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Phase change memory has been regarded as a promising candidate for storage
class memory application. However, the high switching current and limited
switching endurance remain a critical challenge. In this work a switching
endurance beyond 1.1 x 10" cycles is demonstrated in the mushroom-type
memory device with nano-cofined structure and carbon-doped GeSbTe
material. The over-programming of the memory cell induced by excessive
RESET current gives rise to the recrystallization of the active phase change
volume which accelerates the inward migration of carbon atoms to the bottom
heater. The cyclic switching exacerbates the over-programming effect with
denser carbon cluster accumulated at the boundary of the active region which
causes the stuck-RESET failure. The nano-confined cell structure enables effi-
cient heating by relocating the melt-quench region away from the interface to

the dielectric layer which substantially reduces the RESET energy and, con-
sequently, mitigates the over-programming effect and significantly extends
the switching cycles.

The data storage technology has received great progress in the past
decades due to the growing favor of edge-end smart devices, auto-
motive electronics, and large-scale machine learning models'™.
Phase change memory (PCM) is considered one of the most pro-
mising candidates for data storage and memory applications due to
its rapid and reversible memory switching characteristics®, large
resistance ratio”®, and high integration density’. However, the lim-
itation on cyclic switching endurance puts an obstacle to the wide
adoption of PCM as storage-class memory (SCM). The reported data
shows that many PCM devices exhibit endurance limits in the range
of 1x10° to 1x10° cycles for the mushroom-type structure'®?, the
confined PCM structures by atomic layer deposition (ALD) process
have been reported exceeding 1 x 10" cycles” ™. The PCM cells in a
mushroom-type structure are known for their high thermal stability,
good process compatibility, fast switching capability, and cost-
effectiveness’®.

In the embedded PCM applications, such as those observed in
automotive systems, phase change materials are typically employed
with elemental dopants to improve the thermal stability at high
temperature”'®, The introduction of dopants into phase change
materials effectively reduces volume change during phase transitions,
thereby mitigating the thermal stress experienced by the phase change
layer (PCL) during cyclic switching'®'"®. Dopants increase the crystal-
lization temperature of the phase change material, which helps pre-
vent void formation-a key factor contributing to stuck-RESET failure
in PCM devices®. The carbon doping in GeSbTe suppresses grain
nucleation and crystal growth, minimizing structural degradation
while simultaneously increasing resistivity to lower the RESET current.
Moreover, it enhances the thermal stability of the amorphous phase,
effectively inhibiting crystallization kinetics and significantly improv-
ing high-temperature data retention'®. The continuous atomic
motion due to wind forces and incongruent melting processes in the
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memory switching presents a critical challenge on the endurance
performance which ultimately leads to stuck-RESET bits'®?*. The
challenge is particularly complex for the doped phase change material
if the doped atoms are not in favor of bonding with the constituent
elements of the phase change materials, such as germanium, anti-
mony, and tellurium of GeSbTe material.

The nanoscale confined cell structures have been used in PCM
devices due to the good compositional uniformity and high heating
efficiency’?. The endurance of the confined PCM cells exceeds 1 x 102
cycles by adopting a symmetric nano-pillar cell and self-void healing
mechanism through a metallic linear that enables an alternative con-
ductive path™™. The deposition of uniform phase-change materials by
ALD is crucial for the fabrication of nanopillar confined structures”~°,
in which the deposition of phase change material is completed by
saturative surface reactions of the precursor with reactive surface
bonds'?. The endeavor to ensure compositional uniformity of mul-
ticomponent phase change alloys is challenging due to the limitations
in precursor preparation and controlling of precursor reaction
process®*. Furthermore, the ALD deposition is accompanied by the
presence of by-products and residuals, which potentially introduce
contamination in the PCM cells**. On the other hand, the typical
patterning process for confined cells by subtractive etching gives rise
to the issues of overlay inaccuracy and etching damage of chalco-
genides, which results in cell-to-cell variation in the reset switching
current®**, The over-programming effect is therefore presented in
parts of PCM cells, given the utilization of a consistent programming
current across the memory array*°**. The bottom heater of the PCM
cell normally shows high thermal conductivity which serves as an
effective heat sink for the thermal dissipation and provides enhanced
tolerance to over-programming***>. However, in the conventional
mushroom-type PCM cell where PCL is in contact with the bottom
heater that is surrounded by the dielectric material the void formation
is observed at the PCL/dielectrics interface after the plasma etching
and wet cleaning process which is due to the poor adhesive strength of
phase change material”*°. The interface is degraded under cyclic
switching with regular thermal and electrical stress*’*%.

