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Introduction

Context

During the last decades, the number of objects connected has drastically increased and
more than hundreds of billions of devices are expected to be connected in 2050 (Fig. [I)).
In this scenario, storing a large amount of information in a small space represents a
primary necessity, leading to a growing interest in the development of memory systems
suitable for the new generation of electronic devices featuring high scaling.

Nowadays, all the electronic accessories have a memory system based on a von-Neu-
mann architecture, with the computing and the storage units physically separated and
organized according to a specific hierarchy. The top of the hierarchy is occupied by
the working memory, which is used to perform the logic operations. This memory
is represented by the Static or Dynamic Random Access Memory units (SRAM and
DRAM, respectively) which are fast, expensive and volatile. While, the bottom of the
hierarchy, is occupied by NAND Flash and NAND Solid State Drives as well as by
Hard Disk Drives (HDD), which are slow, cheap and non-volatile, hence able to store
the information even when the power is off, unlike the volatile ones. Therefore, storage
memories are used to store the data not directly used, allowing an easier access to them
when needed. The gap between the top and the bottom of the hierarchy consists in a
three order of magnitude difference in terms of access time and one order of magnitude
in cost (Fig.[2). Nevertheless, despite the difference in tasks and requirements fulfilled,
they both rely their functionality on charge storage, making them not suitable to sat-
isfy the scaling requirements demanded by the market. Indeed, different studies report
an impact on data sensing and data retention when reducing the size of charge-based
devices [I], 2]. Moreover, Flash memories present low radiation tolerance, ruling out
the possibility to use them for aerospace applications.

The scaling limit in charge based technology can be solved either with sophisticated
design solutions (as in the 3D NAND supported by Samsung, Micron and Toshiba)
or with the use of microcontrollers and error correction codes. Nevertheless, these
improvements could not provide a memory featuring high scalability along with low
power consumption at reduced cost and ensuring radiation hardness. With this aim,
innovative memory technologies were developed, namely the resistive non-volatile mem-
ories (NVM). These are two-terminal devices were the information storage relies on the
change of the resistive state in an active material, sandwiched between two electrodes.
The NVMs are able to combine the accessibility of DRAM with the non-volatility of
Flash, filling the gap between working and storage memories (Fig. [2)), and making them
the ideal candidate for Storage Class Memory (SCM) applications.

The resistive non-volatile memories are classified according to their working principles.
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Fig. 1. Timeline of the number of connected objects. More than 100 billions objects are estimated to
be connected in 2050 [3].

The most promising solutions include:

- Resistive Memories (RRAM) which are based on a reversible dielectric breakdown
mechanism;

- Magnetic Memories (MRAM) which store the information in magnetic domains;

- Phase-Change Memories (PCM) where a chalcogenide material is used to store
the bit by a reversible switching from the amorphous to the crystalline state.

These memory technologies can be implemented in both embedded and stand-alone
applications. The comparison of the new generation NVMs performance with respect to
the charge based stand-alone and embedded counterpart is reported in Fig. [3|and Fig. [4]
where the best performance for each feature is represented by the higher value on the
respective axis on the chart. Some of the parameters used in the comparison are:

- write/read speed, which refers to the time needed to save/have access to the
information;

Access Time [sec]

Storage-Class
Memory

10- I s I's
10° 10 10° 10
Cost[$/GB]

Fig. 2. Access time as a function of the cost for both volatile and non-volatile memories. Emerging
NVMs, like PCM, can fill the performance gap [4].
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- write energy, which accounts for the energy needed to save an information;

- endurance, which refers to the number of program /erase operations before facing
the device degradation.

