Figure 14 demonstrates that PCM + MIEC device
pairs show endurance in excess of 100000 cycles, despite
the repeated application of RESET pulses >200 ptA and 5 us
long SET pulses at ~90 uA.*® This pairing also allowed
demonstration of NVM write speed capabilities using an
MIEC-based access device to rapidly RESET a cointegrated
PCM device. After each 15 ns RESET pulse at varying am-
plitude, a long SET pulse recrystallized the doped-
Ge,Sb,Tes PCM material. After each RESET and SET
pulse, bipolar DC IV curves [Fig. 15(a)] showed the
expected change in the PCM resistance above the same low-
leakage characteristics of the MIEC access device.”® The
application of shaped pulses or a transient “overvoltage”
read readily allows MIEC access devices to support
~5-10 uA NVM reads in <50 ns.”*'%

In the context of a large crosspoint array, MIEC-based
devices must rapidly change their role depending on whether
their cell is in the unselected, selected-for-read, selected-for-
write, or half-selected state. It has been shown that the low
leakage offered by MIEC-based access devices representing
the unselected state can be held for hours [Fig. 15(b)], while
higher half-selected leakage can be sustained for at least a
few seconds, more than long enough for millions of succes-
sive 1 ps reads to the same bitline.'*

Despite relying upon Cu-ion motion to achieve their
highly nonlinear characteristics, MIEC-based access devices
can return rapidly to low leakage after leaving either the
selected-for-read or selected-for-write states.'® The leakage
recovery after write (30—50 pA) operations requires ~1 us

040802-15

spent at zero voltage bias, while postread (3—6 uA) recovery
is even faster. Recovery can be accelerated by application of
opposite polarity rather than just zero voltage bias. Read
operations can be sub-50 ns, fast enough for use with
MRAM [Fig. 15()]'® using transient “overvoltage”
schemes. However, application of large overvoltages can be
problematic within large arrays because of the presence of
large capacitances. Fortunately, thickness scaling allows thin
MIEC access devices to offer similar speeds while requiring
only modest overvoltages, reducing the possibility of read
disturb.'®

MIEC-based access devices are well-suited for both the
scaled CDs and thicknesses of advanced technology nodes
and for the fast read and write speeds of emerging NVM
devices. Future improvements would include a better quanti-
tative understanding of the interaction between the mobile
Cu-ion dopants and the resulting electronic current,'"!
improvements in endurance at high current [currently ~10®
cycles at 150 pA (Ref. 98)], verification of high endurance
in scaled devices at both high and low operating tempera-
tures, and increases in the voltage margin so as to enable
large arrays for NVM devices requiring >1.5V switching
voltages.

V. SELF-SELECTED RESISTIVE MEMORY

Any memory device whose IV characteristics are highly
nonlinear in all resistance states can be implicitly “self-
selective,” thus obviating the need for an explicit access
device. Such inherent device IV characteristics may suffi-
ciently reduce sneak path leakage currents, leading to
acceptable read margin and sufficiently low excess power
dissipation in nonselected devices during write.

A number of attractive device configurations have been
integrated to realize self-selected resistive memory. As an
example, in a complementary resistive switch (CRS), two
bipolar RRAM cells (preferably with symmetric set/reset
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FiG. 14. (Color online) Endurance of an integrated PCM + MIEC device-pair to >100k cycles, with RESET currents >200 pA and 5 us-long SET pulses
(~90 uA). No access device degradation or PCM failure had occurred at the time testing was terminated. Reprinted with permission from Burr et al., Symp.
VLSI Technol. 2012, T5.4. Copyright 2012 IEEE. Personal use of this material is permitted. However, permission to reuse this material for any other purpose

must be obtained from the IEEE.
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Reprinted with permission from Burr ez al., Symp. VLSI Technol. 2013, T6.4. Copyright 2013 The Japan Society of Applied Physics.

voltages) are stacked back to back with one common elec-
trode. Another example is a hybrid RRAM cell, wherein
built-in access device functionality is integrated in a single
cell structure using one of the standalone access device mech-
anisms already discussed. In a nonlinear RRAM cell, addi-
tional nonlinearity is introduced into the LRS by inserting
barrier layers at the electrode/switching material interface to
reduce the leakage current. The desired outcome in each of
these approaches is access device functionality with a simpli-
fied fabrication process and smaller cell size and/or thickness.

