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1

Introduction

The present document is the fifth Deliverable generated by the WP4 and it summarizes the
results of the electrical and thermal characterization of thin films, heterostructures and devices
developed in the project by different deposition techniques and by several partners. Data are
explained through modelling of the material properties.

2

Electrical Characterization

2.1 Electrical characterization and modeling of thin films and heterostructures
The electrical characterization of thin films and heterostructures produced by various partners
with different techniques has been adopted as a key tool to screen between compositions, since
it allows to determine two important figures of merit: the crystallization temperature, and the
resistance contrast between amorphous and crystalline phases. To this aim, isochronal anneals
of 3 minutes with increasing temperature up to 300°C have been performed and the
crystallization temperature has been determined as the temperature at which the first derivative
exhibits a maximum. Here we summarize the main results, that have been shown in deliverables
D3.2, D3.4, D3.5, as well as on D2.4, focused on the crystallization of the studied materials. In
addition, the in-situ electrical characterization of thin films by four point probe has been also
employed to obtain information on the material properties in the amorphous phase. In order to
perform the electrical characterization, all the films were grown on insulating layers, such as
silicon oxide or silicon nitride, deposited on Si wafers. A thin (3 nm) oxide capping layer has
been deposited on the film surface to prevent oxidation.

2.1.1 Ge-rich based alloys and heterostructures
The Ge-rich compositions prepared by MBE at PDI and studied in the project, are shown in
Figure 2.1.1 (a) in the ternary phase diagram: Ge-rich Sb2Te3 with high amount of Ge (>40 at%),
will be indicated in the following as H-Ge-ST; Ge-rich GST225, with low (<40 at%) or high (>40
at.%) amount of Ge will be indicated in the following as L-Ge-GST and H-Ge-GST, respectively.
The different Ge amount is also reflected in the electrical properties. Figure 2.1.1(b) shows the
evolution of the resistivity of amorphous films, as a function of temperature, measured in-situ
during 3 minutes isochronal anneals. The resistivity of the as-grown amorphous phase increases
as the Ge content increases, and the highest value is measured for H-Ge-GST.
For the composition with lower Ge amount (L-Ge-GST), the temperature dependence of the
resistivity of the amorphous phase corresponds to an activation energy of 0.45 eV, a value typical
of amorphous Ge2Sb2Te5 (GST225). At about 160°C the resistivity sharply decreases, due to the
film crystallization. Hence, consistently with previous studies, the crystallization temperature is
higher with respect to a reference GST225. The resistance contrast from amorphous to
crystalline phase in this case is about four orders of magnitudes.
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Figure 2.1.1: (a) Thin film compositions studied by MBE; (b) Resistance versus temperature upon 3 min isochronal
annealing; (c) Activation energy of the amorphous phase as a function of Ge/Sb ratio.

For higher Ge content, the activation energy for the conductivity of the amorphous phase is
slightly lower than that for GST225 and it decreases as the Ge/Sb ratio decreases, as shown by
black symbols in Figure 2.1.1(c). Interestingly, at about 130 °C the dependence of the resistivity
versus temperature further reduces (see dashed line in Fig. 2.1.1(b)) and, as a consequence, the
resistivity remains above 1 Ohm cm up to 230 °C. The activation energies for amorphous
conductivity obtained in the range 130 °C-200 °C are shown in Figure 2.1.1(c) as blue symbols. In
this case, the activation energy increases with the Ge/Sb ratio. These observations indicate that,
although up to 230 °C the electrical conduction properties of H-Ge-GST and H-Ge-GT are mainly
determined by the conductivity of the amorphous matrix, modifications of the amorphous
composition are occurring, contextually to the nucleation of the GST crystallites, and such a
process is more noticeable in H-Ge-ST.
In order to further support these observations, the effect of addition of Ge on the electrical
resistivity has been theoretically evaluated by considering the Ge-rich GST or ST films as
inhomogeneous materials and adopting the effective medium approximation developed by
Bruggeman [1]. Ref. [2] describes how to calculate the effective conductivity for various shapes
of composite materials as a function of the “dopant” and the host material properties. In this case
the host is GST225 or Sb2Te3 and the “dopant” is the excess amorphous Ge. Figure 2.1.2 (a)
shows the resistivity of Ge rich amorphous alloys as a function of excess Ge calculated according
to Ref. [2]. For excess Ge amount below the percolation threshold (67 %), the resistivity is
expected to increase as the Ge content increases. Above the threshold, the material becomes
more similar to amorphous Ge.
Following the same approach, it is also possible to evaluate the expected temperature
dependence of resistivity for different amounts of excess Ge. Figure 2.1.2(b) shows the calculated
temperature dependence of the resistance for different excess Ge amounts in Sb 2Te3. As the Ge
content in the amorphous phase increases, the activation energy for the resistivity decreases.
Calculations clearly show that the observed decrease of the activation energy for the amorphous
resistance can be reasonably explained with an increase of Ge content in the residual amorphous
matrix, upon crystallization of GST crystalline phases which are less rich in Ge.
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Figure 2.1.2: (a) Resistivity as a function of excess amorphous Ge (with Sb2Te3/GST225 being the secondary phase), as
calculated according to the effective medium approximation; (b) Resistance versus temperature as calculated for
different amount of excess Ge; squares are experimental data for H-Ge-ST.

