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ABSTRACT: Phase-change superlattices with nanometer thin
sublayers are promising for low-power phase-change memory
(PCM) on rigid and flexible platforms. However, the thermody-
namics of the phase transition in such nanoscale superlattices
remain unexplored, especially at ultrafast scanning rates, which is
crucial for our fundamental understanding of superlattice-based
PCM. Here, we probe the phase transition of Sb2Te3 (ST)/
Ge2Sb2Te5 (GST) superlattices using nanocalorimetry with a
monolayer sensitivity (∼1 Å) and a fast scanning rate (105 K/s).
For a 2/1.8 nm/nm Sb2Te3/GST superlattice, we observe an
endothermic melting transition with an ∼240 °C decrease in
temperature and an ∼8-fold decrease in enthalpy compared to
those for the melting of GST, providing key thermodynamic
insights into the low-power switching of superlattice-based PCM. Nanocalorimetry measurements for Sb2Te3 alone demonstrate an
intrinsic premelting similar to the unique phase transition of superlattices, thus revealing a critical role of the Sb2Te3 sublayer within
our superlattices. These results advance our understanding of superlattices for energy-efficient data storage and computing.
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P hase-change memory (PCM) stores data in two material
phases, glassy and crystalline, that have different electrical

conductances. PCM is a prospective memory technology given
its unique characteristics of nonvolatility, a short read/write
time, high endurance, and insusceptibility to ionizing
radiation.1−5 A continuous change in the conductance states
of PCM resembles the behavior of synapses and may be used
to realize brain-inspired computing networks.5−8 PCM devices
based on chalcogenide materials such as Ge2Sb2Te5 (GST)
undergo a reversible phase transition between crystalline (low-
resistance state) and melt-quenched amorphous (high-
resistance state) phases.2 These transitions are induced by
Joule heating using nanosecond electrical pulses, which,
however, require a large switching current, and remain a
concern for traditional PCM devices.1,8,9

Recently, significant progress has been reported to decrease
the switching current of PCM via a superlattice (SL) platform
with alternating sublayers of phase-change materials such as
Sb2Te3/Ge2Sb2Te5 (ST/GST),10 GeTe/Sb2Te3,11−13 and
TiTe2/Sb2Te3.14 Simple epitaxial layering of these chalcoge-
nides into a superlattice-like stack triggers a dramatic change in
the transformation of the materials, i.e., switching of their
phases. The reason for this effect is still not yet well-
understood. One hypothesis proposed that a crystalline-to-
crystalline phase transition (resistance change via subtle

movement of Ge atoms), (instead of a melt−quench transition
in conventional PCMs) triggers a decrease in the switching
current in the GeTe/Sb2Te3 SL.11,15 More recently, studies
found that van der Waals (vdW) interfaces within SLs are
responsible for the increased out-of-plane thermal resistance
and the unique anisotropy of thermal and electrical
conductivity, facilitating the low-power switching in PCM
devices.16−19 However, the nature of the phase transition in the
SL and its corresponding thermodynamic metrics (e.g.,
temperature, enthalpy, and entropy) remain unexplored,
especially under conditions close to those of actual PCM
device operation (thin film format and fast scanning rates).

Here, we report the phase transition of phase-change ST/
GST SLs (65 nm thick) for the first time using thin film
nanocalorimetry (NanoDSC).20−25 SL samples are directly
sputtered on the NanoDSC sensors without additional
destructive preparations which are otherwise required for
conventional calorimetry. The monolayer sensitivity (∼1 Å) of
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our NanoDSC enables superlattice materials probing of the
same form (∼60 nm thin film) as that in actual PCM devices,
while its ultrafast scanning rate (105 K/s) captures metastable
transitions in a time frame close to that of the device switching.
Multiple thermodynamic fingerprints are uncovered, including
a sharp endothermic transition at ∼380 °C for a 2/1.8 nm/nm
ST/GST SL, which provides seminal clues about the low-
energy consumption and increased endurance characteristics of
SL-based PCMs. This transition is ∼240 °C lower than the
melting (∼620 °C) of bulk GST, along with an 8-fold decrease
in the transition enthalpy.

