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Abstract— Ge-rich GeSbTe N-doped alloys present a
solution for the reliability and thermal stability requirements of
Phase Change Memories for embedded non-volatile memory
automotive applications. The thermal performance of these
memories is defined by the optimization of crystallization
temperature, Kinetics and thermal properties of materials and
interfaces. In this work, we study the structural evolution and
crystallization temperature of Ge-rich GeSbTe N-doped alloy
from amorphous phase to complete crystallization by Raman
spectroscopy. We highlight the beginning of crystallization
process by Ge crystallization, followed by crystallization of both
GeTe and SbTe related structures. Further, the sensitivity of the
vibrational modes present in this ternary chalcogenide alloy to
temperature and power is examined to identify potential
thermometers. Finally, we present the working principle of
Raman thermometry to extract the thermal conductivity aided
by finite-element calculations and report the thermal
conductivity of Ge-rich GeSbTe N-doped alloy.

Keywords— Phase change memorvies, Ge-rich GST N-doped,
Raman thermometry, structure, thermal conductivity

1. INTRODUCTION

Phase change materials are the basis of optical and non-
volatile memory (NVM) storage systems due to their high
optical or electrical resistance contrast upon phase transition.
(GeTe)a-(SbaTes)m ternary alloy system based phase change
materials are at the heart of Phase Change Memories (PCMs).
PCMs are one of the most mature NVM owing to its high
temperature data retention, fast read/write access, better
endurance, high scalability, and ease of integration with
CMOS. This has been proven by its commercial realization
for storage class memory [1], automotive microcontroller [2]
and smart power applications [3].
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The working principle of PCM is based on reversible
switching between amorphous and crystalline phases. For
reversible switching, the electric pulses (SET/RESET) locally
heat the material via a heater to crystallize the material or to
melt quench the crystalline phase to amorphous phase. As this
switching is thermally initiated, knowledge of crystallization
temperature, thermal properties of materials and interfaces are
key to optimize this nanoscale non-volatile memory. Also,
PCMs use for automotive applications is hindered by the
stringent requirements for robust high temperature operation
which challenges the materials thermal stability for data
retention.

PCMs based on Ge,Sb,Tes (GST-225) are the widely
studied and is the reference material for this technology [4].
The drawback of low crystallization temperature of 150°C for
GST-225 was resolved by materials engineering to cope up
with the automotive standards. This was achieved by doping
it with C [5], N [6] or increasing the Ge content [7] and
recently by GeSei«Tex [8]. For the Ge-rich GST, the
crystallization temperature scaled with increasing Ge-content
[7] and was significantly improved over 300°C with N-
doping. Ge-rich GST with N-doping (GGSTN) has been
extensively studied for its crystallization kinetics [9], effect of
N-doping [10] and structural evolution [11] [12]. So, GGSTN
has proved to be a potential material for commercialization.

Also, along with the progress in materials engineering for
automotive applications, it is also key to optimize the thermal
budget of the PCM cell. It has been reported that a total of less
than 2% of heat is used for switching the phase of the PCM
cell [13]. The thermal management can be improved by
knowledge of thermal properties of these newly developed
chalcogenide materials and better understanding of thermal
behavior of the cell. So, it is also crucial to study the thermal
properties of GGSTN for optimizing PCMs.



In this work, we employ Raman spectroscopy to study the
structural evolution, crystallization temperature and Raman
thermometry to extract the thermal conductivity of the
GGSTN. The key advantages of this method over other
techniques like 3-® and TDTR for thermal characterization
are that it doesn’t require any additional device design like
heater or contact pads, has better micrometer spatial resolution
and better material selectivity [14] [15]. The key requirement
is that the material to be probed should have vibrational modes
which are sensitive to temperature - Raman active modes [16].
It means that change in temperature of the material should
affect the position of the Raman shift of a vibrational mode or
the FWHM of the peak or its intensity. These characteristics
can be used to build a thermometer. So, by using a focused
laser on a Raman active material, the local temperature and
thermal conductivity of the material can be extracted. This
method has been widely used to study temperature
dependence of different vibrational modes or to extract the
thermal conductivity of materials like Graphene [17], Si [18]
[14], Ge [15], SiGe [14], MoS: [19], WTe; [20], TiO; [21]. It
is applied in this work to a chalcogenide ternary alloy for the
first time for extraction of its thermal conductivity.