A. Complementary resistive switch

The CRS proposed by Linn ez al.'® consists of two antise-
rially connected bipolar resistive switches, as illustrated in
Fig. 16. In this first manifestation, each resistive switching
element was a conductive bridging memory (CBRAM) with
an oxidizable (Cu) electrode and a solid electrolyte (such as
GeSe). A positive voltage on the TE forms a filament in the
bottom element and dissolves any filament in the top element.

The four possible combinations of HRS (or no filament)
and LRS (or copper filament) are summarized in Fig.
16(g).'%% After initialization of the original HRS/HRS state,

J. Vac. Sci. Technol. B, Vol. 32, No. 4, Jul/Aug 2014

HRS/LRS can be defined as the state “0,” and LRS/HRS as
the state “1.” The fourth state, LRS/LRS, is the “ON” state
of the CRS cell obtained during the reading operation. Sneak
current is suppressed by the presence of at least one HRS
state in both stored data states.

However, the read operation of the CRS cell is destructive
for the memory state of “1” (LRS/HRS), because a positive
read voltage greater than V,,; [Fig. 16(f)] triggers the fila-
ment in the bottom cell and places the CRS into the LRS/
LRS or “ON” state. Since a measurable current is detected,
the “1” memory state can be detected. After the read opera-
tion, a write-back process is required to return the device
stack from the “ON” state back to memory state “1.” This
increases the complexity of the peripheral circuit design, and
the extra power and time associated with the write-back
operation significantly increases read power and degrades
read bandwidth.

When the cell stores “0” (HRS/LRS), a positive readout
voltage has no effect on the bottom cell, leading to low read
current and no need for write-back. One challenge for empir-
ical CRS device-pairs is attaining symmetric set and reset
voltages in the two devices, lest the “ON” state become
unstable.'*'°*1%® By using an external series resistor,
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threshold voltages can be shifted to help obtain a stable
“ON” state,"*'? allowing the CRS concept to be applied to
any bipolar resistive switching material, irrespective of the
symmetry in set/reset voltages.'> However, the use of exter-
nal resistors further increases write power.

Rosezin et al. successfully demonstrated the vertical inte-
gration of CRS cells based on Cu/SiO,/Pt bipolar switches
for passive crosspoint array applications with an OFF/ON re-
sistance ratio of >1500 and switching speed of <120 us.'**
Yu et al. have identified suitable pulse widths and pulse
amplitudes for CRS devices based on Ag/GeSe elements."
In order to get similar read/write windows over a wide time-
scale, it is best that the set/reset switching dynamics of the
two individual elements be the same, because the speed of
the aggregate CRS device will be limited to the speed of the
slowest switching process. A CRS device formed by antiseri-
ally connecting two RRAM elements with Pt/ZrO,/HfO./Pt
structure in a crosspoint structure was reported by Lee
et al.'® In this demonstration, each ReRAM exhibited typical
linear ON-current characteristics, yet acted as an access de-
vice for RESET-read-selection cycling of the other device.

Lee et al. reported a CRS device fabricated by connecting
two Pt/Ta,0s_,/ TaO,_,/Pt cells antiserially via external con-
tacts as shown in Fig. 17.'% Interestingly, the individual
resistive memory cell in the mentioned stack had asymmetric
I-V behavior [Figs. 17(a) and 17(b)] with the Schottky bar-
rier at the Pt/Ta,O5_, interface helping to suppress leakage
current for voltages between —0.7 and +0.7 V [Figs. 17(c)
and 17(d)] by either being reverse biased [label (b) at far
right side of Fig. 17(c)], or being below the threshold voltage
of forward bias [label (a) at far right side of Fig. 17(c)].

In contrast to these CRS devices which require complex
stacking of metal-oxide/metal layers, Nardi er al. recently
demonstrated that CRS behavior can also be exhibited in
single-layer nonpolar-RRAM devices,'”” by selectively
severing the filament of oxygen vacancies either at the top or
bottom interface. Then, instead of two separate devices each
with its own filament, a single layer device either contains a
filament severed at the top or at the bottom. This behavior
was empirically observed (Fig. 18) in an oxide-RRAM de-
vice in simple TiN/HfO,/TiN structure with 5 nm thick HfO,
active layer.'”” In these devices, bipolar switching, CRS
behavior, and unipolar switching could each be obtained by
careful sequencing of switching operations and current com-
pliance.lo7 However, the current levels at which CRS behav-
ior is obtained are fairly high, nor is it clear how the voltage
and current conditions for CRS behavior might vary across a
large array of such devices.

