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Interfacial Phase Change Memory (iPCM) retrench unnecessary power consumption due to wasted heat
generated during phase change by reducing unnecessary entropic loss. In this study, an advanced iPCM
(GeTe/Ti-Sb2Te3 Superlattice) is synthesized by doping Ti into Sb2Te3. Structural analysis and density
functional theory (DFT) calculations confirm that bonding distortion and structurally well-confined
layers contribute to improve phase change properties in iPCM. Ti-Sb2Te3 acts as an effective thermal
barrier to localize the generated heat inside active region, which leads to reduction of switching energy.
Since Ge-Te bonds adjacent to short and strong Ti-Te bonds are more elongated than the bonds near Sb-
Te, it is easier for Ge atoms to break the bond with Te due to strengthened Peierls distortions (Rlong/
Rshort) during phase change process. Properties of advanced iPCM (cycling endurance, write speed/
energy) exceed previous records. Moreover, well-confined multi-level states are obtained with
advanced iPCM, showing potential as a neuromorphic memory. Our work paves the way for designing
superlattice based PCM by controlling confinement layers.

Keywords: Interfacial phase change materials; Doping; vdW layer; Superlattice; Neuromorphic
Introduction
Phase change memory (PCM) is one of the promising candidates
for next-generation non-volatile memory (NVM) while it pre-
sents the characteristic of clear electrical/optical contrast with
applied variables such as Joule heating or laser irradiation pro-
cess. In general, PCM has two reversible phases: i.e., a crystal
phase (SET states; Low Resistance States [LRS]) based on the 1st
stable local structure and an amorphous phase (RESET states;
High Resistance States [HRS]) caused by the 2nd stable local
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structure mixed with 1st stable one. There have been many
attempts to design superior PCMs based on single phase materi-
als mainly composed of Ge, Sb, Te alloys [1]. However, there
remains a fatal problem: the unnecessary diffusion of heat
through the liquid phase generated during the RESET process
due to the melt-quenching process [2]. To solve these problems,
many research has been conducted on various methods such as
pulse design optimization, device structure improvement, and
material design to present new paradigms for designing
advanced PCMs [3–5]. Meanwhile, outstanding device character-
istics for interfacial phase change memory (iPCM) composed of
alternately stacked GeTe (GT) and Sb2Te3 (ST) within nm ranges
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has been reported [6–8]. The main characteristic of iPCM is that
two reversible phases are correspond to crystal and metastable
crystal phases, not the crystalline and amorphous phases
[9,10]. Furthermore, it was reported that iPCM saves energy
because it does not undergo a melting process which consumes
a lot of the energy generated from heat diffusion in the liquid
state during the RESET process [7]. However, due to difficult
manufacturing process and complex structure, controversy over
the phase change mechanism of iPCM continues and several
research which are conflicting with the initially proposed non-
melting process have been recently reported [11–13]. In above
research, it was well explained that the inner structure of the
superlattice exist as GST-like blocks by strong intermixing even
if GT and ST are alternately synthesized individually, and the
phase change operation also proceeds through a melt-
quenching process like the conventional GST alloy. In case of
the reduced Reset current for the GST superlattice, it was sug-
gested that an efficient joule heating process was possible by sig-
nificantly lowered cross-plane thermal conductivity and
increased thermal resistance due to the existence of the vdW lay-
ers, which can contribute to the phonon scattering in the vicin-
ity of the interfacial region. In addition, recent research based on
studies based on in-situ TEM measurements according to the
thermal treatment also presented the phase change mechanism
of GT/ST SL that it is a thermodynamically driven process and
identified through observing vacancy ordering process [14,15].
It was also recently reported that phase change process is pro-
gressed through an ultrafast interfacial crystallization process
from a transient molten phase for the GT/ST SL [9]. It is innova-
tive suggestion in that phase change process of GT/ST SL is not
simply regarded as a melt-quenching process like conventional
phase change materials, but both reversible phases of superlattice
structure maintain different crystal structures of trigonal/cubic
GST even though the transition process contains partial melting
process. In addition, it was also reported that the crystallization
speed is improved several times by changing the crystallization
method of GST SL from the nucleation dominant method to
the growth dominant method by characteristics of the
“stickier”-surface ST layer, which serves as thermal templates in
the SL structure [16]. Although the phase change mechanism
of iPCM has not been fully comprehended, many reports suggest
that difference between the two phases is determined by local
movement of atoms adjacent to interface near the vdW layer
[17,18]. Some models for iPCM were suggested based on four rep-
resentative structures: Petrov, inverted Petrov, Kooi, and Ferro
[19]. Structures corresponding to low/high resistance states
(LRS/HRS) are considered as Ferro and inverted Petrov, according
to Junji Tominaga et al. [20]. While the phase change processes
based on the representative models of the GT/ST SL are concen-
trated only for the vertical motion, it was also reported that the
phase change process can be accurately described by including
the lateral motion of the GeTe sublayer as 2 step process [21].
Among the various phase change mechanisms proposed for
GT/ST SL, there were many models based on changes of Ge
atoms’ bonding motif. As ST layer being capable of applying
strain to the adjacent GT layer, interesting research were reported
that the switching energy can be lowered by engineering bi-axial
strain applied to GeTe by changing the thickness of the existing
Sb2Te3 layer or Sb2Te1 layer, which is replaced with Sb2Te3 layer
[22,23]. In these studies, the transition process was also sup-
ported through density functional molecular dynamics. Despite
the deficient evidence on the properties of each phase in iPCM
for the switching process, advanced results which include
ultralow-switching current and multi-level characteristics with
the GT/ST superlattice on flexible substrates were reported [24].
However, this remarkable performance is limited to specific
device structures such as pore-type structures and thermally insu-
lating flexible substrates. Sufficient attempts have not been made
to develop advanced iPCM using modified structures by doping
with transition metals, such as Sc and Ti, which are already used
in alloy-based PCM [25–26]. Recently, phase change heterostruc-
ture (PCH), which is composed of the superlattice structure with
TiTe2 and ST, showed significantly improved phase change char-
acteristics with the new paradigm to manage thermal transport
in the superlattice structure by manipulating the interfacial ther-
mal resistance [27]. Using the thermally stable structure of TiTe2,
since the partial crystalline structure can be effectively con-
trolled, multi-level states were successfully obtained. However,
despite the results on the superior properties of these
superlattice-based phase change materials, and besides the report
on the two representative iPCM cases above, only few follow-up
studies to devise advanced superlattice structures have been
reported. To progress the superlattice based PCM device, further
research is needed to maximize advantages of superlattice struc-
ture and reduce difficulties in the fabrication process.