Previous works on PCM cells with confined structures have
encountered several challenges, such as the difficulty in maintaining
compositional uniformity during ALD, the introduction of by-products
and contamination, and overlap issues related to patterning. In this
study, the proposed nano-confined structure overcomes these lim-
itations by providing a scalable and material-flexible solution with
enhanced thermal stability and optimized switching characteristics.
The PCM devices with nano-confined cell structure in a wafer-level
memory array are demonstrated with advantages of low switching
current, fast programming speed, and long cyclic switching endur-
ance. The nano-confined PCM cell is fabricated based on the
mushroom-type structure, which incorporates the physical vapor
deposition and subtractive plasma etching of phase change material,
by which the switching cycles are substantially extended by more than
three orders of magnitude without adding complexity to the manu-
facturing process. Moreover, it allows for the deposition of phase
change materials with higher compositional flexibility via physical
vapor deposition (PVD), enabling improved thermal stability, reduced
resistance drift, and tunable phase change kinetics. The robust
switching endurance, together with the high thermal stability using
carbon-doped GeSbTe (CGST) phase change material, is benefited
from the nano-confined structure, which enables the high efficient
Joule heating and effectively addresses the issue of over-programming
effect induced by the excessive RESET energy in the cyclic switching.
The over-programming in the PCM cell intensifies the composition
segregation of the active phase change volume and consequently
accelerates the degradation of reversible switching performance, in
which the massive carbon segregation is identified as the dominant
factor for the failure of cyclic switching. The improved heating

efficiency plays an essential role in reducing the programming energy,
which mitigates the occurrence of the over-programming effect by
utilizing a designed RESET programming scheme with reduced energy.
The switching endurance is significantly extended from 3 x 10® cycles
to more than 1.1 x 10" cycles for the mushroom-type PCM cell, which is
close to the state-of-the-art endurance performance of confined PCM
devices.

The ex situ micro-structural analysis of the PCM cells reveals that
the carbon segregation is accumulated at the boundary of a dome-like
active region in the CGST material which effectively confines and sta-
bilizes the active phase change volume of PCL in a three-dimensional
geometry, thus contributing to a reliable memory switching with high
energy efficiency and long switching cycles.

Results

Switching performance of wafer-level nano-confined PCM cells

Figure 1a-d presents the schematic illustration of the mushroom-type
PCM cells with a sandwiched structure of the bottom heater, PCL, and
TiN top electrode contact. The programming pulse from the heater
facilitates the reversible structural transformation between the amor-
phous and crystalline states. The RESET pulse induces a short and
intense heating process, resulting in a rapid cooling of the active
region and the subsequent transformation of phase change material
into an amorphous state, which is characterized by a high-resistance
state (HRS). In contrast, the SET process involves a long stepped pulse,
leading to the recrystallization of the phase change material with a low
resistance state (LRS). The cartoons of PCM device in Fig. 1a, c present
the conventional mushroom-type structures with flat heater in contact
to the bottom of PCL where the active phase change region locates at
the boundary of the PCL, as highlighted in orange. Fig. 1b, d illustrate
the nano-confined structure of PCM cell proposed in this work, in
which the top of the heater is embedded in the PCL. The structural
transition thus occurs inside the PCL where the active region is located
above the PCL boundary as shown in Fig. 1d. The transmission electron
microscopy (TEM) image in Fig. 1e and the corresponding bright-field
scanning transmission electron microscopy (BF-STEM) image in Fig. 1f
present the cross-sectional structures of the nano-confined PCM cell in
the wafer-level arrays, in which the presence of a dome-like active
region is observed which is away from the interface to the dielectric
layer in the device after the wafer-level measurement of hundreds of
switching cycles. The nano-confined PCM cell exhibits a distinct
characteristic where the active phase change region is surrounded by
chalcogenide material of low thermal conductivity in all directions,
which consequently enhances the heating efficiency significantly of
the devices by preventing the thermal dissipation from the interface to
the dielectric layer. The improved thermal heating is therefore reached
in the nano-confined PCM cell in RESET programming compared to the
conventional structure, as depicted by the finite element analysis
results shown in Fig. 1g, in which the position of peak temperature in
the nano-confined PCM cell moves further into the PCL. The embed-
ded heater delivers Joule heat to the inner part of the phase change
materials instead of the interface, which improves the heating effi-
ciency of the RESET programming and hence increases the tempera-
ture inside the PCL of the nano-confined structure considerably, as
shown in the simulation results of temperature distribution of the PCM
cells in Fig. 1h, i. The introduction of the nano-confined structure thus
facilitates the RESET programming to HRS of the PCM cell at a reduced
current.

