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Phase-change memory (PCM) is a promising candidate for data storage in flexible electronics, but its
high switching current and power are often drawbacks. In this study, we demonstrate a switching current
density of ~0.1 mega-ampere per square centimeter in flexible superlattice PCM, a value that is one
to two orders of magnitude lower than in conventional PCM on flexible or silicon substrates. This
reduced switching current density is enabled by heat confinement in the superlattice material, assisted
by current confinement in a pore-type device and the thermally insulating flexible substrate. Our
devices also show multilevel operation with low resistance drift. The low switching current and good
resistance on/off ratio are retained before, during, and after repeated bending and cycling. These
results pave the way to low-power memory for flexible electronics and also provide key insights for PCM
optimization on conventional silicon substrates.

N
umerous emerging flexible electronics
for the internet of things (IoT) (1, 2) be-
nefit from low-power embedded mem-
ory (3–5); examples include electronic
skin (6), paper-like deformable displays

(7), and smart IoT sensors for food and drug
monitoring (2). Many of these applications
could revolutionize personalized health care
and global supply chains, particularly if they
can rely on flexible substrates, which are easier
to integrate with various form factors and
surfaces. However, integrating conventional
silicon-based memory into flexible electronics
is difficult owing to the limited bendability of
thinned silicon, complicated transfer processes,
and potential thermal challenges on substrates
with low thermal conductivity (4, 8, 9). As an
alternative, memory devices could be fabri-
cated directly on the flexible substrates, as long
as this can be done at sufficiently low temper-
ature (typically below 250°C). For example,
flash and ferroelectric memory have been di-
rectly demonstrated on flexible substrates, but
at the expense of higher operating voltage and
power consumption than needed for their rigid
counterparts (4, 10).
Two other memory candidates that can be

processed directly on flexible substrates are
resistive random-access memory (RRAM) and
phase-changememory (PCM) (11–13). Although
many demonstrations exist with RRAM, its
filamentary operation causes variability issues
(4, 12). By contrast, PCM offers lower variabil-
ity than RRAM while providing faster speed,
larger memory window, and longer write en-
durance than flash (14). These attributes and

its potential formultilevel memorymake PCM
a candidate of interest for data storage in flex-
ible electronics (15, 16). The sameproperties are
also important for IoT devices, whichmust often
process data locally because of limited commu-
nication bandwidth with cloud servers (17).
However, a fundamental challenge of PCM

has been its relatively high switching current
and power, posing an obstacle for widespread
adoption on both rigid (silicon) and flexible
substrates (12, 13, 18). PCM on flexible sub-
strates has been relatively unexplored, and
previous studies (13, 18) operated with high
current owing to the use of conventional
phase-change materials (e.g., Ge2Sb2Te5) and
lithography limitations (e.g., limited ability to
focus) on uneven flexible substrates. Although
the reset current of PCM is known to decrease
with the cell size (14), such scaling is more
difficult to achieve on flexible substrates; thus,
reducing the reset current density becomes of
greater importance. Reducing current density
also benefits PCM on rigid substrates (19),
where the area used by memory selector
devices (which supply the current in high-
density memory arrays) is valuable and must
be minimized (14, 20).
Here, we achievedultralow reset current den-

sity andmultilevel operation,which are difficult
to realize for PCM on flexible substrates, with
a combined approach that includes (i) use of
a superlattice phase-change material, which
limits heat loss into the metal electrodes; (ii)
taking advantage of the very low thermal con-
ductivity of the flexible substrate, which blocks
heat loss from the bottom electrode (BE); and
(iii) Joule heat confinement in a pore-like
geometry. Our PCM devices were directly fab-
ricated on a flexible polyimide (PI) substrate
(Fig. 1A), without any layer transfers and a
maximum process temperature of 200°C. The
superlattice phase-change material (21) was
deposited as 12 periods of alternating Sb2Te3