In this study, advanced iPCM composed of alternately stacked
GT and Ti-doped Sb2Te3 (Ti-ST) were synthesized with MBE and
evaluated by various measurements. Furthermore, outstanding
figure of merits were obtained with the advanced iPCM, includ-
ing ultra-low power consumption (�2 pJ), high cycling endur-
ance (�3 � 109), fast speed (�8 ns) and multi-level
characteristics (�7 level). Considering structural analysis and var-
ious experimental measurements, appropriate unit cells are con-
structed, and density functional theory (DFT) calculations are
used to investigate atomic switching characteristics within the
microstructure. The structural confinement and interfacial
extension of iPCMwith Ti atoms enable the above advancement.
Phase change process is facilitated by strengthened thermal con-
finement of Ti-ST blocks and the improved structural coherence
near the interface. Peierls distortions of the Ge-Te bonds vicinity
to Ti atoms are strengthened due to robust Ti-Te bonding and
expansion of the interfacial distance by intra-structural localiza-
tion of Ti-ST blocks, which also enables triggered Ge atoms to
change bonding motifs through smooth atomic movement.
Due to the well-controlled interfacial thermal confinement and
intra-structural localization of Ti-ST layers, multi-levels with elec-
trical pulsing are obtained. Above properties will pave the way
for designing iPCM as a neuromorphic memory, in addition to
their application in PCM [28,29].

Furthermore, in the case of alloy-based PCM such as GST,
phase change proceeds from random positions during the phase
change process. Therefore, as a method of improving phase
change characteristics of these thin films, material design is used
to directly modify the entire region with several dopants [25–30].
In this study, material design of superlattice system is optimized
by selectively modifying confinement layer (from ST to Ti-ST) to
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improve phase change properties in intermixed GT layer, which
is the activated region surrounded by the confinement layers.
Therefore, a new methodology for improving phase change char-
acteristics of PCM is established by engineering the certain con-
finement layers, not homogeneously. Strong features of iPCM are
further improved by reducing unnecessary entropic loss during
phase change process, while confinement layers of the system
maintain their crystallinity and facilitate the phase change of
the intermixed GT layers as efficient intrinsic thermal barriers.
It is a new paradigm that it leads to an advancement of phase
change characteristics of the entire system by improving the
properties of the confinement layer surrounding changeable
materials, rather than directly modifying activated region which
has been conducted in alloy based PCM. Through the results of
this study, it is not just to develop a superlattice material with
excellent phase change characteristics, but also to establish a
new methodology to design new PCM to ensure its versatility
as an efficient gateless memory, such as a neuromorphic memris-
tor which is an essential component to conduct deep learning
operation in cross bar array architecture, where the matrix–vec-
tor multiplication can be conducted [29,31].
Results and discussion
Electrical evaluation for the GT/Ti-ST superlattice device
The structures of GST-based superlattice device and characteristic
changes caused by Ti incorporation are expressed as a schematic
using atomic modeling (Fig. 1a). The feature of interfacial expan-
sion along the vertical direction due to Ti doped in ST blocks and
locally stretched Ge-Te bonds with distortion are presented.
Adopting increasing step pulse programing (ISPP) method
(Fig. 1b and Supplementary Fig. 2b), phase change characteristics
are evaluated through device operation on the same device plat-
form. For GT/Ti-ST SL, all figure of merits obtained by electrical
evaluations are improved compared to GT/ST SL and even other
PCMs (Fig. 1c-g).

Advanced iPCM’s characteristics showed much better perfor-
mance in cycling endurance test with a significantly higher value
(�3 � 109) than the other representative phase change materials
including iPCM (Supplementary Fig. 2a, c-d). Compared with
GT/ST SL, it is confirmed that reversible resistance states
obtained with different electrical pulses are much more confined
in GT/Ti-ST SL, which is an important property that prevents
each state from overlapping when various resistance states are
implemented for multi-level systems. These advancements are
detailed in Table 1. As Ti concentration increases above certain
level (about 10%), Ti-ST blocks decompose to Ti-ST and TiTe2
phases occurs, which degrade the phase change characteristics
(Supplementary Fig. 2e-f, Supplementary Fig. 3f-g) [32]. Multi-
level states are also obtained by repeatedly applying different
electrical pulses. It is advantageous for resistance-based memories
to implement a multi-level cell (MLC) that can be used as a neu-
romorphic memory [33,34]. Although MLC characteristics have
been implemented and reported by previous studies in the use
of PCM as a resistance-based memory [35], a gradual change in
resistance caused by phase change is very difficult. Herein, con-
fined multi-level resistance states in GT/Ti-ST SL are well imple-
mented with applied different repetitive electrical pulses, and
64
the resistance drift of each resistance state over time was also
measured after each different single electric pulse was applied
to the device cell (Fig. 1g, Supplementary Fig. 8). Although a sim-
ilar attempt was conducted with Y doped ST, only three different
resistance states with unstable operating process were reported
[36]. For iPCM, multi-level states are well implemented with sup-
pressed resistance drift (Supplementary Fig. 8) due to the Ti-ST
layers which act as thermal/structural confinement barriers,
where the role of the barrier effect has been further strengthened
with incorporated Ti element in ST layers, resulting in efficient
phase change with high structural/thermal stability (Fig. 5a-e,
Supplementary Fig. 9).