To quantitatively evaluate the advantage of the PCM cell with a
nano-confined structure over the conventional structure, we analyze
the cell resistance as a function of RESET current under various pulse
widths for both structures, as shown in Fig. 2a, b. CGST phase change
material is used in the devices. Fig. 2a presents the screening results of
the duration-current-resistance mapping in the RESET program of 112
nano-confined PCM cells, in which a RESET current of 500 pA and 7 ns
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Fig. 1| Structural comparison and thermal analysis of conventional and nano-
confined phase change memory (PCM) cells. a-d Schematic illustration of

the PCM cells, where the phase change layer (PCL) is sandwiched between the top
TiN electrode and bottom heater, with each PCM cell connected to a controll circuit
for individual device access through bottom electrode contact (BEC).

a, ¢ Conventional PCM cell structure with a flat TiN heater in direct contact with the
PCL. b, d Nano-confined PCM cell structure, where the top of the TiN heater is
embedded in the PCL, shifting the active switching region into the interior of the
phase change material. e Cross-sectional transmission electron microscopy image

of PCM devices subjected to cyclic tests. f Magnified cross-sectional bright-field
scanning transmission electron microscopy image of a single PCM cell where the
active switching region is outlined by dash curve locates above the lower boundary
of PCL. g Finite element simulation of temperature distribution along the
z-direction of PCM cell (from the bottom heater to top TiN electrode) after applying
the RESET programming pulse. h, i Temperature distribution simulations of con-
ventional and nano-confined PCM cells, respectively, which demonstrate that the
nano-confined structure enhances heating efficiency within the PCL by ~50%,
leading to reduced RESET current and improved endurance.

is able to program the HRS of PCM cells, while a RESET current of
900 pA is required to reach the HRS in the conventional PCM cells, see
Fig. 2b. The standard deviation of the HRS resistance of PCM cells is
shown in Fig. S1 in Supplementary Information. As an identical current
of larger than 500 pA is applied in the RESET programming, a higher
resistance state is achieved in the nano-confined structure due to the
improved thermal efficiency. By adopting the embedded heater, the
Joule heating in the RESET process becomes increasingly concentrated
within the phase change materials. The thermal dissipation through
the interface between the phase change and dielectric layer is sup-
pressed, which favors the formation of a mushroom-shaped amor-
phous volume inside the PCL at a reduced RESET current. The
improved energy efficiency of the nano-confined structure is demon-
strated in the SET programming as well, in which a higher RESET/SET

resistance ratio of up to more than two orders of magnitude is
achieved in the nano-confined structure, as shown in Figs. S2 and S3
in Supplementary Information. A smaller SET current is required to
reach the minimum resistance of the PCM cells with nano-confined
structure, indicating an energy-efficient process for the recrystalliza-
tion of phase change materials.

The nano-confined structure is considered to be a critical factor in
increasing the heating efficiency of RESET programming, as plotted in
Fig. 2a, b. To investigate the impact of the increasingly reduced RESET
energy on the endurance performance of the PCM cells, a series of
switching endurance measurements are performed utilizing tailored
RESET programming scheme with variety of RESET pulses from RESET
pulse A to pulse H, where the programming RESET energy is decreased
continuously, as shown in Fig. 2c—j. The endurance limits of nano-
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Fig. 2 | RESET programming mapping and endurance performance of nano-
confined and conventional phase change memory (PCM) cells. a, b Duration-
current-resistance mapping during RESET programming for 112 PCM cells with (a)
nano-confined and (b) conventional cell structures. c-j Endurance performance of
nano-confined PCM cells using RESET pulses A to H, respectively, which demon-
strate endurance up to 1x10° cycles with a strong dependence on RESET pulse
energy. k Endurance limit of PCM cells as a function of RESET pulse, where the inset

Endurance Cycles(#)

histogram illustrates the decreasing pulse energy from RESET pulses A-H.

I Demonstration of switching endurance exceeding 1.1 x 10" cycles with a resistance
ratio greater than 10 under RESET pulse G. The endurance data presented in this
figure is measured from eight nano-confined PCM cells, which is representative of
more than 8000 tested PCM cells. The current of RESET pulses is fixed at 1000 pA
and a constant SET pulse of 440 ns, 400 pA is used in this work. HRS high-resistance
state, LRS low-resistance state.

confined structure PCMs under RESET pulses A to G is significantly better
than those of conventional structure, which exhibits a switching
endurance of -1x10° cycles, as shown in Fig. S4 of Supplementary
Information. Moreover, even with extended RESET pulse duration of
80 ns, the memory window of conventional structures remains limited

to approximately one order of magnitude, whereas the nano-confined
structure achieves a well separated HRS and LRS in the cyclic switching.