In terms of stand-alone applications, PCM ensures lower costs and higher density com-
pared to RRAM and MRAM competitors. More precisely, PCM became the leading
technology after the commercialization of the 3DXPoint by Intel in 2017. This state-
of-the-art PCM technology is characterized, in fact, by a latency one thousand times
higher than NAND flash and by a density ten times higher than DRAM. Moreover, its
non-volatility guarantees a reduction in the amount of DRAM needed to maintain a
high bandwidth (i.e., rate at which the processor read/store the data in the memory),
hence reducing the cost and the power used by the whole system [5]. This has been
witnessed in 2019 when the Intel Optane memory H10 with SSD came into commercial-
ization. It co-integrates a 3DXPoint with a Quad-Level Cell (QLC) 3DNAND (i.e.,4
bit per cell) ensuring high performance at low latency and cost. Further improvements
on the Optane memory are ongoing in order to achieve a higher density and storage
performance. In particular, IBM is developing a three-bit per cell PCM chip; while a
second generation of Optane (expected for the end of 2020) will be based on a four
layer stack used to replace the two layered version already on the market.

In terms of embedded applications, the emerging NVM have still limited market. As
described in Fig. 4 among the new generation of NVM, MRAM owns the best features
with high endurance and low writing energy. However, the cost and the reliability at
high temperature are also two crucial factors to take into account for industrialization,
positioning PCM as the main MRAM competitor. Indeed, the better thermal stability
achieved in PCM by the chalcogenide material engineering [6] brought to the devel-
opment of a PCM device based on a 28 nm FDSOI by STMicroelectronics, which is
supposed to get in the market at the beginning of next year. Therefore, PCM repre-
sents the undeniable breakthrough in the present storage scenario featuring properties
of both DRAM and Flash, presenting an advanced state in terms of development and
industrialization in SCM [7] as well as in embedded PCM-based microcontrollers for

Price —s— PCM Endurance —=— PCM
—e— RRAM —e— RRAM
—A— MRAM —A— MRAM

—v— NAND —v— SRAM

I\

\

\ —+— DRAM —o— eDRAM
\ Cell Size Write Energy
Density 4 L\ Speed

Endurance

Write Speed Read Speed

Fig. 3. Performance comparison of different Fig. 4. Performance comparison of different
NVM technologies with respect to NAND and NVM technologies with respect to SRAM and
DRAM for stand-alone applications. eDRAM for embedded applications.
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automotive applications [8]. Furthermore, since the discovery of phase-change ma-
terials and PCM, a high radiation tolerance was foreseen [J] expanding the fields of
application for this technology.

Objectives of this work

Since all the electronic based systems need a power supply to assure their functionality,
the development of low power devices is the main target of the modern technology. This
represents a big challenge for PCM since this technology is characterized by the higher
writing energy among the emerging NVM (see Fig. . Indeed, the lowest programming
current demonstrated in PCM is of 30 pA on 256 Mb [10], to be compared with less
than 10 pA achieved at array level in both RRAM [11] and MRAM [12].

In this scenario, the objective of this thesis is to contribute to the development of
the next generation Non-Volatile PCM targeting ultra-low power consumption. Since
PCMs rely on Joule Heating, the thermal optimization of the device represents a key
point for investigation. In this work, the thermal optimization of the cell is carried out
by the interplay of three different aspects:

- The thermal conductivity characterization of both dielectric and conductive ma-
terials that 1) are currently integrated, ii) present interesting properties and are
potential candidates for integration in next generation PCM devices;

- 3D electro-thermal simulations of PCM devices, allowing to describe the temper-
ature profile in the memory cell and to further investigate the main parameters
to be tuned in order to improve the thermal performances of the cell;

- The electrical characterization of PCM devices (e.g., programming current, speed,
endurance) to define the performance of different state-of-the-art PCM configu-
rations and their ability to reach low-power operations.

In Chapter 1, the basic working principle of Phase-Change Memories will be in-
troduced. Then an overview of the approaches proposed to reduce the programming
current in PCM will be described in Chapter 2.

Chapter 3 will focus on the measurement of material thermal conductivity. At first,
theoretical models will be presented. Then, the setup of a 3w method and its opti-
mization will be described. Furthermore, the validation of the measurements on a set
of materials will be reported, comparing the resulting thermal conductivity values to
those obtained by another method (Modulated Photothermal Radiometry) at the Insti-
tut de Mecanique et d’ Ingenierie (12M) de Bordeaux and at the Laboratoire National
de Metrologie et d’essais (LNE) in Paris.