In the first section of this work, we give a detailed analysis
of the vibrational modes present in the ternary system of
GGSTN and its structural evolution for different annealing
temperatures. In the second section, we introduce Raman
thermometry and examine the sensitivity of the vibrational
modes to temperature and power which aids the extraction of
the thermal conductance of the material. Finally, we present
the first results for the thermal conductivity of GGSTN by
using finite element model.

II. EXPERIMENTAL METHODS

A. Sample Preparation

The Ge-rich GST N-doped (GGSTN) 200 nm thick films
were deposited by physical vapor deposition on 300 mm
silicon (100) wafers using an industrial tool. The GGSTN thin
films were capped by a 45 nm Silicon Nitride thin film to
avoid oxidation. This thickness of SiN was selected to
enhance the absorbance of laser in GGSTN thin film.

B. Characterization Methods

The samples were annealed at temperatures ranging from
350°C to 500°C for 5 mins under N gas flow using a Rapid
Thermal Annealing setup, JIPILEC™. Raman spectra of all
samples was acquired using a Horiba™ Labram HR using a
473 nm continuous wave diode pumped laser with an 1800
I/mm grating. The laser emission was focused on the sample
using a long distance 100x objective with numerical aperture
of 0.5. The maximum power of the laser is 26mW. A
continuously variable neutral density filter was used to change
the input laser power with optical density ranging from 0.04
to 4. The power was monitored by using a power meter with a
photodiode sensor and a multimeter. All measurements were
performed under vacuum to avoid convective losses using a
LINKAM™ HFS350-PB4 with liquid N, temperature-
controlled stage. Thermalization of the sample and chamber
stage was assured prior to each Raman spectra acquisition.

III. RESULTS AND DISCUSSION

A. Raman spectra of amorphous GGSTN

First, we investigate the Raman spectra of GGSTN. The
Raman spectra of as-deposited GGSTN is recorded under
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Fig. 1 Raman spectra of as-deposited GGSTN, inset: Lorentzian fit for
spectra with peaks assignment

vacuum is presented in “Fig. 1. Low laser power was incident
on the sample to minimize the heating effect inflicted by the
laser to avoid structural changes. The inset shows the
Lorentzian fit of the spectra. A total of 6 peaks related to
different Raman active vibrational modes present in ternary
GeTe-SbTe system were identified to properly fit with the
experimental Raman spectrum.

These vibrational modes are related to different species of
GeTe (An), SbTe (Bn) and Ge (Cn). The modes related to
GeTe are primarily based on the tetrahedral structure of type
GeTesnGen. The mode present at 76 cm™ (Al) can be
associated to the F2 bending modes of the GeTes tetrahedra
[22]. The vibrational modes at 96 cm™ (A2) and 220 cm™ (A4)
can be assigned to one of the bending modes and the F2 anti-
symmetric stretching mode of GeTey tetrahedra, respectively
[23] [24]. A weak presence of Al corner-sharing tetrahedral
units GeTesnGe, (n=1,2) can be spotted at 124cm™ (A3).
Further, the most prominent peak at 154cm™! (B1) is related to
the stretching mode of SbTe vibrations in SbTe; pyramidal
structure [25] [26]. The GeTe modes appear to be less
sensitive to Raman scattering than SbTe modes, due to their
lower polarizability in this ternary mixture. The amorphous
phase is assured by the presence of the peak at 272 cm™ (C1),
which is associated to longitudinal vibration mode of
amorphous Ge in tetrahedral sites [27].

