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Abstract— In this article, the development history and
the technical hurdles of phase-change memory (PCM) are
reviewed and recent progress and future directions are
discussed. Prospects of PCM for storage-class memory
(SCM) are discussed in terms of the technical challenges to
satisfy the market requirements, mainly for the performance
and cost effectiveness. For a more in-depth discussion,
PCM is segmented into the memory part, the access device
part, and the sensing scheme part. In the memory part,
Set (crystallization)–Reset (amorphization) write character-
istics and thermal disturbance (TDB) will be reinterpreted
in terms of power consumption and performance of SCM.
In the access device part, the application history of various
devices, such as the transistor, the diode, and the two-
terminal selector, will be reviewed and explained based on
the process integration issues and area efficiency. In the
next part, various sensing schemes used to make a lower
read latency, multilevel cell (MLC), and cross point (X-point)
are summarized. Thereafter, future directions and possible
evolution pathways of 3-D structures, including X-point and
vertical X-point (VXP), will be discussed for the first time.
Finally, the feasibility of PCM for neuromorphic application
will be followed.

Index Terms— Cross-point (X-point) memory, neuromor-
phic device, phase-change memory (PCM), reset current,
resistive random access memory, scaling limit,
storage-class memory (SCM), synaptic device, thermal
disturbance (TDB).

I. INTRODUCTION

PHASE-CHANGE memory (PCM) has been one of the
most promising future memory devices for a long time,

along with RRAM, STT-MRAM, and ferroelectric random
access memory (FeRAM) [1]. Strictly speaking, PCM is
not a future memory but a prototype memory, since it has
been produced by a couple of companies, such as Numonyx
(now Micron) and Samsung [2], [3]. As a nonvolatile memory
(NVM) with low latency and decent reliability, PCM has
attracted people’s attention as a new potential solution for
memory systems, as it is different from the other memory
solutions, such as DRAM and NAND Flash memory. The
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Fig. 1. (a) Suggested position of SCM (X-point PCM) in the market,
compared with DRAM and 3-D NAND in terms of access latency and
normalized cost (i.e., cost per bit) [7]. (b) Position of SCM in the memory
hierarchy based on the access latency [7]. (c) Cost per bit of X-point PCM
by lateral scaling and vertical stack-up; assuming that all core circuits
are packed under the cell area that is for minimum areal overhead and
maximum die per wafer [7].

competitiveness of PCM as a memory solution has been
further improved with the downscaling of cell size, because it
enabled the reduction of Reset current (IReset) and resulted
in less power consumption. Furthermore, the evolution of
access devices from large transistors to the vertical diode
was a huge breakthrough in reducing the overhead area of
core circuits for cell operation, which consequently strengthens
the competitiveness of PCM by increasing the cost effective-
ness or decreasing process cost per bit [4].

Therefore, the goal of the first-generation PCM was to
improve overall performances and cost effectiveness to com-
pete with DRAM: latency for read and write, cyclic write
endurance, retention, and so on. Some reports showed very
promising results; for example, various reports showed a read
latency of 120 ns, a write latency of 150 ns [5], and a write
cyclic endurance of more than 1E9 [6]. However, in spite of
such great advantages, PCM was not so successful in settling
down in the memory market, as DRAM and NAND Flash
have also continued to evolve. It seems difficult to catch up
with DRAM’s performance and NAND’s cost effectiveness,
especially 3-D NAND Flash (3-D NAND).

However, with the advent of the memory-centric computing
era, the necessity of storage-class memory (SCM) has been
on the rise [7], since it can fill the performance gap between
DRAM and 3-D NAND. Fig. 1(a) shows the SCM’s relative
position compared with DRAM and 3-D NAND in terms of
access latency and cost effectiveness, and Fig. 1(b) shows the
position of SCM in the memory hierarchy.
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The position of SCM should be located between DRAM
and 3-D NAND, particularly in the lower yellow triangle
in Fig. 1(a). This signifies that SCM should be cheaper than
DRAM and faster than 3-D NAND. Moving toward the bottom-
left region of the yellow triangle will further guarantee the
success of the SCM in the memory market. In order for this
to happen, the read latency and cost effectiveness of PCM need
to be improved further to play a role as an SCM. However,
simple downscaling of the conventional PCM cannot achieve
these improvements.

Cross-point (X-point) PCM has emerged as a solution for
these issues, since it has not only an ultimate areal density
of 4F2 and 3-D stackability for superior cost effectiveness
but also a low read latency. The ideal 4F2 architecture and
low read latency were possible because of the development
of a two-terminal selector, simply referred to as “selector”
hereafter. We will further explain this in Sections II-C, III-B,
and III-E. The 3-D stackability was possible due to the
development of the material technology of both the amorphous
material (selector) and the polycrystalline material (memory).
Normally, conventional silicon devices, such as MOSFET and
p-n diode, should be made on single crystal silicon; however,
large area single crystal silicon cannot be grown on the
amorphous oxide. The stackability driven cost effectiveness is
shown in Fig. 1(c), assuming that all core circuits are packed
under the cell area for minimum areal overhead. The cost
effectiveness can be increased by adding more stacks, despite
the increased total number of process steps. The calculation
for cost effectiveness considered all costs of processes, such
as pitch double, pitch quadruple, and ArF-i photo. In spite of
these huge benefits, only a few research reports were made
on the technology of X-point PCM [8], [9] and no report was
made for the future direction of the technology.

In this article, we will make a review of the over-
all technology of PCM from the conventional type to the
X-point type for SCM application. For the conventional PCM,
the basic theories, device operations, and characteristics of
materials are well documented along with the issues and
hurdles, which have been discussed extensively [10]–[12].
On the other hand, only a few reports on X-point PCM have
been published [8], [9]. Therefore, we will summarize and
reinterpret the previous experimental results and theories of
conventional PCM for a better understanding of X-point PCM.
We will focus more on the practical issues and solutions
for SCM, rather than having deep theoretical discussions for
each part. In each section and part, a change of technical
direction will be suggested to satisfy the requirements of SCM.
In Section III, more content of this article will be spared for
the introduction of X-point PCM.