A noticeable decrease in the cell resistance of the PCM cells in HRS
is observed as the switching cycle increases under the RESET pulse A to
pulse F. The cyclic switching is ended with a stuck-RESET failure before
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Fig. 3 | Switching performance and resistance distribution of nano-confined
phase change memory (PCM) cells under different RESET endurance pro-
gramming schemes. a, b Endurance cycling of 8 nano-confined PCM cells under
scheme 1, showing (a) the first 3 x 10 cycles with RESET pulse A, followed by (b) an
additional 3 x 107 cycles with RESET pulse G, which results in an improved resis-
tance distribution of the LRS. ¢, d Endurance cycling with sequence reversed under
scheme 2, with (c) the first 3 x 107 cycles using RESET pulse G, followed by d the
second 3 x 107 cycles under RESET pulse A, which presents significantly increased

LRS fluctuation. The extended cyclic operations are provided in Figs. S5 and S6
in Supplementary Information. e, f Resistance-current (R-I) curves of 112 PCM cells
after different endurance cycles with (e) RESET pulse A and (f) RESET pulse G. The
threshold current (/y,) for the RESET transition is marked by dashed lines.

g, h Statistical resistance distribution of the high resistance state (HRS) and low
resistance state (LRS) for 8192 PCM cells subjected to endurance cycling with (g)
RESET pulse A and (h) RESET pulse G, highlighting the differences in resistance
variability over time.

the switching endurance reaches 1x10° cycles, which is associated
with the pronounced fluctuations in the cell resistance of LRS, as
plotted in Fig. 2c-h. As the programming energy decreases further, as
shown in Fig. 2i, j, the switching endurance is extended significantly
beyond 1x10° cycles, in which the cell resistance is well separated,
showing around two orders of magnitude difference under RESET
pulse G and pulse H. The rapid degradation of cell resistance in both
HRS and LRS as the switching endurance beyond 1x10® cycles is
observed in the PCM cells under RESET pulse A to pulse F. The wild
fluctuation in cell resistance is mitigated as the RESET energy is
decreased under RESET pulse G and pulse H, which is due to the sig-
nificant improvement of thermal efficiency of the device and the
resultant considerably suppressed over-programming effect in the
PCM cell. Fig. 2k illustrates the switching cycle life of the nano-confined
PCM cell under different RESET pulses, in which the programming
energy of the RESET pulse is shown in the inset. The endurance limit of
the PCM cells is extended substantially as the RESET programming
energy decreases. The switching endurance beyond 1.1 x 10" cycles is
observed in the nano-confined PCM cells under the RESET pulse G, in
which the resistance ratio is more than one order of magnitude, as
shown in Fig. 2I. The PCM cells are still in the cyclic programming
measurement and the endurance limit has not yet reached due to the
time consuming test procedure. A greater extended endurance cycle is
therefore expected under the RESET pulse H with further reduced
programming energy.

The over-programming effect in RESET switching of the nano-
confined PCM cell

To further investigate the impact of the RESET programming energy
on the switching performance of PCM cells, the cyclic programming is
designed using alternate RESET pulses with high energy RESET pulse A
first for 3E7 cycles (scheme 1, see Fig. 3a) followed by low energy RESET
pulse G for another 3E7 cycles (see Fig. 3b). Since the pulse parameters
for RESET pulse A to pulse G are different, each endurance test
requires separate configuration of the circuit, which takes

approximately 3 minutes. The LRS of the PCM cells displays a sig-
nificant fluctuation as the switching cycle increases in the first pro-
gramming with RESET pulse A as shown in Fig. 3a, which, whereas,
exhibits a stable resistance level in the extra cyclic programming under
RESET pulse G with the resistance ratio larger than 200 as plotted in
Fig. 3b. On the other hand, when the pulse sequence applied to the
PCM cell is reverse, that is, the PCM cells are cyclically programmed
using RESET pulse G first, the LRS of the devices present minimum
fluctuations up to 3E7 cycles (scheme 2, see Fig. 3c). While the addi-
tional 3E7 cycles switching with RESET pulse A is found with noticeably
increased fluctuations in LRS, as shown in Fig. 3d. The endurance
switching programming with alternate RESET pulses A and pulse G is
cyclically performed on the PCM cells until the failure of the devices, as
given in Figs. S5 and S6 in Supplementary Information, in which the
endurance characteristic under two sets of endurance programming
scheme by alternated RESET pulses A and pulse G is presented. The
endurance limit of the PCM cells under both of the programming sets
is higher than that programmed solely by RESET pulse A. It illustrates
that the endurance degradation, including resistance decrease and
fluctuation with cycles, under different pulse schemes, is independent
of the programming history of the cells. The RESET pulse A accelerates
the degradation of the PCM cells due to the over-programming effect,
while the RESET pulse G, with reduced energy, is able to cure the
degraded cells.