B. Temperature dependent structural evolution of GGSTN

After mapping the different vibrational modes present in
as-deposited GGSTN, we study its structural evolution as a
function of annealing temperature (“Fig. 2”). The spectra were
recorded at room temperature in vacuum condition, after
annealing at 300°C, 350°C, 400°C, 450°C and 500°C. Up to
300°C, all the vibrational modes assigned to this ternary
system, appear to be stable with no structural changes. This
indicates structural stability of the material up to 300°C, which
is crucial for PCMs. Next, the phase transition takes place
between 300-350°C, confirming the increased crystallization
temperature. This phase transition alters the structure of the
material as can be clearly observed in “Fig. 2”. At 350°C, it
begins with transition of amorphous Ge vibrations at 272cm’!
to crystalline Ge vibrations at 297cm™! [27]. As the annealing
temperature increases from 350°C to 450°C, the crystalline Ge
peak narrows indicating complete crystallization. For GeTes.
»Gen based vibrations, the prominent peak in amorphous phase
at 96 cm’! transitions to the one at 124cm™! indicating a change
in the tetrahedral structure, whereas the F2 antisymmetric
tetrahedral vibration at 220cm™! completely disappears
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Fig. 2 Raman spectra of as-deposited and annealed (300°C to
500°C) of GGSTN. Arrows indicating phase transition

indicating a reorganization in the GeTe units. In case of SbTes
pyramidal units, they remain stable throughout the phase
transition and their crystallization is delayed. This can be
observed by narrowing of the peak at 154 cm™ after 450°C.

To sum up, the crystallization begins with Ge as the peak
gets narrower with increasing temperature with FWHM
decreasing significantly. The delayed crystallization is a result
of N-doping as it primarily bonds with Ge, inducing reduced
crystallization rate and ensuring stability of the amorphous
phase till higher temperature [10]. Further followed by
reorganization in the structure of GeTe units. The most
significant observation is the stability of SbTes vibrational
mode throughout crystallization.

C. Raman Thermometry

Now, we have mapped out the vibrations related to
different structural units in amorphous and crystalline
GGSTN Raman spectra. The basic working principle of
Raman thermometry is based on temperature dependent
phonon properties of the material. As the temperature of the
material changes, it affects the vibrational properties of the
material. This affects the position of Raman shift, line width
(FWHM) and intensity of the peaks. This property is used to
extract the temperature of the material. To perform
thermometry, we need to identify such vibrational modes from
this convoluted Raman spectra that can act as potential
thermometer. For this purpose, in-situ acquisition of Raman
spectra was performed for varying temperature under vacuum.
Each spectrum was recorded at a step of 20°C from room
temperature to 200°C and Lorentzian fitting procedure was
followed. After this, calibration coefficient () was extracted
from fitting the modes. This parameter is defined as the
change in Raman shift peak position with respect to changing
temperature - (o(T)= wot T where wo is the Raman shift
recorded at 0 K). For each state of GGSTN material, the
vibration mode that show the highest sensitivity to
temperature change (i.e. the calibration coefficient) are then
selected. For amorphous GSSTN, the vibrations of SbTes
pyramidal structural units positioned at 154 cm™ show a
calibration coefficient, ¥ = -0.01865 cm'/K. “Fig. (3)”
represents the change in the Raman shift position of SbTe;
mode as the temperature of the material increases. In the
crystalline GSSTN spectrum, the vibrations of crystalline Ge
positioned at 300 cm™! gives y = -0.01795 cm™/K, as shown in
“Fig. (4)”, is consistent with previously recorded values [15].
This analysis helps us to corelate the temperature of the
material to Raman shift.
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In the next step, the stage temperature that is the material
temperature was maintained at room temperature and input
power was varied. This yielded a relation between the
absorbed power in the material to the Raman shift, giving the
power sensitivity. Corelating the power and temperature
sensitivity, gives us the local temperature rise of the material
relative to the stage temperature (hotspot temperature) as a
function of input power intensity by formulism (1) as shown
in “Fig (5)”.
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Fig. 5 Power absorbed vs local hotspot temperature of the material
extracted from Raman measurements. Fit gives the thermal conductance
of the material.



