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ABSTRACT: Superlattice (SL) phase change materials have
shown promise to reduce the switching current and resistance
drift of phase change memory (PCM). However, the effects of
internal SL interfaces and intermixing on PCM performance
remain unexplored, although these are essential to understand and
ensure reliable memory operation. Here, using nanometer-thin
layers of Ge2Sb2Te5 and Sb2Te3 in SL-PCM, we uncover that both
switching current density (Jreset) and resistance drift coefficient (v)
decrease as the SL period thickness is reduced (i.e., higher interface
density); however, interface intermixing within the SL increases
both. The signatures of distinct versus intermixed interfaces also show up in transmission electron microscopy, X-ray diffraction, and
thermal conductivity measurements of our SL films. Combining the lessons learned, we simultaneously achieve low Jreset ≈ 3−4 MA/
cm2 and ultralow v ≈ 0.002 in mushroom-cell SL-PCM with ∼110 nm bottom contact diameter, thus advancing SL-PCM
technology for high-density storage and neuromorphic applications.
KEYWORDS: Sb2Te3/Ge2Sb2Te5 superlattice, superlattice interface, superlattice intermixing, phase-change memory,
switching current density, resistance drift

In the early part of the 21st century, computing systems have
been reaching fundamental limits with conventional

materials and conventional layouts which separate memory
and computing.1 To overcome these challenges, phase change
memory (PCM) technology based on chalcogenides like
Ge2Sb2Te5 (GST) holds great promise for both data storage
and neuromorphic computing.1−5 Thermally driven phase
transitions in PCM are achieved using electrical pulses to
induce crystallization (low resistance state) and melt-quenched
amorphization (high resistance state) of the phase change
chalcogenide materials.2,3

PCM based on GST is a mature data storage technology,6

bridging the performance gap between existing memory
technologies such as flash and dynamic random-access
memory, while providing faster speed, larger memory window,
and longer write endurance than flash.3 These attributes of
PCM, along with its potential for multilevel memory are useful
for data storage and neuromorphic computing.7,8 However,
PCM based on traditional chalcogenides like GST requires
relatively large power consumption and suffers from resistance
drift, which pose challenges for its widespread adoption in
brain-inspired computing.9,10

Recently, superlattice (SL) phase change materials with
ultrathin alternating layers (e.g., TiTe2/Sb2Te3, GeTe/Sb2Te3,
or GeSb2Te4/Sb2Te3) have been reported to lower the

switching current density (Jreset), resistance drift coefficient
(v), and switching time in PCM.7,11−15 Low cross-plane
thermal conductivity and high cross-plane electrical resistivity
of the SL films generate electro-thermal confinement in SL-
PCM, driving the energy-efficiency in such devices.14,16−18 The
electro-thermal properties of the SL materials stem from the
van der Waals (vdW)-like interfaces within the SL,17−20 which
have also been studied in other material systems;21,22 the vdW-
like interfaces are qualitatively similar but weaker than in
covalently bonded SLs23 such as SiGe. Thus, SL interfaces, in
particular their interface density and their intermixing (i.e., loss
of vdW-like gaps, stacking faults, and disordering),24 can play a
key role in the SL-PCM device performance.

However, SLs have not been studied with the well-known
phase change material Ge2Sb2Te5 (GST), and the correlation
between the SL interfaces (i.e., interface density, intermixing)
and memory performance (Jreset and v) also remain unexplored
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and are the subjects of this study. We find that both switching
current and resistance drift in SL-PCM devices can be
controlled with the number of internal SL interfaces, as well
as the quality of these interfaces. Material characterization and
thermal conductivity measurements of our SLs further support
this important correlation between the memory device
characteristics and the SL interface properties. Utilizing
these, we simultaneously achieve low Jreset and v in our SL-
PCM devices, maintaining these attributes from room
temperature up to 105 °C, and even after extensive electrical
cycling.

Figure 1a shows a schematic of our sputtered SL on a silicon
(Si) substrate with alternating Sb2Te3 (ST) and Ge2Sb2Te5
(GST) layers deposited at 180 °C (∼65 nm in total thickness
including an ∼4 nm ST seed layer). The seed Sb2Te3 layer is
deposited at room temperature (RT) and annealed to 180 °C,
followed by the sputter deposition of the subsequent GST and
ST layers at 180 °C (see Supporting Information Section 1 for
details). All superlattices were capped in situ at RT with ∼10
nm sputtered TiN to avoid oxidation. To understand the effect
of the internal interfaces, we fabricated ST/GST superlattices
of varying period thicknesses (i.e., 1/number of interfaces) but
keeping the total stack thickness fixed (∼65 nm). Figure 1b,c
shows high-resolution scanning transmission electron micro-
scope (STEM) images of a 2/1.8 nm/nm ST/GST super-
lattice, revealing atomically sharp interfaces separated by van
der Waals (vdW)-like gaps, representing a good quality
superlattice. In contrast, an ST/GST superlattice deliberately
chosen with sub-nanometer thin period (0.5/0.45 nm/nm in
Figure 1d) shows stronger intermixing within layers, that is,

loss of vdW-like gaps, and more stacking faults or disordering.
We note that for this superlattice, the individual ST/GST
layers are smaller than the unit block thicknesses of ST (∼1
nm) and GST (∼1.8 nm); therefore, a greater degree of
intermixing is expected. X-ray diffraction (XRD) spectra for
the as deposited superlattices (Figure 1e) on a Si substrate
(with native amorphous SiO2) confirm their polycrystallinity,
while a non-out-of-plane GST peak appears in the 0.5/0.45
nm/nm SL spectra, referring to the formation of additional
randomly oriented grains24 and thus additional disorder within
the SL.