Heterostructures including bilayers and multilayers have been prepared with different
stoichiometry.
Bi-layered heterostructures including Ge-rich alloys have been deposited by PVD at URTOV and
include Ge-rich GST / Sb2Te3 and Ge-rich GST / GST225. Figure 2.1.3 shows the resistance
measured in situ as a function of temperature for two studied bilayers. For all the
heterostructures, since the layers are electrically connected in parallel, the measured resistance
is lower than the resistance of the more conductive layer. Moreover, the observed decrease of
resistance is ascribed to the crystallization of the layer exhibiting the lowest crystallization
temperature (Sb2Te3 or GST225).

Figure 2.1.3: Sheet resistance as a function of temperature, as measured for bilayers including a Ge-rich alloy.

Ge-rich multilayers have been grown by MBE at PDI, alternating pure Ge with L-Ge-GST, as
shown in Fig. 2.1.4 (a). The average stoichiometry corresponds to those of a single film with
composition H-Ge-GST. Figure 2.1.4(b) compares the electrical resistivity versus temperature, as
measured in single layers (composition L-Ge-GST or H-Ge-GST) and multilayers. The activation
D2.4

p. 5 of 25

BeforeHand – 824957
energy for conductivity in the amorphous phase are reported in Fig. 2.1.4(c). For multilayers, an
abrupt decrease of resistance is observed at temperature of about 170°C, i.e. close to the
crystallization temperature of L-Ge-GST. However, a further, although small, decrease of
resistance is also observed at temperatures above 250°C.

Figure 2.1.4: (a) Schematic picture of single layers and multilayers. (b) Sheet resistance as a function of temperature. (c)
Table comparing the activation energy and the effective crystallization temperature of single layers and multilayers.

2.1.2 Novel heterostructures
Novel heterostructures have been prepared by sputtering at CNR-IMM Rome. Figure 2.1.5(a) and
(b) show the electrical resistance as a function of temperature measured in multilayers with two
compositions (GST225/GaTe or GST225/Sb2Te3), and three compositions (Sb2Te3/GST225/Ge
or Sb2Te3/GST225/GaTe), respectively. All the heterostructures exhibit large resistance contrast,
i.e. more than two orders of magnitude. The highest (6 orders of magnitude) contrast is obtained
for the GST225/GaTe heterostructure. The smaller resistance contrast is observed in
Sb2Te3/GST225/Ge and it is probably due to a not complete crystallization upon annealing at
300°C.
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Figure 2.1.5: (a) Resistance versus temperature of heterostructures combining two types of sublayers as indicated in the
legend. (b) Sheet resistance as a function of temperature of heterostructures combining three types of sublayers as
indicated in the legend.

2.1.3 GaSb thin films
Stoichiometric GaSb thin films, with exact Ga50Sb50 compositions were grown by pulsed laser
deposition (PLD) at UGRO. The growth has been optimized by fine tuning multiple deposition
parameters. In addition, target rotation during deposition is shown to produce best quality GaSb
thin films. Van der Pauw resistivity versus temperature measurements, for two samples, with
and without target rotation during deposition, are shown in Figure 2.1.6. Both samples show a
similar, relatively high, crystallization temperature of Tx = 250 OC. However, a larger resistivity
contrast between the as-deposited amorphous phase and the crystalline phase is seen for the
sample made with target rotation compared to one without target rotation. Still, the resistivity
contrast is not exceeding clearly beyond two orders of magnitude. Typically in a device setting
this contrast reduces an (additional) order of magnitude, i.e. from two to one order of
magnitude. This is an undesirable result. Therefore, despite the favorable performances of
stoichiometric GaSb in terms of high crystallization temperature, high switching speed and not
being susceptible to phase separation (as is a problem with many phase-change materials), it is
not directly suitable for electrical memory devices due to its (too) low resistance contrast.
The non-linear dependence of the resistance as a function of temperature for the amorphous
phase is expected to originate from the fact that the resistance R is directly proportional to
exp(Ec/kBT) with Ec the activation energy for conduction, kB Boltzmann’s constant T absolute
temperature. Therefore, in Fig. 2.1.6(b) the experimental data of the 2.1.6(a) for only the
amorphous phase part is plotted in the form ln(R) versus 1/kBT, so that the slope of the fitted
straight line provide the activation energy for conduction. For both samples (with and without
target rotation) a very similar Ec of about 0.31 eV is observed.
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Figure 2.1.6. Van der Pauw resistivity vs. temperature measurements for the as-deposited samples prepared with and
without 180O target rotation are presented in (a), with the activation energy of conduction in the amorphous phase
obtained by fitting straight lines through the ln(R) versus reciprocal temperature data given in (b). For both samples,
the crystallization temperature is 250 OC and a similar activation energy for conduction is obtained.