In Section II, starting with a quick review of the history
of PCM, there will be a technical discussion for each of
its components: the history of the PCM part, the mem-
ory element part, the access device part, and the sensing
scheme part. In Section II-A, the different device gener-
ations throughout the evolution of PCM will be briefly
introduced, mainly for the technode, the integrated struc-
ture, and the access device. In Section II-B, there will be
a thorough analysis/explanation on the Reset–Set write and

thermal disturbance (TDB). In Section II-C, the evolution
of the access device from the transistor and diode to the
selector for X-point memory will be discussed in the con-
text of the architectural change of PCM. In Section II-D,
the sensing schemes of PCM will be explained regarding
the latency, drift, and disturbance of PCM, including
X-point PCM. In Section III, the basic key technologies on
X-point PCM will be described for the first time. The basic
operation theory, requirements for the phase change material
(PM) and selector, and the issues of process integration will
be discussed. The key issues regarding the reliability of
X-point characteristics are also included. As a future direction
for PCM, vertical X-point (VXP) PCM is also proposed.
In Section IV, we will briefly touch on the possibility of PCM
for neuromorphic application. The feasibility will be compared
with the previous devices in terms of basic cell characteristics.

II. TECHNICAL REVIEW ON EACH COMPONENT OF PCM

A. Quick Review on the History of PCM

The first demonstration of PCM is as old as that of the
silicon transistors [14]. However, due to the complicated
physics of PM in its amorphous state [15] and its huge
power consumption required for melting and crystallization,
the development of PCM for memory application has been
static for a long time, despite the fact that chalcogenide mate-
rials have found their way in optical storage applications [10].
It was not until the year of 2002 that the revival of PCM was
announced by Ovonics-Intel, who demonstrated a 4-Mb array
operation with a 180-nm technology node [16].

The cell structure of the first demonstrated PCM was a
line-type (L-type) PCM with a high-resistance (R) heater for
effective Joule heating, and bipolar junction transistor (BJT) is
used as an access device [16]. The cell pitch was 180 nm, and
the array density was 4 Mb. After many experimental tests, cell
sizes were eventually scaled down to 20 nm [5]. In addition,
a variety of access devices, such as the FinFET [17] and the
vertical diode [4], were tested in order to provide a better
ON-state current (ION) and OFF-state leakage current (IOFF)
ratio (ION/IOFF) and to reduce the area of the core circuit.
In order to increase the bit density of PCM, the concept of
the multilevel cell (MLC) was introduced and demonstrated
for the first time [18]. Finally, the first mass productions of
PCM were successfully made by Samsung [3] and Numonyx
(now Micron) [2] with a chip density of 512 Mb and 1 Gb
and a cell size of 60–65 and 45 nm, respectively. In both
productions, the PMs were patterned as a line shape along the
bitline (BL) direction and the bottom electrode functioned as
a heater in a ring and wall shape. The shapes of the heater
help to decrease IReset through the increase of R. However,
the L-type PCM caused an asymmetric TDB due to the
different thermal conductivity of PM (along BL), oxide, and
the interface [along the wordline (WL)]. In other words, the
L-type resulted in a more severe TDB since the accumulated
heat was distributed more along the line direction than the
other direction. In order to decrease IReset and TDB, the con-
fined structures (C-type) of PCM, which were enclosed by
oxides in four directions, were successfully developed and
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scaled down to 7.5 × 17 nm [6]. However, no more mass
productions were made for these new C-type PCMs. We will
discuss this PM structure further in Section II-B2.

For the access device, the p-n diode and BJT diode were
used for mass production to enhance the ION/IOFF ratio and
minimize the size of the core circuits. However, these diodes
required additional via contacts are on every 8th or 32nd
cell [3], [4], which increased the areal overhead. Above all
else, these access devices did not have 3-D stackability; this
will be discussed in Section II-C again. As a result, the peo-
ple’s attention was naturally moved to the stackable amorphous
selectors, such as the ovonic threshold switch (OTS) and mixed
ion–electron conductor (MIEC). After intensive study and
research, Intel-Micron announced the successful development
and mass production for stackable 3-D X-point memory using
an amorphous selector [19]. SK-Hynix also announced the
successful development of stackable X-point PCM using a
novel two-terminal selector [9]. The details will be discussed
in Sections II-C and III-B.

B. Memory Element (PM)

The history of PCM started with the discovery of chalco-
genide alloys, which shows a large and clear R gap and
reversible transition between amorphous and (poly-) crys-
talline phases. Chalcogenide alloys include at least one
chalcogen from the group VI-A elements but mostly refers
to sulfides, selenides, tellurides, and polonides. The lone
pair-induced unique characteristics [20] of the alloy show
two unique behaviors: the switching effect and the memory
effect [21]. The former is a characteristic of OTS and the
latter is a characteristic of PM, which will be discussed
here. When compared with that of amorphous silicon (a-Si),
the melting temperature (TMelt) of the chalcogenide alloys is
much lower; TMelt of a-Si is more than 1300 ◦C [22], but
TMelt of chalcogenide alloys are mostly below 700 ◦C [23].
In addition, a lone pair-induced unique amorphous structure
causes the high density of states around the mobility edge and
enables hopping conduction [24]. At the high field, this con-
ductive behavior triggers the threshold switching and causes a
transition to the metal-like “ON-state,” the so-called insulator–
metal transition (IMT) [25]. Several theoretical explanations
on the switch mechanism were made: the thermal model [26],
carrier generation model [27], and field-driven energy gain
model [28]. However, the debates are still inconclusive. The
phase change between Reset and Set happens in the “ON-state”
region in which current pulse shapes can be controlled by a
bias.

Reset operation is about melting and quenching to form
an amorphous structure. The practical issues of the Reset
operation are IReset for less power consumption and TDB for
low raw bit error rate (RBER). Those are the major traditional
issues in PCM and have been discussed for a long time [11].
However, below 2× nm technodes with a C-type PCM, greater
importance should be put on the Set operation. While a short
and high current pulse [I > melting current (IMelt)] makes an
amorphous structure, the same high current but with a trailing

Fig. 2. (a) I–V curve of Set and Reset states based on the field-driven
energy gain model [28]. (b) Schematics of the write pulse for Reset
and two different Sets, which are MSC and SPC. Note that the MSC
consumes more energy than SPC, which is visible from the area under
the pulse.

pulse or a long and low current pulse (I < IMelt) will lead to
crystallization [see Fig. 2(b)].