(4 nm) and GeTe (1 nm) layers. The ~600-nm-
diameter pore-like device is surrounded by
~35-nm Al2O3 (Fig. 1B) on a TiN bottom con-
tact [see (22) for fabrication details, fig. S1,
and table S1].
We used high-resolution scanning transmis-

sion electron microscopy (STEM) to image the
superlattice cross section on a silicon sub-
strate, with the same deposition conditions
as for the flexible PCM (Fig. 1C). [STEM sam-
ple preparation is difficult on the weak, elec-
trically and thermally insulating polymer,which
can warp during focused ion beam milling
(23, 24).] STEM imaging displays Sb2Te3 and
GexSbyTez layers, revealing some interfacial
reconfiguration known to occur during depo-
sition kinetics (25) but preserving clear and
parallel van der Waals–like (vdW-like) gaps
(26). X-ray diffraction (XRD) data in Fig. 1D
show sharp polycrystalline peaks from the
same superlattice film used for the STEM cross
section. (Additional XRD data are shown in
fig. S2 for a similar superlattice on TiN/PI/Si.)
The pronounced (00l) out-of-plane XRD peaks
correspond to highly oriented layers parallel
to the substrate. A small broadening and shift-
ing of some Sb2Te3 peaks and the presence of
GexSbyTez peaks (fig. S2) are consistent with
partial diffusion of Ge atoms into Sb2Te3
(27, 28).
The resulting PCM devices on the ~5-mm PI

substrate are flexible (Fig. 1E), and we mea-
sured their resistance (R) versus current (I)
before and during bending (Fig. 1F). For set
and reset programming, respectively, we used
1-, 20-, and 500-ns and 1-, 60-, and 1-ns rise,
width, and fall pulses (see fig. S3 for the setup
and fig. S4 for an example output pulse). We
read the resistance of all devices with a 50-mV
direct current (dc) bias (22). Our ~600-nm di-
ameter flexible PCM devices switch at ~0.2 to
0.25 mA of reset current (Ireset), with a resist-
ance ratio up to ~100, maintaining the switch-
ing characteristics during both flat and bent
substrate conditions. The estimated reset cur-
rent density (Jreset) of ~0.1 MA/cm2 is about
two orders of magnitude lower than that of
conventional PCM on rigid silicon substrates
(29, 30) and more than an order of magnitude
lower than that of existing flexible PCM (13)
(Fig. 1G).
We found that the reset current scales with

the pore cell area (from ~600- to ~800-nm
diameters; Fig. 2A), indicating the scalability
of our technology, further supported by addi-
tional benchmarking (fig. S5). Our devices also
demonstrate reasonably low cycle-to-cycle
variation (Fig. 2B). We calculated resistance
versus power (Fig. 2C), which we estimated
from R versus I (Fig. 2B) and R versus volt-
age (V) (fig. S6A). We further noted low cycle-
to-cycle variation for >450 cycles (fig. S6B).
The peak reset power is ~0.8 mW; this could
be further reduced with smaller cell diameters
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but is limited here by the optical lithography.
The reset energy of ~48 pJ (22) is nearly an
order of magnitude lower than that of other
devices, which used a filamentary bottom con-
tact (18), owing to our shorter reset pulses of
~60 ns. Our reset power is two orders of mag-
nitude lower than that of earlier nonfilamen-
tary flexible PCM (13).
We also explored the multilevel capability

and resistance drift of our flexible superlat-
tice PCM, demonstrating four stable-resistance
states (Fig. 2D). The same figure also reveals
a low resistance drift coefficient (n ~ 0.002 to
0.008), which is more than an order of mag-
nitude lower than that of conventional PCM
(31) with clearly distinguishable resistance
states [see supplementary text section I and
table S2 (22)]. We applied several separate
reset pulses of the same shape (1, 60, and
1 ns) and increasing amplitude (2.1, 2.6,
3.1, and 3.5 V) to achieve the intermediate-
resistance states. Figure 2D also reflects re-
tention of the low- and high-resistance states

beyond 104 s. The low resistance drift is at-
tributed to the presence of vdW-like gaps in
the superlattice material even after electri-
cal cycling (fig. S7), which can limit structural
relaxation and long-range atomic diffusion.
This behavior is a notable advantage of
superlattice-type PCM, regardless of the
substrate choice (32).
We measured our flexible PCM under a

tensile bending radius of 4 mm (Fig. 3A). The
devices maintained a resistance on/off ratio of
>10 for 103 cycles while flat, then for 102 cycles
while bent (Fig. 3B; fig. S8 shows additional
endurancemeasurements taken over 104 cycles).
R-versus-Imeasurements in flat and bent con-
ditions (Fig. 1F) indicate that low Ireset is pre-
served upon bending, with a resistance on/off
ratio of nearly 100. Further, we measured the
bending cyclability of our PCM devices (Fig.
3C). We read their dc resistance after several
bending cycles and measured the resistance
states for a consecutive 300 s, with 30-s inter-
vals between each resistance readout. These