Yang et al. have reported CRS behavior in a tantalum ox-
ide based single stack RRAM device,mg’109 attributed to the
redistribution of oxygen vacancies in the tantalum oxide
layers. As with the HfO, work, systematic adjustment of the
component materials and stoichiometries allows different
switching behaviors—including unipolar, bipolar, and com-
plementary switching (CS)—to be obtained in bilayer (Pd/
Ta,0s_,/TaO,/Pd) and trilayer stacks (Pd/Ta,Os_,/Ta0O,/
TaO./Pd).'” In another study, CRS properties with low
operating voltages (~1V) were reported in Pt/TiO,_,/
TiN,O,/TiN by Tang et al.''® One-step plasma oxidation of
TiN film was used to partly oxidize the TiN bottom elec-
trode, creating an oxygen reservoir layer of TiN,O,. The
CRS behavior is attributed to redistribution of oxygen
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Fic. 17. (Color online) (a) Operation and schematic representation of a single resistive memory device. (b) A single reversed memory device. (c) A merged, anti-
serially connected device with a floating middle Pt electrode. Operation of the antiserial device shows the required switching region in between —0.7 and +0.7 V
(gray region), which inhibits switching. Reprinted with permission from Lee et al., Nat. Mater. 10, 625 (2011). Copyright 2011 Macmillan Publishers Ltd.

vacancies between the Pt/TiO,_, top interface and the
TiO,_,/TiN,O, bottom interface.

B. Hybrid RRAM-access devices
1. Hybrid devices using MIT

A hybrid memory is one in which a single device exhibits
both memory as well as an access device properties. For
instance, a combined metal—insulator transition and memory
device was achieved by controlling oxygen concentration in
a vanadium oxide film.*®> While stoichiometric VO, film
exhibited typical MIT behavior with selection properties,
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Fic. 18. (Color online) Measured I-V curves for symmetric RRAM, demon-
strating CS in single stack nonpolar RRAM. Reprinted with permission
from Nardi et al., IEDM Tech. Dig. 2011, 31.1. Copyright 2011 IEEE.
Personal use of this material is permitted. However, permission to reuse this
material for any other purpose must be obtained from the IEEE.
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and a nonstoichiometric V,05_, film showed typical resistive
memory switching behavior, vanadium oxide film with vari-
ous intermediate oxygen content showed hybrid characteris-
tics. Coexistence of multiple phases of vanadium oxide at
the electrode interface region was observed by x-ray photo-
electron spectroscopy (XPS).»

Similar to vanadium oxide but offering a significantly
higher transition temperature, niobium oxide can exhibit
both memory and access device properties for intermediate
oxygen concentrations (Fig. 19).** In TEM and energy-
dispersive X-ray spectroscopy (EDX) analysis, a 10 nm thick
NbO, layer is clearly observed. To confirm the high tempera-
ture stability of the hybrid memory device, DC measurement
at 125°C was implemented, showing uniform memory and
access device characteristics even at high temperature
conditions.®*

2. Hybrid devices using tunnel diodes

A scalable transistorless crosspoint technology was dem-
onstrated by Meyer et al. by combining a novel oxide mem-
ory element and a cointegrated nonlinear tunnel diode.''’
The basic memory cell stack includes Pt as top and bottom
electrodes, a thick (25 nm) crystalline perovskite conductive
metal oxide (CMO) as the nonfilamentary switching layer,
and a crystalline, high-quality dielectric tunnel oxide with
the thickness of about 2-3 nm. Good crystallinity of both
CMO and tunnel oxide are crucial in order to get desired
memory and access device characteristics. Four layers of
memory cells stacked in the BEOL above the silicon have
been demonstrated in a 0.13 um 64 Mb test chip.''> BEOL
integration is possible because the sputter deposition of both
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FiG. 19. (Color online) (a) I-V characteristics, (b) cross-section TEM image and (c) EDX line profile of hybrid (W/NbO,/Pt) memory device. Reprinted with
permission from S. Kim et al., Symp. VLSI Technol. 2012, T18.3. Copyright 2012 IEEE. Personal use of this material is permitted. However, permission to

reuse this material for any other purpose must be obtained from the IEEE.

CMO and tunnel oxide materials can be performed at tem-
peratures from 380 to 450 °C.'!!