We measured the effective cross-plane thermal conductivity
(keff) of our superlattices (Figure 1f) with varying period
thickness using a time domain thermoreflectance (TDTR)
technique described in detail elsewhere.17,25 Our measured keff
of the ST/GST superlattices decreases with increasing number
of interfaces, that is, with decreasing period thickness from
16/14.4 nm/nm (4 interfaces) to 2/1.8 nm/nm (32
interfaces). A minimum keff ≈ 0.33 ± 0.01 Wm−1K−1 is
measured for the 2/1.8 nm/nm stack. (Note here keff includes
the 10 nm TiN capping and 70 nm Pt transducer on top, see
Supporting Information Figure S1.) The inverse relationship
between keff and the number of interfaces is attributed to the
vdW-like gaps impeding cross-plane thermal transport.16,17

However, when the period thickness is reduced such the
individual ST and GST layers are below their unit block
thicknesses, keff increases (here for 0.5/0.45 nm/nm SL) due
to stronger intermixing, that is, loss of vdW-like gaps within the
SL, also evident from our STEM (Figure 1d). We further note
that the measured thermal conductivity of the more intermixed

Figure 1. Material and thermal characterization of ST/GST superlattices. (a) Schematic of our SL stacks with alternating Sb2Te3 and Ge2Sb2Te5 up
to ∼65 nm total thickness including the ∼4 nm ST seed. (b) High-angle annular dark-field scanning transmission electron microscopy (STEM)
cross sections of our 2/1.8 nm/nm ST/GST SL showing sharp interfaces and vdW-like gaps parallel to the substrate. (c) Zoomed-in higher
resolution version of the same STEM. (d) High-resolution STEM cross-section of a 0.5/0.45 nm/nm ST/GST SL (with layers smaller than the
unit block thicknesses of ST and GST) reveals loss of vdW-like interfaces, decreased structural order, and stacking faults representing an intermixed
SL. (e) X-ray diffraction spectra of the same SLs as in (b,d), showing polycrystallinity of the as-deposited films. For the intermixed SL (0.5/0.45
nm/nm), non-out-of-plane GST peaks appear. (f) Cross-plane thermal conductivity of our SLs (all ∼65 nm thick) with varying ST/GST period
thickness at room temperature. Thermal conductivity decreases when more interfaces are present, except for the thinnest layers which show
interfacial intermixing, that is, loss of vdW-like interfaces due to the formation of additional grains and disordering within the SL.
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SL is still lower than the thermal conductivity of polycrystalline
GST.17 A similar phenomenon has been reported for SiGe
superlattices versus bulk SiGe, attributed to the combined
effects of interface (roughness) and internal (alloy) scatter-
ing.23,26 Thus, material and thermal properties of SLs are
controlled by the number of interfaces and their degree of
intermixing, which can play a crucial role in controlling the SL-
PCM performance as we will explore below.

Figure 2a shows the scanning electron microscope cross-
section of a fabricated mushroom-cell SL-PCM device with 2/
1.8 nm/nm ST/GST superlattice between a TiN bottom
electrode (BE) of ∼110 nm diameter and a top electrode
(TiN/Pt). We also fabricated control PCM devices with the
same dimensions, but only with GST instead of the ST/GST
stack. The device fabrication process is detailed in Supporting
Information Section 2. We programmed the SL-PCM devices
using 1/20/300 ns and 1/20/1 ns rise/width/fall pulses for set
and reset, respectively. The PCM devices with only GST
needed a longer set fall time (500 ns) for reliable switching,
and the electrical measurement setup is described in detail
elsewhere.7,27

Figure 2b compares resistance (R) versus current (I)
measurements of well-cycled SL-PCM and control GST
devices (cycled >1000 times) with same total film thickness
(∼65 nm) and BE diameter (here ∼110 nm). The reset
current (Ireset) in 2/1.8 nm/nm SL with 32 internal interfaces
decreases compared to 16/14.4 nm SL with 4 internal
interfaces and with GST-PCM (with no internal interface),
revealing an interface-controlled switching current in SL-PCM
devices. Figure 2b shows that an ∼7−8× reduction in Ireset is
achieved in 2/1.8 nm/nm SL-PCM (∼0.35 mA) compared to

a control GST device (∼2.5 mA) of same BE diameter. The
SL-PCM with more internal SL interfaces show lower Ireset due
to improved electro-thermal confinement originating from the
higher number of vdW-like interfaces16,18,28 that are main-
tained during device switching.16 Figure 2c reflects that the
lowest resistance state (LRS) and the highest resistance states
(HRS) of the devices also increase with more SL interfaces
pointing to higher cross-plane electrical resistivity within the
SL due to additional vdW-like gaps.16,17 Figure 2c also shows
that a resistance on/off ratio of ∼100 is maintained for the SL-
PCM (and GST PCM) regardless of the number of interfaces.