2.1.4 Indium-based alloys
In-based alloys with nominal target compositions InGeTe2 and In3SbTe2 were grown by PVD at
URTOV. The resistance versus temperature measured for these two alloys is shown in Figure
2.1.7 (a) and (b). The resistance upon cooling has been measured after 1 h annealing at 300°C.
The InGeTe2 film does not exhibit a marked resistance variation upon annealing, suggesting no
crystallization occurs. The In3SbTe2 film, instead, shows a rapid resistance decrease at about
200°C and only a partial recover of the resistance upon cooling. After the annealing, the
resistance is lowered by more than two orders of magnitude.

Figure 2.1.7: (a) sheet resistance versus temperature of InGeTe2. (b) sheet resistance versus temperature of In3SbTe2.

2.2 Electrical characterization of devices
The electrical characterization of single cell memory devices has been extensively reported in
deliverables D3.2, D3.4 and D3.5. Both horizontal structures (LCV) and classical vertical memory
cells (SCV) with mushroom geometry have been manufactured and tested. After process and
design optimization, devices with different promising materials have been characterized.
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As detailed in D3.4, the devices have been tested by applying fast pulses (pulse width is set to
300ns) with increasing voltage up to a maximum value (staircase up) and then decreasing
(staircase down). The resistance is measured after each programming pulse, using a reading
pulse (0.2 - 0.4 V), while the active current is detected during the programming pulse with
dedicated circuitry. The studied devices are characterized by a pristine high resistance and are
activated during the staircase in the so-called “forming” process.
Figure 2.2.1 (a) and (b) show, as an example, the forming of a device with the bilayer
GST225/Ge-rich GST. The applied staircase is shown in Fig. 2.2.1(c).
After forming , the devices have been characterized by a staircase UP to define the RESET
condition and a bath tube to determine the programming window. An example of programming
window determination and bath tube applied procedure is shown Fig. 2.2.2 (a) and (b)
respectively. Data shown in Figure have been obtained for a device with Sb 2Te3 / Ge-rich GST
bilayer (UTV12).

Figure 2.2.1: (a) current-voltage characteristics; (b) resistance measured after each pulse versus programming current,
as acquired during forming of the GST225 / Ge-rich GST devices (UTV16). (c) Staircase up and down adopted for device
forming.

Figure 2.2.2: (a) resistance measured after each pulse versus programming current, during the programming window
determination of the Sb2Te3 / Ge-rich GST devices (UTV12). (b) procedure (bath tube) applied for determining the
programming window.

The retention properties have been evaluated for all the tested devices, by checking the stability
of the SET and RESET state upon thermal treatment (HTDR). The test has been performed by
measuring the RESET and SET resistance at room temperature, after 1h annealing at different
temperatures. Figure 2.2.3 shows the comparison between devices with different studied
materials. As expected, the SET resistance is quite stable as a function of annealing temperature,
whilst the RESET resistance decreases as temperature increases above the crystallization
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temperature. All the devices are able to assure data retention up to 230°C. Remarkable retention
properties are observed for the PDI_H-Ge-GST sample, in which the two logic states can be
clearly distinguished after 1 h annealing at 280°C.
The stability of the RESET and SET states upon data rewrite has been evaluated by performing a
sequence of (blind) SET and RESET pulses (cycling test). Upon reaching a pre-defined number of
cycles, the cycling is interrupted to record SET and RESET resistance values. Some examples are
shown in Figure 2.2.4. The PDI_H-Ge-GST material exhibits the best performance in terms of
cyclability.

Figure 2.2.3: Data retention properties: resistance measured after 1 h annealing as a function of temperature
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Figure 2.2.4: Resistance of SET and RESET state as a function of cycles

Among the studied devices, a novel heterostructure has been also tested, with composition:
-

Sb2Te3[10nm]/GST225[25nm]/GaTe[10nm])X2/Sb2Te3[10nm]/GST225[30nm] (MIA_56)

The devices have been characterized as previously described and in this case a threshold
behavior has been observed, with a low current value for voltages below the threshold, followed
by a dramatic current increase upon exceeding a threshold voltage. An example is shown in
Figure 2.2.5, for different pulse widths. Since this heterostructure exhibits an ovonic threshold
switch, it could be suitable for the realization of novel device selectors.