By applying the current pulse with fixed pulse width and increasing
amplitude, a reversible phase transition occurs between the HRS and LRS
of PCM cells after different switching cycles, as shown in Fig. 3e, f. The
threshold current (l;) for the RESET transition with RESET Pulse A and
pulse G are both ~400 pA for the PCM cells that experienced up to 1 x 10°
switching cycles. However, the I, under RESET pulse A increases sig-
nificantly as the switching endurance exceeds 1x 10 cycles, in which a
current of 500 pA is required to RESET the PCM cells after 1x108
endurance cycles. Whilst for the PCM cells under RESET Pulse G, the I,
increases slightly to 420 pA. Furthermore, a substantial decrease in cell
resistance of the LRS is observed for the PCM cells under RESET pulse A
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as the switching endurance exceeds 1x 107 cycles. Under RESET pulse G,
the I, of the PCM cells remains well below 500 pA even after 1x10°
endurance cycles, which is presented with a tolerable decrease in cell
resistance of the LRS.

The resistance distributions shown in Fig. 3g, h are based on more
than 8000 PCM cells after the corresponding switching endurance
programming. As the switching endurance exceeds 1 x10° cycles, the
degradation in the LRS is observed under RESET pulse A. The tail in
HRS distribution indicates the decrease of cell resistance in part of the
PCM cells which is induced by the over-programming effect, as shown
in Fig. 3g. It suggests that the over-programming effect induced by the
RESET pulse A leads to noticeable deterioration of the uniformity in
the local atomic structure and composition of the phase change
material as the endurance cycles increases. The uniformity of cell
resistance is significantly improved both in the HRS and LRS of PCM
cells under RESET pulse G, see Fig. 3h, which shows a resistance ratio of
more than 100 after up to 1x10° endurance cycles. It is worthy of
noting that the RESET pulse G exerts a comparatively limited influence
on the threshold switching during the current sweeping of the PCM
cells up to 1x 10" cycles. The resistance drift of both the HRS and LRS
after different cyclic programmings of up to 1x10° cycles keeps rela-
tively stable, as demonstrated in Figs. S7 and S8 in Supplementary
Information.

Microstructural analysis on the atomic structure of PCM cells
after cyclic switching

The cross-sectional TEM images of the PCM cells programmed under
the RESET pulse A and pulse G for different endurance cycles are
presented in Fig. 4a, b, respectively. The associated dark-field scanning
transmission electron microscopy (DF-STEM) analysis is shown in
Fig. 4c, d, respectively. The active switching region with a mushroom-
like shape is observed in the phase change layer in all PCM cells. The
active volumes are outlined by the dome-like materials with lighter
contrast in the TEM images, irrespective of programming pulses and
endurance cycles, which indicates a massive atomic segregation in the
CGST phase change material during the cyclic switching. The size of
the active switching region under RESET pulse A and pulse G is eval-
uated by normalizing the diameter of the active volume to the PCM cell
that experienced 1 x 10° endurance cycles, as shown in Fig. 4a, b. When
RESET pulse A is used in the cyclic programming, the size of the active
volume decreases considerably by half as the switching endurance
reaches 1 x 10® cycles, as shown in Fig. 4a(VI). While under RESET pulse
G in the cyclic programming, the size of the active switching region
remains stable until 10° switching cycles, which, after 1 x 10'° switching
cycles, decreases slightly to 80% of the PCM cell that experienced
1x10° endurance cycles as given in Fig. 4b(VIII).

The segregated volume with lighter TEM contrast, which is
defined as the core volume, is observed within the active region of the
PCM cells under both RESET pulse A and pulse G in addition to the
ones located at the dome-like boundaries, as presented in Fig. 4a, b.
The appearance of the segregated core volumes is attributed to the
presence of lighter or thinner phase change material under the driving
forces in the cyclic switching, which implies the kernel of the heated
active volume'®. The core volumes within the active regions are
marked by the orange circle in the DF-STEM images, as shown in
Fig. 4c, d. The randomly distributed core volumes with various sizes
after different switching cycles is observed inside the active region of
PCM cells programmed by RESET pulse A, see Fig. 4c. The core volume
eventually disappears as the switching endurance reaches 1 x 107 cycles
due to the massive carbon segregation, as shown in Fig. 4c(V) and (VI).
As the switching endurance cycle increases, the core volume identified
in Fig. 4c migrates from the position next to the TiN heater to the top
of the switching region with increased size which is attributed to the
over-programming effect in the cyclic switching. While, as shown in
Fig. 4d, the core volumes with uniform size are found to be located

close to the bottom TiN heater as the switching endurance increased
to 1x10° cycles with RESET pulse G, indicating the effective suppres-
sion of the over-programming effect in the RESET programming.

