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Engineering of chalcogenide phase-change materials at the nanoscale is required to improve the

performances of ultimate size memory devices and reduce their power consumption. Amorphous

C-doped GeTe thin films and innovative multilayers consisting of periodic stacks of a few nm thick

GeTe, or Ge2Sb2Te5, and C layers with a thickness between 0.5 and 2 nm are deposited by magnetron

sputtering at room temperature. The phase-change material is then crystallized by heat treatment. In

C-doped GeTe films, the phase separation of C and GeTe during the GeTe crystallization leads to the

spontaneous formation of a nanocomposite, consisting of amorphous C located at the grain boundaries

of GeTe crystallites, but the resulting nanostructure is highly disordered. In contrast, the deposition of

multilayers allows control of the nanostructure and the interfaces between the phase-change material

and the C phase. Transmission electron microscopy and X-ray diffraction at room temperature and as a

function of temperature during annealing show that the multilayer structure is maintained after

crystallization of the phase-change material, even when the thickness of the C layer is as low as 0.5 nm.

GeTe and Ge2Sb2Te5 crystallites are anisotropic, their size in the direction perpendicular to the layers

being determined by the design of the multilayer. The crystallisation temperature of the GeTe and

Ge2Sb2Te5 layers depends on the structure of the stack, revealing scaling and stress effects. The results

presented show that GeTe/C and Ge2Sb2Te5/C MLs are promising for applications in memory devices

and also in photonic and thermoelectric devices.

1. Introduction

Chalcogenide phase-change materials (PCMs), such as Ge–Sb–
Te alloys lying on the pseudo-binary GeTe–Sb2Te3 tie line
exhibit fast and reversible phase transformations between
crystalline and amorphous states with very different transport
and optical properties.1 Their outstanding properties led to
their integration in resistive phase-change memories.2 These
are now considered a mature technology as they are already
entering the memory market through an innovative 3D cross-
point architecture.3,4 PCM memories have good endurance,
very high scalability, multi-level storage capability and good

data retention.2 They are also very promising in the fields of
in-memory computing and artificial intelligence. Innovative
PCM-based devices can mimic the synaptic functions of the
human brain for neuromorphic computing purposes, far
beyond the classical von Neumann computing architecture of
most current computers.5,6 In a memory device, current pulses
are applied to change the structural state, and hence the
resistance, of a small volume of the PCM, and thus encode
the information. A high current pulse (RESET) is applied to
amorphize the PCM (leading to a high resistance state). A lower
current pulse (SET) allows recrystallization of the PCM (leading to a
low resistance state). Prototypical PCM alloys are Ge2Sb2Te5 (GST),
one of the ternary Ge–Sb–Te alloys of the GeTe–Sb2Te3 tie line, and
GeTe, at one end of the tie line. The programming performances of
GST and GeTe devices are similar.7 GeTe has a higher retention to
GST with a crystallization temperature of B230 1C, with respect to
B170 1C for GST, for non-oxidized films.8 In addition to memory
applications, GeTe is also very promising for RF switches,9 for
thermoelectrics,10,11 and offers numerous opportunities for optical
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applications12 and photonics13 as well as for the emerging field of
spintronics.14

PCM memories are currently the most promising technology
for storage class memory (SCM) applications, but they still have
to overcome several technological issues. In order to reduce
power consumption, it is necessary to reduce the programming
currents, in particular during the RESET operation. To this end,
the most used strategy has been to optimize the architecture of
the memory device in order to improve the thermal confinement
and reduce the size of the active PCM volume inside the memory
cell, thus limiting the energy wasted when programming the cell
by Joule heating.1,2,5 An alternative approach is to optimize the
phase-change material. In a memory device, the small volume
that is amorphized during the RESET pulse is surrounded by
polycrystalline PCM. Reducing the thermal conductivity of the
polycrystalline state of PCM therefore allows for better thermal
confinement during the RESET pulse, which reduces the thermal
budget needed to reset the memory cell. To this end, engineering
of chalcogenide phase-change materials at the nanoscale is a
promising approach, as in nanocomposites the thermal con-
ductivity can be greatly reduced due to phonon scattering at the
interfaces, especially when the contrast of properties between
the components is large.15–19

A reduction in the RESET current in memory devices has
been achieved by adding C or N, at relatively high concentration
(a few percent), in GST or GeTe.7,20–23 The nanostructure of
crystallized C-doped GST has been studied in detail.23–25 In the
amorphous state, C atoms are incorporated into the GST phase,
preferentially forming strong Ge–C covalent bonds, as well as
C–C bonds in C chains.23,24 In contrast, most of the C atoms are
expelled from the GST phase during its crystallization.
Nanometre-size carbon clusters have been detected using trans-
mission electron microscopy23,25 and atom probe tomography,24

while a small fraction of the C atoms could remain in the
crystalline GST phase.23,25 The necessity to expel C atoms from
the GST phase during its crystallization explains the increase in
the crystallization temperature as the carbon content increases.
The size of GST crystallites decreases with increasing carbon
content.20,23 The thermal conductivity of crystallized C-doped
GST films is lower than that of undoped GST,22,23 which must
be related to their nanostructure consisting of C clusters and GST
crystallites. Reduced thermal conductivity allows an improved
thermal confinement of the heat during the RESET process in
memory devices incorporating C-doped GST and thus contributes
to the observed reduction in RESET current with respect to devices
incorporating undoped GST. However, the spontaneous separa-
tion of the C and GST phases during GST crystallization leads to a
highly disordered nanostructure with C nanoclusters of different
sizes and a broad size distribution of PCM crystallites, resulting in
disordered interfaces and an uncontrolled density of chemical
heterogeneities. Carbon segregation leads to variability in PCM
devices and will not allow further reduction in device size, hence
the need for other types of C and PCM nanostructures, combining
controlled interfaces and a low thermal conductivity.

For this purpose, a multilayer (ML) structure consisting of a
periodic stacking of PCM layers alternating with spacer layers

seems interesting. Studies of PCM multilayers have been
reported in the literature with Sb2Te3, Sb, GaSb or SnSb4 as
the spacer material between the PCM layers.26–29 In these cases,
the spacer layer crystallizes during the heat treatment applied
to crystallize the PCM. Furthermore, in the case of Sb or Sb2Te3

spacer layers, intermixing with PCM layers is unavoidable
during heating.30,31 Recently, improved programming perfor-
mances were achieved in devices incorporating a TiTe2/Sb2Te3

multilayer where the TiTe2 layers act as an efficient thermal
barrier during the RESET process.32

In the present work, we investigate the structure of GeTe/C
and GST/C multilayers (MLs) in which a few nm thick GeTe or
GST layers are separated by ultrathin amorphous C layers
(thickness of 0.5, 1 or 2 nm). Compared to previous studies of
MLs, the choice of amorphous C as a spacer material should
have several advantages. First, considering the nanostructure
observed in crystallized C-doped GST films, intermixing
between the amorphous C layers and crystallized PCM layers
should be negligible. Second, due to the significant difference
in the elastic properties of amorphous C and crystallized PCM,
the high density of PCM/C interfaces at a length scale close to
that of the phonon mean free path should increase phonon
scattering, thereby reducing the thermal conductivity of the ML
structure.