Figure 2d reveals a larger Ireset in the more intermixed
0.5/0.45 nm/nm SL-PCM compared to 2/1.8 nm/nm SL-
PCM. In fact, Ireset in 0.5/0.45 nm/nm SL-PCM is nearly
comparable to that in our control GST PCM (with no internal
interfaces) highlighting the detrimental effect of SL intermixing
and rough interfaces on the switching current (and voltage, see
Supporting Information Figure S2) of SL-PCM. We also find a
lower LRS in the more intermixed SL-PCM device (Figure 2d)
that can be explained by a lower cross-plane electrical
resistivity resulting from the lack of sharp vdW-like interfaces
in an intermixed SL.17,29

Figure 2e and Supporting Information Figure S3 show a
clear trend of decreasing resistance drift coefficient (v) of the
highest resistance states from GST (no internal interfaces) to
16/14.4 nm/nm SL (4 interfaces) to 2/1.8 nm/nm ST/GST
SL (32 interfaces). Extracted v ≈ 0.002 for 2/1.8 nm/nm SL-
PCM is ∼50× lower compared to our control GST PCM (v ≈
0.11), promising for multibit high-density PCM. On the other
hand, deliberate intermixing within an SL (here 0.5/0.45 nm/
nm) increases v, as seen in Figure 2f. These findings highlight

Figure 2. SL-PCM device measurements and the effect of interfaces and intermixing. (a) Scanning electron microscope cross-section of an ST/
GST mushroom cell with ∼110 nm bottom electrode (BE) diameter. (b) Resistance (R) versus current (I) measurements comparing well-cycled
SL-PCMs with varying SL interfaces (e.g., 32 interfaces for 2/1.8 nm/nm SL and 4 interfaces for 16/14.4 nm/nm SL) versus well-cycled GST-
PCM (no internal interface). Ten different cycles are shown for each device type. (c) Effect of the number of interfaces on the average lowest
resistance states (LRS, blue) and the average highest resistance states (HRS, red) of SL-PCMs and GST (zero interfaces). (d) R versus I of SL-
PCMs showing increased Ireset for 0.5/0.45 nm/nm ST/GST (intermixed with rougher interfaces, see Figure 1d) compared to 2/1.8 nm/nm ST/
GST (better quality interfaces). Vertical dashed lines represent Ireset defined by the current (I) required for at least a ∼10× change in R. (e) HRS
versus time for SL-PCMs with varying number of interfaces and for control GST-PCM. Dashed lines are fit using R ∝ tv, where t is time and v is the
resistance drift coefficient. v decreases with increasing number of SL interfaces. (f) Similar HRS drift measurement of PCM with intermixed SL
(0.5/0.45 nm/nm) reveals a significant increase in v compared to SL-PCM with sharper interfaces (2/1.8 nm/nm ST/GST). All PCM devices have
a BE diameter of ∼110 nm, the SL and GST films are ∼65 nm thick, and all measurements are at room temperature.
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the importance of the internal vdW-like interfaces in lowering
v.

Such correlation between SL-PCM key performance
indicators (switching current and resistance drift coefficient)
and SL interface property (number of internal interface and
degree of intermixing) can open the pathway toward low-
power data storage using SL-PCM technology. Figure 3a
displays that the estimated reset current density (Jreset) of 2/1.8
nm/nm Sb2Te3/GST SL-PCM is ∼3−4 MA/cm2, an ∼7−8×
reduction compared to control GST PCM (20−25 MA/cm2).
Figure 3b compares the R versus voltage (V) for the same SL-
PCM with control GST devices with the same BE diameter
(∼110 nm). Estimated reset power (from R versus I in Figure
2b and R versus V in Figure 3b) for our 2/1.8 nm/nm ST/
GST SL-PCM device is ∼0.28 mW, over an order of
magnitude improvement compared to the control GST PCM
(∼3.38 mW) with the same BE diameter. Figure 3c displays
the scalability of Ireset with BE diameter (here from 300 nm
down to ∼110 nm), for our SL-PCM devices. R versus V also
scales with BE diameter (Supporting Information Figure S4),
thus confirming the scalability of switching power with BE
diameter in our SL-PCM technology, important for future
ultrascaled devices.

Figure 3d shows the cyclability of a 2/1.8 nm/nm SL-PCM
device with ∼160 nm BE diameter for >106 switching cycles,
maintaining a resistance on/off ratio >30×. The low Ireset (and
switching voltage Vreset; see Supporting Information Figure S5)
and resistance on/off ratio are maintained even after extensive
electrical cycling, demonstrating the robustness of our low
power SL-PCM devices (Figure 3e). We also explored the
temperature stability of the resistance drift for our SL-PCM

devices. Figure 3f reveals that the low resistance drift measured
in our SL-PCM is maintained at higher temperature (up to 105
°C for a 2/1.8 nm/nm SL-PCM with ∼160 nm BE diameter).

Thus, by controlling the number of SL interfaces and
limiting intermixing, we simultaneously achieve Jreset ≈ 3.5
MA/cm2 and v ≈ 0.002 in GST/ST SL-PCM, approaching the
best corner on the PCM technology benchmarking plot in
Figure 4. However, significantly higher Jreset and v is observed
for SL-PCM devices with fewer SL interfaces and in our
control GST-PCM (without internal interfaces). This estab-
lishes the importance of SL material optimization and interface
control (e.g., choice of SL material layers, their period
thickness, suitable deposition conditions, and methods) for
next-generation, low-power and high-density SL-PCM tech-
nology. The benchmarking plot in Figure 4 also highlights the
advantages of superlattice-based PCM technology compared to
other existing PCM technologies9,30−36,38,39 in reducing PCM
switching current and resistance drift simultaneously.