The measured thermal conductivity values were exploited in a numerical model, based
on finite-element simulations. A parametric study on the Wall-based PCM will be
presented in Chapter 4. In particular, the electro-thermal response of the PCM device
subjected to an external voltage pulse will be described, and the influence of the mate-
rial and geometrical properties will be investigated to identify the optimal conditions
for low-power PCM applications.

Chapter 5 reports the results obtained via the electric tests performed on different
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low power solutions. The results will involve a discussion on the PCM performances
by coupling the electric test with the device electro-thermal simulations and physico-
chemical analysis performed on the programmed devices. We will mainly focus on i) the
importance to tune the encapsulation layer thermal conductivity in Wall based PCM;
ii) the 50 wA and size-independent RESET current achieved thanks to an interfacial
GeN layer on 4kb matrice and its potentiality to be further scaled; iii) the possibility
of alternative current reduction solutions for PCM low power performance and iv) the
impact of material and architecture engineering on PCM radiation hardness. Finally,
potential future directions of investigation will be provided.






Chapter 1

Phase-Change Memory

The Phase Change Memory functionality relies on the reversible switching from a high
resistive state to a low resistive state of the phase-change material deposited between
the two electrodes. Therefore, PCM performance depends on the phase-change material
properties.

In this chapter, the main features of phase-change materials are introduced, dealing
with an analysis on the crystalline structure and of the nature of the crystallization
mechanism taking place during the amorphous-to-crystalline transition. The difference
in the conduction mechanism between the two phases is also addressed.

We than move our focus on the Phase-Change Memory device and first introduce
the strategy to write/erase an information in a device. The electro-thermal model
driving the device functionality is then introduced to trigger possible path for PCM
optimization.
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1.1 Phase-change materials and phase-change mechanism

During the 1960s, Ovshinsky first presented the existence of a switching mechanism
when a phase-change material is subjected to an external voltage [15]. This mechanism
causes the transition from a high resistive state (amorphous phase) to a low resistive
state (crystalline phase), introducing the concept of information storage in the two
phases of the material. The transition between the amorphous and the crystalline
phase is evidenced by a characteristic resistance vs temperature curve (Fig. [I.1)): as
soon as the crystallization temperature (7) is reached, the material electrical resistiv-
ity suddenly drops. In this section, we will present at first the phase-change materials
chemical composition. After that, we will focus on their crystalline structures and
on the principle underling the atomic rearrangement, which enables the crystalline-to-
amorphous and amorphous-to-crystalline phase transitions.

1.1.1 Crystalline structure and phase transition

Phase-change materials belong to the family of chalcogenides, which are compounds
of chalcogens (e.g. sulphur, selenium or tellurium) with electropositive elements or or-
ganic radicals. The most used phase change materials are ternary chalcogenides based
on a Ge-Sb-Te alloy. The ternary diagram of a Ge-Sb-Te system is shown in Fig.
where each of the three apexes represents one of the elements composing the alloy.
Each point of the diagram is referred to a specific Ge-Sb-Te composition, defined by
the correspondent atomic percentage value reported along the three axis. Modifying
the material composition, it is possible to tune its properties and, consequently, the
performance of the device in which it will be integrated. From the application point

j TC 0000
. 107 3% <«—crystalline phase ® ® ® @ ——>
© E \ longrangeorder @ @ @ @
SR (XXX
o 10° 4 : i
@ 3 X H
3 : :
8 10°4 i
s i A
= — i
L 9 RS
& 104 00% ¢
o Jamorphousphase @ g

< rde CY )
po no order o ... o
<) 3 1 " .
% 10" 3 after heating :

] ane subsequent cooling

10 1] * 1

T T T 7 T T
50 100 150 200 250 300 350 400
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Ge at %

Fig. 1.1. Characteristic resistance vs tempera-  Fig. 1.2. Ternary Ge-Sb-Te phase dia-
ture curve for a phase-change material. When  gram [I4].

the crystallization temperature (7.) is over-

come, the material reorganizes in a crystalline

phase, resulting in a drop of the electrical re-

sistance [13].
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Hexagonal
NaCl

Fig. 1.3. Representation of the hexagonal crystal structure and the metastable NaCl structure [I7].

of view, compounds characterized by high crystallization temperature and speed are
desired [16]. Materials belonging to the GeTe-ShyoTes pseudobinary system (indicated
by the black line in Fig. present this features. In particular, the most used chalco-
genides for non-volatile memories applications are GeTe and GeaShoTe; (GST).