The GeTe/C and GST/C MLs were deposited by sputtering at
room temperature. The initially amorphous PCM layers were
then crystallized by heat treatment. The nanostructure of the
MLs was investigated in detail by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) and compared to that
of C-doped GeTe films. The results show that a high-quality
GeTe/C or GST/C ML structure is maintained after crystal-
lization of the PCM layers, even when the amorphous C layers
are as thin as 0.5 nm. Contrary to the recent results reported by
Zheng et al.,33 no C clusters are observed in crystallized GST/C
multilayers. In the studied MLs, the size of the GeTe or GST
crystallites in the direction perpendicular to the layers is
determined solely by the multilayer design. Their size in the
plane of the layers is larger, with differences between GeTe/C
and GST/C MLs that can be attributed to the different crystal-
lization mechanisms of GeTe and GST.8,34–36 For a given C layer
thickness, the crystallization temperature of the GeTe and GST
layers increases slightly as the thickness of the PCM layer
decreases from 9 to 2 nm, revealing scaling and stress effects.

These results demonstrate that the choice of C as the spacer
material in a ML structure allows full control of the interfaces
between crystalline PCM and amorphous C phases. Moreover,
the fact that a ML nanostructure is retained after annealing at
400–450 1C allows integration of these MLs in memory devices,
as we have recently shown.37

2. Experimental
2.1. Film deposition

GeTe/C and GST/C ML films were deposited at room tempera-
ture under an Ar atmosphere by magnetron sputtering on
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Si(100) wafers of 200 mm in diameter in an ultra-high vacuum
industrial tool (EVATEC ClusterLine200TM) by alternating sput-
tering of a C target and of a GeTe (or a GST) target. Films were
deposited on Si substrates previously de-oxidized by Ar sputtering
and on Si substrates covered by a 500 nm thick SiO2 layer
obtained by thermal oxidation. In a given ML, the thickness of
the PCM and C layers is kept constant. Different GeTe/C and GST/
C MLs were deposited with the thickness of the PCM layer varying
between 19 and 2 nm and a thickness of the C layer equal to either
0.5, 1 or 2 nm. The thickness of the PCM and C layers was varied
by changing the deposition times, while keeping the other
deposition parameters constant. In order to determine the deposi-
tion times of each material, a series of GeTe, GST and C thin films
of varying thicknesses were deposited using the same sputtering
conditions as for MLs. The thickness of these calibration films
was measured by X-ray reflectivity. In a given ML, the number of
PCM/C bilayers was chosen so that the total thickness of the ML
film was close to 100 nm. The MLs are denoted, for example,
[GeTe 4 nm/C 0.5 nm]22 where the subscript is the number of
GeTe/C bilayers. All MLs were protected against oxidation by
depositing in situ, immediately after fabrication, a 10 nm thick
SiN capping layer. Exposure to air is known to lead to oxidation of
GeTe and GST and affect the crystallization mechanism.8,36

As-deposited MLs with a PCM layer thickness equal to 4 nm
were characterized by time of flight secondary ion mass spectro-
metry (ToF-SIMS) (Fig. S1, ESI†). The SIMS depth profiles of Ge,
Sb, Te and C ions show clear periodic oscillations as a function
of the sputtering time. For all MLs, the number of periods
coincides with that expected. The oscillations of the Ge, Sb
and Te depth profiles are in phase and are clearly shifted with
respect to the oscillations of the C profile. These SIMS results
demonstrate that the deposition method allows fabrication of
high quality GeTe/C and GST/C MLs.

C-doped GeTe and GST films (100 or 150 nm thick) were
deposited by co-sputtering of a C target and a GeTe (or GST) target.
The C content in the doped films was varied between 5.8 at% and
25 at% by changing the power applied to the C target. Reference
GeTe films of 50 and 100 nm thickness and a GST film of 100 nm
thickness were also deposited using the same sputtering conditions.

The Ge, Sb and Te contents in the as-deposited C-doped and
ML films were determined by means of ion-beam analysis
techniques using Rutherford backscattering (RBS) combined
with particle induced X-ray emission (PIXE). The C content was
determined by nuclear reaction analysis (NRA). Measurements
were performed at ARCANE (CENBG, Gradignan, France). The
data are reported in Table S2 (ESI†).

All films are amorphous after deposition. For characteriza-
tion purposes, pieces of the films were then submitted to
thermal treatments under a high N2 gas flow in order to
crystallize the GeTe or GST phase. The annealing temperatures
are specified below for each case.

2.2. FTIR and Raman spectroscopies and sheet resistance
measurement

The absorbance of amorphous and crystallized C-doped GeTe films
deposited on a Si substrate was measured at room temperature in

transmission mode by using BIO-RAD QS500 and Brucker
VERTEX 80V Fourier transform infrared (FTIR) spectrometers,
which allow measurements from 50 to 400 cm�1 and from
400 to 2000 cm�1, respectively. All absorbance spectra were
acquired under the same experimental conditions (average over
32 scans and spectral resolution of 2 cm�1). An absorbance
spectrum measured on a Si substrate covered with a 10 nm SiN
capping layer was used to subtract the background from all
FTIR spectra measured on C-doped GeTe films.

Raman scattering spectra were acquired at room tempera-
ture by using a RENISHAW micro-Raman spectrometer operat-
ing in the range from 900 to 2000 cm�1 and using a laser probe
at a wavelength of 532 nm. The acquisition conditions (laser
power, magnification and exposure time) were adjusted in
order to optimize the signal-to-noise ratio. In order to avoid
any change or damage to the material that could result from the
impact of the high fluence laser on the film surface during the
acquisition of the Raman signal, the damage power threshold
was first determined by progressively increasing the laser power
until a change in the Raman spectrum of the probed sample
was observed. Then, the Raman spectra were acquired by using
a power well under the damage power threshold.

The sheet resistance (Rs) of C-doped and ML films deposited
on an insulating SiO2 buffer was measured as a function of
temperature by the four-point probe technique. The initially
amorphous films were heated up to 500 1C at a rate of 10 1C min�1

and then cooled down to room temperature at the same rate.
During the measurement, the samples were exposed to a high flow
of N2 gas to avoid oxidation. In a four-probe measurement, the
applied current flows parallel to the film surface. In the case of a
homogeneous film, the resistivity r in the plane of the film is equal
to Rs�t, where t is the thickness of the film. This relationship cannot
be used to obtain the resistivity of the GeTe layers in a ML and only
the Rs values are presented below.

2.3. Scanning transmission electron microscopy imaging

Bright field (BF) and high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) images
were acquired at room temperature on a probe and image Cs-
corrected FEI Titan Ultimate microscope operating at 200 kV.
Cross-sectional STEM foils were obtained in two steps. The film
was first mechanically thinned with a tripod polisher down to a
thickness of about 10 mm. The obtained foil was then Ar-ion
milled using a Gatan precision ion polishing system (PIPS) at
an accelerating voltage of 3 kV and milling angles of 51. The
final thickness of the STEM foil was estimated to be around 20–
30 nm. STEM electron energy loss spectroscopy (EELS) maps
were acquired in dual-EELS mode from 200 to 2100 eV with a
dispersion of 0.5 eV per channel. Standard processing of the
spectra was performed by using Gatan microscopy suite (GMS)
software to obtain the elemental maps.