In summary, we demonstrated that both switching current
and resistance drift in Sb2Te3/GST superlattice PCM are
intimately tied with the number and degree of intermixing of
the internal SL interfaces. The switching current density (Jreset)
and resistance drift coefficient (v) decrease with increasing
number of SL interfaces, while a higher degree of intermixing
and imperfections within the SL layers increase both key
performance indicators in an SL-PCM device. By controlling
the number of SL interfaces as well as preserving the interface
quality, we demonstrated low Jreset (≈ 3−4 MA/cm2) and v (≈
0.002) simultaneously in the same SL-PCM device (based on a
superlattice of Sb2Te3/GST 2/1.8 nm/nm) with bottom
electrode diameter down to 110 nm. The low Jreset and v are

Figure 3. Low switching current density, scalability, robustness, and temperature stability of 2/1.8 nm/nm Sb2Te3 (ST) /GST SL-PCM. (a)
Resistance (R) versus current density (J) showing a significant improvement of reset current density (Jreset) in ST/GST SL-PCM versus GST PCM
(here both devices have a BE diameter of ∼110 nm). (b) R versus voltage (V) for ST/GST SL-PCM and control GST devices with ∼110 nm BE
diameter. (c) Scalability of Ireset with BE diameter for SL-PCM devices. (d) Resistance on/off ratio >30× maintained during >106 switching cycles
in an SL-PCM device (∼160 nm BE diameter) measured using 1 V; 1/20/1 ns (rise/width/fall time) reset and 1 V; 1/20/300 ns set pulses. (e) R
versus I after 103 (in blue) and 106 (in red) switching cycles showing that low Ireset and the resistance on/off ratio (∼100×) are maintained in our
ST/GST 2/1.8 nm/nm SL-PCM devices even after extensive electrical cycling. (f) R versus time measured in a 2/1.8 nm/nm ST/GST SL-PCM
(∼160 nm BE diameter) at different temperatures (up to 105 °C), demonstrating that low resistance drift coefficient (v) is retained even at higher
temperatures.
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retained even after 106 switching cycles and at high
temperature (105 °C), respectively, showing promise for
low-power, high-density stable PCM operation. These results
provide key insights toward new superlattice material design
and optimization for this novel SL-PCM technology.
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Figure 4. Benchmarking of reset current density (Jreset) and resistance
drift coefficient (v) for various PCM technologies. Simultaneously low
Jreset and low v are achieved in our SL-PCM (with 2/1.8 nm/nm
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GST in this work are shown with red stars and red circle, respectively.
Note, GST represents Ge2Sb2Te5 stoichiometry.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01869
Nano Lett. 2022, 22, 6285−6291

6289

https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01869?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01869/suppl_file/nl2c01869_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Pop"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0436-8534
mailto:epop@stanford.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asir+Intisar+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4635-4667
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangjin+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Perez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9628-2027
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Byoungjun+Won"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kangsik+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pranav+Ramesh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heungdong+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2548-3120
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maryann+C.+Tung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zonghoon+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3246-4072
https://orcid.org/0000-0003-3246-4072
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Il-Kwon+Oh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1266-3157
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krishna+Saraswat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mehdi+Asheghi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+E.+Goodson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.-S.+Philip+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01869?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01869?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01869?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01869?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01869?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A.I.K. and X.W. are thankful to James McVittie and Carsen
Kline for the lab support and to Chris Neumann for the
electrical measurement setup. A.I.K acknowledges support
from Stanford Graduate Fellowship, C.P. from the Stanford
DARE Doctoral Fellowship, X.W. from the Stanford Electrical
Engineering Department Fellowship, and H.K. from the
Kwanjeong Educational Foundation Fellowship.

■ REFERENCES
(1) Sebastian, A.; Le Gallo, M.; Khaddam-Aljameh, R.; Eleftheriou,

E. Memory Devices and Applications for In-Memory Computing. Nat.
Nanotechnol. 2020, 15, 529−544.
(2) Wong, H.-S. P.; Raoux, S.; Kim, S.; Liang, J.; Reifenberg, J. P.;

Rajendran, B.; Asheghi, M.; Goodson, K. E. Phase Change Memory.
Proc. IEEE 2010, 98 (12), 2201−2227.
(3) Raoux, S.; Xiong, F.; Wuttig, M.; Pop, E. Phase Change Materials

and Phase Change Memory. MRS Bull. 2014, 39 (8), 703−710.
(4) Wuttig, M.; Yamada, N. Phase-Change Materials for Rewriteable

Data Storage. Nat. Mater. 2007, 6 (11), 824−832.
(5) Sebastian, A.; Le Gallo, M.; Burr, G. W.; Kim, S.; BrightSky, M.;

Eleftheriou, E. Tutorial: Brain-Inspired Computing Using Phase-
Change Memory Devices. J. Appl. Phys. 2018, 124, 111101.
(6) 3D XPoint: A Breakthrough in Non-Volatile Memory

Technology. https://www.intel.com/content/www/us/en/
architecture-and-technology/intel-micron-3d-xpoint-webcast.html, ac-
cessed Apr 5, 2022.
(7) Khan, A. I.; Daus, A.; Islam, R.; Neilson, K. M.; Lee, H. R.;

Wong, H.-S. P.; Pop, E. Ultralow−Switching Current Density
Multilevel Phase-Change Memory on a Flexible Substrate. Science
2021, 373 (6560), 1243−1247.
(8) Suri, M.; Bichler, O.; Querlioz, D.; Cueto, O.; Perniola, L.;

Sousa, V.; Vuillaume, D.; Gamrat, C.; DeSalvo, B. Phase Change
Memory as Synapse for Ultra-Dense Neuromorphic Systems:
Application to Complex Visual Pattern Extraction. 2011 International
Electron Devices Meeting 2011, 4.4.1−4.4.4.
(9) Khan, A. I.; Kwon, H.; Islam, R.; Perez, C.; Chen, M. E.;