The crystalline structure of phase-change materials can be either hexagonal (hcp) or
face-centered cubic (fcc). As an example, the schematic representation of these two
structures is reported in Fig. for GST. The GST hexagonal structure is made up of
three unit cells, characterized by a rhombic top and bottom plane with vertex angles of
60° and 120°. The major covalent bonds in the unit cell are arranged in even-numbered
rings and are represented in the schematic as black lines connecting the atoms. The non
uniform arrangement of the atoms requires a long heating time to allow the material to
rearrange its atoms in the hexagonal configuration. On the contrary, by heating up the
material in a small time range (i.e., nanoseconds to microseconds), the most probable
crystalline arrangement is the metastable NaCl-like structure [17] (Fig. [L.3). When
GeyShyTes is in this metastable NaCl-like structure, the Te atoms take the place of Cl
sites while Ge and Sb randomly occupy the Na sites with 20% of vacancies. In the unit
cell of the metastable NaCl-like structure, the vacancy site is highlighted by the dashed
circle situated at the center of the cubic cell. Therefore, when the GST undergoes the
phase transition, it organizes at first into a face centered cubic (fcc) structure, then
into the hexagonal one. A description of the atomic rearrangement taking place during
the phase transformation is reported in Fig.[I1.4] The transition from the crystalline to
the amorphous phase occurs only if the material is melted via Joule heating and then
rapidly quenched back to room temperature. On the contrary, to recover the crystalline
state, the material faces the threshold switching phenomenon. At this point, the Joule
heating generated in the material allows the crystallization if the temperature achieved
in the system favors the atomic reorganization.

The optimal condition to get the amorphous to crystalline phase-change depends on
the material composition, hence on the type of crystallization mechanism driving the
resistive transition, as will be described in more details in the next section.
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Fig. 1.4. Description of the phase-change transition. At first, crystallne material has to undergo a
melting process. Setting a sufficiently high cooling rate, the amorphous phase is then obtained. On

the contrary, the crystalline state can be achieved exclusively with a specific temperature profile which
favor the atomic reorganization [I7].

1.1.2 Crystallization mechanism

The crystallization mechanism in chalcogenide materials follows the classical nucle-
ation theory developed by Gibbs [I8] and is based on the thermodynamic description
of a system made up of a crystalline cluster evolving in an amorphous matrix. At the
beginning of the crystallization mechanism the created clusters are small and unsta-
ble (i.e., crystal nucleation) until some of them are able to increase their radius above
a critical dimension at which they become stable nuclei and can grow to macroscopic
crystals (i.e., crystal growth). The time needed to reach the critical size is called tran-
sient or incubation period. Therefore, a long transient period inhibits the material
crystallization.

Dependending on the mechanism dominating the phase transition, chalcogenides are
classified in nucleation dominated or growth dominated materials. In nucleation-
dominated materials, the crystalline state is achieved when the nucleation rate (number
of critical nuclei formed per unit time in a unit volume of the material) is high enough
to fill the entire volume, leading to an increase of the material conductivity. The nucle-
ation is defined as homogeneous when the probability of nucleus formation is constant
in the entire volume under investigation; while it is defined as heterogeneous when the
presence of interfaces, boundaries or defects can favor the nucleation in these regions.
Therefore, melt-quenching or thermal pre-treatment could modify the crystallization
speed [5], [19].