2.4. X-ray diffraction experiments

Out-of-plane X-ray diffraction (XRD) patterns were measured at
room temperature on crystallized GeTe/C and GST/C ML films
and on C-doped and reference GeTe and GST films by using a
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PANalytical Empyrean diffractometer (CuKa radiation) in the
o–2y geometry. The o value differed from y by a small constant
offset of 21. In-plane XRD patterns were measured at room
temperature by using a Rigaku SMART-lab diffractometer
(CuKa radiation) with an incident angle set to 0.51. For both
diffraction geometries, reference Si powder was measured to
determine the contribution of the instrument to the diffraction
peak width. Besides, temperature-resolved X-ray diffraction
data were collected on two GeTe/C MLs and on a reference
GeTe film at Synchrotron SOLEIL on the DiffAbs beamline,
using a 6-circle diffractometer in kappa geometry. The X-ray
beam was monochromatized (DE/E B 10�4) using a Si(111)
double crystal monochromator and was focused in the vertical
and horizontal direction to a size of 184 � 266 mm2 (full width
at half maximum). The typical divergence of the resulting X-ray
beam was B0.011 � 0.11 (full width at half-maximum, vertical
� horizontal). The wavelength was set to 0.6908 Å, and cali-
brated by measuring the diffraction pattern of a standard
reference material (CeO2 powder) from the National Institute
of Standards and Technology (NIST). Crystallization of the
initially amorphous films was monitored by measuring diffrac-
tion patterns during heating at a rate of 2 1C min�1. The
heating stage (Anton Paar furnace DHS 900) was equipped with
a homemade dome with Kapton windows for the incident and
scattered beams, in order to reduce the dome scattering. The
samples were heated under a continuous N2 flow. The angle

between the incident beam and the film’s surface was fixed to 31.
A two-dimensional (2D) X-ray hybrid pixel array detector (XPAD)
was used.38 The scattered intensities as a function of the
scattering angle 2y were obtained by azimuthal integration of
the 2D image.39 The integration range is �101 for 2y = 131.
A diffraction pattern in the 2y range [9.5–251] with a 2y-step
equal to 0.01941 was generated by acquiring images (acquisition
time of 30 s per image) for two positions of the 2D detector. After
completing the acquisition of the two images, an adjustment of
the film vertical position was performed to compensate the
thermal dilatation of the sample holder in the furnace. XRD
patterns were also acquired during cooling at a faster rate of
20 1C min�1.

3. Results
3.1. Nanostructure of C-doped GeTe films

In amorphous C-doped GeTe films, the C atoms are bonded to
Ge and Te atoms and increase the rigidity of the amorphous
state.40,41 In order to investigate the structural changes induced
by crystallization, we have studied the vibration modes of a
C-doped GeTe film (C content 20 � 1 at%) by FTIR spectroscopy
at room temperature. Pieces of the as-deposited 150 nm thick
film were heated to different temperatures (Tann) at a rate of
10 1C min�1 and cooled down to room temperature in a few

Fig. 1 Room temperature FTIR absorbance spectra of 150 nm thick C-doped GeTe films (C content 20 � 1 at%). The as-deposited film and the films
annealed at 150 1C, 250 1C and 350 1C are amorphous. The vibration modes detected above 400 cm�1 are the signature of C atoms in the amorphous
GeTe phase. These modes are absent in the fully crystallized film annealed at 450 1C. The FTIR spectra of films annealed at 350 1C, 400 1C and 450 1C are
vertically shifted for clarity. Inset: Room temperature Raman spectra of 100 nm thick C-doped GeTe films (C content 10.4 � 0.6 and 18.8 � 1.1 at%),
crystallized by annealing at 500 1C, showing the presence of an amorphous carbon phase.
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minutes. The FTIR absorbance spectra are shown in Fig. 1.
Intense vibration modes are detected in the 400–2000 cm�1

range as long as the film is amorphous (Tann r 350 1C). These
modes are the signature of C atoms in the GeTe phase, as
illustrated in Fig. 1. No vibration modes are detected in this
range in an undoped GeTe film (see Fig. S3, ESI†).42 A compar-
ison with ab initio simulations shows that C–Ge and C–Te
bonds in tetrahedral units centred on C atoms lead to vibration
modes between 400 and 800 cm�1 and C–C bonds in C chains
bonded to at least one Ge or Te atom lead to modes between
1400 and 1900 cm�1.41 Strikingly, none of these modes are
detected, within the experimental accuracy, for Tann = 450 1C
after full crystallization of the C-doped GeTe film. For Tann =
400 1C, a weak absorbance may be present around 600 cm�1,
which could be due to incomplete crystallization of GeTe. A
clear signature of the presence of a crystallized GeTe phase in the
films annealed at 400 and 450 1C is provided by the intense
vibration modes detected below 200 cm�1. These modes are
characteristic of the octahedral units present in the rhombohedral
a-GeTe phase.42,43 Note that an intense absorption due to the
presence of free carriers appears after GeTe crystallization. Despite
a large band gap, the rhombohedral a-GeTe phase exhibits semi-
metallic conduction, due to a large number of holes resulting
from the existence of Ge vacancies.44 The baseline resulting from
the free carrier absorbance was subtracted from the absorbance
spectra of the crystalline films to obtain similar absorbance scales
for the crystalline and amorphous films in Fig. 1. This explains
the increase in noise in the absorbance curves when Tann reaches
400 1C.

The FTIR results clearly show that the C atoms are expelled
from the GeTe phase during its crystallization. In addition,
the existence of an amorphous carbon phase in crystallized
C-doped GeTe films could be proven by Raman spectroscopy.
100 nm thick amorphous films (C content of 10.4 � 0.6 and
18.8 � 1 at%) were fully crystallized by annealing at 500 1C. A
broad Raman signal is observed in the 1000–1700 cm�1 range
(inset of Fig. 1). It exhibits the characteristics of amorphous

carbon obtained by sputtering with the coexistence of sp2 and
sp3 hybridization, as shown by the presence of broad D and G
bands (expected around 1415 and 1580 cm�1), as well as a less
intense Raman signal near 1180 and 1332 cm�1.45

These results show that phase separation between the
amorphous carbon phase and the crystalline GeTe phase occurs
during the crystallization of GeTe in C-doped GeTe films. To
obtain insight into this phase separation at the nanoscale, we
acquired STEM images and EELS elemental maps on a 100 nm
thick GeTe film doped with 8.6 � 0.6 at% C (Fig. 2). This film
was fully crystallized by annealing at 450 1C. Special care was
taken in the preparation of the STEM foil to reduce its thick-
ness to a few nm in order to study the grain boundaries. A
STEM image in bright field mode of a selected part of the foil
(Fig. 2(a)) allows detection of crystallized GeTe grains with a
size in the order of 10–20 nm. An image of the entire foil
acquired in the HAADF-STEM mode is shown in Fig. 2(b). Thin
dark lines are clearly visible. They form a disordered intercon-
nected network. Their typical thickness is E1 nm. A few dark
spots (size E 5 nm) are also detected. In the HAADF mode, the
contrast is mainly due to the Z differences between elements,
with an intensity I B Z1.7, and thus the brighter areas corre-
spond to the heavier atoms.46 These observations suggest that
the carbon phase tends to surround the GeTe crystallites, with,
in a few locations, an accumulation of C atoms in nm-size
carbon clusters. EELS maps acquired in a representative frame
(20 � 20 nm2) fully confirm the interpretation of the HAADF
image. The superposition of the Te and C maps shown in
Fig. 2(c) highlights the phase separation between the C and
GeTe phases.