The electron energy loss spectroscopy (EELS) analysis of carbon
element in the PCL is shown in Fig. 4e, in which the carbon atoms
present an explicit segregation at the boundary of the active volume.
The carbon cluster that is located well above the interface to the
dielectric layer outlines the dome-like shape of the switching region. It
indicates that the active switching region predominantly resides within
the phase change materials with the main path of current flow occur-
ring from the embedded TiN heater toward the top electrode, as
shown in the finite element simulation results of RESET process of the
PCM cell, see Fig. S9 in Supplementary Information. Consequently, the
Joule heat is largely confined in the vicinity between the TiN heater and
the top electrode. A thicker segregated carbon cluster is recognized
surrounding the active region of the PCM cell as the cyclic program-
ming with RESET pulse A increases, see Fig. 4e(lll). It leads to a sig-
nificant reduction in the active volume after 1x 10® endurance cycles.
As the RESET pulse G is employed in the cyclic switching, a reduced
degree of carbon accumulation at the boundary is observed after
1x107 and 1x10® endurance cycles, as depicted in Fig. 4e(IV) and (V).
The carbon aggregation remains relatively weak before reaching
1x10° cycles after which significant carbon precipitation occurs inside
the mushroom-like active region as confirmed by the chemical analysis
results in Fig. S10 in Supplementary Information. The EELS mappings
in Fig. 4e further confirm that the size of the active volume is less
dependent on the programming history under RESET pulse G, even up
to 1x10' cycles, as shown in Fig. 4e(IV) to (VII).

Moreover, the energy dispersive x-ray spectroscopy (EDS) results
in Fig. 4f, g demonstrates again the accumulation of carbon atoms and
the associated depletion of Ge, Sb, and Te atoms at the boundary of
the active region of PCM cells after 1x 10° and 1 x 10" switching cycles,
respectively, under RESET pulse G. The presence of the constituent
elements of CGST material is confirmed in the core volume of the PCM
cells. The atom migration is observed as a local enrichment for Sb and
depletion for Ge at the position close to the TiN heater as marked in
Fig. 4f, g which is agreed with the reported publication®***°, It is worth
mentioning that no Ti atoms were observed in the active volume of the
phase change layer, suggesting a stable TiN heater in the cyclic
switching. Indeed, the TiN heater remains in crystalline phase in both
the survived and failed PCM cells as displayed in the high-resolution
transmission electron microscopy (HRTEM) images in Fig. S11 in Sup-
plementary Information. It indicates that the stuck-RESET failure
should not be ascribed to the degradation of the bottom heater since a
writing endurance of 1x10% cycles is observed in the TiN bottom
heater®".

The carbon segregation is observed in the PCM cells immediately
after the initialization test of hundreds of switching cycles is per-
formed, as shown in Figs. 5a and S12 in Supplementary Information. In
Fig. 5b, the large core switching volume in the top of the active region
indicates a massive carbon aggregation after 1x10° switching cycles
under RESET pulse A. As the switching endurance increases to 1 x 108
cycles, a remarkable shrink in the size of the active volume is observed
with thicker carbon cluster piling up at the boundary, as shown in
Fig. 5¢c. At the 3E8 switching cycles where the stuck-RESET failure
occurs due to the over-programming effect, the continuous segrega-
tion of carbon atoms to the bottom heater and the resultant collapse of
the active volume is observed in Figs. 5d and S10 in Supplementary
Information. The over-programming effect is further confirmed by the
horizontal expansion of the active region, in which the phase change
material locates beyond the active region is in an amorphous state
after 1x10® switching cycles under RESET pulse A. Whereas, under
RESET pulse G, the phase change material in similar location remains
intact showing a polycrystalline state, as shown in Fig. S13 in Supple-
mentary Information.
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Fig. 4 | Microstructural analysis and elemental mappings of phase change
memory (PCM) cells under various RESET pulses and cycling conditions. a The
cross-sectional transmission electron microscopy (TEM) images of PCM cells pro-
grammed with RESET pulse A for (1) 10, (1) 10*, (1l) 10%, (IV) 10°, (V) 107, and (VI) 108
cycles. b The cross-sectional TEM images of PCM cells programmed with RESET
pulse G for (1) 103, (II) 10*, (1I) 10°, (IV) 10°, (V) 107, (VI) 108, (VII) 10°, and (VIII) 10
cycles. The corresponding cross-sectional dark-field scanning transmission elec-
tron microscopy images of PCM cells programmed with ¢ RESET pulse A and