Figure 2.2.5: Current-voltage characteristics of single cell device with MIA_56
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Single cell devices have been also manufactured and tested using stoichiometric GaSb as active
phase change material. This choice allows the exploration of a material with very fast
crystallization speed (<50 ns) as reported in literature for Ga Sb alloys [3]. Although the short
crystallization time can be considered an advantage, this characteristic of GaSb alloys made it
difficult to reset the devices, due to limitations of the experimental (bench) setup. For this
reason, many devices starting from the high resistance state can perform only one switch to the
low resistance state. Nevertheless, some devices exhibited a longer crystallization time. Figure
2.2.6 (a) and (b) shows an example of “standard” devices with low crystallization time, and
devices with longer crystallization time, respectively. Devices with longer crystallization time
have been fully characterized. Figure 2.2.7 shows an example of current-voltage characteristics
(a), resistance versus current (b) and stability of reset and set resistance upon cycling (c). The
GaSb alloy appears promising, but further characterization and composition optimization would
be required in order to understand and control the physical mechanisms determining the
crystallization speed, and to improve the yield (fraction of switchable devices).

Figure 2.2.6: (a) Current-voltage characteristics upon staircase up and down. (b) Resistance versus current. (c) Set and
Reset resistance as a function of number of cycles.

Figure 2.2.7: (a) Current-voltage characteristics upon staircase up and down. (b) Resistance versus current. (c) Set and
Reset resistance as a function of number of cycles.
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3

Thermal Characterization

For thermal characterization of Ge rich Ge2Sb2Te5 (GGST) and Ge2Sb2Te5 / Ge rich Ge2Sb2Te5
(GST/GGST) based multilayer systems (MLS), the infrared (IR) photothermal radiometry (PTR)
have been implemented in both pulsed (PPTR) and modulated (MPTR) configurations. Both of
these methods have been fully described elsewhere [4]. As these techniques are based on the
thermal disturbance of the sample by a laser source, a 30 nm thin platinum layer, acting as an
optical-to-thermal transducer, is deposited on the sample leading to a uniform heat source
within this layer. The 3ω technique has also been employed as complementary measurements at
room temperature. The materials studied and presented in this deliverable are thin films
deposited onto a silicon substrate capped with a Si3N4 (SiN) dielectric layer. The measurements
are carried out starting from the amorphous phase of the materials. The two techniques (MPTR
and PPTR) enable obtaining not only the temperature dependent intrinsic and effective thermal
conductivity of the phase-change material (PCM) film, but also the thermal boundary resistance
(TBR) with the surrounding material. We note that we use two photothermal techniques in this
study, because of their complementarity since they help investigating different characteristic
times.

3.1 Sample preparation
Amorphous GGST and GST/GGST MLS (with thicknesses of 100, 200, 300 and 400 nm for each
material) are deposited by magnetron sputtering, in a mixture of argon and nitrogen atmosphere
[done by LETI]. In the case of MLS, the repetitions of 10 nm of GST and 10 nm of GGST, starting
from pure GST alloy, have been realized to obtain the nominal film thickness. The stackconfiguration is presented in Figure 3.1 for the two sample types studied in this work. The GGST
composition is obtained by co-sputtering from the two stoichiometric targets, namely, Ge and
Ge2Sb2Te5. The Ge-rich composition, used in this study, is referred to “GST + Ge 45%” where 45%
is the nominal fraction of the Germanium (at 45%) introduced to the Ge2Sb2Te5 reference
alloy.[5] In both cases (GGST and MLS) the layers have been deposited onto silicon wafers of
diameter 200 mm (750 µm thickness), covered by a 300 nm thick SiN passivation layer
deposited by plasma enhanced chemical vapor deposition (PECVD). The sputtering gas (mixture
of Ar and N2) is chosen to ensure a nominal doping of 7 at.% N of the GGST film leading to the
final composition Ge53Sb12Te28N7 which will be called GGST throughout this section. Nitrogen
addition inside the layer permits obtaining a finer grain structure of the films. It also helps
increase the crystallization temperature of the layers.[6]
Following the deposition of the GGST and MLS, all samples are covered by sputtering with a 30
nm thick platinum film to obtain an optical and thermal transducer required for photothermal
measurements. This platinum transducer also prevents the possible damage of the films at
elevated temperature. As the deposition of the transducer is carried out ex-situ, there is a
possibility of occurrence of superficial oxidation on the surface of the PCM.
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Figure 3.1. Schematic view of the sample stack composition. a) the layers of GGST have 100, 200, 300 and 400 nm film
thickness (𝒆𝐆𝐆𝐒𝐓 ). The thermal boundary resistance between the studied films and the neighboring layers is depicted as
𝑹𝑻𝑪 = 𝑻𝑩𝑹𝐏𝐭−𝐆𝐆𝐒𝐓 + 𝑻𝑩𝑹𝐆𝐆𝐒𝐓−𝐒𝐢𝐍 + 𝑻𝑩𝑹𝐒𝐢𝐍−𝐒𝐢 ; b) the MLS configuration is developed by 5, 10, 15, 20 repetitions of 10
nm of GST and 10 nm of GGST leading to 100, 200, 300 and 400 nm film thickness (𝒆𝐌𝐋𝐒 ) respectively. The thermal
boundary resistance between the studied films and the neighboring layers is depicted as
𝑹𝑻𝑪 = 𝑻𝑩𝑹𝐏𝐭−𝐒𝐋 + 𝑻𝑩𝑹𝐌𝐋𝐒−𝐒𝐢𝐍 + 𝑻𝑩𝑹𝐒𝐢𝐍−𝐒𝐢

.