The detection of low intensity modes around 300 cm�1 in
the FTIR spectra of the amorphous and crystallized C-doped
GeTe film in Fig. 1 deserves additional comment. Modes in this
frequency range are observed in amorphous and crystalline Ge
by Raman spectroscopy.47,48 They are due to Ge–Ge vibrations
in tetrahedral Ge4 units. In amorphous C-doped GeTe films, the
Ge/Te ratio being larger than 1 (Table S2, ESI†), the presence of

Fig. 2 BF-STEM image (a) and HAADF-STEM image (b) of a 100 nm thick GeTe film doped with 8.6 � 0.6 at% C fully crystallized by annealing at 450 1C.
(c) Superimposed EELS maps of C (in red) and Te (in green) acquired within the green frame (20 � 20 nm2) shown in (b). The yellow frame in (b) has been
used to compensate the spatial drift during the acquisition of the EELS maps.
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Ge–Ge3C tetrahedral units is expected. Thus, the modes
detected by FTIR around 300 cm�1 can be attributed to Ge–
Ge vibrational modes in Ge–Ge3C units, these modes being
optically active in IR absorption spectroscopy due to the
presence of the C atom. In crystallized C-doped films, Ge
precipitates must coexist with GeTe crystallites since the crys-
talline GeTe phase is slightly deficient in Ge,49 Thus, Ge–Ge3C
tetrahedral units could be present either in the Ge phase, if it
contains some C atoms, or at the interfaces between the carbon
phase and the Ge precipitates, which would explain the persis-
tence of vibration modes around 300 cm�1 in crystallized
C-doped films.

In summary, in C-doped GeTe films, the phase separation of
C and GeTe when the GeTe phase crystallizes leads to the
spontaneous formation of a nanocomposite in which GeTe
crystallites coexist with an amorphous carbon phase. Within
the experimental accuracy of the FTIR spectra, that there are no
C atoms in the crystalline GeTe phase. The nanostructure
resulting from this phase separation is highly disordered. In
contrast, as shown below, the deposition of GeTe/C MLs allows
the interfaces between the GeTe and carbon phases to be
defined and controlled.

3.2. Nanostructure of GeTe/C multilayers

The crystallization of GeTe/C ML films was monitored using
temperature-resolved sheet resistance (Rs) measurements. Rs

curves are shown in Fig. 3(a) for three GeTe/C MLs with the
same thickness of the GeTe layer (4 nm) and different C layer
thickness (0.5, 1 or 2 nm) and for a reference 100 nm thick GeTe
film. Curves for other MLs are shown in Fig. S4 (ESI†). In all
cases, a drop in Rs of several orders of magnitude is observed
during heating. This is due to the crystallization of GeTe, as
confirmed below by STEM and XRD. The crystallization tem-
perature Tx is usually defined in the literature as the tempera-
ture of the minimum of the derivative of the Rs curve. This
definition is relevant for the GeTe film (Tx = 230 1C) and for the

[GeTe 4 nm/C 0.5 nm]22 ML (Tx = 244 1C) that show an abrupt
drop in Rs. For the [GeTe 4 nm/C 1 nm]20 and [GeTe 4 nm/C
2 nm]17 MLs, the Rs change is less abrupt and the obtained Tx

values (258 1C and 290 1C, respectively) must be taken as
indicative. A moderate increase in Tx is observed as the thick-
ness of the C layer increases from 0.5 to 2 nm.

The Rs values measured, at a given temperature, in the three
amorphous MLs vary by several orders of magnitude. These
changes must be related to changes in the total thickness of the
C layers. The room temperature resistivity of a 10 nm thick C
film, deposited by sputtering in the same deposition conditions
as the C layers in the MLs, is E3 O cm. Although the resistivity
of the C layers certainly depends on their thickness, it can be
concluded from this measured value that the resistivity of the C
layers in MLs is much lower than that of the amorphous GeTe
layers. Thus, the current applied to measure Rs flows mainly in
the C layers. In contrast, in crystallized MLs, the resistivity of
the C layers is much larger than that of the crystallized GeTe
layers and the current flows mainly in the GeTe layers.

The ratio between the numbers of Ge and Te atoms is 1.18 �
0.1 in all films (Table S2, ESI†), whereas, as mentioned above, the
crystalline GeTe phase is slightly deficient in Ge.49 In GeTe films,
crystallization of the GeTe phase leads to the formation of
amorphous Ge precipitates that crystallize at a higher tempera-
ture than the GeTe phase, as clearly shown by temperature-
resolved XRD (ref. 50 and Fig. 4(a)). The Ge crystallization leads
to the small drop in Rs observed in a 20 1C range around 297 1C
upon heating in the reference GeTe film (Fig. 3(a)). Similar
small drops in Rs are observed around 381 1C in the [GeTe
4 nm/C 0.5 nm]22 ML and 395 1C in the [GeTe 4 nm/C 1 nm]20

ML (see the enlarged view in Fig. S5, ESI†). They can be ascribed
to the crystallization of excess Ge in the GeTe layers. Consis-
tently, the presence of a crystalline Ge phase is detected by
room temperature XRD experiments in these two ML films after
annealing at 425 1C (Fig. S5, ESI†). This is not the case in a
[GeTe 4 nm/C 2 nm]17 ML film annealed at 425 1C. The excess of

Fig. 3 (a) Sheet resistance as a function of temperature when heating up to 500 1C and cooling (ramp rate of 10 1C min�1) for a 100 nm thick reference
GeTe film and for GeTe/C multilayer (ML) films. The as-deposited films are amorphous. In all films, a drop in resistance of several orders of magnitude is
observed upon heating during the crystallization of GeTe. (b and c) BF-STEM images of a [GeTe 4 nm/C 0.5 nm]22 ML film deposited on SiO2 and capped
with a 10 nm thick SiN layer and then annealed at 300 1C for 15 minutes. Bright C layers alternate with darker GeTe layers in which crystallized grains are
clearly visible.
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Ge being the same in all MLs (Table S2, ESI†), the crystal-
lization of Ge in the [GeTe 4 nm/C 2 nm]17 ML is thus expected
to occur above 425 1C. Although no clear drop in Rs is detected
in the [GeTe 4 nm/C 2 nm]17 between 425 1C and 500 1C, a small

change of curvature occurring around 475 1C could indicate the
Ge crystallization.