The I-V curves of the aggregate memory device can be
tuned by varying the tunnel oxide thickness, and fit well to
a trap-assisted tunneling mechanism.'"' When positive
voltage is applied to the top electrode (TE), the oxygen ions
migrate toward it and excess negative charge accumulates
in the tunnel oxide, which repels the tunneling electrons.
As a result, barrier height increases, tunneling current
decreases, and the measured device resistance increases
[lower curves in Fig. 20(a)]. Conversely, negative voltage
on TE forces the oxygen ions to move out of the tunnel ox-
ide into the conductive metal oxide. Consequently, the tun-
neling current increases due to reduction in the effective
barrier height, which leads to the low resistance state. The
excellent scaling of initial, programmed and erased states
with area [Fig. 20(b)] indicates the nonfilamentary switch-
ing mechanism.

No forming is required to obtain this resistive switching
behavior. As both the resistance states are retained after
program and erase operations, the memory device is nonvo-
latile with typical resistance ratio of ~10. A cycling endur-
ance of >10° cycles with typical operation voltage of +3 V
and 10 us pulse was obtained.'!" Since half-select leakage
currents are fairly large, an asymmetric array favoring long
wordlines and short bitlines is used.''*''* The readout
scheme is timed carefully to sense the device state before
the steadily increasing leakage from half-selected lines
overwhelms the signal.''? Since read currents are fairly
low, readout is slow; however, incorporation of local gain
stageslzllglows the read to occur in 5 us (Ref. 114) instead of
50 us.

C. Nonlinear RRAM

Another alternative for suppressing sneak-path leakage is
to introduce a strong nonlinearity in the switching I-V curve
of the memory element, by inserting a thin layer which acts
as tunnel-barrier. Various types of nonlinear characteristics
in RRAM device have been reported,''>'?? including a
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FiG. 20. (a) High field DC programming. Reprinted with permission from
Chevallier et al., Proceedings of ISSCC (2010), p. 14.3. Copyright 2010
IEEE. (b) Area scaling of initial, program and erase state. Reprinted with
permission from Meyer et al., Proceedings of NVMTS, 2008. Copyright
2008 IEEE. Personal use of this material is permitted. However, permis-
sion to reuse this material for any other purpose must be obtained from the
IEEE.
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2 Mb RRAM crosspoint array fabricated with 54 nm tech-
nology without access devices.'?!

Switching, which occurs at or near a TiO,/Ta,05 inter-
face, can be attributed to either charge trapping/detrapping
(type I switching, requiring high voltages) or oxygen va-
cancy migration (type II switching, requiring high switching
currents). It has been reported that type II devices show bet-
ter switching characteristics with higher switching speed
(<10 ns), smaller operation voltage (<4 V), and better reten-
tion characteristics (>20 h at 150 °C).'*!

To achieve larger array size, low reset current (<3 pA)
and high nonlinearity (>>30) are needed, depending on
driver capability.'*! Further improvement in I-V curves can
be obtained either by using different spacer materials or by
changing the Ti/O ratio. Park et al. have reported a nonlinear
RRAM cell with ultralow operating current of <1 yA by en-
gineering the switching oxide and by inserting thin barrier
layers between oxide and electrodes. Such cells have been
shown to switch with 1 gA current compliance and exhibit
nonlinearities up to 17 [Fig. 21(c)].'*

These two barrier layers have different roles in switching.
In the bottom barrier, direct tunneling is dominant in the low
voltage regime but Fowler—Nordheim tunneling takes place
in the high voltage regime, leading to high nonlinearity in
the LRS.'** The top barrier provides self-current compli-
ance, improving pulse endurance by suppressing current
overshoot but also offering a wider operation margin for low
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current switching.'?* The overall conduction mechanism in
LRS is Poole-Frenkel emission with tunneling through bar-
rier layers shown in Figs. 21(a) and 21(b). Such devices can
be switched between LRS and HRS states for >10" cycles
with 1 us pulses, while maintaining a resistance ratio of
~10? and showing very little degradation in switching char-
acteristics. As with conventional RRAM, multiple different
LRS resistance levels can be obtained for MLC operation by
controlling the current compliance.