d RESET pulse G where the core volume is marked by orange circles. e The carbon
atom distribution in the phase change layer, though electron energy loss spec-
troscopy (EELS) analysis with focus on (I) the active volume. The carbon segrega-
tion revealed by EELS mapping for the PCM cells programmed by RESET pulse A for
(I1) 107 and (Il1) 108 cycles and by RESET pulse G for (IV) 107, (V) 108, (VI) 10, and (VII)
10" cycles. The energy dispersive x-ray spectroscopy mapping of the PCM cells
programmed by RESET pulse G for (f) 10° and (g) 10'° cycles where the core volume
is outlined by orange circles.

The RESET pulse A in the cyclic programming exacerbates the
carbon segregation process due to the over-programming effect,
which involves the driving forces from the incongruent melting and
electrostatic force in the cyclic switching'**°, The EDS results shown
in Figs. S14 and S15 in Supplementary Information demonstrate the
enrichment of carbon atoms at the boundary of the active volume
where the Ge, Sb, and Te elements are scarcely detected. Conse-
quently, the additional cyclic switching leads to the formation of a

thicker carbon cluster at the boundary of the active volume, which
progressively migrates toward the bottom heater and accelerates the
failure of the PCM cell by crushing the active volume. Moreover, the
recrystallization of phase change material was observed at the outer
periphery of the active region. It is due to the over-programming
effect, which gives rise to the formation of crystalline phase change
material at the boundary of active volume and subsequently squeezes
the size of the switching region, see Fig. S16 in Supplementary
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Fig. 5 | Evolution of active volume and carbon segregation in phase change
layer (PCL) of phase change memory (PCM) cells under RESET pulse A with
increasing endurance cycles. The high-resolution transmission electron micro-
scopy images of the active volume of the PCM cells programmed by RESET pulse A
fora x100, b 10°, ¢ 108, and d 10° cycles. e-h The cartoon of the evolution of the
active volume (marked by the orange balls) of the PCM cells programmed by RESET

) Carbon Atom

pulse A with increased endurance cycles, where the shrinkage of the active region
results from the substantially increased carbon segregation with cycles at the
boundary. The core volume (marked by the red balls) is randomly distributed in the
active volume as the endurance cycle increased. The segregated carbon atoms
(marked by the white balls) lead to the collapse of active volume, eventually giving
rise to the open state of the PCM cells with a stuck-RESET failure.

Information. The failed PCM cell is characterized by a collapsed active
switching volume, which is filled with the segregated carbon atoms
that envelop the TiN heater as presented in Fig. S10 in Supplementary
Information. It thus leads to an open state of the PCM cell with stuck-
RESET failure, as illustrated in Fig. Se-h.

Discussion

In this work, we propose a mushroom-type nano-confined cell struc-
ture, which enables RESET switching operation with significantly
reduced program energy. Our approach provides a highly scalable,
cost-effective, and thermally optimized solution compared to the
confined PCM cells by ALD process. The endurance performance of the
PCM cells is significantly extended beyond 1.1 x 10" switching cycles by
taking advantage of reduced programming energy that mitigates the
over-programming effect caused by the excessive RESET current. The
RESET pulse with significantly reduced energy is capable of curing the
active volume of the PCM cells in the cyclic switching, which enables
long post-endurance reversible switching.

The microstructural analysis on the post-endurance PCM cells
reveals the immediate carbon segregation at the boundary of the
active switching volume after hundreds of cycles. The massive carbon
precipitation is accelerated with the increase of switching cycles,
which presents a path toward the bottom heater due to the recrys-
tallization of the phase change material. It leads to significant shrink-
age of the active volume and finally the collapse of the active region of
the PCM cells. The nano-confined structure effectively addresses the
over-programming issues by relocating the melt-quench region away
from the interface to the dielectric layer, in which the thermal effi-
ciency can be further enhanced by tuning the structure of the bottom
heater in the PCL. This work reveals that a stable active volume of
phase change material is crucial for extending the endurance limits of
PCM cell. The optimization of programming parameters to suppress
the over-programming effect and the continuous scaling in cell size to

reduce the active volume are considered as essential ways to further
stabilize the segregated dome-like carbon cluster, thus enabling the
active volume with extended endurance cycles. The memory cell with
embedded nano-heater could be taken by other emerging memristive
devices directly to trigger the resistive switching at the atomic scale
with low switching power and long switching endurance.