BF-STEM images of the [GeTe 4 nm/C 0.5 nm]22 film
annealed at 300 1C are shown in Fig. 3(b) and (c). The annealing

Fig. 4 X-ray diffraction patterns (l = 0.6908 Å, synchrotron radiation) at selected temperatures in the 2y ranges of interest for the reference 50 nm thick
GeTe film (a) and the [GeTe 4 nm/C 0.5 nm]22 ML film (b). For each diffraction pattern, a baseline has been subtracted. Vertical offsets between spectra, of
500 counts in (a) and 300 counts in (b), were used. The initially amorphous films were heated up to 500 1C at a rate of 2 1C min�1 and cooled down at a
rate of 20 1C min�1. The GeTe diffraction peaks were indexed by using a multiple hexagonal unit cell.
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conditions (15 minutes at 300 1C) were chosen to mimic those
encountered during integration into memory devices in our test
vehicles.37 Alternating layers of GeTe and C are observed
throughout the stack between the SiO2 substrate and the SiN
capping layer, with well-defined interfaces between the GeTe
and C layers. As expected from the Rs curve in Fig. 3(a),
the GeTe layers are crystallized after annealing at 300 1C.
Atomic planes within crystalline GeTe grains are detected in a
magnified image (Fig. 3(c)). The thickness of the GeTe layers in
the STEM images is close to the nominal thickness of 4 nm.
A possible reduction in thickness induced by crystallization (E7%
in the case of a 100 nm thick GeTe film)50 cannot be detected
within the accuracy of these STEM observations. BF-STEM image
of the [GeTe 4 nm/C 1 nm]20 and [GeTe 4 nm/C 2 nm]17 films
annealed at 300 1C also show a well-defined ML structure (Fig. S6,
ESI†).

In order to study the structural changes in MLs as a function
of temperature, temperature-resolved diffraction patterns were
acquired by using synchrotron radiation. The diffraction patterns
of the [GeTe 4 nm/C 0.5 nm]22 ML at selected temperatures are
shown in Fig. 4 and compared to diffraction patterns measured in
the same experimental conditions on a 50 nm thick GeTe film.
Upon heating, diffraction peaks are detected at 217 1C in GeTe
and 230 1C in [GeTe 4 nm/C 0.5 nm]22. These temperatures are
slightly smaller than those deduced from the Rs drop in Fig. 3(a)
because of the different heating rates (10 1C min�1 for Rs

measurements and 2 1C min�1 for XRD). Diffraction rings are
observed in the images acquired by the 2D detector, showing that
the GeTe phase in the ML is polycrystalline, as it is in the
GeTe film.

In the reference GeTe film (Fig. 4(a)), the peaks observed
during cooling for T r 393 1C can be unambiguously assigned
to the rhombohedral a-GeTe phase (trigonal space group R3m).
The 003/101 and 104/110 doublets characteristic of this phase
are clearly observed in the 2y ranges [11–121] and [18–19.51] and

the 012 peak is observed at 2y E 13.31. Peaks are indexed by
using a hexagonal unit cell that contains 3 Ge and 3 Te atoms.
The splitting between the diffraction angles of the two peaks of each
doublet increases with decreasing temperature as expected.51–54

Asymmetric peaks are observed instead of doublets when heating
from 217 1C to E430 1C. This is mainly due to the small size of
the GeTe crystallites, which induces a significant broadening
of the diffraction peaks. Above E430 1C, which is the temperature
of the reversible transition between the rhombohedral a-GeTe
phase and the cubic b-GeTe phase (fcc rock-salt type) in a Ge rich
GeTe film,49 the 111, 200 and 220 peaks of the cubic GeTe phase are
observed in Fig. 4(a). The a-GeTe phase can be described as a
distorted fcc structure, in which the Ge and Te sublattices are
displaced relative to each other in the [111] (or equivalent) direction
of the initial cubic structure, resulting in the onset of a spontaneous
electrical polarization in that direction. The relative displacement of
Ge and Te sublattices decreases when the temperature increases
and vanish at the rhombohedral–cubic transition.52,53,55

In the crystallized [GeTe 4 nm/C 0.5 nm]22 ML film, three
broad diffraction peaks are observed in Fig. 4(b). The very large
width of the diffraction peaks, resulting from the small size of
the GeTe crystallites (see below), makes it impossible to detect
the crystallization of the excess Ge, contrary to the case of the
GeTe film where the 111 diffraction peak of Ge appears at
276 1C during heating as shown in Fig. 4(a). It also prevents
the observation of the 003/101 and 104/110 doublets and thus the
distinction between a cubic or rhombohedral structure of the GeTe
layers in the ML. However, a comparison of diffraction patterns
acquired at room temperature in out-of-plane and in-plane geome-
tries on a [GeTe 4 nm/C 0.5 nm]22 ML previously crystallized by
annealing at 425 1C (Fig. S7, ESI†) shows that the GeTe phase is
rhombohedral at room temperature. The same conclusion applies
to the [GeTe 4 nm/C 1 nm]20 and [GeTe 4 nm/C 2 nm]17 MLs.

The diffraction peak at 2y E 13.31 being a single peak at all
temperatures (012 in the rhombohedral a-GeTe phase and 200

Fig. 5 [GeTe 4 nm/C 0.5 nm]22 ML film. Temperature dependence of (a) the diffracting coherent domain (DCD) and (b) the interplanar spacing d of the
diffraction peak at 2y E 13.31 (012 peak in the rhombohedral a-GeTe phase and 200 in the cubic b-GeTe phase) deduced from temperature-resolved
XRD patterns (empty symbols: heating at 2 1C min�1, filled symbols: cooling at 20 1C min�1). For temperatures above 470 1C during heating and for all
temperatures during cooling, the DCD and d values data are related to the broad diffraction peak (see text). In (b) the d values for the reference 50 nm
thick GeTe film are shown for comparison.
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in the cubic b-GeTe phase), its full width at half maximum
(FWHM) can be used to obtain the diffracting coherent domain
(DCD) as a function of temperature (Fig. 5(a)). Details of the
analysis are given in the ESI.† Under the experimental condi-
tions, for 2y E 13.31 the angle between the normal to the
diffracting planes and the normal to the film is 3.61. The DCD
value gives therefore information on the average size of the
GeTe crystallites in the direction perpendicular to the GeTe
layers. When the temperature exceeds 470 1C during heating, a
narrow peak is detected, superimposed to the broad one
present at lower temperature. It is also detected in all diffraction
patterns measured during cooling (Fig. 4(b) and Fig. S8, ESI†). Its
origin will be discussed below and the DCD values reported in
Fig. 5(a) concern only the broad peak. The measured FWHM of
the broad peak as a function of temperature is shown in Fig. S9
(ESI†). The possible contribution of inhomogeneous strains to the
peak width can be safely neglected, the dominant contribution
being due to the small crystallite size. The DCD value is found
equal to 2.72 � 0.1 nm at 236 1C. It increases with increasing
temperature and reaches 4.5 � 0.15 nm at 500 1C. Then, it
remains constant during cooling. The rapid increase of the DCD
value in the temperature range of 353–373 1C corresponds to the
crystallization of excess Ge. This suggests that the formation of Ge
crystallites, probably from an amorphous Ge phase located at the
GeTe grain boundaries, releases stresses that limit the growth of
GeTe crystallites. The same behavior is observed in the reference
50 nm thick GeTe film and in a 100 nm thick GeTe film.50