The dependence of nonlinearity on the current compli-
ance and thickness of the switching material was investi-
gated by Lentz et al.'*® The device had a TiN/TiO,/Ti/Pt
stack with two different TiO, thicknesses, 5 and 25 nm. For
the thicker sample, the highest nonlinearity (of 7.4x) was
achieved at the lowest Forming/SET currents, because as
SET current increases, the thicker filament exhibits a more
ohmic behavior. For the thinner (5 nm) sample, a higher non-
linearity (of 30x) was measured.'?

Yang et al. successfully demonstrated a nonlinearity of
~100 in TaO, based devices by engineering the interface
between TaO, and TiO, . in a Pt/TaO,/TiO, /Pt stack.'>*
They found that the Pt/TaO, interface was responsible for
the resistive switching, while the oxide heterojunction of
TaO,/TiO,_, with Schottky-like metal/semiconductor con-
tact produced the nonlinearity. The operation of this device
is attributed to electrothermal effects, and a new oxide phase
is formed in the conducting channel where local
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Fic. 21. (Color online) (a) Schematic of vertical RRAM structure. Thin barrier layer is inserted between TMO and electrode at both side. (b) X-TEM image
ReRAM cell. (c) I-V curve of low current cell switching set current of ~1 puA with nonlinear I-V characteristic. Reprinted with permission from Park et al.,
IEDM Tech. Dig. 2012, 20.8. Copyright 2012 IEEE. Personal use of this material is permitted. However, permission to reuse this material for any other pur-

pose must be obtained from the IEEE.
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temperatures are higher because of Joule heating, leading to
a negative differential resistance effect.

VI. CONCLUSION

In this review, we have seen that successful operation of
large crosspoint arrays of ‘“state-holding” memory devices
requires the presence of strong nonlinearity at every cross-
point in order to achieve low-power programming and reli-
able memory readout. Any discrete access device explicitly
added to provide this nonlinearity should offer a large ON-
OFF ratio, from ultralow OFF leakage used when cells are in
the half- and unselected states, to ultrahigh ON current den-
sities for rapid switching of selected memory devices.
Alternatively, this strong nonlinearity can be realized by the
memory device itself. Fig. 22 shows a qualitative assessment
of various stand-alone access devices. As discussed in the
text and in Ref. 25, quantitative stand-alone assessment of
devices is greatly complicated by the fact that the voltages at
which the access device must deliver a high ON-OFF current
contrast depend on the particular choice of NVM with which
the access device is to be paired. For this reason, no quanti-
tative table is shown in this paper.

After decades of research and development, Si-based
access devices are very well understood. Three-terminal sili-
con devices are difficult to implement in a 4F* footprint,
while two-terminal devices based on single-crystal silicon
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(such as p-n diodes) preclude 3D multilayer stacking.
Polysilicon devices can be stacked, but high ON-state cur-
rent density can generally be achieved only with high
(>400 °C) fabrication temperatures.

Access devices based on oxide PN junctions or on
metal-oxide Schottky barriers offer both relative ease of
integration and low (<400°C) processing temperatures.
However, the ON-state current density of both oxide PN
junctions and metal-oxide Schottky barriers is several
orders of magnitude smaller than what is required for oper-
ation with most resistive memory elements. In addition to
current density limitations, both the Si rectifiers and the ox-
ide PN junction diodes support only unipolar operation, and
would not work with bipolar memory elements. However,
it is possible to get bidirectional operation in metal-oxide-
metal Schottky barrier devices by appropriate choice of
metal electrodes.

Threshold switches constitute another category of poten-
tial access devices for nonvolatile memory devices. OTS
devices, MIT-based devices, and the TVS are three potential
candidates. OTS devices have been shown with good switch-
ing performance and in large arrays, but require complex
materials and improvements in switching endurance and
leakage current before being commercially viable. It is also
not yet clear what range of NVM switching voltages and
state resistances OTS or other threshold access devices
might be able to support.

Selector Selectivity | Bidirectional

JON

Vertical Si
transistor

Si PN diode

Si Punchthrough
diode

Oxide PN diode

Oxide/nitride
Schottky barriers

3D Other challenges/questions/observations

Additional process complexity.

Poly-Si pn diode may be suitable for 3D
unipolar NVM.

Scalability.

Relatively easy to integrate.

Varistor-type
Bidirectional
Switch (multilayer
oxide barrier)

Unknown inter-device yield/variability;
voltage margin for higher voltage NVM; Pt
electrode processing; write endurance.

Chalcogenide
threshold switch

Control of threshold voltage and its
variability.