Enhanced phase change properties owing to bonding
characteristics with Ti
It is observed structural modification at the atomic level after
device operation through transmission electron microscopy
(TEM) measurement (Fig. 2 and Supplementary Fig. 3). Fig. 2a
shows the device structure with HR-TEM after applying electrical
signals alternatively about 500,000 times. It is confirmed that the
parts maintaining the layered structure are strongly aligned
along the c-axis direction (Fig. 2c, e-g). Fig. 2d includes amor-
phous region where repetitive phase change operations are
assumed to be difficult and Fig. 2e shows locally amorphized
region incorporated in the layered structure, which is still opera-
ble. Septuple and nonuple Te-terminated atomic layers are
observed using intensity profiling in high-angle annular dark-
field scanning TEM (HAADF-STEM), which are presented in
Fig. 2f-g. Among the four representative models suggested by sev-
eral studies on iPCM (inverted Petrov, Petrov, Ferro, and Kooi
models), switching characteristics can be explained by Ferro
and inverted Petrov models [17]. The internal structures of the
superlattice devices after about 500,000 cycling operations
include the Te-terminated intermixed blocks with HCP QL Sb2-
Te3 layers. Te-terminated layers with cation intermixing can cor-
respond to Ferro-like or Kooi-like structures [17,37], so the thick
Te-terminated layers inside iPCM correspond either to Kooi or
Ferro structure [38]. However, Kooi structure is so stable that
phase change is not possible in it [39]. Considering intensity pro-
filed images of the asymmetric cation sites, the layers might be
assumed to correspond with Ferro and Ferro-like structure. In
addition, the electrical resistance of the device cell (Fig. 2) was
measured as several k ohms after about 500,000 cycle operation.
When structural change occurs in LRS phase of GT/Ti-ST SL due
to laser irradiation, the valence electrons occupied in 4 s orbital
of Ge participate in chemical bonding while forming sp3 hybri-
dized tetrahedral bond (covalent bond) with adjacent Te, which
breaks the previously well-maintained p orbital alignment (LRS)
in the vicinity of the vdW layer (Supplementary Fig. 7) [40].
While the ordering of the anion layers in the SL structure is
strongly maintained by applied thermal/electrical input, it is
observed that diffusion of cation atoms occurred to some extent.
Since it is confirmed that only the chemical states of the Ge
atoms change with in-situ X-ray photoelectron spectroscopy
(XPS) measurements, the phase change process of GT/(Ti)-ST SL
occurs through site switching between Ge atoms adjacent to
vdW layers and vacancies (Supplementary Fig. 10). Therefore,
the memory state of the measured device cell (Fig. 2) corresponds



FIG. 1

Scheme and device operation (Scheme of the superlattice structure, device and electrical data obtained from square pulses) a) Schematics of the GT/
ST SL and GT/Ti-ST SL and applied electrical pulses for the device operation are presented. The light green block represents the GeTe layer, the sky blue
represents the Sb2Te3 layer, and the blue represents the Ti-Sb2Te3 layer. The following features are expressed in the central part of the scheme: The interfacial
space is quite extended along the vertical direction due to Ti-ST block and the heat confinement effect of ST blocks is further strengthened with Ti
incorporation, which facilitates efficient phase change process by localizing heat generated by applied electrical pulses into the GT blocks. Moreover, the
diagram presents the distortion of Ge-Te bonds is strengthened as the Ge-Te bonds vicinity to Ti atoms are elongated due to short and strong Ti-Te bonds. b)
Electrical data obtained by increasing the step pulse programming (ISPP) measurements and c) cycling endurance of GT/Ti-ST SL (Ti 5%). d) Schematic which
presents the properties obtained with cycling endurance test based on different PCMs fabricated and evaluated with same electronics. e) RESET energy as a
function of bottom electrode contact (BEC) diameter. The above values are obtained using product of the power (P = V2/R, where the cell’s resistance varies)
and the pulse length (t � ns) applied during the operation. f) SET speed as a function of the applied voltage bias for GST alloy and superlattice device. In
obtaining above measured values of e and f. The standard deviations due to the repeated measurements and leading/trail edges of electrical pulses are
indicated by hourglass-shaped icons. g) Multi-level states are obtained through cyclability test with proper pulse design, and the population for each
resistance is calculated and expressed as a cumulative probability.
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TABLE 1

Device characteristics with different PCMs.