The first Set method is a crystallization by solidification and
will be referred to as “melt and slow cooling” (MSC), and
the second Set method is called “solid phase crystallization”
(SPC). So far, the difference between MSC and SPC has not
been emphasized enough in the past. However, it should be
treated more carefully in the SCM application, which requires
low write latency for both Set and Reset. In terms of the write
latency, because the Set operation takes a much longer time
than the Reset operation, there will be an overall delay of
the write latency and this will cause the limit of the write
bandwidth in the system level.

In this section, the traditional issues of the conventional
PCM will be reviewed first, and then, the necessity of
a C-type for the SCM will be explained.

1) Reset and Set Write: In this section, we will review the
practical issues of Reset and Set write in the conventional
L-type PCM with a heater and compare them with the C-type
PCM without a heater. Through this comparison, it will be
revealed that the development direction of the PM may need
to be modified to put more weight on Set write rather than
Reset write.

Generally, IReset is defined as the minimum current needed
to complete amorphization. The key issues during the Reset
operation were decreasing IReset and TDB, whereas Reset
latency is not problematic because the latency of 20–30 ns
is sufficient for any application. However, on the array level,
IReset is associated with many other issues, such as the
threshold voltage of the Reset (Vth_Reset) distribution, the write
endurance, and the TDB. These issues are also the functions
of the IReset distribution.

Traditionally, there have been two ways to reduce IReset:
developing a new chalcogenide alloy and scaling down either
the metal heater (for the L-type) or the dimensions of PM (for
the C-type). In conventional PM (Ge2Sb2Te5), several dopants
(N-, SiO2-, or C-) are known to reduce IReset [29]–[31].
So far, two different explanations have been made. One is
that the doping, or adding dopants, increases the resistivity of
PM to increase the efficiency of Joule heating for the same
current [29]. The other is that the doping reduces thermal
conductivity (kth) of PM, which also makes Joule heating
efficient by the thermal confinement effect [30]. Regardless
of this mechanism, these dopants cause a serious downside in
Set performance, which can be represented by the resistance
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Fig. 3. (a) Tradeoff between IReset (open circle) and RSet (solid circle) by
increasing carbon [31]. (b) Tradeoff between IReset and Set performance
(RSet) in Ge2Sb2Te5 [32]; lower RSet represents a faster Set behavior.
Tradeoff between IReset (open circle) and RSet (solid circle) by increasing
carbon doping concentration [31].

Fig. 4. Scaling trend of IReset in L-type and C-type PCM. Dotted lines:
theoretical models for the two structural types. Each symbol indicates
the experimental results from various affiliations [2], [4], [29], [33]–[35].

of Set (RSet). Fig. 3(a) shows the tradeoff by increasing carbon
doping [31] and Fig. 3(b) shows the tradeoff between RSet and
IReset by process integration for pure Ge2Sb2Te5 [32].

On the other hand, when we look at the overall decreasing
scaling trend of IReset for the C-type in Fig. 4, IReset is already
50–110 μA at 20-nm technode [6], [33], [34] and it will be
even lower in smaller dimensions. If so, the value is already
sufficient for SCM application and the efforts to reduce IReset
by adding dopants or developing new alloy systems will not
be effective.

Instead, the efforts may have to be made for the Set write.
What actually dominates the overall power consumption is
not the Reset write but the Set write. In the traditional L-type,
the Set write was mostly done by the MSC method, which
still needs IReset for melting. Thus, it was a sufficient way
to decrease IReset for overall power consumption. However,
once we adopt the C-type for better scalability and decide to
use SPC, the Set write current (ISet) will be smaller than IReset
and the power and/or energy consumption will be dependent
on ISet and the pulsewidth (PW). Hence, the development
of materials and integration technologies should aim for the
reduction of ISet and Set PW.

Comparing SPC with MSC in terms of power con-
sumption and Set characteristics will be another important
discussion.

Fig. 5. Normalized Vth_1 μA of Ge2Sb2Te5 by Set write pulse time.
The effect of SQ and TZ is compared in two different structures.
(a) and (b) L-type. (c) and (d) C-type. Here, Vth_1 μA is defined as the
voltage at the 1-μA current.

Fig. 2(b) shows the pulse diagram for MSC and SPC.
Usually, the crystallization temperature (TCry) is about 1/2–1/3
of TMelt [36]. This proportionality can also be applied to ISet,
which means that SPC consumes less power and energy. For
the Set performance, very few reports have made such a
direct comparison. Mantegazza et al. [37] reported that, in the
μ-trench structure, the SPC method by square pulse (SQ) can
reduce the Set time (tSet) to 35% from the tSet of trapezoidal
pulse (TZ) for the MSC method. We also have the same result
in both L- and C-type PCMs. Fig. 5(a)–(d) shows the variations
of normalized threshold voltage at 1 μA (Vth_1 μA) by the
Set write pulse time for Ge2Sb2Te5 in both structures; here,
Vth_1 μA is defined as the voltage at the 1-μA current. In the
L-type, the SQ shows faster Set than the TZ, particularly in
the ending stage of the Set, but, in the C-type, the SQ is much
faster than the TZ in the overall Set region. The same trend
has been found in the array data of the X-point PCM.

Fig. 6(a) compares the threshold voltage of Set (Vth_Set)
distribution of TZ and SQ for the same 1-μs total PW in the
X-point PCM. The SQ shows a much tighter distribution than
the TZ and, interestingly, increasing maximum current makes
the wider distribution. The result indicates that increasing
maximum temperature is not helpful for crystallization, which
can be expected in the time-temperature-transformation (TTT)
diagram. The possible explanations are that complete melting
removes the crystal seed and/or steep cooling leads to more
of an amorphous phase.