3.2 Experimental Results
3.2.1 Ge rich GST (GGST)
Figure 3.2 presents the MPTR measurements of the thermal resistance 𝑅𝑇 of the GGST-SiN stack
deposited on the substrate using the following relation (neglecting the thermal resistance of the
Pt transducer layer):
𝑒

𝑒

(1)

𝑅𝑇 = kGGST + 𝑘SiN + 𝑅𝑇𝐶
GGST

SiN

where 𝑅𝑇𝐶 denotes the sum of all the thermal boundary resistances at the interfaces between
neighboring layers as:
𝑅𝑇𝐶 = 𝑇𝐵𝑅Pt−GGST + 𝑇𝐵𝑅GGST−SiN + 𝑇𝐵𝑅SiN−Si

(2)

The values of 𝑅𝑇 for GGST films, having four different thicknesses, have been measured
according to temperature within the [50°C-450°C] range. The GGST films are initially in the
amorphous state. The monitored temperature rate between two investigated temperatures is
25°C/min. A 2 min delay for the thermalization of the samples at each investigated temperature
is performed before the onset of the MPTR measurement. Each temperature point within the
investigated range has been chosen following the electrical resistivity vs. temperature
measurements. In particular, several points have been selected in order to substantially cover
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the temperature range in the expected phase change temperature domain. The experimental
data of RT versus thickness for four representative temperatures are presented in Figure 3.2.

Figure 3.2. Thermal resistance RT of GGST films measured at four temperatures. The films are initially in the amorphous
state.

A linear trend in the data of RT versus film thickness is observed. It can also be seen that the
slope of the points obtained for a given temperature decreases when the temperature is above
the crystallization temperature of GGST (400°C). The intercept of this plot has been found to
decrease with temperature demonstrating the decrease of the value of RTC with increasing
temperature. Considering Equation 1 and using all the measured values of 𝑅𝑇 according to the
1
thickness 𝑒GGST of the GGST layer, gives rise to the slope of 𝑘
from a simple linear regression.
GGST

The intrinsic thermal conductivity of GGST (𝑘GGST ) as a function of temperature is hereby
reported in Figure 3.3. By extrapolating the regression 𝑅𝑇 = 𝑓(𝑒GGST ) at 𝑒GGST = 0, the value of
𝑒
(𝑘SiN + 𝑅𝑇𝐶) is obtained. The SiN amorphous dielectric thermal conductivity is measured by the
SiN

3 ω method and it was found that 𝑘𝑆𝑖𝑁 = 1.39 W m-1 K-1, which is like the other studies in the
literature [7,8] for this material. On the other hand, the value of 𝑇𝐵𝑅SiN−Si is estimated equal to
1.1×10-8 K m2W-1. Using kSiN value, it is possible to calculate the value for 𝑅𝑇𝐶 at each annealing
temperature as shown in Figure 3.4.
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Figure 3.3. Thermal conductivity of GGST versus temperature measured both by MPTR and PPTR. The value marked
with black triangle is obtained by the 3 ω method at room temperature.

Figure 3.4. 𝑹𝑻𝑪 = 𝑻𝑩𝑹𝐏𝐭−𝐆𝐆𝐒𝐓 + 𝑻𝑩𝑹𝐆𝐆𝐒𝐓−𝐒𝐢𝐍 + 𝑻𝑩𝑹𝐒𝐢𝐍−𝐒𝐢 measured from the MPTR technique and 𝑻𝑩𝑹𝐏𝐭−𝐆𝐆𝐒𝐓 Pt-GGST
measured by PPTR according to temperature. The value of 𝑹𝑻𝑪 marked with black triangle is obtained by the 3 ω
method at RT.

In a second step, the thermal conductivity of the 400 nm GGST thick layer and the 𝑇𝐵𝑅 of the
interface between the Pt transducer and the GGST film, have been measured using the PPTR
technique. The investigated temperature range is chosen to be like that of the MPTR technique
and the heating rate is also kept at 25°C/min. Since measurements are faster compared to the
MPTR (2 min for the PPTR at each annealing temperature), the thermal budget received by the
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sample during the overall PPTR measurement is lower than that of the MPTR. The identified
intrinsic thermal conductivity of GGST as a function of temperature is represented in Figure 3.3.
The variation of the identified 𝑇𝐵𝑅 at the Pt/GGST interface with temperature is depicted in
Figure 3.4.
Additionally, the thermal conductivity as well as the 𝑅𝑇𝐶 values have been measured by means
of the 3ω method at room temperature. The stack for this measurement is modified by capping
with a 20 nm titanium adhesion layer and 25 nm SiN thin dielectric layer deposited by PECVD in
order to insulate the heater in Pt. Both measured quantities are reported in the following two
figures (Figure 3.3 and Figure 3.4).
The intrinsic GGST thermal conductivity, depicted in Figure 3.3, shows a value of 0.3 W m-1K-1 in
the amorphous state, independent of the techniques used (MPTR, PPTR and 3 ω). This value
does not change significantly when temperature varies from the ambient up to 350°C. At this
point, we compare the thermal conductivity of amorphous GGST with the minimum thermal
conductivity prescribed by the Cahill-Pohl model [9,10] for disordered solids.
Figure 3.5 presents the experimental values of 𝑘 for amorphous GGST along with the minimum
𝑘 obtained from the Cahill-Pohl model for GST.