Type of Phase Change Materials GST alloy Ti-ST
alloy [32]

GT/ST
Superlattice

TiTe2/Sb2Te3 (PCH) [27] GT/Ti-ST
Superlattice

RESET Energy (pJ) 600 750 6 200 2
SET Speed (ns) 30 8 30 8 8
Cycling Endurance 105–12 [62] 107 107–9 2 � 109 3 � 109

Multi-Level
States (MLC)

16 [63] 2 4 [24] 8 7
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FIG. 2

Transmission Electron Microscope (TEM) results of the superlattice device after the cyclability test. a) TEM image of the superlattice device after cycling
operations (�5 � 105 times) and b) magnified image of a. C-IBID denotes carbon – ion beam induced deposition and W-EBID denotes tungsten – electron
beam induced deposition. c-e) Magnified images of the area marked with square boxes in b). The degree of crystallization and alignment of each region is
presented with fast Fourier transformed (FFT) image. d) corresponds to partially amorphous region, which is assumed to be non-switchable. c) and e)
correspond to the regions where the layered structures still exist, which are switchable region. f-g) is magnified image of e) with intensity profiling where
intensity is proportional to Z2. Valence electrons occupied with p orbital of constituent elements lead to atomic alignment through metavalent bonds. Te is
arranged in anion layer and the other elements and vacancy are intermixed in cation layer.

RESEARCH Materials Today d Volume 68 d September 2023
to the LRS since it was measured with low electrical resistance
and the atomic alignment is well maintained with the clear inter-
face (vdW gap), while there exist no mis-aligned cation atoms in
the vicinity of the vdW layers (Fig. 2f, g).

The hexagonal closed packed (HCP) quintuple layer (QL)
structure is also maintained in Ti-ST up to certain amounts of
66
Ti incorporation (Supplementary Fig. 3d, e). To investigate the
change in the local structure of Ge atoms at the vdW interface
using DFT calculations, unit cells of GT/(Ti)-ST SL were con-
structed using Ferro structure taking Ge/Sb intermixing [26] into
account to reflect the experimental environment. Fig. 3a present
unit cell structures with charge density differences in GT/(Ti-)ST,



FIG. 3

Unit cell of GT/(Ti-)ST SL and structural changes due to Ti incorporation. DFT modeling of GT/(Ti-)ST SL based on Ferro structure with Ge/Sb intermixing.
Strong localization due to Ti incorporation is confirmed with isosurface value being set as 0.008 e/bohr3. a) The upper models are unit cells which correspond
to conducting states where all the Ge atoms maintaining octahedral motif, and the lower models correspond to relatively higher resistance states due to the
occurrence of some Ge atoms’ tetrahedral bonding motif due to site switching between Ge and adjacent vacancies. b) The changes in volume and length of
the unit cell of LRS/HRS in GT/(Ti-)ST SL. For both reversible phases, Ti leads to reduction of unit cell volume and extension the vdW gap along the c-axis. c)
HAADF-STEM images of GT/(Ti-)ST SL in LRS. Original atomic alignment is distorted with Ti incorporation. d) The distance (vdW gap) between (Ti-)ST block
and adjacent blocks through HAADF-STEM measurement in GT/(Ti)-ST SL, purple for distances with ST and red for Ti-ST.
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where Ti atoms substitute Sb atoms maintaining the same octa-
hedral motif in ST [25]. Since Ge-Te bond sharing Te with strong
Ti-Te bond is relatively weaker than Ge-Te bond near the Sb-Te
bond, it is easier for Ge to break the Ge-Te bond near the Ti-Te
and convert into the other bonding motif, which is resulted with
the electrical switching properties [41]. Phase change process was
implemented through the change in the bonding structure of Ge
atoms near cation-intermixed zone by site switching between
several Ge atoms and adjacent vacancies. Specifically, three rela-
tively long bonds among the six Ge-Te metavalent bonds (2 cen-
tor � 1 electron system) [42] combining with octahedral motif
are broken and valence electrons occupied in Ge atoms’ 4 s orbi-
tal additionally participate in new Ge-Te bond with previously
participating electrons in 4p orbital forming sp3 hybridized tetra-
hedral motif. It is confirmed that the bond type of GeTe is chan-
ged from metavalent to covalent (2 centor – 2 electron system)
bond (Fig. 4d-e) through bond order with DDEC6 method,
which present the amount of electrical charge per chemical
bond. It is also confirmed that the band gaps between valence
band maximum (VBM) and conduction band minimum (CBM)
67



FIG. 4

Bond properties in GT/(Ti)-ST SL. a) Characterization of the chemical bond with the nearest Te atoms, atoms in the center remain Sb, Ti, Ge. Electron density
of each atom is 0.005 e/bohr3. The bond order in these systems corresponds to the value which is dividing the number of valence electrons occupied in the
chemical bond between atoms by the number of atoms participating in the bond. b) Bond length and c) Bond order values for the chemical bonds where Sb
and Ti at the center are bounded to Te maintaing octahedral motifs in GT/(Ti)-ST SL. d) Bond length and e) Bond order values for chemical bonds where Ge at
the center is bounded to Te maintaining octahedral motifs in GT/(Ti)-ST SL. f) Bond order of Ge at the center are bound to Te with covalent bonding maintain
tetrahedral motifs in GT/(Ti)-ST SL. g-h) Angle distribution function (ADF) of Ge atoms in GT/(Ti-)ST SL for two reversible phases.
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in the band structures corresponded to the unit cells are
extended due to site switching between several Ge atoms and
adjacent vacancies in the intermixed cation layers (Supplemen-
tary Fig. 4e-h). Analyzing the amount of the occupied electrical
charge in the bond between Ge atoms and adjacent Te atoms,
the change in structural motifs (octahedral or tetrahedral) and
bond types (metavalent or covalent) before and after the phase
change process can be successfully explained [43,44]. It is inter-
esting that all elements are combined with metavalent [42,45]
bonds in LRS of GT/ST SL where valence electrons are occupied
with p orbital, maintaining the octahedral bonding motif. It is
confirmed that strong p orbital alignment is well established
with LRS in the GT/ST SL (Fig. 2f-g) and left side of Fig. 3c. This
alignment is due to all constituent elements maintaining octahe-
dral motif and forming metavalent bonds with valence electrons
occupied in p orbital [44]. Structural change occurs from octahe-
dral to tetrahedral motif for Ge atoms when phase change pro-
ceeds, three relatively weak bonds among the six metavalent
Ge-Te bonds in LRS are broken and new identical covalent bonds
are formed through sp3 hybridization [46]. On the other hand,
68
unlike Ge atoms, Sb and Ti atoms maintain the same octahedral
bonding motif with slight distortion [47]; therefore, a structural
change does not occur in (Ti-)ST. Ti maintains octahedral motif
through robust Ti-Te bond substituting Sb and HCP QL structure
is also well maintained. However, the original p orbital align-
ment is distorted due to spatial expansion vicinity to the inter-
faces as well as enhanced structural localization due to robust
Ti-Te bond (Fig. 3b-d).