However, structure-wise tSet of a C-type has no advantage
over that of the L-type, though it is necessary for downscaling
and TDB. A direct comparison between the two types was
made in Fig. 5, where tSet of the C-type is longer than the
L-type. A possible explanation is that the C-type has no crystal
seeds after full Reset, and its degree of freedom for atomic
movement is more limited than that of the L-type [9].

In summary, we discussed the Reset and Set operations
of PCM in terms of power and performances. For the
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Fig. 6. (a) Distributions of Vth_Set and Vth_Reset with different current
amplitudes in the TZ (blue line to red line) compared with SQ (black line).
Note the higher the current amplitude, the wider the Vth_Set distribution.
(b) Scaling trend of TDB with varying kth,ILD. TDB is expressed by the
crystalline fraction of the victim cell, which is calculated by electrothermal
simulation [43].

C-type, which will be the ultimate structure of PCM for
SCM application, the burden on IReset reduction will decrease
with downscaling. Instead, the importance of Set performance
will increase in terms of power or energy, speed, and distri-
bution. In those three criteria, the SPC method will be more
promising than the MSC method.

2) Thermal Disturbance (TDB): It has long been thought that
the downscaling of PCM will face a limit from TDB, because
the device intrinsically uses high temperature for melting.
Negative forecasting has been reported many times [11], [38],
but most of the reports are based on L-type structures. In both
structures, high temperature from the cell under the Reset
operation is transferred along the continuous PM, which has
a relatively high kth; in L-type, either the x- or y-direction
is separated by an interlayer dielectric (ILD), which has
relatively low kth. Redaelli et al. [39] reported the experimental
result of TDB in a 45-nm L-type PCM and showed asymmetric
TDB along the x- and y-directions, not because of the cell-
to-cell distance but because of the different structures such
as an ILD-bulk and the interface between the PM and the
ILD [39]–[41]. Therefore, having these advantages in both the
x- and y-directions will be a huge benefit in reducing overall
TDB. Lee et al. [42] also expected less TDB in a C-type than
an L-type.

However, those simulations only showed a temperature
gradient from an aggressor to the victim cells. No decent
model was proposed to expect the actual variation of RReset
or Vth_Reset in the victim cell for the prediction of the ultimate
limit of PCM. Recently, Yoo et al. [43] reported an elec-
trothermal model combined with a crystallization model for
an X-point PCM with a C-type and successfully matched the
calculation results with experimental ones. In the report, they
predicted TDB for technodes as low as 14 nm with changing
kth,ILD [see Fig. 6(b)].

As expected, the TDB increases as technodes get smaller
and as kth,ILD increases. The degradation gets especially faster
in technodes below 16 nm and comes from the fact that the
location of the victim cell is so close to the aggressor that the
temperature of the victim cell approaches TMelt faster. This
means that, from 14 nm, PCM will face a more serious TDB,
and hence, there needs to decrease kth,ILD or make the
thermal boundary layer (TBL) [40], [41] or air gap [44]

Fig. 7. Schematics of L-type PCM with an SEG diode along (a) WL axis
and (b) BL axis. Here, via contacts are on every 8th cell [4].

between two PMs. In terms of PM development, adopting
high TCry may be another way to suppress the crystallization
of victim cells. However, this will conflict with tSet, which
is a necessary condition of SCM. Another method to reduce
TDB is to optimize IReset and reduce the Reset PW as short
as possible, which can lower the total heat generation from
the aggressor cell.

In summary, in order to scale down the PCM down
to 14 nm and below, a variety of efforts should be made.
Process-wise, a lower kth,ILD, a new TBL, and an air gap
will be necessary. For the pulse algorithm, an extreme short
Reset PW will be helpful. As with NAND Flash memory,
which has an intrinsic problem of charge coupling between the
adjacent cells, applying controller technology will be helpful
in reducing the RBER caused by TDB between the adjacent
cells. It will be another way to reduce TDB and may enable
the further downscaling of PCM below 10 nm.

C. Access Device (Selector)

The development history of access devices for PCM can be
understood in three ways: capability for high ION, least IOFF,
and better area efficiency for more net die in a wafer. In the
very early stages of PCM development, when downscaling
was not enough to reduce IReset, ION capability was the most
important, since large-sized PM required high IReset. Thus,
either a single large-sized MOSFET [17] or dual/triple [45]
MOSFETs were adopted. However, these were not suitable
for better area efficiency to increase the net die per wafer.
Hence, it is natural that a diode using selective epitaxial growth
(SEG) came up to replace MOSFETs, because it is capable of
high ION with low IOFF and only takes a small area through
the vertical structure.

Because of this breakthrough, industries were able to make
the first mass production of PCM [3]. However, the area
efficiency was not good enough, since it required via contacts
are on every 8th or 32nd cell [3], [4] (see Fig. 7).

In the PCM with a diode structure, a WL signal is trans-
ferred to each cell through the doped active region, which has
poor conductance but is a necessary outcome for SEG. There-
fore, a new solution was proposed to use a metal line, instead
of the doped active region [46]. Conceptually, the metal-line-
assisted diode should enable a stackable structure, since it
does not require single crystal silicon. However, in reality,
there is the challenge of the polysilicon diode. Since now the
diode must be formed on the metal, the diode will become
a polycrystalline structure. Grain boundary-associated leakage
and cell-to-cell variations were not easy to control. The idea
of a stackable structure seemed impractical, since the diode
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TABLE I
PROS AND CONS FOR EACH SELECTOR

Fig. 8. (a) Three different sensing conditions of R, M, and eM-metrics
are shown [55]; constant voltage forcing and current sensing for R-metric,
constant current forcing and voltage sensing for M-metric, and varying
current forcing near Ith and voltage sensing for eM-metric. (b) Suggested
constant voltage-forcing and current-sensing scheme for low read latency
in X-point PCM.

requires a high-temperature anneal for activation (>700 ◦C).
Such high temperatures will destroy PM on the lower deck,
since PM and general chalcogenide alloys are vulnerable in
temperatures higher than 350 ◦C.