Methods

Device fabrication and simulation

The conventional and nano-confined PCM cells were fabricated on a 12-
inch silicon substrate using a 40 nm technology with one transistor
one resistance memory architecture. All the devices used in this work
consist of a TiN bottom heater, CGST phase change layer, and TiN top
electrode. The PCM device adopts a mushroom-type cell structure.
The details of the conventional cell structure can be found in previous
publications™*. For the nano-confined cell structure an embedded
bottom TiN heater was formed by ALD process, which is followed by a
recess process via selective chemical mechanical planarization (CMP)
to form a protruded bottom heater. The ALD-deposited TiN film is
capped by SiN layer to avoid oxidation of TiN bottom heater. It also
ensures that the PCL is only in contact with the top surface of the TiN
bottom heater. For the fabrication of nano-confined structures, the
degree of protrusion of TiN bottom heater is optimized by tuning the
CMP process. The slurry used in the CMP process shows a good
selectivity between the TiN and SiO, material. By controlling the pol-
ishing time, the protrusion degree and height of the TiN bottom heater
can be tuned. The CGST phase change layer was deposited by mag-
netron sputtering, which allows for greater flexibility in material
composition and avoids contamination from residual by-products that
exist in the chemical deposition method. The CGST composition was
optimized to increase thermal stability and reduce operation energy,
which are critical for long-term endurance’’®. The top TiN electrode
was subsequently deposited using the PVD method right after the
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deposition of the phase change material to avoid oxidation. The CGST
phase change layer is patterned by plasma etching, which is followed
by the deposition of SiN interlayer dielectric via a low-temperature
chemical vapor deposition technique. The finite element model was
established using COMSOL Multiphysics software, incorporating an
electrical model coupled with a thermal model through Joule heating.
Heat transfer via conduction is simulated using the transient heat
equation, in which a constant RESET pulse is applied to the PCM cells
with a flat or embedded TiN heater.

Microstructural analysis

The cross-sectional TEM samples of the PCM cells are prepared using a
Helios G4 UX dual-beam focus ion beam (FIB) system with a Ga ion
beam operated at 30 kV acceleration voltage and polished at 5kV. The
final thinning and cleaning process is performed at 2 kV to minimize
the damage to the sample. The beam current in the TEM analysis is
reduced to around 1 nA to avoid the electron irradiation-induced
amorphous to crystalline phase transition of the lamellae. The DF-
STEM image and the associated EDS experiments were performed on a
JEOL ARM30O0F microscope at 300 kV with a low beam intensity. No
visible structural changes are observed in the DF-STEM and EDS
experiments. The high spatial resolution chemical analysis of carbon
atoms in the active volume of the PCM cell is carried out by EELS
mapping at an energy resolution of 1eV/channel.

Electrical measurements
All electrical measurements were performed at the chip level using
automatic test equipment (ATE). The customized circuit boards and
sockets are used to ensure direct electrical contact with the PCM chips.
The RESET and SET operations of the PCM devices were con-
ducted through the on-chip write circuit. The on-chip write circuit was
configured via the ATE tester, which defines the duration and ampli-
tude of the RESET and SET pulses. The duration of the RESET pulse
depends on the configuration of on-chip write circuit. In this work,
eight different RESET pulses (RESET Pulse A to H) corresponding to
pulse widths of 20ns, 15ns, 10ns, 9ns, 8ns, 7ns, 6ns, and 5ns,
respectively, are used. The amplitude of each RESET pulse was
1000 pA in the endurance switching measurement. Although a RESET
current of 7ns, 500 pA is able to program the HRS of PCM cell as
shown in the main text, the RESET current of 1000 pA is selected in
order to ensure good overall performance on data retention, device
consistency, and higher on/off ratio of the PCM devices. The SET pulse
duration and current were fixed at 440 ns and 400 pA, respectively.
The endurance testing was conducted using the ATE system via a
dedicated endurance test program, which is achieved by repeatedly
writing data ‘O’ (RESET) and data ‘1’ (SET) to the selected memory
address. The measurement of the cell resistance is performed after
every 1x10° cycles of RESET and SET operations. The drift coefficient
of cell resistance was extracted by fitting the resistance-time curve to
the power law R(t) =R, (t/t,)” where v is drift coefficient and Ry is the
resistance measured at time ¢o. Additionally, the distribution of cell
resistance across multiple cycles and devices was analyzed based on
8192 (8k array) PCM devices to demonstrate the reliable switching
performance of the nano-confined structure.

Data availability

All data that support the findings of this study are included in the main
text and Supplementary Information. Other data are available from the
corresponding author upon request.
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