Figure 3.5. Comparison between experimentally measured thermal conductivity of amorphous GGST and minimum
thermal conductivity model by Cahill-Pohl for GST.

We use the data for transverse (𝑣𝐿 ) and longitudinal (𝑣𝑇 ) sound velocity for the amorphous
phase of GST from earlier work [11] and obtained 𝑘𝑚𝑖𝑛 as 0.27 W m-1K-1. Thus, the amorphous
phase 𝑘 for GGST is found to be quite close to the 𝑘𝑚𝑖𝑛 of GST. We recall that for GeTe [12] the
minimal thermal conductivity was found to be a little higher (0.36 W m-1K-1) compared to that of
the GST. This result indicates that despite the high doping of Ge in the sample, GGST behaves in a
similar way to that of the GST in terms of the thermal transport in the amorphous phase.
The phase transition from amorphous to crystalline state (α-x) onset is observed at 350°C. The
temperature variation of the electrical resistivity, shown in Figure 3.1, demonstrates the phase
change in GGST around 370°C. This temperature shift is attributed to the difference in heating
rate in the electrical and the thermal measurement. Indeed, the samples receive a more
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significant thermal budget in MPTR and PPTR experiments promoting an earlier evolution of the
structure of the PCM. After 370°C, 𝑘𝐺𝐺𝑆𝑇 increases with temperature and stabilizes while going
back to room temperature. The highest value of 𝑘𝐺𝐺𝑆𝑇 is found to reach 1.2 W m-1K-1 at 420°C.
However, it is observed that the PPTR technique leads to slightly lower values within the high
temperature range but the error bars for the MPTR are also increasing as the annealing
temperature increases. As represented in Figure 3.4, the 𝑅𝑇𝐶 measured by the MPTR is close to
3.5×10-7 K m2W-1. It decreases monotonically to 1.25×10-7 K m2W-1 and becomes stable with
increasing temperature. Considering the error-bars it can be stated that the 𝑅𝑇𝐶 measured by
the MPTR is higher than the 𝑇𝐵𝑅Pt−GGST measured by the PPTR over the whole temperature
range. The difference between those two quantities leads to the thermal boundary resistance of
the GGST-SiN interface. Thus, an average value of 𝑇𝐵𝑅GGST−SiN = (5±2)×10-8 K m2W-1 can be
addressed. This value is consistent with that obtained between GST and SiN already reported in
the literature [12]. It is also clear that this value does not change significantly according to the
temperature and the crystalline state of the GGST alloy. It also demonstrates the dominant role
of the Pt-GGST interface within the 𝑅𝑇𝐶 value.
3.2.2 GST/GGST multilayers
The thermal resistance 𝑅𝑇 of GST/GGST MLS has been measured by MPTR as a function of
temperature following the same protocol as that of the GGST. All the MLS are initially in the
amorphous state. Referring to Figure 3.1(b), the thermal resistance is expressed as:
𝑒

𝑅𝑇 = 𝑅T,MSL + 𝑘SiN + 𝑅𝑇𝐶

(3)

SiN

where 𝑅𝑇𝐶 is the sum of the following interfacial resistances:
𝑅𝑇𝐶 = 𝑇𝐵𝑅Pt−MLS + 𝑇𝐵𝑅MLS−SiN + 𝑇𝐵𝑅SiN−Si

(4)

and:
𝑒

𝑒

𝑒

𝑅T,MLS = 𝑘MLS = 𝑁 [𝑘GGST + 𝑘GST ] + (2𝑁 − 1)𝑇𝐵𝑅GST−GGST
MLS

GGST

(5)