Table I summarizes the names and descriptions of all of the
samples in this work. They are either ST/GST SLs or

homogeneous ST and GST films sputtered on a SiNx/SiOx

membrane of NanoDSC sensors (Figure 1a,b) using a self-
aligned shadow mask.27 Sensors are attached on a Si wafer
using Kapton tape during the sample depositions. Samples are
sputtered using the same deposition recipe as the one used to
fabricate the SL-based PCM devices (described else-
where).10,13 Sputtering starts with a 4 nm thick seed ST
layer at room temperature (RT), followed by the deposition of

subsequent GST/ST layers at 180 °C. This procedure ensures
that all of the GST sublayers have a face-centered cubic (FCC)
crystal structure. Similar to PCM devices, a 10 nm thick TiN
capping layer is sputtered at RT to minimize oxidation and
evaporation of SLs during the high-temperature NanoDSC
scans.

SL stacking of the sputtered samples is verified by STEM
imaging. Figure 1c reveals the atomically sharp interlayer vdW
gaps inherent in the 2/1.8 nm/nm ST/GST SL deposited on a
Si substrate with native SiOx . Schematic of a 2/1.8 nm/nm
ST/GST SL is also shown in Figure 1d (same as 2-SL-A on a
sensor). The vdW gaps are intrinsic to the ST sublayer as they
also occur in bulk ST.

Differential mode NanoDSC measurements are performed
in vacuum (2 × 10−7 Torr) for a series of temperature ramping
from RT to the maximum temperature (Tmax) with a heating
rate of (1.1 ± 0.1) × 105 K/s. A series consists of either a
single scan or multiple scans with 1 s intervals, which are
sufficient to passively cool samples to RT. Here, we denote
each calorimetry scan as “sample ID-N1-N2”, where N1 is the
pulse series name and N2 is the scan number in a specific pulse
series. All scans in this work are summarized in section I of the
Supporting Information (SI). NanoDSC has recently revealed
excellent quantitative consistency and accuracy in the
measurement of the transition temperature and enthalpy for
a 20 nm thick GST film upon various heating rates.28

Operation and data analysis were further detailed in our
previous works.22,23

Calorimetric results of all samples show complicated phase
transition fingerprints that are sensitive to scanning history.
Their metastability presents challenges to calorimetry measure-

Table I. Names and Descriptions of Samples Used in This
Work

sample description of the sample

2-SL-A 2/1.8 nm/nm ST/GST superlattice (65 nm thick)

16-SL-A (first) 16/14.4 nm/nm ST/GST superlattice (65 nm thick)

16-SL-B (second) 16/14.4 nm/nm ST/GST superlattice (65 nm thick)

ST-A 32 nm thick ST deposited on a 4 nm ST seed layer

GST-A 28.8 nm thick GST deposited on a 4 nm ST seed layer

Figure 1. NanoDSC characterization of Sb2Te3/Ge2Sb2Te5 (ST/GST) superlattices. (a) Optical image of a NanoDSC sensor. A caliper scale is
shown for comparison. (b) Schematic of a NanoDSC sensor, including the deposited ST/GST superlattice sample (dimension not shown to scale).
Reproduced with permission from ref 26. Copyright 2009 American Chemical Society. (c) High-angle annular dark-field scanning transmission
electron microscopy (STEM) cross sections of the as-deposited 2/1.8 nm/nm ST/GST superlattice that shows atomically sharp vdW interfaces as
well as defects such as planar grain boundaries and triple junctions, which extend across several sublayers. (d) Schematic of a 65 nm thick 2/1.8
nm/nm ST/GST superlattice stack with alternating double-layer Sb2Te3 and single-layer Ge2Sb2Te5.
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ments, because heating scans may simultaneously anneal and
change the sample. On one hand, NanoDSC with fast scanning
rate can capture the metastable transitions of SL and is key to
understanding the switching of PCM devices. On the other
hand, metastability introduces complexity to the scanning
schedule for reliable results.