Ti atoms substituting Sb atoms pull nearest Te atoms strongly
(Fig. 3), which produce relatively elongated Ge-Te bonds in the
intermixed zone. Bond properties were investigated using den-
sity derived electrostatic and chemical (DDEC) 6 method
(Fig. 4) [43]. Changes in bonding characteristics due to Ti dop-
ing are presented in Fig. 4a-c. Ti substituting Sb in the octahe-
dral motif forms six strong and short bonds with Te, which
extends the near chemical bond length or vdW gap distance
(Fig. 3c-d). The localization in Ti-ST block by Ti-Te bond is
strengthened (Fig. 4b-c). Thus, the more Ti atoms are involved
in the cation site in the HCP ST block, the stronger the localiza-
tion within the block, resulting in increased adjacent vdW gap
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distance. Volume of unit cell is reduced due to the short and
strong Ti-Te bond, while length along the c-axis is rather
extended. For V2VI3 or Pn2Ch3 (Pn = Pnictogen, Ch = Chalcogen)
materials, such as Sb2Te3 and Bi2Te3, constituting HCP QL struc-
ture, the vdW gap is significantly reduced compared with theo-
retically expected value due to metavalent bonding of the
electrons at the interface [48]. However, shrinkage of interfacial
space is relieved as interfacial metavalent bonding is decreased
to some extent due to incorporated Ti in GT/Ti-ST SL. Since
the phase change in iPCM occurs with limited atomic move-
ment of Ge atoms vicinity of the interface [49], expanded inter-
facial space facilitate the vertical movement of Ge atom, which
occurs with phase change process. This result strongly suggests
that the performance of GT/ST SL can be successfully improved
by controlling the interfacial characteristics by modifying speci-
fic layers in iPCM structure: i.e., iPCM can be improved with
inducing the interfacial confinement effects. The increased por-
tion of bonding motif change in GT/(Ti)-ST SL with site switch-
ing between the same number of Ge atoms and adjacent
vacancies is due to the extended interfacial space (Fig. 4g, h).
The length of chemical bonds between Ge atom located in
Ge/Sb intermixed zone and Te which is pulled toward Ti is
increased and the amount of electrical charge involved in the
bond is decreased (Fig. 4d, e). Ge-Te bonds near Ti atoms are
easier to break by the strengthened Peierls distortion (Rlong/
Rshort) [50] due to elongated Ge-Te bonds close to Ti atoms.
Therefore, Ge atoms located in Ge/Sb intermixed zone are much
easier for switching to the other structural motif compared with
environment without Ti. Since Ge atoms bonded with adjacent
Te atoms have relatively increased vacant space along the c-axis,
they can be easily flipped to tetrahedral motifs. It is well under-
stood that Ge in the center forms covalent bonds with four Te
atoms with almost same bond length. The closer the bond order
value is to 1, the greater the amount of the occupied electrons in
the bond, which denotes the strong covalent bonding motif
[51]. This tendency is more evident in GT/Ti-ST compared with
GT/ST (Fig. 4f-h). Analyzing angle distribution function (ADF), it
is confirmed that bond angle of Ge atoms was much more dis-
tributed around 100� in GT/Ti-ST SL than in GT/ST SL, corre-
sponding to phase change with the local structural changes of
Ge atoms. Ti and Sb always maintain octahedral motifs, bond
angle near 90� [52,53], regardless of the structural change, while
Ge atoms partially change to tetrahedral motif (covalent bond-
ing with Te atoms) in HRS (Supplementary Fig. 5). Sb always
maintains an octahedral motif in GT/(Ti-)ST SL, which forms
partially defective octahedral motifs regardless of phase change
process, including elongated Sb-Te bonds due to Ti [52]. Ti is
maintaining strong octahedral motif with short and strong Ti-
Te bond.

The structural/bonding properties in GT/Ti-ST superlattice
Significant improvements in GT/Ti-ST superlattice films with Ti
incorporation are also elucidated through several structural anal-
yses. Using time-domain thermo-reflectance (TDTR) measure-
ment, the decrease in thermal conductivity of iPCM was
confirmed. It is very interesting that the reduction in thermal
conductivity of 5%-doped GT/Ti-ST is larger than the 10% doped
Ti-ST SL (Fig. 5a-b). This is caused by generation of TiTe2 from Ti-
ST block with excess amount of Ti (Supplementary Fig. 3f-i). Tri-
layered TiTe2 blocks have large lattice mismatch about 11% with
GT and ST, which deteriorate the formation of uniform interfaces
in superlattice structure [54]. For GST based PCM, thermal con-
ductivity along the cross-plane is lowered in superlattice struc-
ture than in alloy due to increased anisotropy and presence of
the vdW interface [55]. Ti-ST has lower thermal conductivity
than ST system [32]. Therefore, it has more efficient intrinsic
thermal barriers inside the superlattice structure when Ti is incor-
porated with certain amounts in ST blocks. Since PCM operates
with Joule-heating process, lowered thermal conductivity of
GT/Ti-ST SL helps confine the generated heat with applied elec-
trical pulses inside the active region, which enable ultra-low
energy switching for GT/Ti-ST SL [56,57]. The scheme and TEM
image of superlattice device presented in Fig. 2 and the red box
(Fig. 1a) illustrate the strengthened thermal confinement effect
of ST blocks due to Ti incorporation with lowered thermal
conductivity.