However, in these cases, the reduction of inhomogeneous strains
during Ge crystallization also contributes to the reduction of the
FWHM.50

The existence of a narrow peak superimposed on the broad
one reveals the formation of GeTe crystallites with a much
larger size than those contributing to the broad peak. At a given
temperature, the centers of the narrow and broad peaks are
almost identical. The ratio of the integrated intensities of the
narrow and broad peaks (E8%) and the width of the two peaks
remain constant during cooling down to room temperature
(Fig. S8, ESI†). Thus, the nanostructure does not change during
cooling. The DCD value deduced from the width of the narrow
peak is equal to 30 � 3 nm.

In summary, the above results show that a [GeTe 4 nm/C
0.5 nm]22 ML structure is maintained after being heated to
470 1C, a temperature well above the temperature limit tolerated
by the back-end-of-line (BEOL) integration of microelectronics
CMOS devices. The average size of GeTe crystallites in the
direction perpendicular to the layers is 4.4 nm at 470 1C. Thus,
0.5 nm thick C layers are sufficient to limit the growth of GeTe
grains in the direction perpendicular to the C layers and the
crystallite size is only determined by the design of the amor-
phous ML structure as long as the annealing temperature is
below 470 1C. Heating above 470 1C results in destruction of the
[GeTe 4 nm/C 0.5 nm]22 ML structure at some locations with the
formation of GeTe crystallites that have grown coherently
through about 7 periods of the initial ML structure. However,
the ML structure is retained in most of the film. Temperature-
resolved XRD diffraction patterns of the [GeTe 4 nm/C 1 nm]20

were also acquired under the same experimental conditions. In
this case, the ML structure remains stable up to 500 1C.

The temperature dependence of the interplanar spacing d,
deduced from the center of the broad diffraction peak at 2y E
13.31 in Fig. 4(b) for the [GeTe 4 nm/C 0.5 nm]22 ML is shown in
Fig. 5(b). It is compared with the d values for the reference
50 nm thick GeTe film. The d values measured in the ML during
heating up to 500 1C and cooling differ strongly. During
heating, d is almost temperature independent. By contrast,
during cooling, d decreases when the temperature decreases.
The d values measured during cooling below E200 1C in the
ML and in the reference GeTe film coincide within the experi-
mental accuracy. In this temperature range, the relative d
changes are in agreement with those measured in GeTe poly-
crystalline ingots and in a GeTe single crystal,51,53,55,56 as
shown in Fig. S10 (ESI†), and can therefore be entirely
explained by the thermal expansion. The large differences
between the d values measured in the ML at a given temperature
during heating or cooling reveal the presence of stresses exerted
by the C layers on the GeTe layers during heating. Differences
between the d values measured upon heating and cooling also
exist in the 50 nm thick GeTe film (Fig. 5(b)), as well as in a
100 nm thick GeTe film.50 However, in the GeTe films the d
values measured upon heating are smaller than the d values
measured during cooling. The opposite is observed in the ML.
This major difference can be explained by the low thickness of
GeTe layers in MLs combined with significant differences
between the thermomechanical properties of GeTe and C layers.
The volume thermal expansion of bulk rhombohedral a-GeTe is
much larger than that of amorphous C films. The average linear
thermal expansion coefficient is E1.9 � 10�5 K�1 from room
temperature to 500 1C for GeTe.55,56 The expected value for
sputtered C layers is E2.3 � 10�6 K�1.57 Stress effects exerted
by the C layers on the GeTe ones could also be due to the high
intrinsic compressive stress that is present in sputtered C films
and can be released when annealing up to 500–600 1C.58 This
explains why, after annealing the ML up to 500 1C and hence
allowing release of the stress of C layers in the ML, the d values of
the GeTe layers tend toward those of the GeTe film when cooling
down from 200 1C to room-temperature (Fig. 5(b)).

3.3. Nanostructure of Ge2Sb2Te5 (GST)/C multilayers

The temperature-resolved sheet resistance curve of a [GST 4 nm/
C 0.5 nm]22 ML is shown in Fig. 6(a) and compared to that
measured on a reference 100 nm thick GST film. Upon heating, a
drop in Rs of two orders of magnitude is observed at 168 1C in
the GST film and at 180 1C in the ML. Similar curves were
obtained in GST/C MLs with 9 nm thick GST layers in ref. 33. A
BF-STEM image (Fig. 6(b)) of a [GST 4 nm/C 0.5 nm]22 ML film
previously annealed at 300 1C shows a well-defined ML structure
with bright C layers alternating with darker GST layers in which
crystallized grains are visible. The interfaces between the GST
and C layers are well defined throughout the entire ML, as
shown by the HAADF-STEM image (Fig. 6(b)). Thus, in GST/C
MLs, as in GeTe/C MLs, the ML structure is kept after crystal-
lization of the phase-change material.
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Upon further heating after crystallization of the GST layers,
the sheet resistance steadily decreases as the temperature
increases. This behaviour is similar to that observed in the GST
film. In the latter case, it is explained by a progressive structural
transition from the metastable fcc (rock salt type) phase, obtained
after crystallization of the amorphous GST phase, to a stable
trigonal phase. The metastable fcc phase contains a large amount
of vacancies randomly distributed on the Ge/Sb sub-lattice. When
the temperature increases, these vacancies migrate progressively
in vacancy layers (VL).59–61 The structural reorganization ends up
with the formation of the stable metallic trigonal structure where
blocks of nine atomic planes terminated by Te planes are sepa-
rated by pseudo van der Waals gaps.62

The structure of the [GST 4 nm/C 0.5 nm]22 ML annealed at
425 1C has been investigated by out-of-plane and in-plane XRD
performed at room temperature (Fig. 6(c and d)). In-plane

diffraction probes lattice planes that are nearly perpendicular
to the film surface, while out-of-plane diffraction probes lattice
planes that are parallel to the film surface. All diffraction peaks
detected in the in-plane geometry can be indexed into a fcc
structure. The cubic lattice parameter is equal to 0.6015 �
0.0015 nm. This value is close to the one measured in crystal-
lized GST films of a few hundred nm thickness.62 Cubic
diffraction peaks are also detected in the out-of-plane geometry
but two additional diffraction peaks are present. These peaks
have been observed in GST films and are due to the existence of
vacancy layers in the cubic structure.60 The absence of diffrac-
tion peaks due to vacancy layers in the in-plane diffraction
pattern indicates that the atomic planes around the vacancy
layers are preferentially parallel to the ML film surface. This is
in agreement with observed changes in the relative area of the
cubic diffraction peaks between the in-plane and out-of-plane