results show that both high- and low-resistance
states are maintained with low drift before
bending, as well as after 100 bending cycles.
Notably, low switching current is preserved
even after 200 bending cycles (Fig. 3D). The
robustness of our devices during bending
can be attributed to the PI thickness of 5 mm,
which leads to a small strain of ~0.06% even
at a 4-mmbending radius (33). Encapsulation
with another few-micrometer-thick polymer
layer would place our devices along the neutral
mechanical plane, further reducing their strain
(34). A comparisonwith other flexiblememory
technologies—in termsof retention, endurance,
and choice of bending radius—is provided in
table S3.
Finally, we sought to understand what

leads to the ultralow current density in our
flexible superlattice PCM devices. Earlier
work had suggested that Ge atommovement
may be responsible for switching in similar
superlattice PCM on rigid substrates (21).
However, we have recently found that the
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Fig. 1. Flexible superlattice PCM. (A) (Top) Schematic device cross section.
(Bottom) Top-view optical images of fabricated devices. (B) Top-view scanning electron
microscopy image of a device with a ~600-nm via hole (i.e., a hole in the Al2O3 insulating
layer, defining the active device region). The inset shows a zoomed-in view. (C) High-
resolution STEM cross section of the superlattice stack deposited on a Si substrate,
using the same conditions as for the flexible PCM devices. STEM shows 5-atom Sb2Te3
layers, as well as 7- and 11-atom layers with Ge atoms diffused into GexSbyTez (25),
all separated by clear vdW-like gaps (see also fig. S7). (D) XRD of the same superlattice
stack as in (C), demonstrating the polycrystallinity of the as-deposited films (see also
fig. S2). (E) Photograph of one of our flexible substrates with memory devices. (F) Read
resistance versus current for our flexible PCM (with a ~600-nm via hole) before and

during bending to a radius of 4mm, demonstrating low-current switching in both the flat
and bent conditions. Solid arrow, from high-resistance state (HRS) to low-resistance
state (LRS); dashed arrow, from LRS to HRS. W, ohms. (G) Benchmarking of reset
current density (Jreset) reveals that Jreset is about two orders of magnitude lower than
that of conventional PCM on rigid silicon substrates (20, 21, 29, 30) and one order
of magnitude lower than that of other flexible PCM (13). Some trends can be discerned—
e.g., Jreset is reduced from mushroom-type cells (spades) to confined cells (circles)
and is also reduced from conventional Ge2Sb2Te5 (GST; light blue) or doped GST
(dark blue) to superlattice PCM (green). Flexible PCM also has lower Jreset than its rigid
counterparts, and our combination of flexible substrate with superlattice PCM in a
confined cell yields the lowest Jreset ≈ 0.1 MA/cm2 (red stars).
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Fig. 2. Scaling, power, and multilevel
measurements. (A) Read resistance versus
current for our devices, showing the scaling of
Ireset with cell area. (B) Resistance versus
current for 15 cycles, showing low cycle-to-
cycle variability of these devices (see also
fig. S6B). (C) Resistance versus power (P) for
15 cycles, showing a switching power (Preset)
of ~0.8 mW. (D) Four stable-resistance
states in the flexible PCM device with 600-nm
diameter, showing multilevel capability with
ultralow resistance drift over 104 seconds
[see supplementary text section I (22)]. The
resistance of the highest state (~10 megohms)
is slightly higher than in the other panels
because the multilevel states were reached
with single-shot pulses from the lowest-
resistance state, whereas the data in (A)
to (C) were obtained with gradually increasing
pulse magnitudes. R0 is the resistance at an
arbitrary time t0, and t is the time after the
last switching event.

Fig. 3. Characterization before and after bending. (A) Measurement setup
for our flexible PCM devices under a bending radius of 4 mm. (B) Resistance
versus number of switching cycles before (i.e., flat condition) and during
bending, showing that a 10-fold resistance window (10×) is maintained.