Another important role of Ti is in synthesizing an ideal iPCM
by inducing the coherent growth of HCP QL ST and GT blocks by
changing the process of forming HCP QL ST blocks from growth-
dominant to nucleation-dominant method, which prevent dete-
rioration of the roughness due to abrupt change of grain size dur-
ing the synthesizing process [32]. By incorporating Ti atoms in
iPCM, it is possible to synthesize an iPCMwith uniform vdW lay-
ers over large areas. From X-ray diffraction (XRD), X-ray reflec-
tance (XRR), and atomic force microscope (AFM) results, it is
confirmed that morphology of iPCM is significantly improved
by an appropriate amount of Ti and that good crystallinity is
maintained (Fig. 5c-e).

In addition, the chemical states of composed elements are
studied using XPS, with an in-situ transfer system to prevent oxi-
dation, to obtain accurate bonding state of the constituent ele-
ments, measured chemical states showed that there were no
phase segregations despite Ti is incorporated and it is observed
that all elements except for Te atom itself are combined with
Te (Fig. 5f-i). The binding energy shift for constituents almost
did not occur before and after doping. That is, the chemical cir-
cumstance of Ti bonded with Te is hardly modulated, resulting
in the maintenance of the octahedral motif [52]. It is also con-
firmed with crystal orbital Hamiltonian population (COHP) cal-
culations that antibonding states which exist beneath the fermi
level energy in HCP Sb-Te bond do not exist in the HCP Ti-Te
bond, which leads to the improved structural stability in the con-
finement barrier due to robust Ti-Te bond (Supplementary
Fig. 6). In addition to the structural stability, it is confirmed that
the thermal stability of GT/Ti-ST SL is higher than that of GT/ST
SL by measuring the maintenance of the c-axis superlattice struc-
ture with XRD under subsequent thermal annealing (Supple-
mentary Fig. 9). From above, GT/Ti-ST SL can avoid device
failure due to formation of segregated phases with additional ele-
ment. The atom that plays a key role in the phase change process
is Ge atom (Supplementary Fig. 4a-b). Therefore, the phase
change mechanism in GT/Ti-ST SL is up to the behavior of Ge
atoms as the samemanner in GT/ST SL. In addition, only valence
electrons occupied in p orbital participate in chemical bonding
maintaining the p orbital alignment in LRS where the octahedral
motif is maintained for all elements. It is also confirmed that the
69



FIG. 5

Structural analysis in GT/(Ti-)ST SL. a) Raw data of the time-domain thermo-reflectance (TDTR) data and b) thermal conductivity of GT/(Ti)-ST SL. Above
standard deviation occurs during the fitting operation, which is to minimize the root-mean-square error through the iterative optimization process. c) X-ray
diffraction (XRD) and d) X-ray reflection (XRR) measurement of GT/(Ti)-ST SL on Si (111) substrate through h-2h method. e) Atomic force microscope (AFM)
data of GT/(Ti)-ST SL on Si (111) substrate. X-ray photoelectron spectroscopy (XPS) data of each element, which corresponds to f) Ge, g) Sb, h) Te, i) Ti of GT/
(Ti)-ST SL and Ti-ST alloy. Sb 3d peak is broadened asymmetrically because Sb 3d5/2 peak maintaining octahedral motif is deconvoluted to two peaks
corresponded to elongated and original bond due to short and strong Ti-Te bonds, which is consistent with the results of the micro-structural change
(Fig. 4d-e).
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distortion of the p orbital alignment and chemical states of Ge
element and overall band structures change as a few Ge atoms’
bonding motif changes from the octahedral to tetrahedral motif
with adjacent Te atoms in the vicinity of the interface (Supple-
mentary Fig. 5) through TEM (Supplementary Fig. 7) and XPS
measurements and DFT calculations (Supplementary Fig. 4)
when the sufficient electrical pulses or additional thermal heat
are applied to the superlattice. Reversible phases of GT/(Ti)-ST
SL show different crystal structures and physical properties
depending on Ge atoms’ bonding motif (octahedral or tetrahe-
dral), but the phase change process of the materials still proceed
with Joule heating process. Considering the reported research [9],
it is probable that phase change process between the two reversi-
ble crystal structures proceeded through a transient molten
phase in the interfacial region, and thermally insulating robust
70
Ti-ST layers can perform this confinement template role better
than ST layer.