In order to further increase the bit density with increasing
cost effectiveness, a new stackable access device was required.
Amorphous selectors, such as the OTS, the MIEC selector, and
the doped α-Si, have been suggested as solutions. The pros
and cons of each selector have been summarized in Table I.
The research for each selector has been done for a long
time, but the efforts were not successful in satisfying the
basic requirements of low IOFF and high ION [50]. The pros
and cons of each selector have been summarized in Table I.
Recently, industries either announced the readiness of the mass
production of memory products using selectors [3] or have
even launched the product in the market [19], though the
technologies have not been revealed yet. We will review the
basic schemes and technologies further in Section III.

D. Sensing Schemes

Since PCM has a large and clear R gap between the Set
and Reset states, it is not difficult to judge ON and OFF

states of the single-level cell (SLC). The general sensing is
done by forcing a constant voltage and sensing the current
to compare the resistance, which is named “R-metric” [51].
Usually, a low read voltage (VREAD ∼ 0.3 V) is applied
for a better sensing margin and to avoid read disturbance
(RDT). As shown in Fig. 8(a), the lower the read voltage,
the larger the current gap between the Set and Reset cells,

which will improve the sensing margin. However, a read
voltage lower than 0.3 V should be considered for a sensing
circuit (in terms of the reference resistance) and a worse drift,
which will be a big hurdle for MLC below. On the other hand,
increasing VREAD will not only reduce the sensing margin
but also lead to RDT, due to the unintended turn-on of the
low Vth_Reset. This turn-on causes a logic state change from
Reset to Set by crystallization, which is an R-metric associated
RDT (RDTR−metric) [52].

For MLC, since the total sensing margin is not enough
to differentiate the four intermediate logic states of partially
amorphized phases [53], the reduction of the drift to mini-
mize the loss of the sensing margin is very important. The
drift, which is an increase of Vth by defect annihilation over
time, is a function of the defect density and an electric
field. A reduced drift impact can be expected in high-voltage
regions, since the barrier height for electron hopping is low-
ered at a high field and the impact of the defect density on
the drift is reduced [54]. Therefore, it is advantageous to sense
the current or voltage near the threshold region (Vth_Reset and
Ith_Reset) for MLC. Considering the wide variation of Vth_Reset,
applying 1 μA, which is near Ith_Reset (3–5 μA), and sensing
the voltage will be a safer way to avoid an erratic turn-on of a
low Vth_Reset cell and minimize the drift. This sensing scheme
is called “M-metric” for MLC [51] in Fig. 8(a).

However, forcing small currents take a long time to set-
tle the bias at the BL or WL node with large parasitic
capacitance, which will increase the latency of MLC sensing.
Therefore, an enhanced M-metric named “eM-metric” is pro-
posed to improve the latency by applying maximum current
(close to Ith) for each cell that has a different Vth value and
a resulting Ith value [55]. These three sensing conditions are
shown in Fig. 8(a).

In X-point PCM, as shown in Fig. 8(b), since the combi-
nation of PM and selector makes two different I–V curves
with different Vth_Set and Vth_Reset values, applying a constant
read voltage between them will make huge ION/IOFF, which
will significantly lower the read latency by fast charging of
the WL or BL node. However, this will trigger the critical
RDTX−point from the Set state to the Reset state due to the
high overshoot current during the snap-back switching. This
short and high current is enough to amorphize the Set cell; note
that this RDTX−point is different from RDTR−metric. We will
discuss this in Sections III-A and III-E for x-point PCM.
Current forcing and voltage sensing, such as the M-metric,
may also be possible using the subthreshold region, but it may
take an even longer time than the normal M-metric to settle
down the WL or BL node, since Ith of the selector is generally
lower than that of PM.

III. X-POINT PCM FOR SCM

The X-point structure has been thought of as the most ideal
structure for memory devices. It has an ultimate cell areal
density of 4F2 and requires only two photo-mask steps for
patterning, which makes it possible to minimize the overall
number of process steps. In addition, it is stackable, which
enables 3-D structures. Based on these advantages, intensive
efforts have been made to achieve this structure. However, only
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Fig. 9. (a) Variations of I–V curves for Set and Reset and the corre-
sponding Vth distributions. The relationship among the Vth distributions,
ΔVth, and RWM at a low probability region is shown. (b) Schematics for
a cell stack of X-point PCM. TE, ME, and BE refer to the top electrode,
the middle electrode, and the bottom electrode [9].

Fig. 10. (a) I–V curves of a selector and PM in a Set and Reset state. (b)
I–V curves of X-point PCM when a selector is combined with PM in a Set
and Reset state. Read bias (VREAD), write bias (VWRITE), and inhibit
bias (VINH) are marked. (c) Write bias conditions of the selected and
deselected WLs and BLs. Cells are in four different states: T (target cell,
VWRITE), B and W (deselected cells in selected BL or WL, VWRITE/2),
and N (deselected in WL and BL).

a couple of industries [8], [9], [19] seem to be successful in
obtaining the fully functional X-point array. In this section,
we will review the operations, requirements, and technical
hurdles for the development of a fully functional X-point array.

A. Basic Operation Theory

X-point memory array basically consists of a cell stack
between two crossing metal lines, called the BL and the WL.
Each cell stack includes a memory material and a selec-
tor material, and, if necessary, additional electrodes may be
inserted to work as a diffusion barrier or to enhance the
electrical properties of the two active materials (see Fig. 9).

Since combining a memory element [PM or resistive mate-
rial (RM)] with a selector in a single stack will make a
series connection, the I–V curve will be merged, as shown
in Fig. 10(a) and (b).

In the X-point structure that has only two input nodes
(WLs and BLs), there is only one way to select and deselect
a cell. Fig. 10(c) shows the bias condition to differentiate a
target cell (“T”) from the other deselected cells in the same
WL (“W”) and BL (“B”). Generally, the inhibit bias must
be half of the read bias (VINH_READ = 1/2 VREAD) or the
write bias (VINH_WRITE = 1/2 VWRITE) to minimize the
sneak current (Isneak). Since high-speed sensing requires fast
charging, constant voltage forcing and current sensing is

Fig. 11. Schematics for designing various Vth(Vth_Set, Vth_Reset, and
Vth_FF) and bias conditions (VWRITE, VINH, and VFF). VINH of (a)–(c) is
VWRITE/2. VINH of (d) is VFF/2. (a) Wide ΔVth and tight distributions for
a successful bias condition set up. (b) Small ΔVth and wide distributions
that lead to no RWM at a low probability region. (c) Inhibit fails for
small Vth_Set. (d) Inhibit fails due to high Vth_FF and the corresponding
high VINH.

more advantageous in separating Set cells (after snap-back
at VREAD) and Reset cells (subthreshold region at VREAD) with
large ION/IOFF [see Fig. 10(b)]. Current forcing and voltage
sensing are also available in the subthreshold region, but it
will take a much longer time to separate the two logic states,
which would result in a degradation in read latency.