The calorimetry profile of “conditioned” 2-SL-A-6-1 (with
prescans as defined below) up to 710 °C is shown in Figure 2a.
A sharp endothermic melting transition at ∼380 °C (T-380),
followed by a shoulder pattern (T-shoulder), is observed, with
minimal signs of bulk melting of the constituent ST or GST
sublayers of the SL (here 2/1.8 nm/nm ST/GST). This is

Figure 2. (a) Cp(T) profile of scan 2-SL-A-6-1 (2/1.8 nm/nm ST/GST superlattice). It demonstrates a sharp endothermic transition at 380 °C (T-
380) followed by a shoulder (T-shoulder) up to 560 °C, whereas minimal bulk melting signals of ST or GST are observed at ∼600 °C.28−31 Shaded
regimes denote the four temperature zones discussed in this work. (b) Comparison of Cp(T) profiles between the scan in panel a and that of 65 nm
thick GST (equivalent to the total thickness of the SL, rescaled from 20 nm thick homogeneous GST sputtered at RT with no ST seed layer). The
65 nm GST melts at 620 °C. The T-380 peak in the superlattice (blue shaded peak) demonstrates an ∼240 °C decrease in peak temperature (Tm =
380 °C) and an 8-fold decrease in the transition enthalpy (ΔHm = 15 μJ for T-380), compared to that during the melting of GST (purple shaded
peak). The overall enthalpy in SL (T-380 peak and T-shoulder; ΔHm = 35 μJ) is also 4-fold smaller than that of GST.

Figure 3. (a) 2-SL-A-2-1 and 2-SL-A-3-1 scans for sample 2-SL-A (2/1.8 nm/nm ST/GST superlattice) with Tmax values of <350 °C. The inset
shows the glass transition features in both curves with 80 °C < T < 200 °C. (b) Cp(T) of 16-SL-A-N1-1 (N1 = 1−6) for a 16/14.4 nm/nm ST/GST
superlattice with Tmax values of <410 °C. (c) First Cp(T) scan to 710 °C for a 16/14.4 nm/nm ST/GST superlattice (16-SL-B-3-1, red curve) and a
2/1.8 nm/nm ST/GST superlattice (2-SL-A-6-1, blue curve). After electrical annealing to 710 °C (100 pulses), a 16/14.4 nm/nm ST/GST stack
(2-SL-B-4-100, green curve) shows a melting peak at 630 °C with no T-380 transition. The green curve is rescaled to compensate for the 20%
decrease in heat capacity (loss of sample due to evaporation) during electrical annealing.
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unexpected because the phase diagram of bulk ST-GST
predicts a melting at ∼600 °C.28−31 The T-shoulder resembles
the calorimetry profile of binary systems with incongruently
melting compounds.32 The term “conditioned” here means the
as-deposited SL has undergone a selected series of calorimetry
scans (Tmax = 200−350 °C) beforehand. As-deposited SL-
based PCM devices also require ∼1000 low-power cycles for
their stable repeated switching.10

The T-380 transition, which we identify as mainly a
crystalline-to-liquid melting transition (see section II of the
Supporting Information for justifications), is the most
consequential finding in this paper. It provides insight into
the crystalline-to-amorphous switching transition in SL-based
PCM with an 8-fold lower switching power, compared to those
of conventional PCM devices.10 Calorimetry profiles of 2-SL-
A-6-1 and standard GST samples (RT sputtered) are shown in
Figure 2b. An ∼240 °C decrease in the melting temperature
(Tm) and an 8-fold decrease in transition enthalpy (ΔHm) are
observed. The reduced enthalpy of the T-380 transition is
expected from Hess’ analysis33 as a consequence of the low
transition temperature (see section III of the Supporting
Information). However, the reduced Tm cannot be explained
by the phase diagram given the similar composition of Te
(GST, 56% Te; SL, 58% Te).

Apart from T-380, a series of other transition features have
been identified for a SL. They provide valuable insight into the
possible presence of metastable phases (e.g., Te-rich phases)
that can greatly reduce the Tm of SLs and provide further
insight into the T-380 transition as we will explore below. We
partition this discussion into the following four temperature
zones (Figure 2a): (1) T < 200 °C, (2) 200 °C < T < 350 °C,
(3) 350 °C < T < 420 °C, and (4) T > 550 °C.