Moreover, analyzing composition ratio using XPS measure-
ment showed that the GT/(Ti-)ST SL structure has Ge-deficient
GT layers (Tabls S1). In detail, the result indicates that intrinsic
vacancies from the cation site in GT layer help Ge to move effi-
ciently during phase change process, which is consistent with
already reported research that Ge-deficient GT layers contribute
to superior phase change properties in iPCM [6,58]. In this
research, the synthesis of GT/(Ti)-ST SL were carried out under
lower temperature (lower than 2000C) than the previously
reported synthesis temperature of GT/ST SL. Therefore, it is
thought that Te-rich superlattice was obtained since the desorp-
tion rate of Te during deposition process was lower than that of
the previously reported GT/ST SL (230–2500C) [59].
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Conclusions
In summary, an ultra-efficient and structurally coherent
advanced iPCMwas developed in this study, which led to the fol-
lowing figure of merit: high cycling endurance (�3 � 109), ultra-
low RESET energy (�2 pJ), and high speed (�8 ns). After suffi-
cient electrical pulsing, it is observed that internal structure of
superlattice device was well maintained, i.e., Te terminated layers
were preserved. It was confirmed through intensity profiling that
7 and 9 layered Ge/Sb intermixed GT blocks including intrinsic
vacancies are strongly aligned between (Ti-)ST quintuple layers.
Interestingly, it is also confirmed that strong p orbital alignment
in GT/ST SL is slightly distorted with Ti due to the strong local-
ization. Based on Ferro(-like) structure including Ge/Sb/vacancy
intermixing, bonding properties of two reversible phases in
GT/(Ti)-ST SL are analyzed with DFT calculations and XPS. Ge-
Te bonds vicinity to Ti-Te bonds are elongated, which facilitate
Ge atoms to break the original bond with Te by strengthened
Peierls distortion (Rlong/Rshort). Although volume size of unit cell
is reduced as intra-structural localization of ST block is strength-
ened by incorporating Ti atoms in ST blocks, interfacial space is
expanded. The phase change process is strengthened with the
stable structure formed by strong intra-structural localization
and reduced antibonding states of Ti-Sb2Te3 blocks and switch-
ing energy consumption is reduced with enhanced thermal bar-
rier effects by lowered thermal conductivity with Ti. Considering
recent research have been still reporting that the phase change
behavior of GT/ST SL proceeds through the melt-quenching pro-
cess as the same way of conventional GST alloy, strengthening
the heat confinement effect of the thermal template (ST layer)
with incorporated Ti elements contribute to the superlattice sys-
tem’s reduced energy consumption while maintaining existed
chemical bonds of the constituent elements. GT/Ti-ST SL
improved the overall phase change characteristics of the GT/ST
SL system by appropriately widening the vdW gap without dra-
matically changing the existed bonding motif while it reinforces
the thermal and structural stability by reducing perpendicular
thermal conductivity and antibonding states near EF. In addition
to GT/Ti-ST SL’s strong figure of merits for cycling endurance and
low-energy transition by effectively reducing entropic loss during
phase change process, elaborated resistance changes with repeti-
tive electrical pulsing and suppressed resistance drift become pos-
sible due to the improved structural coherence and stability. By
selectively modifying properties of confinement layer through
doping with other transition metals which enable to strengthen
structural coherence and confinement effect of Sb2Te3 block of
iPCM, other advanced iPCMs can be developed to be energy effi-
cient and have high thermal/structural stability and operating
limit. Unlike the original modifying methodologies which uni-
formly control the entire region of the alloy based PCM, superlat-
tice based PCM could be engineered to improve the phase
change characteristics of the entire system and ensure efficient
phase-change operation characteristics by controlling the con-
finement layer selectively. Advanced iPCM is expected to pave
the way for developing advanced memory devices by suppressing
wasted heat generated during the phase change process and
effectively forming structurally coherent interfaces, which leads
to the stable multi-level states. Advanced iPCM has an enormous
potential to be one of the strongest candidates for non-volatile
memories in highly integrated memory systems such as cross
bar array architecture, which is suitable to perform deep learning
operations with matrix–vector-multiplication in neuromorphic
computing [35,60,61].

Methods
Sample Preparation. The thin film preparation process for
structural analysis is as follows: iPCM is synthesized with MBE.
In the case of molecular beam epitaxy, the substrate is fixed at
the center of the upper range under high vacuum (base pressure
�high 10�9 Torr) and the constituent elements of the material to
be deposited are evaporated in gaseous form onto the substrate
through thermal evaporation. When synthesizing the film on
the silicon substrate, which is oriented in the (111) direction,
the substrate (silicon wafer) is soaked in acetone and isopropanol
successively for a few minutes to desorb organic matter, ultrason-
icated, and soaked in a buffered oxide etchant to remove the
native oxide (SiO2) of the substrate, and finally, rinsed with
deionized (DI) water. Then, the Si wafer is transferred to the
MBE chamber and annealed at a high temperature (about
600 �C) to remove the remaining impurities, cooled to room tem-
perature, and then Ti-ST is deposited at room temperature with a
thickness of 3 nm. Heat treatment at 190 �C (for the 5% doping;
the higher the doping percentage, the higher the required heat
treatment temperature) for 30 min follows, and then 4–5 nm
of Ti-ST is stacked while maintaining the above temperature. A
robust seed layer is formed through the above two-step process.
After lowering the temperature slowly to about 20 �C, the tem-
perature of the effusion cell containing each element is adjusted
to evaporate each source with the intended ratio (1.0 Å/min for
Ge, 1.5 Å/min for Sb, 3 Å/min for Te, and about 0.4 Å/min for
Ti). Each source (Ge, Sb, Te) is heated in an isolated Knudsen cell
containing a cylindrical crucible, and then a beam of each com-
ponent directed toward the substrate is ejected from the cell and
adsorbed on the surface. Ti is evaporated with an e-beam evapo-
rator where a hot electron beam is generated from the filament
and accelerated by an electric/magnetic field; it hits the source
rod to vaporize Ti from the source and then transfer it to the sub-
strate. Each material has a different desorption rate depending on
the selectivity of the substrate and the pre-deposited material.
Considering this, the deposition rate on the substrate surface is
precisely controlled through the Proportional-Integral-Differen
tial (PID) controller to enable the precise control that responds
to every moment for the growth of a very high-quality thin film.
After synthesizing the seed layer and lowering the temperature to
about 20 �C, approximately 1 nm of the GT layer and approxi-
mately 2–3 nm of Ti-ST is deposited alternately. The above pro-
cess is repeated until the top layer (Ti-ST) is deposited.

