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The success of memory technology is of vital importance in
order to handle emerging mass amount of data in our daily
lives. Let us take one example here: The IBM summit is
the supercomputer released in 2018 and it plays an impor-
tant role to help researchers run large numbers of calcula-
tions and better understand COVID-19Y). To enable such
powerful computing capability, the IBM summit includes
250 petabytes storage capacity?). To make a fair compar-
ison, this is larger than the total number of all the ants
we can find on the earth (on the order of 1016-1017)3).
Unfortunately, the performance of the memory chips still
has so much room for improvement because of the big per-
formance gap between the dynamic-random-access-memory
(DRAM) and the flash memory. DRAM is volatile and
the stored charge in a DRAM cell will gradually leak out,
requiring periodic refresh operation that causes significant
power consumption. In contrast, flash memories are suffer-
ing from slow access speed and limited endurance charac-
teristics. As such, the performance of chips would be fur-
ther improved by including the storage class memory (SCM)
into the state-of-the-art memory hierarchy and bridge the
performance gap between DRAM and Flash memory [1].
Among different non-volatile memory candidates [2, 3], the
phase change memory (PCM) technology is considered as
one of the most suitable SCM options, which offers reason-
able switching speed (between the ones from DRAM and
Flash memory), non-volatility, robust endurance and high
density [1].

MLC in 1T1R PCM array. To further enhance the den-
sity of a PCM array, the multi level cell (MLC) approach is
desired. Based on resistance in the phase change material, a
PCM cell can be set into a low resistance crystalline state, a
high resistance amorphous state, or intermediates between
them. With appropriate write-read-verification process, it
has been demonstrated that PCM is capable to be pro-
grammed into 4 levels (2 bits) with the help of transistors to
precisely control the programming current that is applied to
the PCM device [4]. Because of the demonstrated 2 bits per
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cell capability, the whole PCM array is capable to double
its density. Although such MLC operation is proved to be
possible in a 1 transistor 1 resistor (1T1R) array, the use
of transistors limit the density of the array, because tran-
sistors are difficult to scale down while providing sufficient
enough programming current to write the PCM devices. An-
other consideration is the balance between using write-read-
verification and the latency to operate the PCM arrays. As
PCM is aiming for the SCM application, it would be neces-
sary to consider the latency penalty if write-read-verification
must be implemented to achieve the MLC operation. That
said, the most ideal situation is to use a no-transistor PCM
array and successfully obtain MLC results without the need
of applying write-read-verification procedures.

OTS-PCM crosspoint array. With respect to the no-
transistor PCM array, a PCM cell shows high density po-
tential and it is compatible to be integrated with the two
terminal selector devices. It has been shown the mem-
ory cell with PCM /barrier/selector can be built using self-
aligned process and provides the smallest memory cell foot-
print (4F2) in a 2D-array [5]. Among several selector op-
tions, the ovonic threshold switch (OTS) not only shows
sufficient switching time and on-off ratio, but also shows
unique potential because of its compatibility to PCM. The
back-end-of-line (BEOL) compatible process to fabricate the
PCM /barrier/OTS cells makes it a promising technology
that is suitable for a 3D crosspoint array, providing a higher
density solution than the 2D-array [6-8]. Recently, signif-
icant progresses have been reported for the 3D crosspoint
technology, showing great potential for a OTS-PCM array
to meet all the SCM application requirements at the same
time [9,10].

Challenges for MLC in a crosspoint array. In a PCM
crosspoint array, because the no-transistor two terminal
structure of the OTS-PCM cell could not unselect cells with
the help of transistors, it would be necessary to control the
programming conditions in the wordline (WL) and bitline
(BL) in order to make sure the unselected cells are not pro-
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grammed while the selected cell encounters sufficient pro-
gramming current and is successfully set or reset accord-
ingly.
ing on unselected cells, the so-called half-selected operating
schemes are the most commonly used. Under this scheme,
the selected cell could be successfully set and reset by the
program voltage, in the meanwhile, the unselected cells stay
in “off” state because they face maximum half of the pro-
gram voltage that is below the threshold switching condi-
tion of the OTS-PCM cell [11]. The half-selected scheme
requires strict program voltage operating ranges in order to

To write and read the selected cells without turn-

make sure both selected and unselected cells would work as
expected, and the limited window of such operating voltage
range provides difficulties to obtain sizeable memory win-
dow to distinguish different levels of the PCM resistance in
a crosspoint array.

In addition, PCM is known to suffer from resistance and
threshold voltage (Vt) drift [8]. After resetting the PCM
cell, resistance of the PCM gradually moves towards to a
higher resistance level, so it is with the threshold voltage.
This may not be an obvious issue for a binary bit device
application, but it is detrimental for the MLC application
because the whole MLC operation is no longer valid any-
more if any level fails to be distinguished from the others.
In the meanwhile, the OTS selector also shows threshold
switching, and the root cause of the selector Vt drift still
requires more understanding. As a result, it would be im-
portant to understand what is the characteristics of Vt drift
in an OTS-PCM cell, and the Vt drift in the cell is a critical
issue to overcome in order to make sure an MLC operation
would be functional in the OTS-PCM crosspoint array.

A no-verification MLC operation in the OTS-PCM
crosspoint array. Recent studies have reported the signif-
icant progress on the MLC operations for an OTS-PCM
crosspoint array, and an open-loop programming MLC op-
eration in an OTS-PCM crosspoint array has been demon-
strated thanks to improved characteristics of the OTS-PCM
cells within a 1Mbit array, such as tight Vt distributions and
sizeable memory windows [12]. The so called open loop pro-
gramming avoids the iterative read-verify-rewrite procedure
and only applies one write pulse that is desired to program
the cell to the target value whenever the cell is written (i.e.,
without the read and rewrite procedure). The success of
this no-verification operation offers a great opportunity to
fully utilize the fast write speed characteristics of the PCM
devices, making it suitable for the SCM applications. In ad-
dition, the critical Vt drift is also comprehensively studied,
and it shows that Vt drift is not sensitive to resistance level
of the PCM but sensitive to the programming methods that
are used to write the PCM into multi-level cell states. It
suggests the open-loop programming MLC operation is pos-
sible to achieve by adopting suitable programming methods,
and Vt drift is able to be modulated accordingly. To further
reduce the impact from Vt drift and improve the MLC per-
formance in the OTS-PCM array, material innovation would
serve as a silver bullet. It has been shown that with Si in-
corporated into AsSeGe system, the OTS selector Vt drift
is capable to be mitigated significantly [13].

Conclusion. Improving performance of future comput-
ing systems requires developing PCM technology to serve
as an SCM candidate and bridge the performance gap be-
tween DRAM and Flash memory. PCM is capable to be
programmed into multi-level and also can be integrated with
an OTS selector into a high density crosspoint array with-
out transistors. It is ideal to obtain no-verification-rewirte
open-loop programming MLC operation in a no-transistor
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OTS-PCM crosspoint array, and the challenges to overcome
includes sizeable memory window and Vt drift. Recent stud-
ies have demonstrated the possibility to obtain such ideal
operation in OTS-PCM crosspoint array, with the help of
tight distribution of memory window and adopting opti-
mized programming methods that would mitigate Vt drift.
It is promising to observe MLC is a feasible approach to
further improve future computing system performance, and
material innovation would be an important approach to fur-
ther enhance the MLC performance in the OTS-PCM cross-
point array down the road.
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