Insulator-metal
transition switch

Transition temperature needs to be much
higher than chip operating temperature.

Threshold
Vacuum Switch

Unknown yield/variability; speed;
manufacturability; effect of high-current
pulse cycling on off-current.

MIEC selector

Voltage margin for higher voltage NVM.

FiG. 22. (Color online) Comparison table for stand-alone access devices (selectors). For Joy, yellow (light gray) indicates the capability for passing maximum
possible current densities >MA/cm?, green (medium gray) is ~10 MA/cm?, and red (dark gray) marks devices incapable of current densities beyond MA/cm?.
The Selectivity column describes the largest demonstrated ON-OFF ratio, with yellow (light gray) indicating >10* and green (medium gray) >10°. By defini-
tion, the ON-OFF ratio available at a particular half-select voltage cannot be higher than this, and in general will be lower depending on selector threshold
voltage, subthreshold slope, and the switching voltage of the companion NVM device. For 3-D integration, the criteria for yellow (light gray) is a nonstandard
(higher temperature) BEOL process, while green (medium gray) indicates full 400 °C BEOL compatibility.
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In contrast, MIT and TVS switches have been demon-
strated only at the few-device level, both individually and in
series with prototype NVM devices. While MIT devices
using materials such as NbO, with acceptably high threshold
temperatures have been demonstrated, it will be important to
further reduce the half-select and unselect leakage currents,
which may be difficult given the narrow bandgaps of these
materials. Also, higher threshold temperatures implies that
added electrothermal power is being used to trigger the MIT
behavior, which could potentially increase the overall power
required for NVM switching. The TVS device is interesting,
but it will be critical to demonstrate that sufficiently identical
vacuum gaps, leading to tightly distributed electrical switch-
ing characteristics, can be demonstrated at high yield over
large arrays of TVS access devices.

Oxide tunnel barriers offer steeply nonlinear curves, and
have attained success in combination with various memories
including CB-RAM and nonfilamentary CMO. However, it
is extremely important that the switching voltages of the
NVM remain low so that the half-select leakage—as eval-
uated at half the applied voltage across both memory and
access device, as well as across any extra bias dissipated in
the wiring—can still be low.

BEOL-friendly access devices based on copper-containing
MIEC materials offer large currents (>100 ptA), bipolar oper-
ation, and ultralow leakage (<10pA). Cointegration with
PCM, integration in large (512 kbit) arrays with 100% yield
and tight distributions, fast transient operation, long-term per-
sistence of the required low-leakage, and scalability to aggres-
sive technology nodes have all been demonstrated. However,
larger voltage margin than the V,, ~ 1.6 V achieved to date
will be required, if MIEC access devices are to be used with
NVM devices with switching voltages larger than ~1.3 V.

Methods for adding access device functionality to nonvo-
latile memory include the CRS, hybrid devices in which
access device functionality is incorporated together with the
memory functionality, and nonlinear RRAM, in which bar-
rier layers introduce nonlinearity to help reduce leakage cur-
rent. Although a CRS device can significantly reduce sneak-
path currents, destructive readout with subsequent write-
back is required. In addition, each CRS device must either
be fabricated from a stack of two well-behaved and symmet-
ric memory elements, or a single RRAM layer with very pre-
cise control over operating voltages. A particularly
important step will be the demonstration of reliable CRS
operation at the low switching currents (20-50 pA) required
for implementation in the narrow-pitch wiring of advanced
technology nodes."

Another aspect of self-selected memories is the difficulty
in independently tuning access device and memory function-
ality. This is more of an issue in hybrid devices using
metal-insulator transitions or using tunnel barriers, which
participate in the motion of oxygen ions, since the select
function is nearly inseparable from the memory function.
While nonlinearity can be tuned by increasing the thickness
of an added tunnel barrier, the maximum nonlinearities
achieved so far are well below the large (10°-107) values
needed for large (1000 x 1000) subarrays.

J. Vac. Sci. Technol. B, Vol. 32, No. 4, Jul/Aug 2014
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Most of the exciting applications for emerging nonvola-
tile memory technologies require that these devices are
packed densely in vast arrays offering many gigabytes if not
terabytes of solid-state storage. To reach this goal, the devel-
opment of robust access device technologies—either as an
explicit second device offering large nonlinearities, or as the
engineering of an implicit strong nonlinearity into the state-
bearing memory device—will likely be an important, if not
critical, contributor.
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