GST

is the thermal resistance of the MLS which includes the thermal resistances of the N=5, 10, 15, 20
constitutive GGST/GST dual layers of the MLS. The effective thermal conductivity of the MLS is
denoted 𝑘𝑀𝐿𝑆 in this relation. Equation 5 also shows that 𝑅𝑇,𝑀𝐿𝑆 varies linearly with 𝑒𝑀𝐿𝑆 while
𝑘𝑀𝐿𝑆 is not constant. This is due to the fact that the contribution of the thermal resistance at the
GST-GGST interface (𝑇𝐵𝑅GST−GGST ) varies for different thicknesses 𝑒𝑀𝐿𝑆 , even if an asymptotic
behavior is reached by 𝑘MLS when the number N increases and the value of 𝑇𝐵𝑅GST−GGST is low.
Thus, the value of 𝑘MLS is not identified from the linear regression but is calculated for each
thickness of MLS. Here, we assume that the 𝑅𝑇𝐶 values for MLS are the same as identified from
MPTR measurements for single GGST layer (Figure 3.5). The values of 𝑅T,MLS are retrieved from
𝑅𝑇 for each thickness of the MLS considering the thermal resistance of the SiN layer. The
effective thermal conductivities 𝑘MLS of GST/GGST multilayers versus temperature for four
thicknesses 𝑒MLS , presented in Figure 3.6, are very similar. Theoretically, 𝑘MLS decreases with
thickness of the MLS as the number of the additional GST-GGST interfaces increases with
thickness. The values obtained from the MPRT measurement overlap by error bars showing that
this evolution is beyond the sensitivity of the measurement. For all the thicknesses the effective
thermal conductivity (𝑒MLS ) is found to be like that of the GGST in the amorphous state. As
shown in Figure 3.6, an increase of 𝑘MLS is observed around 150°C. This evolution can be
attributed to the amorphous to fcc (α-fcc) phase change observed in GST [13]. A second jump in
𝑘MLS is observed when temperature reaches 350°C which corresponds to the amorphous to
crystalline (α-x) phase change in GGST and fcc-hcp phase change in GST.
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Figure 3.6. Effective thermal conductivity 𝒌𝑴𝑳𝑺 of four thicknesses of the GST/GGST multilayers versus temperature
estimated from MPTR measurement.

Going back to room temperature, the 𝑘MLS values are slightly lower than 0.6 W m-1K-1.
Considering the electrical resistivity of the MLS reported in Figure 3.1 and the WF law, it is found
that the electronic contribution in 𝑘MLS is about 𝑘𝑒 = 0.1 W m-1K-1 , which on average is more
than 10% of the measured value.
Knowing the thermal conductivities of GGST and GST within the investigated range of
𝑒
𝑒
temperature, the theoretical value of [𝑘GGST + 𝑘GST ] can be calculated. Therefore, using Equation
GGST

5, the value of 𝑇𝐵𝑅GST−GGST can be found as:
1

𝑒

𝑒

GST

𝑒

𝑇𝐵𝑅GST−GGST = 2𝑁−1 (𝑘MLS − 𝑁 [𝑘GGST + 𝑘GST ])
MLS

GGST

(6)

GST

We report the thermal conductivity for GST, GGST and the MLS (thickness 400 nm) in Figure 3.7.
It can be observed that the thermal conductivity of the MLS is slightly below compared to the
GGST in the amorphous state, showing not only the combined contribution of the two
constitutive materials but also that of the GST-GGST interfaces. After amorphous-fcc phase
change in the GST where GST alloy becomes more conductive, the 𝑘MLS value exceeds that of
GGST. Finally, when fcc-hcp and amorphous-hcp phase change occur in GST and GGST
respectively, the thermal conductivity of the MLS remains inferior to those of the two alloys. This
behavior is observed over the entire investigated temperature range when the MLS is in the
crystalline state. Annealing of MLS at 400°C promotes intermixing between GST and GGST. These
values are higher than that of a perfectly layered structure. Therefore, the thermal boundary
resistance TBRGST-GGST can only be considered in the amorphous state of MLS. Equation 6 permits
to calculate the value of TBRGST-GGST. Nevertheless, the thermal conductivities of the three alloys
within the amorphous phase are low and lead to noisy estimation of TBRGST-GGST regarding the
error bars associated with conductivities. At 300°C, where the thermal conductivity of GST is
three times higher than that of GGST and MLS, the TBRGST-GGST of 4.5×10-9 K m2W-1 is found.
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Figure 3.7. Intrinsic thermal conductivity of GST and GGST and effective thermal conductivity of the MLS with 400 nm
thickness.

The average representative values of thermal conductivity and thermal boundary resistance of
the studied PCM materials are summarized in Table 1 for both the amorphous and crystalline
states.
Table 1. Measured thermal conductivities and thermal boundary resistances with neighbouring
layers of GGST and MLS phase change alloys in amorphous and crystalline states.

kGGST

kMLS

kGGSa)

TBRGGST-SiN

TBRPt-GGST

TBRGST-GGST

[W m-1K-1]

[W m-1K-1]

[W m-1K-1]

[K m2 W-1]

[K m2 W-1]

[K m2 W-1] ]

Amorphous

0.3

0.25

0.19

5×10-8

2.9×10-7

4.5×10-9

Crystalline

0.8

0.58

1.7

5×10-8

0.9×10-7

-

State

a)values

D2.4
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Figure 3.8. Thermal resistance of a 100 nm MLS with different number of constitutive layers.