Asheghi, M.; Goodson, K. E.; Wong, H.-S. P.; Pop, E. Two-Fold
Reduction of Switching Current Density in Phase Change Memory
Using Bi2Te3 Thermoelectric Interfacial Layer. IEEE Electron Device
Lett. 2020, 41 (11), 1657−1660.
(10) Suri, M.; Garbin, D.; Bichler, O.; Querlioz, D.; Vuillaume, D.;

Gamrat, C.; DeSalvo, B. Impact of PCM Resistance-Drift in
Neuromorphic Systems and Drift-Mitigation Strategy. 2013 IEEE/
ACM International Symposium on Nanoscale Architectures (NANO-
ARCH) 2013, 140−145.
(11) Ding, K.; Wang, J.; Zhou, Y.; Tian, H.; Lu, L.; Mazzarello, R.;

Jia, C.; Zhang, W.; Rao, F.; Ma, E. Phase-Change Heterostructure
Enables Ultralow Noise and Drift for Memory Operation. Science
2019, 366 (6462), 210−215.
(12) Zhou, L.; Yang, Z.; Wang, X.; Qian, H.; Xu, M.; Cheng, X.;

Tong, H.; Miao, X. Resistance Drift Suppression Utilizing GeTe/
Sb2Te3 Superlattice-Like Phase-Change Materials. Adv. Electron.
Mater. 2020, 6 (1), 1900781.
(13) Simpson, R. E.; Fons, P.; Kolobov, A. V.; Fukaya, T.; Krbal, M.;

Yagi, T.; Tominaga, J. Interfacial Phase-Change Memory. Nat.
Nanotechnol. 2011, 6 (8), 501−505.
(14) Shen, J.; Lv, S.; Chen, X.; Li, T.; Zhang, S.; Song, Z.; Zhu, M.

Thermal Barrier Phase Change Memory. ACS Appl. Mater. Interfaces
2019, 11 (5), 5336−5343.
(15) Feng, J.; Lotnyk, A.; Bryja, H.; Wang, X.; Xu, M.; Lin, Q.;

Cheng, X.; Xu, M.; Tong, H.; Miao, X. Stickier”-Surface Sb2Te3
Templates Enable Fast Memory Switching of Phase Change Material
GeSb2Te4 with Growth-Dominated Crystallization. ACS Appl. Mater.
Interfaces 2020, 12 (29), 33397−33407.
(16) Sklénard, B.; Triozon, F.; Sabbione, C.; Nistor, L.; Frei, M.;

Navarro, G.; Li, J. Electronic and Thermal Properties of GeTe/Sb2Te3
Superlattices by Ab Initio Approach: Impact of Van Der Waals Gaps

on Vertical Lattice Thermal Conductivity. Appl. Phys. Lett. 2021, 119
(20), 201911.
(17) Kwon, H.; Khan, A. I.; Perez, C.; Asheghi, M.; Pop, E.;

Goodson, K. E. Uncovering Thermal and Electrical Properties of
Sb2Te3/GeTe Superlattice Films. Nano Lett. 2021, 21 (14), 5984−
5990.
(18) Khan, A. I.; Kwon, H.; Chen, M. E.; Asheghi, M.; Wong, H.-S.

P.; Goodson, K. E.; Pop, E. Electro-Thermal Confinement Enables
Improved Superlattice Phase Change Memory. IEEE Electron Device
Lett. 2022, 43 (2), 204−207.
(19) Wahid, S.; Daus, A.; Khan, A. I.; Chen, V.; Neilson, K. M.;

Islam, M.; Chen, M. E.; Pop, E. Lateral Electrical Transport and Field-
Effect Characteristics of Sputtered p-Type Chalcogenide Thin Films.
Appl. Phys. Lett. 2021, 119 (23), 232106.
(20) Momand, J.; Wang, R.; Boschker, J. E.; Verheijen, M. A.;

Calarco, R.; Kooi, B. J. Dynamic Reconfiguration of van Der Waals
Gaps within GeTe−Sb2Te3 Based Superlattices. Nanoscale 2017, 9
(25), 8774−8780.
(21) Ren, H.; Wan, Z.; Duan, X. Van Der Waals Superlattices. Natl.
Sci. Rev. 2022, 9 (5), nwab166.
(22) Schroeder, D. P.; Aksamija, Z.; Rath, A.; Voyles, P. M.; Lagally,

M. G.; Eriksson, M. A. Thermal Resistance of Transferred-Silicon-
Nanomembrane Interfaces. Phys. Rev. Lett. 2015, 115 (25), 256101.
(23) Aksamija, Z.; Knezevic, I. Thermal Conductivity of Si1‑XGex/

Si1‑YGey Superlattices: Competition between Interfacial and Internal
Scattering. Phys. Rev. B 2013, 88 (15), 155318.
(24) Lotnyk, A.; Hilmi, I.; Behrens, M.; Rauschenbach, B.

Temperature Dependent Evolution of Local Structure in Chalcoge-
nide-Based Superlattices. Appl. Surf. Sci. 2021, 536, 147959.
(25) Kwon, H.; Perez, C.; Park, W.; Asheghi, M.; Goodson, K. E.