Normally, Vth distributions of amorphous materials, such
as PMs, RMs, and selectors, are far worse than those of
transistors. Hence, the Vth window (�Vth) of a memory
element (PMs or RMs) should be large enough to separate the
maximum Vth_Set cells (selector Vth) and minimum Vth_Reset
cells (selector Vth+ memory Vth), as shown in Fig. 11. Thus,
when designing the X-point memory, the following sequence
is recommended.

1) Estimate the possible Vth distributions of Set and Reset.
2) Determine the �Vth(Vth_Reset–Vth_Set) to separate the

overall Set and Reset states with a sufficient read win-
dow margin (RWM).

3) Based on maximum VWRITE and voltage for a first
firing (VFF), decide the target Vth of the selector to
reduce Isneak or to avoid turning on deselected cells by
VINH_WRITE or VINH_FF.

Among the procedures, satisfying the conditions of step 3
will be very difficult. Most often, amorphous materials intrin-
sically require the additional VFF process, which is an ini-
tialization for electrical activation. The phenomenon may be
considered as a sort of forming process in RRAM. Generally,
the reported delta firing voltage (�Vth_FF = Vth_FF–Vth_Set) is
around 1 V for RRAM [56] and greater than 1 V for OTS.
The resulting Vth_FF will be additionally increased and the
corresponding high VINH_FF (= 1/2Vth_FF) is apt to make
high Isneak or even turn on the deselected cells. Hence, com-
bining two materials (RM and OTS) that both have large firing
voltages would not be helpful. On the other hand, because
as-deposited PM is prone to be a crystalline state, PM has
a negligibly small Vth_FF that makes it more advantageous.
Therefore, in the case of X-point PCM, developing a selector
with small �Vth_FF is very important and the ideal case will
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Fig. 12. (a) Impact of RTN and drift on the Vth distribution and RWM [9].
(b) Advantage of developing a new PM for a wide ΔVth and RWM [9].

be �Vth_FF that is less than �Vth of the memory element.
Otherwise, another bias condition for Vth_FF and VINH_FF
should be assigned to the cost of power consumption.

B. Requirements of the Selector

Due to the advantage of X-point memory, there have been
intensive efforts to develop a decent selector that is the core
of the X-point memory. Table I shows a summary of the
various selectors that have been mainly studied so far. The
summary shows that each selector has its own “pros and
cons,” but when applying the necessary practical criteria for
a real product, most of the selectors will not be successful.
Therefore, in this section, we will discuss the criteria and
feasibility of developing a high-density product.

As mentioned in the access device part, the first condition
for the X-point array is to satisfy both the sufficiently low IOFF

and high ION for read and write operations, because a voltage
drop due to Isneak at the crossing point of WL and BL reduces
both the voltage and current that reach the far cells. Since PCM
uses high IReset, reducing IOFF of the selector at the given VINH
is especially important. A high Isneak value will result in three
different issues relative to the degree of insufficiency (see list
below). Particularly, the third one may also consume the RWM
in the array, even after obtaining the functional die.

1) sensing error that misreads the off-cell for the on-cell;
2) write error from deficient current and voltage supply;
3) uneven distribution of cell Vth between the near and

far cell.
The second condition to be considered is Vth adjustability.
As discussed in Section III-A, since we are handling poor
uniformity materials, the distribution (i.e., uniformity in a
single array) of the materials’ R or Vth will decide the
selectors’ optimum Vth to avoid Isneak. This indicates that
most of the selectors that have a nonadjustable Vth will
not be applicable for memory elements (PMs or RMs) in a
megabit (Mb) size array, considering the Vth distribution of
each memory element.

Vth instability is also a very important condition. It is
actually associated with the two conditions mentioned earlier
in terms of the Vth distribution. Instability means the lack of
repeatability of the same cell during the same read or write
operation. It is one of the two factors that decide the Vth dis-
tribution, which are cell-to-cell variability and repeatability.
While the former may be related to the intrinsic conduction
mechanism and the vulnerability during process integration,
the latter is associated with random telegraph noise (RTN)

Fig. 13. (a) Oscillation of the voltage in OTS as a function of time
when IDUT < IHold. (b) Vth–I curve of an X-point PCM with different IHold
values.

during read. The impact of RTN on the Vth distribution and
RWM is shown in Fig. 12(a).

The last requirement is the “Hold” characteristic, which
represents the minimum current (IHold) and/or bias (VHold) to
maintain the stable “ON state” of the selector. It is particularly
important when the operation current and/or bias is small.
Once the operation condition is below the hold values, there
will be an oscillation of ON-and-OFF, which is due to the
charging and discharging phenomenon [57], [58]. Fig. 13(a)
shows the oscillation of the voltage in OTS when the current
is below IHold.

In X-point PCM, IHold of the selector is particularly impor-
tant, since it will limit the minimum ISet and correspond-
ing IReset. Fig. 13(b) shows the Vth–I curve of a cell stack with
different IHold values. It shows that the beginning point of the
crystallization, which is shown as the onset of Vth reduction,
is limited by IHold.

C. Requirements of Memory Material

In the X-point memory array, the most important character-
istics of the memory material are a sufficient �Vth and a decent
distribution to secure the RWM at low probability regions. The
importance of the two characteristics of low RBER is shown
in Fig. 12(b) [9].