X-Ray Diffraction/Reflection (XRD/XRR). The XRD
measurement is performed using a high-resolution X-ray diffrac-
tometer with a 9 kW Cu Ka (wavelength �1.5406 Å) radiation
source. The measurement was conducted with the Po-hang accel-
erator 5D beam line.

Raman Spectroscopy. Raman spectra were obtained
through micro-Raman spectroscopy (Horiba Lab Ram ARAMIS)
using a 532 nm wavelength Nd: YAG laser with a 100x objective
71
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and 2400 grooves/mm grating. The spectra were calibrated at a
silicon peak of 520 cm�1.

X-ray photoelectron spectroscopy (XPS). In-situ XPS
spectra of the core levels were measured using the PHI 5000 Versa
Probe made by ULVAC-PHI, where the base pressure was about
4 � 1�10 Torr. The XPS spectra were obtained using monochro-
matic Ka radiation with an analyzer pass energy of 23.5 eV, pro-
viding an overall experimental resolution of 200 meV. The
background of each spectrum was subtracted by the Shirley
method. For the depth profile, a 500 kV Ne± ion beam was used,
a modest condition to prevent transformation of the samples.

Keithley (I-V test). To probe the operation of the test cells,
an Agilent 33600A pulse generator and a Keithley 2636B source-
meter were used for applying electrical pulses and measuring the
resistance during the switching process, respectively. To switch
the cells between several reversible phases, electrical pulses
which were 8–200 ns in width and 0.1–3 V in height were
applied, and each state’s resistance was measured at 0.1 V.

Transmission Electron Microscope (TEM). TEM spec-
imens for cross-sectional observation of the super-lattice devices
were prepared using a focused ion beam (FIB, NX2000; Hitachi
Inc., Japan) instrument. To maintain the initial state of the spec-
imen, tungsten and carbon were used as protective layers. During
the FIB process, the TEM specimen was etched with Ga± ions at
30 kV, 10 kV, and 5 kV, successively. The TEM images were taken
at an accelerating voltage of 200 kV using a JEM-ARM200F (JEOL
Ltd.) and One View camera (Gatan Inc.). The STEM images were
acquired at an accelerating voltage of 200 kV using an aberration-
corrected STEM (JEM-ARM200F, JEOL Ltd.). STEM images were
collected using a convergence semi-angle of 21 mrad and a
high-angle annular dark field (HAADF) detector with a collection
semi-angle of 68–280 mrad. Additional TEM data are added in
supplementary figure sets during the revision courses. The
microstructures characterized by transmission electron micro-
scopy (TEM, JEM-ARM200F “NEO ARM,” JEOL) and energy-
dispersive X-ray spectrometry (EDS, JED-2300 T(Dual), JEOL) at
Yonsei Center for Research Facilities, Yonsei University. TEM
and scanning TEM (STEM) observations were conducted at an
accelerating voltage of 200 kV.

Density Functional Theory (DFT) Calculation. The
electronic structures of the GT/(Ti-)ST SL were calculated using
DFT with the Vienna Ab initio Simulation Package (VASP) [64].
All calculations were implemented at the generalized gradient
approximation level, using the Perdew-Burke-Ernzerhof (PBE)
[65] functional. The Grimme’s D3 [66] dispersion correction term
was added to capture long-range interactions during structure
optimization. The Brillouin zone was sampled 3�3�1 for relax-
ation and 7�7�5 for single-point calculations, the kinetic energy
cutoff for the plane wave was set to 500 eV , and the convergence
criterion for the self-consistent loop was 1E-6 eV for optimization
(single-point calculation) until the difference in force between

the steps was less than 0.01 eV/Å. The superlattices were relaxed
with 2 � 2 � 2 Brillouin zone sampling and gamma point sam-
pling, respectively. By fabricating several 3 � 3 � 1 supercells
of ST, representative structures were created in which Sb and
vacancies were mixed in a ratio of 2:1 in all layers except for
the Te layers. The exact location of the vacancy was determined
72
by the CD and monitored during the process of site switching
and optimization. Subsequently, the CD near the vacancy site
was numerically integrated. The superlattices were constructed
in the same manner. The vacancies, Sb, and Ge were mixed at
the interface between GeTe and ST. The bond order was calcu-
lated using the density derived electrostatic and chemical
(DDEC6) approach [43]. The band structure calculations were
carried out in the reciprocal space along the symmetry points
(K, C, Μ). The structures were visualized through VESTA
program.

Time-Domain Thermo-Reflectance (TDTR). To mea-
sure the thermal metrology based on thermo-reflectance, the
N8- 200 made by TMX Scientific TransometerTM was used. A
pulsed heating laser of 4.7–5.8 lJ was illuminated to change
the temperature of the surface and heat reflection energy of the
sample with the film stack. At the same time, a probing laser
(18.5–23.3 mW) was used to record the change in light reflectiv-
ity (i.e., thermal decay) as a function of time. Two unknown
independent parameters can be extracted after fitting by combin-
ing the experimental data with known material parameters.
These unknown parameters can be calculated using the coeffi-
cient of thermal reflectance, representing the relationship
between temperature and reflectivity changes. During the fitting
process, optimal calculations were performed through an itera-
tive optimization process that minimized the root-mean-square
error between the experimental and numerical decay curves.
Eventually, the inverse numerical solution can acquire the film
stack’s thermal conductivity and boundary resistance.
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