(C) A resistance on/off ratio >10 is maintained over time upon cyclic
bending. (D) Resistance versus current before bending and after 200 bending
cycles, showing that low Ireset and the resistance on/off ratio are maintained
after bending cycles.
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superlattice has low cross-plane thermal
conductivity and very high electrical anisot-
ropy (35) owing to its numerous parallel
vdW-like interfaces. Thus, we exploited these
properties to conceive our design, which in-
cludes confinement of the superlattice PCM
cell in a pore-like geometry on a substrate
with ultralow thermal conductivity (the flex-
ible PI). This leads to the pronounced reduc-
tion of switching current density, which points
to a strong thermal component of the switch-
ing mechanism.
To gain deeper insight into the role of heat

confinement in the pore device, we performed
electrothermal simulations [Fig. 4 and supple-
mentary text section II (22)]. These reveal simul-
taneous effects of thermal confinement due
to the numerous interfaces, higher electrical
resistivity across the superlattice, lateral Joule
heat confinement in the pore geometry, and
the thermally resistive PI substrate (Fig. 4 and
fig. S9). By contrast, the temperature profile
of a pore-type Ge2Sb2Te5 device on PI (fig. S10)
shows less thermal confinement and a much
lower peak temperature (~368 K) than in the
superlattice PCM device (~966 K). This simu-
lation further confirms the efficacy of electro-
thermal confinement provided by the super-
lattice material with numerous vdW-like in-
terfaces (36).

We also simulated devices with different
Al2O3 side-wall thicknesses and found that
heat is more concentrated in the active PCM
cell region with increasing Al2O3 thickness.
Thus, the peak temperature required for phase
change can be achieved with a lower cur-
rent pulse (Fig. 4, A to G). We attribute this
behavior to improved electrical heating con-
finement (further visualized in fig. S11, where
the peak vertical current density appears across
a substantially larger portion of the PCM su-
perlattice for 35-nm versus 5-nm Al2O3). For
the same input current, 5 nm of Al2O3 thick-
ness provides negligible confinement (Fig.
4B), resulting in a substantially lower (by
a factor of ~2.2) peak temperature than
in our nominal devices (Fig. 4A), whereas
55-nm Al2O3 provides better confinement
(Fig. 4C).
The flexible PI substrate is very effective for

achieving thermal isolation and lower reset
current, in contrast to conventional rigid sub-
strates that often include a combination of
oxides (such as SiO2) and silicon. The ultra-
low thermal conductivity of the flexible PI sub-
strate (kPI ≈ 0.12 W m−1 K−1) (37) is an order
of magnitude lower than that of amorphous
oxides or nitrides (38) and two orders of
magnitude lower than that of silicon. As a
result, it prevents heat loss from the TiN BE.

For our nominal device structure with 35-nm
Al2O3, the peak temperature in the BE is
~20% higher with the PI substrate than with
a SiO2 substrate (Fig. 4, A and D). This in-
dicates that in our laterally confined pore-
type PCM cell, the thermal conductivity of
the substrate (e.g., PI versus SiO2/Si) plays
an important role, especially for heat loss
from the BE, lowering the reset current den-
sity in flexible PCM compared with its rigid
counterparts (Fig. 1G). Our conclusions are
supported by the peak temperature–versus–
current plot (Fig. 4G) that shows the im-
portance of confinement in our devices for
obtaining low reset current density. These
findings should also enable future thermal
engineering of PCM devices on silicon by in-
troducing heat-blocking layers or even air
gaps below the BE.
In summary, we developed a flexible, super-

lattice memory with much lower switching
current density (~0.1 MA/cm2) than in all other
PCM types, as well as very low reset energy and
power relative to other flexible PCMs. These
characteristics were enabled by heat con-
finement in a superlattice material within a
pore-type device on an ultralow–thermal con-
ductivity substrate. The flexible PCM devices
display multilevel capability with low re-
sistance drift, indicating promise for emerging
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Fig. 4. Electrothermal simulations. Temperature distributions after a reset
current pulse (0.3mA, 60 ns) in superlattice PCM devices on flexible PI with (A) 35-nm
Al2O3 insulation (see fig. S9 for an extended temperature profile into the PI
substrate), (B) 5-nm Al2O3 insulation, and (C) 55-nm Al2O3 insulation, demonstrating
the effect of thermal confinement from the superlattice layers and lateral Joule heat
confinement from the Al2O3 insulation. Temperature distributions of similar devices

on a rigid SiO2 substrate with (D) 35-nm Al2O3 insulation, (E) 5-nm Al2O3 insulation,
and (F) 55-nm Al2O3 insulation, showing less thermal confinement on a rigid substrate
with higher thermal conductivity. The left edge is the axis of symmetry in (A) to (F),
device diameters are 600 nm, and the vertical and horizontal scales are unequal.
(G) Peak temperature versus current at the end of a 60-ns pulse for the devices whose
temperature distributions are shown in (A) to (F).
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in-memory computing applications. These re-
sults usher in data storage in flexible IoT elec-
tronics and also provide key insights for
thermal engineering of conventional PCM on
commercial, rigid silicon substrates.
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