Since a cell stack’s Vth is the sum of the selector and
memory element, the Vth distribution of both the PM and
the selector should be as uniform as possible. The overall
RWM can be expressed as follows:

RWM = �Vth − qarray × (σSet + σReset) (1)

where �Vth is the median Vth gap between Reset and Set,
qarray is the array size by normal quantile plot for the target
RBER, and σSet and σReset are the distribution slopes (standard
deviations) of the Vth_Set and Vth_Reset, respectively.

In order to satisfy both the low RBER and the low write
latency (for high-bandwidth SCM), decent Vth distribution
should be achieved even with the short write pulse, since
a practical write latency will be decided on the condition
that the RBER is still satisfactory. Fig. 14(a) and (b) shows
the degradation of the Vth_Set distribution due to the shorter
PW. Careful selection of the materials and well-controlled
integration can improve the distribution even in the shorter PW.

In X-point PCM, both the �Vth and Vth distributions
are dominated by PM’s Set performance. As mentioned in

Authorized licensed use limited to: Intel Corporation via the Virtual Library. Downloaded on October 28,2020 at 21:05:26 UTC from IEEE Xplore.  Restrictions apply. 



1402 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 67, NO. 4, APRIL 2020

Fig. 14. Change of Vth_Set distribution by various SET PW.
(a) Well-controlled process integration shows no difference in Vth_Set
by decreasing SET PW. (b) Unoptimized integration results in a wider
Vth_Set distribution with growing tail bits by decreasing SET PW.

Fig. 15. (a) Tradeoff between ΔVth and tSet of PM by increasing EG
(by increasing dopant concentration) [9]. (b) Degradation of the Vth_Set
and the Vth_Reset distribution by process integration damage. Notice a
relatively smaller degradation in the Vth_Reset distribution than Vth_Set
distribution [9].

Section II-B1, Set write takes a much longer time than Reset
write. Generally, �Vth and tSet are in a tradeoff relationship.
It is because PM’s Vth_Reset is a function of bandgap (EG). The
wider EG , the stronger atomic bonding it has. On the other
hand, stronger bonding requires more energy for bond break-
ing and rearrangement for crystallization. Hence, developing
a new alloy system or adding dopants of wide EG materials
is likely to result in longer tSet, as shown in Fig. 15(a).
Since faster tSet will also be very helpful for a uniform
Vth_Set distribution, overcoming the tradeoff between �Vth and
tSet will be the key issue in X-point PCM.

Vth_Reset distribution is a direct function of the write current
for Reset. While over-Reset will guarantee a uniform Vth_Reset
distribution, it will cause damage in both the PM and SM,
which leads to poor write endurance and TDB. Therefore,
to prevent the over-Reset, a uniform IReset distribution will be
helpful, since it will minimize the over-Reset of the cells with
small IReset, when the constant IReset is applied. For the same
reason, in the L-type PCM, where the distribution of IReset
was not uniform, the write-and-verify (WnV) scheme had to
be used to minimize the over-Reset [59], which will improve
TDB and endurance, at the cost of high latency and power
consumption. In contrast, because X-point PCM has a C-type,
it is more advantageous in terms of the IReset distribution.
As shown in Fig. 12(b), a uniform Vth_Reset distribution with
a single pulse is sufficient to go without WnV.

D. Process Integration for X-Point PCM

Theoretically, an X-point PCM array can simply be inte-
grated by using the self-align etch scheme [9], since it only

requires two photo-mask steps and two self-align etch steps.
However, in reality, the handling of chalcogenide alloys is
extremely difficult. The alloys genetically include about 20%
of structural defects [60], which are formed by lone pairs.
Therefore, physical and electrical properties of the rather
porous structures were expected to be easily damaged when
the standard etch and cleaning processes were applied. In order
to avoid this issue, intensive research has been done for the
patterning of PM by a “damascene” process using chem-
ical vapor deposition (CVD) [42], atomic layer deposition
(ALD) [61]–[64], and physical vapor deposition (PVD) with
thermal reflow [65]. However, in addition to their compositions
being uncontrollable, those films are even more porous. Espe-
cially in the downscaled damascene process, which has a high
aspect ratio deep trench, the porousness of the films is actually
visible [61]. Other than that, the increasing number of process
steps and slow throughput will be big challenges for mass
production. Hence, taking the developmental pathway either
toward the self-align etch scheme or the damascene scheme
will depend on the maturity of each of the technology as well
as the electrical properties and low process cost.

Fig. 15(b) shows how the “self-align etch” process inte-
gration degrades the distribution of Vth_Set and Vth_Reset.
While Vth_Reset distributions show a slight slope change,
Vth_Set distributions become wider and even form serious
tail distributions [9], though no void, defect, or composition
change was shown in the image by a transmission electronic
microscope (TEM). The results show that Set characteristics
are much more vulnerable to the process damages and that the
reconfiguration of the atomic bonding for the low R is very
sophisticated.

According to our experimental attempts, a similar situation
happened in RRAM with the transition metal oxide (TMO).
Since the regular process integrations include many oxygen
environments such as etching, cleaning, and ozone plasma,
the stoichiometry and resulting electrical properties of
the TMO-type RRAM ended up with a wide range of
R distributions when the device was exposed to the self-align
etch scheme.

E. Reliability and Disturbance in X-Point PCM

In terms of the memory array characteristics, the most
conspicuous difference of X-point PCM from the traditional
L-type PCM is the overshoot current, which happens during
the abrupt turn-on of the selector. This overshoot current can
only be reduced rather than completely removed, since it
originates from the fast swiping charges that are accumulated
in the overall capacitance. This abrupt and fast-flowing charge
could be an advantage in terms of the fast sensing for read and
effective current delivery for write. However, this will cause
many side effects for array operations and reliabilities.

The amount of overshoot current is a function of the R
and capacitance. Particularly in a large array, cells that are
near or far from the write driver will experience different
overshoot currents due to R differences. The relationship
between the I–V curve and the corresponding I–time curve
is shown in Fig. 16(a) and (b). Different R values result
in different dynamic slopes in the I–V curve [shown in
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Fig. 16. Relationship between the I–V curve and the corresponding
I–time curve. (a) Mechanism of overcurrent generation in the I–V curve
for two different loadline resistances. (b) I–time curve. (c) Gradient of
Vth_Set in a large array of X-point PCM, which is due to the overcurrent
difference. Note that the different overcurrents are due to the different
loadline resistance at the near and far cell as shown in (a).