Thermal Characterization of Metal−Oxide Interfaces Using Time-
Domain Thermoreflectance with Nanograting Transducers. ACS Appl.
Mater. Interfaces 2021, 13 (48), 58059−58065.
(26) Chen, P.; Katcho, N. A.; Feser, J. P.; Li, W.; Glaser, M.;

Schmidt, O. G.; Cahill, D. G.; Mingo, N.; Rastelli, A. Role of Surface-
Segregation-Driven Intermixing on the Thermal Transport through
Planar Si/Ge Superlattices. Phys. Rev. Lett. 2013, 111 (11), 115901.
(27) Neumann, C. M.; Okabe, K. L.; Yalon, E.; Grady, R. W.; Wong,

H.-S. P.; Pop, E. Engineering Thermal and Electrical Interface
Properties of Phase Change Memory with Monolayer MoS2. Appl.
Phys. Lett. 2019, 114 (8), 082103.
(28) Boniardi, M.; Boschker, J. E.; Momand, J.; Kooi, B. J.; Redaelli,

A.; Calarco, R. Evidence for Thermal-Based Transition in Super-
Lattice Phase Change Memory. Phys. Status Solidi RRL 2019, 13 (4),
1800634.
(29) Cecchi, S.; Zallo, E.; Momand, J.; Wang, R.; Kooi, B. J.;

Verheijen, M. A.; Calarco, R. Improved Structural and Electrical
Properties in Native Sb2Te3/GexSb2Te3+x van Der Waals Superlattices
Due to Intermixing Mitigation. APL Mater. 2017, 5 (2), 026107.
(30) Wu, J. Y.; Chen, Y. S.; Khwa, W. S.; Yu, S. M.; Wang, T. Y.;

Tseng, J. C.; Chih, Y. D.; Diaz, C. H. A 40nm Low-Power Logic
Compatible Phase Change Memory Technology. 2018 IEEE Interna-
tional Electron Devices Meeting (IEDM) 2018, 27.6.1.
(31) He, M.; He, D.; Qian, H.; Lin, Q.; Wan, D.; Cheng, X.; Xu, M.;

Tong, H.; Miao, X. Ultra-Low Program Current and Multilevel Phase
Change Memory for High-Density Storage Achieved by a Low-
Current SET Pre-Operation. IEEE Electron Device Lett. 2019, 40 (10),
1595−1598.
(32) Xiong, F.; Bae, M.-H.; Dai, Y.; Liao, A. D.; Behnam, A.;

Carrion, E. A.; Hong, S.; Ielmini, D.; Pop, E. Self-Aligned Nanotube−
Nanowire Phase Change Memory. Nano Lett. 2013, 13 (2), 464−469.
(33) Kim, S.; Sosa, N.; BrightSky, M.; Mori, D.; Kim, W.; Zhu, Y.;

Suu, K.; Lam, C. A Phase Change Memory Cell with Metallic
Surfactant Layer as a Resistance Drift Stabilizer. 2013 IEEE
International Electron Devices Meeting 2013, 30.7.1.
(34) Boschker, J. E.; Boniardi, M.; Redaelli, A.; Riechert, H.;

Calarco, R. Electrical Performance of Phase Change Memory Cells
with Ge3Sb2Te6 Deposited by Molecular Beam Epitaxy. Appl. Phys.
Lett. 2015, 106 (2), 023117.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01869
Nano Lett. 2022, 22, 6285−6291

6290

https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1109/JPROC.2010.2070050
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nmat2009
https://doi.org/10.1063/1.5042413
https://doi.org/10.1063/1.5042413
https://www.intel.com/content/www/us/en/architecture-and-technology/intel-micron-3d-xpoint-webcast.html
https://www.intel.com/content/www/us/en/architecture-and-technology/intel-micron-3d-xpoint-webcast.html
https://doi.org/10.1126/science.abj1261
https://doi.org/10.1126/science.abj1261
https://doi.org/10.1109/IEDM.2011.6131488
https://doi.org/10.1109/IEDM.2011.6131488
https://doi.org/10.1109/IEDM.2011.6131488
https://doi.org/10.1109/LED.2020.3028271
https://doi.org/10.1109/LED.2020.3028271
https://doi.org/10.1109/LED.2020.3028271
https://doi.org/10.1109/NanoArch.2013.6623059
https://doi.org/10.1109/NanoArch.2013.6623059
https://doi.org/10.1126/science.aay0291
https://doi.org/10.1126/science.aay0291
https://doi.org/10.1002/aelm.201900781
https://doi.org/10.1002/aelm.201900781
https://doi.org/10.1038/nnano.2011.96
https://doi.org/10.1021/acsami.8b18473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c07973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0073469
https://doi.org/10.1063/5.0073469
https://doi.org/10.1063/5.0073469
https://doi.org/10.1021/acs.nanolett.1c00947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/LED.2021.3133906
https://doi.org/10.1109/LED.2021.3133906
https://doi.org/10.1063/5.0063759
https://doi.org/10.1063/5.0063759
https://doi.org/10.1039/C7NR01684K
https://doi.org/10.1039/C7NR01684K
https://doi.org/10.1093/nsr/nwab166
https://doi.org/10.1103/PhysRevLett.115.256101
https://doi.org/10.1103/PhysRevLett.115.256101
https://doi.org/10.1103/PhysRevB.88.155318
https://doi.org/10.1103/PhysRevB.88.155318
https://doi.org/10.1103/PhysRevB.88.155318
https://doi.org/10.1016/j.apsusc.2020.147959
https://doi.org/10.1016/j.apsusc.2020.147959
https://doi.org/10.1021/acsami.1c12422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.111.115901
https://doi.org/10.1103/PhysRevLett.111.115901
https://doi.org/10.1103/PhysRevLett.111.115901
https://doi.org/10.1063/1.5080959
https://doi.org/10.1063/1.5080959
https://doi.org/10.1002/pssr.201800634
https://doi.org/10.1002/pssr.201800634
https://doi.org/10.1063/1.4976828
https://doi.org/10.1063/1.4976828
https://doi.org/10.1063/1.4976828
https://doi.org/10.1109/IEDM.2018.8614513
https://doi.org/10.1109/IEDM.2018.8614513
https://doi.org/10.1109/LED.2019.2935890
https://doi.org/10.1109/LED.2019.2935890
https://doi.org/10.1109/LED.2019.2935890
https://doi.org/10.1021/nl3038097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl3038097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/IEDM.2013.6724727
https://doi.org/10.1109/IEDM.2013.6724727
https://doi.org/10.1063/1.4906060
https://doi.org/10.1063/1.4906060
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(35) Kiouseloglou, A.; Navarro, G.; Sousa, V.; Persico, A.; Roule, A.;
Cabrini, A.; Torelli, G.; Maitrejean, S.; Reimbold, G.; De Salvo, B.;
Clermidy, F.; Perniola, L. A Novel Programming Technique to Boost
Low-Resistance State Performance in Ge-Rich GST Phase Change
Memory. IEEE Trans. Electron Devices 2014, 61 (5), 1246−1254.
(36) Ghazi Sarwat, S.; Philip, T. M.; Chen, C.-T.; Kersting, B.;