The first temperature zone (T < 200 °C) demonstrates a
glass transition (“T-glass”) that shows negligible changes under
multiple scans with Tmax values of <180 °C. This is expected
given that our SLs are deposited at 180 °C. For all 65 nm SL
samples in this study, the measured heat capacity Cp(100 °C)
of 279 ± 8 nJ/K agrees with the calculation (detailed in section
IV of the Supporting Information).

The glass transition is observed for all SLs in this study, with
a similar glass transition temperature (Tg = 140 ± 5 °C) at the
first scan up to Tmax values of <200 °C, indicating a small
amount of glassy phase in the as-deposited SLs. Tg is assigned
from the limiting fictive temperature analysis.34 For example,
scan 2-SL-A-2-1 (Figure 3a, red curve) demonstrates a step-
like feature that resembles a “normal” glass transition with a Tg

of 142 °C.
The low value of Tg deserves to be discussed further.

Multiple glass phases are known for the Ge−Sb−Te system.
However, a Tg of <140 °C is found only in Te-rich phases
[atomic composition of Te of >85% (see section V of the
Supporting Information)]. It leads to the assumption that Te-
rich phases may be responsible for the observed glass
transitions in the SL samples under investigation.

Because the step height of the T-glass (ΔCp = Cp‑liquid −

Cp‑amorphous at T = Tg) is proportional to the amount of the
glassy phase, the quantity of the glassy Te-rich compounds can
be estimated using the specific/reference ΔCp reported for
Ge15Te85 glass.35 For instance, scan 2-SL-A-2-1 shows ΔCp =
15 ± 1 nJ/K and thus 6 ± 0.4% of the film is glassy (detailed in
section V of the Supporting Information). Such a small amount
of glass agrees with the STEM observation (Figure 1c) that the
as-deposited SL is mostly crystalline. It should be noted that

even with the existence of 6% Te-rich glassy phases, the overall
stoichiometry for the rest of the SL remains approximately the
same (Te ∼ 56%) with only 2% deviations.

With regard to the second temperature zone (200 °C < T <
350 °C), a broad exothermic feature (denoted as T-exo) with a
ΔHexo of 5.5 μJ spanning from 250 to 350 °C is observed for 2-
SL-A [scan 2-SL-A-2-1 (red curve in Figure 3a)]. This
transition is irreversible because it can be observed only on the
very first scan to 350 °C. From scan 2-SL-A-2-1 to the
subsequent 2-SL-A-3-1 scan (red and blue curves in Figure 3a),
we find the Tg of 2-SL-A shifts from 142 to 95 °C with a strong
“overshoot” and the corresponding amount of glass decreases
from 6% to 3% (detailed in section V of the Supporting
Information).

It is reasonable to assume that the Te-rich liquid phases
formed from the glass transition of the prior scan (e.g., 2-SL-A-
2-1) are partially crystallized at the increased temperature,
yielding the exothermic transition. This crystallization results
in the smaller amount of Te-rich glass observed in the
following scan (e.g., 2-SL-A-3-1). However, such a mechanism
does not fully explain the strength of T-exo. ΔHexo estimated
solely from the reduction of Te-rich glass (3%) is only 2.0 μJ
[assuming the glassy phase is Ge15Te85

35 (detailed in section V
of the Supporting Information)], which is 3-fold lower than the
measured ΔHexo. Thus, other exothermic processes may also
contribute, including the FCC to hexagonal transition, mixing,
and structural relaxation.

The glass transition also developed an “overshoot” feature in
scan 2-SL-A-3-1 that is demonstrated by glasses with a specific
thermal history, e.g., when the cooling rate during the glass
formation is lower than the heating rate of the following
calorimetric scan.36,37 This condition is typical for adiabatic
NanoDSC (see section VI of the Supporting Information for a
discussion of the “overshoot”).