Fig. 16(a)], which will cause different overshoot currents in the
time domain [shown in Fig. 16(b)]. This signifies that even in
a single array, different amounts of overcurrent stress will be
forced in each region of the cell: near, middle, and far from the
via contact. This difference of stress will result in different Set
characteristics and reliabilities, such as cyclic write endurance,
RDTX−point, and TDB.

Fig. 16(c) shows the gradient of Vth_Set in a large array
of X-point PCM, which is due to the different stress resulting
from the first firing in the array. The larger overcurrent happens
at nearer cells during the first firing process and lower Vth_Set
also forms, but this is beyond the scope of this article.

In order to minimize the overcurrent, a high R and small
capacitance will be helpful. However, in PCM, since high R
may end up with an insufficient IReset delivery to the far cells
(which will cause Reset failure or a wide Vth_Reset distribution),
optimum R of WL and BL needs to be calculated. Decreasing
overall capacitance in the cell array and circuits will also
be helpful. Therefore, it is better to choose the metal with
the lowest sheet resistance for both WL and BL so that the
metal can provide sufficient current for Reset operation with
the minimum capacitance between two metal lines. A similar
but even worse problem may happen in X-point RRAM,
especially with the TMO type. This is because RRAM is
reported to be so vulnerable to the current stress that it results
in the unstable Set and Reset states and even in soft or hard
failures [66].

IV. FUTURE OUTLOOK AND PERSPECTIVE ON PCM

So far, we have made technical discussions on the PCM
from the conventional L-type through the C-type to the
X-point structure. In this section, we will discuss the new
3-D structure of X-point PCM, VXP PCM for higher den-
sity SCM, and new rising application as a synaptic device for
a neuromorphic calculation.

A. VXP Memory

Although X-point PCM has an ideal areal density of 4F2,
additional stacking of X-point PCM will increase the total
number of photo steps and process steps, which will decrease
the cost effectiveness of the memory device and lowers the
throughput for mass production. Therefore, a new structure
resembling 3-D NAND will be the future direction of the
X-point PCM. However, this structure will require ALD

Fig. 17. First proposed VXP architecture. (a) Expected cross section of
the BL pillar that shows the whole cell stack. (b) Overall 3-D architecture
of VXP PCM [67].

TABLE II
STATISTICAL CONSISTENCY AND NONIDEALITY

OF NVMS FOR A SYNAPTIC DEVICE

processes for PM, selector, and electrode that can separate the
two materials physically. The research on ALD-PM has been
done for a long time [61]–[64]; however, there are not many
reports on ALD-selector. Recently, there was a report about
ALD-OTS to make the VXP PCM, as shown in Fig. 17 [67].
The basic structure is the same as in 3-D NAND [68], except
that the cell stack for charge trapping is replaced by PM and
OTS, as shown in Fig. 17.

In this architecture, however, the areal bit density will be
low since the cell stack height in X-point PCM will become the
area for VXP, as shown in Fig. 17(a). Consequently, the total
number of WL stacks may have to be increased to satisfy the
total 3-D bit density. Decreasing the cell stack height, which
is the sum of the thickness of PM, SM, and electrodes, maybe
a solution but will be a difficult task. Since the PM and the
OTS are voltage-dependent devices, shrinkage of the thickness
will change many device parameters. Therefore, in order to
make a decent VXP PCM, it is recommended to develop new
materials to shrink the cell stack height or to propose a new
3-D architecture to improve the areal bit density.

B. PCM for Neuromorphic Application

The most interesting future application of PCM is probably
the synaptic device for neuromorphic computing [69]–[71].
Intensive studies are being carried out for the synaptic
device by using various NVMs, such as PCM [69], [71],
RRAM [72]–[75], STT-MRAM [76], [77], and Flash mem-
ory [78], [79] (Table II). Although each memory has its own
“pros and cons,” the kernels of the conditions for synaptic
function are the “gradual conductance variation” to emulate
plasticity of human brain and statistical consistency in a
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memory array, which means the repeatability of read and write,
small “cell-to-cell variation” in an array, and large memory
window for analog-like multistates; general recommendation
is 256 states for 8 bits [80], [81]. Even though neuromorphic
computing provides some variation tolerance, the statistical
consistency should be still considered seriously; once the
consistency is satisfied, other NVM characteristics may be
considered as assistant parameters for better performances.
Therefore, it should be emphasized that even though there
are many reports that show some plasticity [82]–[84], their
statistical consistency should be examined, if aiming for the
real product. Furthermore, most of the reports show poor
linearity and symmetry as well as a small memory window.

In these points of view, PCM is the only device of which
statistical consistency is verified with a large memory window
in a large array; actually, this is the point why PCM was
successful to be a real product. For the synaptic characteristics,
a gradual conductance increase can be made by applying
the Set pulses of the same amplitude. Although the gradual
conductance reduction still needs the incremental step pulse
programming (ISPP) for Reset write, it may be avoided
by a two-PCM synapse scheme, which may also provide a
better symmetry in conductance variation [69], [72]. However,
the intrinsic weakness of PCM, which is drift, remains as
a hurdle, though there exist some algorithms to minimize
this [69], [85], [86].

V. CONCLUSION

In this article, we introduced the development history of
PCM and reinterpreted the technical hurdles for the SCM
application. In order to satisfy the SCM requirements, cost
effectiveness, power consumption, and performances should
be improved and well balanced. The development of X-point
PCM was suggested as a new breakthrough to overcome the
technical limits of conventional PCM and to satisfy the SCM’s
requirements. Basic operation theory, integration hurdles, and
disturbance of X-point PCM were introduced for the first time.
VXP was suggested for the future direction of X-point PCM
for better cost effectiveness. However, developing the ALD
process and decreasing stack height were expected as the
remaining technical hurdles. In the end, a synaptic device for
neuromorphic computing was proposed as a promising future
application of PCM. The gradual conductance variation and
the great statistical consistency of PCM may be a realistic
solution for the synaptic device.
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