Bruce, R. L.; Cheng, C.-W.; Li, N.; Saulnier, N.; BrightSky, M.;
Sebastian, A. Projected Mushroom Type Phase-Change Memory. Adv.
Funct. Mater. 2021, 31 (49), 2106547.
(37) Wong, H.-S. P.; Ahn, C.; Cao, J.; Chen, H.-Y.; Eryilmaz, S. B.;

Fong, S. W.; Incorvia, J. A.; Jiang, Z.; Li, H.; Neumann, C.; Okabe, K.;
Qin, S.; Sohn, J.; Wu, Y.; Yu, S.; Zheng, X. “Stanford Memory Trends;
https://nano.stanford.edu/stanford-memory-trends, accessed Apr 5,
2022.
(38) Cheng, H. Y.; Hsu, T. H.; Raoux, S.; Wu, J. Y.; Du, P. Y.;

Breitwisch, M.; Zhu, Y.; Lai, E. K.; Joseph, E.; Mittal, S.; Cheek, R.;
Schrott, A.; Lai, S. C.; Lung, H. L.; Lam, C. A High Performance
Phase Change Memory with Fast Switching Speed and High
Temperature Retention by Engineering the GexSbyTez Phase Change
Material. 2011 International Electron Devices Meeting 2011, 3.4.1−
3.4.4.
(39) Hubert, Q.; Jahan, C.; Toffoli, A.; Navarro, G.; Chandrashekar,

S.; Noe, P.; Blachier, D.; Sousa, V.; Perniola, L.; Nodin, J.-F.; Persico,
A.; Kies, R.; Maitrejean, S.; Roule, A.; Henaff, E.; Tessaire, M.;
Zuliani, P.; Annunziata, R.; Pananakakis, G.; Reimbold, G.; Salvo, B.
De. Lowering the Reset Current and Power Consumption of Phase-
Change Memories with Carbon-Doped Ge2Sb2Te5. In 2012 4th IEEE
International Memory Workshop; 2012; pp 1−4. DOI: 10.1109/
IMW.2012.6213683.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c01869
Nano Lett. 2022, 22, 6285−6291

6291

 Recommended by ACS

Uncovering Thermal and Electrical Properties of
Sb2Te3/GeTe Superlattice Films
Heungdong Kwon, Kenneth E. Goodson, et al.
JULY 16, 2021
NANO LETTERS READ 

Integrated Hybrid VO2–Silicon Optical Memory
Youngho Jung, Joyce K. S. Poon, et al.
JANUARY 06, 2022
ACS PHOTONICS READ 

High Current Density SmTiO3/SrTiO3 Field-Effect
Transistors
Hareesh Chandrasekar, Siddharth Rajan, et al.
JANUARY 27, 2020
ACS APPLIED ELECTRONIC MATERIALS READ 

Electronic Phase Switching in the Negative Charge
Transfer Energy SrCoOx Thin Films with the Mottronic
Relevancies
Sourav Chowdhury, Deodatta Moreshwar Phase, et al.
JUNE 16, 2021
ACS APPLIED ELECTRONIC MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1109/TED.2014.2310497
https://doi.org/10.1109/TED.2014.2310497
https://doi.org/10.1109/TED.2014.2310497
https://doi.org/10.1002/adfm.202106547
https://nano.stanford.edu/stanford-memory-trends
https://doi.org/10.1109/IEDM.2011.6131481
https://doi.org/10.1109/IEDM.2011.6131481
https://doi.org/10.1109/IEDM.2011.6131481
https://doi.org/10.1109/IEDM.2011.6131481
https://doi.org/10.1109/IMW.2012.6213683
https://doi.org/10.1109/IMW.2012.6213683
https://doi.org/10.1109/IMW.2012.6213683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/IMW.2012.6213683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acs.nanolett.1c00947?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsphotonics.1c01410?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsphotonics.1c01410?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsphotonics.1c01410?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsphotonics.1c01410?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsphotonics.1c01410?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.9b00738?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.1c00290?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.1c00290?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.1c00290?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.1c00290?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.1c00290?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.1c00290?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
http://pubs.acs.org/doi/10.1021/acsaelm.1c00290?utm_campaign=RRCC_nalefd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1660786807&referrer_DOI=10.1021%2Facs.nanolett.2c01869
https://preferences.acs.org/ai_alert?follow=1