Fig. 6 (a) Sheet resistance as a function of temperature when heating up to 500 1C and cooling (ramp rate of 10 1C min�1) for a 100 nm thick reference
Ge2Sb2Te5 (GST) film and for a [GST 4 nm/C 0.5 nm]22 ML film. The as-deposited films are amorphous. The drop in resistance occurring at 168 1C in the
GST film and 180 1C in the ML corresponds to the crystallization of GST. (b) BF-STEM image of a [GST 4 nm/C 0.5 nm]22 ML film crystallized by annealing
at 300 1C for 15 minutes. Bright C layers alternate with darker GST layers in which crystallized grains are clearly visible. A HAADF-STEM image of the entire
ML is shown in the inset. Bright GST layers and dark C layers with well-defined interfaces are visible throughout the image. (c) Out-of-plane and (d)
in-plane room temperature diffraction patterns of a [GST 4 nm/C 0.5 nm]22 ML film annealed at 425 1C. Only cubic diffraction peaks are detected in the
in-plane geometry. Additional diffraction peaks detected in the out-of-plane geometry reveal the reorganization of vacancies in vacancy layers (VLs).
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geometries. The relative intensity of the 111 and 222 peaks is
higher in the out-of-plane geometry. In the studied reference
GST film the structural transformation is nearly complete after
annealing at 425 1C. The out-of-plane diffraction pattern shows
trigonal diffraction peaks, with weak subsisting VL type peaks.
By contrast, in the [GST 4 nm/C 0.5 nm]22 ML, the structural
transformation has just started at 425 1C. XRD patterns of
[GST 4 nm/C 1 nm]20 and [GST 4 nm/C 2 nm]17 MLs lead to the
same conclusion. DCD values of 3.6 nm in the direction normal
to the GST layers are deduced from the width of the 200 cubic
diffraction peak in the out-of-plane geometry for the [GST 4 nm/
C 0.5 nm]22 ML. Note that in ref. 33, the large width of the
diffraction peaks observed in crystallized GST/C MLs was
erroneously attributed to the incorporation of C atoms in
GST, whereas it must result, like in the presently studied
MLs, from the limited height of the GST layers in the ML
structure.

In summary, the GST/C ML structure is maintained by
heating up to 425 1C and the structure of the GST phase
remains cubic. The size of the GST crystallites in the direction
normal to the layers is limited by the C layers and thus
determined by the design of the amorphous ML structure.

4. Discussion

The above results show that depositing amorphous GeTe/C and
GST/C MLs allows us to obtain by thermal treatment well
defined stacks of crystallized GeTe or GST layers separated by
amorphous C layers, even when the thickness of the C layer is
only 0.5 nm. Direct proof of the amorphous character of the C
layers is brought by Raman spectroscopy (see Fig. S11, ESI†). In
the studied MLs, with a thickness of the deposited amorphous
PCM layer equal to 4 nm, the average size of GeTe and GST
crystallites in the direction normal to the layers is found to be
limited by the C layers and thus determined by the ML design.

Information on the average size of the crystallites in the plane
of the layers can be obtained from the analysis of the width of
the 012-diffraction peak in GeTe/C MLs, and the 200-diffraction
peak in GST/C MLs, in the in-plane XRD patterns measured at
room temperature on MLs previously annealed at 425 1C. The
obtained DCD values are shown in Fig. 7 where they are
compared to DCD values in the direction normal to the layers
deduced from out-of-plane diffraction measurements on the
same ML films. Details of the analysis are given in the ESI.†
Fig. 7 shows that the shape of the GeTe crystallites in GeTe/C
MLs is strongly anisotropic. Their average size in the plane of
the layers is E30–45 nm, almost independent of the C layer
thickness, to be compared to E3.5 nm in the direction
perpendicular to the layers. The latter value differs slightly
from that measured at 425 1C in the temperature-resolved
XRD measurements due to the different annealing conditions.
In GST/C MLs, the average size of the crystallites in the plane of
the layers is E11–13 nm, almost independent of the C layer
thickness. The striking difference in crystallite lateral size
between GeTe/C and GST/C can be related to differences in
the crystallization mechanisms of GeTe and GST amorphous
films. In devices where a small amorphous volume is sur-
rounded by a crystalline material, GeTe, as well as Ag–In–Sb–
Te (AIST), behaves as a ‘‘growth-dominated’’ material and GST
as a ‘‘nucleation-dominated’’ material.34 Differences are also
observed between amorphous GeTe and GST thin films, for
which the crystallization is induced by an annealing process.8,36

Once crystallization has been initiated, the crystallization in
GeTe propagates from the existing crystalline parts, while in
GST, the film crystallizes by further nucleation of new crystal-
lites in the amorphous part of the film. As a result, the average
crystallite size, after a given annealing ramp, is larger in GeTe
films than in GST films.

The average crystallite sizes in MLs are compared in Fig. 7 to
those measured in 100 nm thick C-doped GeTe and GST films
with a C content between 5.8 and 25 at% crystallized using the

Fig. 7 Diffracting coherent domain (DCD), deduced from room temperature XRD patterns, in the direction perpendicular to the film plane (left) and in
the plane of the film (right) for GeTe/C and GST/C ML films and for C-doped GeTe and GST films previously annealed at 425 1C. The DCD gives
information on the average size of the crystallites. The DCD values are plotted against the overall C content (at%) in the films which was calculated from
the numbers of Ge, Te, Sb and C atoms measured using ion beam analysis techniques and reported in Table S2 (ESI†).
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same heat treatment as the MLs. The GeTe phase is rhombo-
hedral in all the studied C-doped GeTe films (Fig. S7, ESI†). The
average size of GeTe crystallites in C-doped GeTe films is
almost the same in the direction normal to the film and in
the film plane, in qualitative agreement with the STEM image
in Fig. 2. For a given C content, the average size of GST
crystallites is smaller than that of GeTe crystallites, which
reflects the different crystallization mechanisms. In C-doped
GeTe and GST films, the average size of crystallites decreases
when the C content increases, as expected from literature
results on similar films.2,7,20,23–25,42 In conclusion, strongly
anisotropic crystallites in MLs and nearly isotropic crystallites
in C-doped films with a C content larger than 18 at% have
similar volumes but the ML structure allows a significant
reduction in the size of crystallites in the direction perpendi-
cular to the film, while allowing control of their interfaces.
Smaller crystallite volumes are obtained in GST/C MLs than in
GeTe/C MLs because of the nucleation-dominated character of
GST. A ML structure allows investigation of the scaling effects
on the crystallization of PCMs. For all MLs studied above, the
thickness of the PCM layer was kept equal to 4 nm. In order to
study the evolution of the crystallization temperature as a
function of the nature of the stack, other GeTe/C and GST/C
MLs were deposited, with a thickness of the PCM layers ranging
from 2 to 19 nm. Their crystallization was studied by sheet
resistance measurements (Fig. S4, ESI†). The crystallization
temperatures (Tx) of all studied MLs are shown in Fig. 8. Similar
trends are observed for GST/C and GeTe/C MLs, which excludes
an influence of the excess of Ge in the case of GeTe/C MLs.
When the thickness of the GeTe or GST layers is larger than
9 nm, Tx does not depend on the C layer thickness and
coincides with Tx in the reference 100 nm thick films
(E230 1C for GeTe and E170 1C for GST). When the thickness
of the GeTe or GST layer decreases below 9 nm, Tx increases.
Even for GeTe layers as thin as 2 nm, the resistance drop at

crystallization remains well-defined, with a large resistance
contrast between the amorphous and crystallized state, as
illustrated in the insert of Fig. 8(a). The same conclusion
applies to the [GST 2 nm/C 1 nm]33 ML (Fig. 8(b)).