The third temperature zone (350 °C < T < 420 °C) displays
the key finding of the work. The endothermic T-380 transition
(as discussed above), shows up in all SL samples. With 16-SL-
A as an example, its T-380 melting transition (red curve in
Figure 3b) is obtained from a scan up to a Tmax of ∼410 °C
after multiple low-temperature prepulses to a Tmax of 260 °C.
Subsequent scans with Tmax values of <410 °C demonstrate
excellent repeatability of the transition with a <1% loss of peak
height on average. We speculate that such a reproducible
transition is responsible for triggering the electrical switching
in ST/GST SL-based PCM devices. From a thermal budget
perspective, a single scan (30 ms heating and cooling cycle) in
NanoDSC is equivalent to ∼106

× 30 ns pulses (i.e., ∼106

switching cycles) in PCM devices.
Te-rich compounds are the only material species that show

melting at ∼380 °C based on the Ge−Sb−Te phase diagram.38

Therefore, from a calorimetry perspective, the crystalline Te-
rich phases formed during the “conditioning” of SL may be a
critical factor to the T-380 transition. However, they cannot be
the main contributor to the T-380 transition enthalpy due to
their small amount. Assuming the Ge15Te85 mentioned above
as the Te-rich compound within our SL, the calculated melting
enthalpy of crystalline Te-rich phases is only 2.6 μJ compared
to the T-380 transition enthalpy (ΔHm = 15−20 μJ) measured
in this work (see section V of the Supporting Information).
Therefore, the T-380 endothermic transition may be associated
with the melting of other metastable phases not in the phase
diagram. We note that both the T-380 transition and the
exothermic crystallization have also been previously observed
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for SL samples scraped from substrates using conventional
calorimetry, but no quantitative enthalpy information has been
reported to date.39

In the fourth temperature zone (T > 550 °C), we expect to
observe pronounced endothermic melting transitions of ST
and GST sublayers (denoted as T-bulk) at ∼600 °C.28−31

However, no such transition is detected in the conditioned SL
samples during the first scan up to a Tmax of 710 °C. As shown
in Figure 3c, the 2/1.8 nm/nm ST/GST SL (2-SL-A-6-1, blue
curve) shows a minimal endothermic signal in this temperature
range while the 16/14.4 nm/nm ST/GST SL (16-SL-B-3-1,
red curve) shows only two minor peaks. We infer that most of
the SL material exists in the metastable state and melts during
the T-380 and/or T-shoulder transitions, while there is a
minimal amount of thermodynamically stable phases that
exhibit bulk melting.

However, the ratio of the metastable and the stable phases
can be reversed by applying multiple scans of SLs up to 710
°C, during which samples repeatedly melt and then
recrystallize. Figure S5 illustrates such evolution of the 16-
SL-B SL, where the T-380 peak progressively decreases and T-
bulk gradually increases accordingly. The final scan [16-SL-B-
4-100 (green curve in Figure 3c)] shows only a strong peak at
630 °C with a ΔHm of 95 μJ, which is close to the expected
ΔHm (100 μJ) of the 65 nm SL, as detailed in section IV of the

Supporting Information. We believe that SL transforms from a
metastable state to a stable bulk-like state with the material
amount approximately conserved as indicated in section III of
the Supporting Information. It is noted that the T-glass feature
also disappears after such Tmax = 710 °C scans. This process is
further studied by TEM directly on a NanoDSC sensor40 as
detailed in section VIII of the Supporting Information.

To further understand the origin of T-380 in the SL, it is
compared to its homogeneous sublayer counterparts, ST and
GST. Their deposition follows the same recipe as that of the
SL, including the 4 nm ST seed layer. All ST and GST samples
were conditioned (prepulsed up to 250−350 °C) to start with
(same as for the SLs). The follow-up scans with Tmax values of
>400 °C for ST-A (ST-A-4-1, red curve) and GST-A (GST-A-
3-1, purple curve) are shown in Figure 4a.

Surprisingly, we find that ST-A (32 nm Sb2Te3 with a 4 nm
Sb2Te3 seed layer) shows strong repeatable signals of both T-
glass and T-380 transitions, which share temperatures similar
to those of SLs (Figure 4a). Such a sharp endothermic peak at
∼400 °C is also revealed by conventional calorimetry on ST
nanoflakes41−43 and bulk ST30 (summarized in section IX of
the Supporting Information), and its origin is attributed to the
premelting of ST.