1 

 

Supporting Information 

Unveiling the Effect of Superlattice Interfaces and Intermixing on 

Phase Change Memory Performance 

Asir Intisar Khan1, Xiangjin Wu1†, Christopher Perez2†, Byoungjun Won3, Kangsik Kim4, Pranav 

Ramesh1, Heungdong Kwon2, Maryann C. Tung1, Zonghoon Lee4,5, Il-Kwon Oh3, Krishna Saraswat1, 

Mehdi Asheghi2, Kenneth E. Goodson2, H.-S. Philip Wong1 and Eric Pop1,6,7* 

 

1Department of Electrical Engineering, Stanford University, Stanford, CA 94305, USA 

2Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, USA 

3Department of Electrical and Computer Engineering, Ajou University, Suwon 16499, Republic of Korea 

4Center for Multidimensional Carbon Materials, Institute for Basic Science, Ulsan 44919, Republic of Korea 

5Department of Materials Science and Engineering, Ulsan National Institute of Science and Technology 

(UNIST), Ulsan 44919, Republic of Korea 

6Department of Materials Science & Engineering, Stanford University, Stanford, CA 94305, USA 

7Precourt Institute for Energy, Stanford University, Stanford, CA 94305, USA. 

 

†These authors contributed equally to this work. *E-mail: epop@stanford.edu 

 

Section 1. Superlattice Film Deposition Process  

The phase change superlattices (Sb2Te3/Ge2Sb2Te5) were sputtered using a AJA ATC-1800 magnetron sput-

tering system. For material characterization and thermal measurements in Figure 1, we deposited the su-

perlattice (SL) films on Si substrate with high resistivity. Prior to the sputter deposition, the Si substrate 

was in situ cleaned by Ar ion etching [30 standard cubic centimeters per minute (sccm) Ar flow, 50 W 

radio-frequency (RF) bias for 600 seconds] to remove any native oxide and clean the substrate. Then we 

deposited a ~4 nm thick Sb2Te3 seed layer at room temperature. Then, the seed layer was in-situ annealed 

by raising the temperature to ~180°C. Then alternating Ge2Sb2Te5 (GST) and Sb2Te3 layers were sputtered 

at ~180°C. Both Sb2Te3 and GST layers were sputtered using 30 W RF power with 30 sccm Ar at a depo-

sition pressure of 4 mTorr. The total thickness of the superlattice was ~65 nm including the seed layer. The 

alternating GST and Sb2Te3 layer thicknesses were varied to achieve SLs with different period thicknesses 

(while keeping the total thickness of the SL stack same). Finally, without breaking the vacuum, a 10 nm 

TiN capping layer was deposited in situ at room temperature to protect the phase change layers from oxi-

dation. For all the depositions, the base pressure of the sputtering chamber was maintained at <10-7 Torr. 

mailto:epop@stanford.edu
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Section 2. Fabrication Process of Superlattice Phase Change Memory Device 

We fabricated mushroom-cell SL-PCM device with Sb2Te3/GST superlattice (SL) phase change material 

on a TiN bottom electrode (BE). Prior to the deposition of the SL, the BE surface was cleaned in situ by Ar 

etching to remove any native oxide. Then the superlattice layers (including the 10 nm TiN capping layer) 

were deposited using the same deposition method and condition detailed in Supporting Information Sec-

tion 1. Next, we patterned and etched the device region by reactive ion etching with 30 sccm Cl2 / 5 sccm 

BCl3, 10 sccm Ar, 60 W RF power at a pressure of 10 mTorr. Next, after doing an in-situ Ar sputter cleaning 

for 2 minutes to remove any native TiOx layer, we sputtered additional 20 nm TiN followed by 60 nm Pt as 

the top electrode (defined by lift-off process). 

Section 3. Supplementary Figures 

 

Figure S1: Schematic of the material stack used for the effective thermal conductivity measurement using 

time domain thermoreflectance (TDTR) showing bottom to top: silicon (Si) substrate, 4 nm Sb2Te3 seed 

layer, deposited alternating Ge2Sb2Te5 (GST) and Sb2Te3 superlattice layers, 10 nm TiN capping layer and 

70 nm Pt transducer layer (all sputter deposited in-situ) and pump/probe. 

 
Figure S2: Resistance (R) vs. voltage (V) comparing well-cycled SL-PCM devices (~110 nm BE diameter) 

having different degree of intermixing within their SL interfaces. A higher switching voltage is measured in 

a 0.5/0.45 nm/nm SL-PCM device with stronger intermixing compared to 2/1.8 nm/nm SL-PCM device with 

good quality interface (also see relevant STEMs in main text Figure 1b-d). Vertical dashed lines represent 

switching voltage defined by the voltage (V) required for at least a ~10x change in R. 
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Figure S3: Resistance drift coefficient (v) vs. number of interfaces for PCM devices (all with the 

same ~110 nm BE diameter). v for the highest resistance state in 2/1.8 nm/nm SL with 32 internal 

interfaces decreases compared to 16/14.4 nm SL with 4 internal interfaces and GST (with no 

internal interface) PCM.  

 

 
Figure S4: Resistance (R) vs. voltage (V) for 2/1.8 nm/nm SL-PCM device with different BE diameter (here 

from ~300 nm to ~110 nm). 

 

 
Figure S5: R vs. V after 103 (in blue) and 106 (in red) switching cycles showing that switching voltage is 

preserved in our Sb2Te3/GST 2/1.8 nm/nm SL-PCM device even after extensive electrical cycling (here 

shown for a device with ~160 nm BE diameter). 
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