Where o, is the peak position recorded for a particular
intensity of power, @ is the peak position at OK and y is the
calibration coefficient. From this we know the local
temperature of the material for a specific input power and
hence, the global thermal conductance (W/K) of the stack was
extracted.

The global thermal conductance of amorphous GGSTN is
23 £+ 1.5 pW/K and that of crystalline GGSTN is 99.5 + 13.85
uW/K. Here, we study the sensitivity of these specific
vibrational modes of SbTe; and c-Ge to temperature and
power, but their behavior reflects the conductance of the
global material and not only the specific material structure.
Next step is to build a numerical model for extraction of the
GGSTN thermal conductivity.

D. Extracting the thermal conductivity

A finite element based numerical model was built using
COMSOL 6.0. A 2D axisymmetric heat transfer model based
on Fourier heat diffusion equation was built. A detailed
flowchart connecting the experimental and the numerical
model is represented in “Fig. (6)”. The numerical model was
built under following boundary conditions. A radial Gaussian
shaped power density profile was defined (2):

2

P r
abs Z'EXP— =, (2)
2.1 R, 2-R,

Pgauss_abs )=

3)

Pups = Py - Absorbance

Here, the Py is the absorbed power, Pi, is the incident
power and Ry, is the laser beam waist. The absorbed power was
evaluated by measuring the absorbance of the as-deposited
and crystalline thin film stacks using a reflectometer. A model
was also built to evaluate the absorbance of GGSTN thin film
[28]. The laser beam was measured using the knife-edge
method. The contact between the sample and stage was
assumed as an ideal heat sink with no thermal resistance. The
bottom of the surface is maintained at room temperature.
Power amplitude was provided as an input and GGSTN
thermal conductivity was parametrized in the model.

The local hotspot temperature was extracted by defining
an effective Raman temperature to replicate the experimental
conditions [14].

Experiment Finite element calculations
Raman spectra Raman spectra Known paramters:
e 1o [P jccccocd [ Material properties — Si, SiN

Experimentally measured:
Absorbance, Laser beam waist

dw/dT dw/dP CegichiesT]
Mapping k
Kpeeennky

Thermal conductance dP/dT
Thermal conductivity
extraction

Fig. 6 Experimental workflow to obtain thermal conductance of the
material for changing temperature and power, Simulation workflow to
map thermal conductivity to the precise thermal conductance
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corresponding thermal conductivity estimate.

Similar to experimental procedure, the local temperature
gradient was extracted for different input power and the
thermal conductance was mapped with respect to thermal
conductivity of GGSTN “Fig. (7)”. The thermal conductance
value extracted from experiments was compared to the
simulated thermal conductance vs thermal conductivity map,
and its coincidence gave us the precise thermal conductivity
of the material. The thermal conductivity for GGSTN in
amorphous and crystalline phase are 0.29 W m™ K-' and 1.38
W m! K! respectively.

IV. CONCLUSION

In summary, first we laid out a map of possible vibrational
modes related to different structural organizations of GeTes.
»Gen and SbTe; in GGSTN. The temperature dependent study
revealed the transition in structural details from amorphous to
crystalline. It begins with Ge crystallization and then the
narrowing of the peak from 350°C to 450°C indicating
complete crystallization. The GeTe modes switch from
symmetric tetrahedral to corner sharing tetrahedral structure,
whereas the SbTe; structure shows strong stability over the
phase transition. In the next part, we were successful in
identifying vibrational modes that show strong dependency on
temperature from a convoluted Raman spectrum. SbTe; mode
in amorphous and c-Ge mode in crystalline phase were
identified as thermometers with good calibration coefficients.
Further, we demonstrated the extraction of local temperature
and thermal conductance of the material. This functionality
can further be helpful in thermal mapping of devices based on
GST as they are being employed extensively for RF, NVM
and neuromorphic devices. Finally, the precise thermal
conductivity of GGSTN (amorphous and crystalline phase are
0.29 Wm' K- and 1.38 W m™! K™! respectively) was extracted
by Raman thermometry for the first time.
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