In the case of GeTe/C MLs, the effect of the C layer thickness
on Tx could be studied. For 4 nm thick GeTe layers, Tx increases
from 244 1C to 290 1C when the C layers thickness increases
from 0.5 to 2 nm. Much stronger effects are observed when the
GeTe layer is equal to 2 nm: Tx reaches 362 1C in a [GeTe 2 nm/C
0.5 nm]40 ML and 380 1C in a [GeTe 2 nm/C 1 nm]33 ML. The
changes in Tx in GeTe/C MLs as a function of the thickness of
the C and GeTe layers can be explained by scaling effects and by
the stress exerted by the C layers onto the GeTe ones, with Tx

increasing as the thickness of the C layers increases. In the case
of GeTe thin films capped with a 10 nm thick SiN, decreasing
the thickness under 20 nm results in an increase of Tx.1 Tx

reaches E300 1C in a 5 nm thick film. This large increase in Tx

can be explained by the stress gradient exerted by the SiN
capping layer on the GeTe layer. In the case of MLs, the stress
exerted by the thin C layers on the GeTe layers is expected to be
quite low compared to that induced by thicker and harder SiN
layers, leading to a smaller increase in Tx.

5. Conclusion

The results presented show that a GeTe/C or GST/C ML struc-
ture allows fine control of the nanostructure of phase-change
materials. Amorphous 0.5 nm thick C layers are sufficient
to limit the growth of GeTe or GST grains in the direc-
tion perpendicular to the C layers. The crystallite size in
the direction perpendicular to the layers is only determined
by the design of the deposited ML. In GeTe/C MLs, the size
of GeTe crystallites in the plane of the layers remains
rather large (E30–45 nm), which is a consequence of the

Fig. 8 Crystallization temperature Tx of GeTe/C (a) and GST/C (b) MLs, deduced from sheet resistance measured during heating at a rate of 10 1C min�1,
as a function of the nominal thickness of the deposited GeTe or GST layers. Tx is defined as the minimum of the derivative of the sheet resistance curve.
Insets: Sheet resistance curves of the MLs with the smallest thickness of the PCM layers (2 nm).
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growth-dominated-crystallization of GeTe. A much smaller
lateral size (E11–13 nm) is obtained in the case of GST/C
MLs. Thus, the ML structure allows mastering the grain size
and gets rid of the unavoidable variability of the nanostructure
in C-doped PCMs.

The ML nanostructure is retained after annealing at 425 1C,
which allows integration of GeTe/C or GST/C MLs in memory
devices with a full compatibility with the BEOL process. Such
devices should benefit from the expected reduced thermal
conductivity of the crystallized ML structure. This opens a
promising perspective on the control of thermal confinement
in phase-change memory devices, allowing to further limit
energy waste upon programming, hence reducing the program-
ming current. Indeed, we have recently succeeded in integrating
a [GeTe 4 nm/C 1 nm]10 ML into phase-change memory test
devices and have observed a significant improvement in pro-
gramming performances.37 A reduction in the RESET current of
about 55% and in drift coefficient of about 40% in ML devices
annealed at 425 1C were observed in comparison with similar
devices incorporating the Ge2Sb2Te5 reference PCM. Similar
trends have been observed in devices based on GST/C MLs.33

Besides, the optical properties of GeTe are significantly
modified in thin films made of crystalline GeTe nanoparticles
(of about 5.8 nm in diameter) for which a decrease of the
refractive index and extinction coefficient and an increase of
the optical band gap are observed compared to the values for
polycrystalline GeTe films.63 This beneficial effect for improving
the material figure of merit in phase-change nano-photonic
devices could be due to the quantum confinement effect or to
the impact of the strong geometrical confinement on bonding
properties due to the small size of the NPs. However, these types
of NPs are not easily compatible with CMOS technology. The use
of MLs allow benefitting from these properties in phase-change
nano-photonic devices, opening promising perspectives.

Finally, such innovative ML nanostructures are of interest in
other application areas. The GeTe phase, either pure or alloyed,
with for instance Bi, Sb, or Pb, exhibits remarkable thermoelectric
performances, as shown in many recent studies of bulk poly-
crystals.10 These performances could be significantly improved in
MLs thanks to the expected reduction of the thermal conductivity.
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insights into thermomechanical behavior of GeTe thin films
during Crystallization, Acta Mater., 2020, 191, 60–69.

51 E. M. Levin, M. F. Besser and R. Hanus, Electronic and
thermal transport in GeTe: a versatile base for thermo-
electric materials, J. Appl. Phys., 2013, 114, 083713.

52 T. Chatterji, C. M. N. Kumar and U. D. Wdowik, Anomalous
temperature-induced volume contraction in GeTe, Phys.
Rev. B: Condens. Matter Mater. Phys., 2015, 91, 054110.

53 X. Q. Tran, M. Hong, H. Maeno, Y. Kawami, T. Toriyama,
K. Jack, Z. G. Chen, J. Zou, S. Matsumura and
M. S. Dargusch, Real-time observation of the thermally-
induced phase transformation in GeTe and its thermal
expansion properties, Acta Mater., 2019, 165, 327–335.

54 A.-K. U. Michel, F. Donat, A. Siegfried, O. Yarema, H. Fang,
M. Yarema, V. Wood, C. R. Müller and D. J. Norris, Phase
transitions in germanium telluride nanoparticle phase-
change materials studied by temperature-resolved x-ray
diffraction, J. Appl. Phys., 2021, 129, 095102.

55 T. Chattopadhyay, J.-X. Boucherle and H. G. von Schnering,
Neutron diffraction study on the structural phase transition
in GeTe, J. Phys. C: Solid State Phys., 1987, 20, 1431–1440.

56 H. Wiedemeier and P. A. Siemers, The Thermal Expansion
of GeS and GeTe, Z. für Anorg. Allg. Chem., 1977, 431,
299–304.

57 C. Wei and C. H. Chen, The effect of thermal and plastic
mismatch on stress distribution in diamond like carbon
film under different interlayer/substrate system, Diamond
Relat. Mater., 2008, 17, 1534–1540.

58 J. Robertson, Diamond-like amorphous carbon, Mater. Sci.
Eng., R, 2002, 37, 129–281.

59 W. Zhang, A. Thiess, P. Zalden, R. Zeller, P. H. Dederichs,
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