The RTH value of MLS has been measured considering a 100nm thick MLS with different number
of GeGST/GST cells, namely, 5, 10, 17 and 33 cells. The results are reported on the figure 3.8
along with the RTH value for 100 nm thick GST and 100 nm thick GGST. It is observed the same
transition in temperature for the four MLS. It is clear that the only difference in RTH occurs with
the amorphous state, meaning that the interfaces disappear during the crystallization of both
materials.
Using the values of RTH within the amorphous state in figure 3.6, we obtained the value of the
thermal resistance at the GGST/GST interface along with the error bars as represented in figure
3.9. It is thus obtained an average value

Figure 3.9. Thermal resistance at the interface of GGST and GST layers constitutive of the MLS.
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4

Modeling of thermal conductivity

4.1 Ab-initio calculation in crystalline Ge-rich GeSbTe alloys
Ge-rich GeSbTe alloys crystallize by phase separating into pure Ge and less Ge-rich GST alloys.
The experimental and theoretical analysis discussed in deliverables D4.1, D2.4, D4.3 and D4.4
show that several decomposition channels are possible. For GST523 which was extensively
studied by several partners within BeforeHand, for instance, crystallization by water quenching
of the liquid phase leads to the formation of GST213, GST324 and GST243 as discussed in
deliverable D4.1.
Partner UMB then studied the lattice thermal conductivity of the cubic phase of GST213, and
GST243 and for the sake of comparison also of the parent GST523 cubic alloy which, however, it
is not supposed to keep the same composition during crystallization.
The cubic phases were models in 216-atom supercells as discussed in deliverable D4.3. We
introduced vacancies in the cationic sublattice to enforce the conditions to have on average three
p-electrons per site [14]. In the model of GST213, 12 vacancies, 68 atoms of Ge and 28 atoms of
Sb occupy the cationic sublattice while the anionic sublattice is occupied by 6 atoms of Sb and
102 atoms of Te. In GST243 the cationic sublattice is occupied by 10 vacancies, 42 atoms of Ge
and 56 atoms of Sb while the anionic one is occupied by 36 atoms of Sb and 72 atoms of Te.
Density Functional Theory (DFT) calculations have been performed with the Cp2k code [15].
The geometry of the cubic phase was optimized and then the dynamical matrix at the supercell Γ
point was obtained from finite differences of the forces computed from small atomic
displacements. This dynamical matrix was then plugged into the code Phonopy [16] to obtain the
phonon dispersion relations plotted in Figure 4.1.
We then computed the sound velocities for transverse and longitudinal phonons averaged over
the different directions in the Brillouin Zone. These average sound velocities have been then
plugged into the Cahill formula for the minimum thermal conductivity 𝜅 which for temperature
much larger than the Debye temperature reads

𝜅=

1
2

𝜋 1

2

( 6 )3 𝑘𝑏 𝑛3 (𝑣𝐿 + 2𝑣𝑇 ) (1)

where 𝑣𝐿 and 𝑣𝑇 are the average longitudinal and transverse sound velocities and 𝑛 is the atomic
density. This formula turns out to be very accurate to reproduce the lattice thermal conductivity
of cubic GST225 which also features a disorder in the cation sublattice [17]. The Debye
temperature for GST225 alloys is 136 K which allows using formula (1) at normal conditions.
The Debye temperature is expected to increase with the fraction of Ge, but we might conceive
that it would remain much below room temperature.
The theoretical lattice thermal conductivities obtained from formula (1) for GST523, GST213 and
GST243 are 0.53, 0.37, 0.41 W/mK, respectively, which are very close to the value of 0.4 W/mK
measured for GST225. The thermal conductivity slightly increases with the fraction of Ge
because of its lower mass with respect to Sb and Te. The calculated thermal conductivities are all
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smaller than the value of 0.8 W/mK measured for crystalline Ge-rich GST by partner CNRS as
discussed above [18]. In this latter work, the Ge concentration of the GST alloys is higher than in
GST523, GST213 and GST243 which might explain the larger thermal conductivity of 0.8 W/mK.
However, the contribution of grains of segregated crystalline Ge can also lead to a higher lattice
thermal conductivity. The electronic contribution to the thermal conductivity was instead
estimated to be quite low [18].

a)

b)

c)
Figure 4.1. Phonon dispersion relations for a 216-atom supercell of crystalline cubic a) GST523 b) GST213 and c)
GST243.
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5

Conclusions on performed activity and future strategy

The electrical and thermal properties of amorphous films and heterostructures have been
extensively investigated on both blanket films and devices. The characterization has been
focused not only on the promising Ge-rich GST alloys, investigating the effect of Ge amount, but
also multilayers (including two or three different compositions) and novel materials, such as
GaTe, In based tellurides and GaSb have been investigated.
Many results are quite interesting, thanks to the availability of four deposition techniques (MBE,
PLD, RF-sputtering, PVD), to the combination of modeling to the experimental measurements
and to the realization and optimization of single cell memory devices, employed as test vehicle
for the evaluation of the performance of new materials and heterostructures.
Also in-depth thermal characterizations have been performed providing specific knowledge
about values of the thermal conductivity and thermal boundary resistance for Ge-rich GST and
for multilayers of alternating Ge-rich GST and GST225. These values are important input for full
device modelling.
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