However, only a small T-380 transition is observed in GST-
A (28.8 nm GST with a 4 nm Sb2Te3 seed layer) with no

Figure 4. (a) Cp vs T scanning of 32 nm thick ST (red curve, ST-A-4-1) and 28.8 nm thick GST (purple curve, GST-A-3-1) with a 4 nm thick ST
as the seed layer. Both ST and GST samples are deposited following the same deposition recipe used for the SL sublayers in this work. Scan 2-SL-
A-6-1 (2/1.8 nm/nm ST/GST SL) is also included for comparison. (b) Scan ST-A-4-1 and subsequent scans ST-A-5-N2 (N2 = 1−6) of a 32 nm
thick ST film. (c) Measured glass transition step height ΔCp as a function of the number of vdW interfaces for five samples studied in this work.
ΔCp is measured on the first scan with a Tmax of >200 °C for each sample, including scans 2-SL-A-2-1, 16-SL-A-2-1, 16-SL-B-2-1, ST-A-2-1, and
GST-A-2-1.
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measurable (∼1 nJ/K sensitivity of NanoDSC28) T-glass
transition. We attribute the presence of this small T-380
feature in GST-A to the 4 nm ST seed because GST alone
does not exhibit any endothermic signal at ∼400 °C as
displayed in Figure 2b.

We further note that the main difference between ST-A and
GST-A is that FCC GST does not have long-range vdW
interfaces that are inherent in ST stacks.44 Therefore, for all
samples in this work, we correlate glass transition step height
ΔCp (measured by the first scan to Tmax < 200 °C) with the
number of vdW interfaces (including both homogeneous ST/
ST and heterogeneous ST/GST SL types), as shown in Figure
4c. We find that the strength of the glass transition
progressively increases with the number of interfaces. It
suggests that vdW interfaces within the SLs could be a
promoter of the Te-rich glassy structure inherent in the stacked
SL layers. On the basis of the comparisons described above, we
conclude that in the SLs, ST sublayers play critical roles in
promoting not only the vdW interfaces but also the T-380 and
glass transitions of these SLs, which could be responsible for
their low-power switching operation in PCM devices.

We further discuss the mechanism of the T-380 melting
transition, which is probably associated with the vdW
interfaces inherent in both the ST and ST/GST SL stacks. A
high density of vdW interfaces and grain boundaries may
facilitate the formation of metastable phases and could be
critical for the T-380 transitions. Additionally, exothermic
intermixing between the ST and GST sublayers could also
participate in the T-380 transition with a minor enthalpy
contribution (see section X of the Supporting Information). In
the end, other thin film phenomena, including size-dependent
melting, may also contribute to T-380 and reduce the material
melting temperature below its bulk value (see section XI of the
Supporting Information). The cross-sectional TEM image of
the SL on the NanoDSC sensor would provide key information
to identify the metastable phase of T-380. However, because of
the fragility of the 100 nm SiNx membrane, so far we have not
obtained a satisfactory cross-sectional TEM sample from
NanoDSC sensors, and we will keep pushing our effort in this
direction.

In summary, using nanocalorimetry in Sb2Te3/GST super-
lattices, we uncovered an endothermic melting transition at
∼380 °C (T-380) with an ∼240 °C decrease in temperature
and an ∼8-fold decrease in enthalpy compared to those of the
melting of GST, providing key thermodynamic insights and an
original explanation of the increased endurance and low-power
consumption of SL-based PCM devices. We propose that the
major transition in T-380 is a crystalline-to-liquid melting
transition, where other processes, including intermixing
between the ST and GST sublayers could, also participate
with a minor enthalpy contribution. We also uncovered a rich
landscape of phase transitions, including a glass transition (T-
glass), endothermic melting (T-380 and T-bulk), and
exothermic effects (T-exo) in such superlattices. T-Glass
suggests the presence of Te-rich glassy phases in our
superlattices, which crystallized during the subsequent scans
featuring an exothermic T-exo signal. As a result, the crystalline
Te-rich phases could be one of the key factors for the
remarkably strong and repeatable T-380 transition. High-
temperature scanning of the superlattice converts its T-380
transition into T-bulk, expected from the phase diagram. These
findings further show that NanoDSC is a powerful tool for

improving our understanding of superlattices for energy-
efficient data storage and computing.
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