In growth-dominated materials, both nucleation and growth occur but the nucleation
rate is small enough to do not significantly contribute to the crystallization mecha-
nism. Growth is associated to the possibility of the atoms to reorganize at the inter-
face between the amorphous and the crystalline region. The amorphous to crystalline
transition takes place only if each atom is able to overcome a certain energy barrier,
resulting in a reduction of the overall energy of the system. The growth speed (v,) can
be determined by considering a combination of the probability of the atom to remain
in its amorphous state and the probability for it to undergo the phase transformation.
The two crystallization mechanisms has been studied in phase-change materials. Par-
ticularly, Lee et al. [I9] exploit the difference in reflectance between the crystalline
and amorphous phase to monitor the crystallization process by pump-probe laser mea-
surements and Atomic Force Microscopy (AFM). In this study, two materials were
investigated and compared: GST and AgInSbTe (AIST). As shown in Fig. a, the
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Fig. 1.5. a) Reflectance change of GST obtained with a laser spot diameter of around 1 um. A
reflectance change is observed after 0.1 ps, b) Atomic Force Microscopy (AFM) analysis of the GST
sample after laser exposure, shows the multiple supercritical nuclei growing individually. ¢) Reflectance
change of AIST obtained with a laser beam diameter of 2 pm. In AIST, the nucleation time is
stochastic and longer than GST (tens of ps). d) AFM measurements on AIST highlights thegrowth
phenomenon from a single supercritical nucleus [19].

GST reflectance remains constant during a nucleation time of 0.1 us. After that, it
increases monotonically, indicating the formation of multiple super-critical nuclei which
grow up separately as can be observed in Fig. [[.5] b. The area is not completely filled
with nuclei since the crystallization has been interrupted by turning off the pump-laser
before the full crystallization of the layer. For AIST, instead, the nucleation time is ten
times higher than in GST. During this time, the material try to generate some nucleus
in a stochastic way before facing a rapid crystallization, as witnessed by the abrupt
change in reflectance reported in Fig. [I.5 c. The AFM analysis on the sample is re-
ported in Fig. [I.5]d where the growth from a single supercrytical nucleus is evidenced.

1.1.3 Conduction mechanism in amorphous and crystalline phase

In 1976 the discovery of localized states in the energy gap of amorphous chalcogenide
materials [22] paved the way for the study of the conduction mechanism in both the
amorphous and crystalline state by the quantum semiconductor theory. Furthermore,
the investigation of both the optical and electrical properties of phase-change materials
gave the possibility to predict the band structure of the two phases. The absorption
coefficient of GST as a function of the photon excitation energy is reported in Fig. [1.6]
The steep reduction of the absorption coefficient at lower energy is an evidence of the
band edge. In particular, the optical gap evaluated for the amorphous phase has been
associated to the presence of Urbach tails, decaying exponentially due to the presence
of localized states generated by the disorder in the amorphous matrix, as stated by the
Anderson theory [20]. The position of the Fermi level has been, instead, investigated
by Hard x-ray photoemission spectroscopy (HXPES) which allows to detect the density
of state in the valence band with respect to the Fermi level. The HXPES spectra of the
amorphous and crystalline phase as a function of the energy are reported in Fig. for
both GST and GeTe. The energy zero along the x-axis coincides with the Fermi level.
The valence band minimum (VBM) is closer to the Fermi level in the crystalline phase
with respect to the amorphous for both the materials. This is in accordance with the
higher electrical conductivity typical of the crystalline state. The deep valence band in
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crystalline GST indicates the possibility to have an almost metallic conduction (i.e., de-
generate semiconductor). On the other end, the amorphous phase presents a bandgap
of 0.8 eV (i.e.,, a VBM at 0.4 eV), as an evidence of its intrinsic semiconductor na-
ture characterized by a Fermi level pinned at midgap. Further studies evaluated the
hole concentration in crystalline GST by the measure of the Hall coefficient [20] [23],
demonstarting an acceptor-like band in accordance with the 20% of vacancies typical
of the fcc GST.

The density of state and band schematic argued from the previous studies is reported
in Fig. [[.§ along with the current vs voltage curve associated to both phases of the
material. The crystalline phase is represented as a degenerate semiconductor since the
Fermi energy lies between a defect band and the maximum of the valence band with
low density of free carriers even at low temperature (10'%-10%° cm™3 at T = 5 K [20])
highlighting the tiny energy difference between valence and defects band. Hence, as
soon as the temperature is increased, the amount of carriers involved in conduction
increases drastically giving rise to a metallic conduction mechanism. This behavior is
reported in the IV curve, where a typical Ohmic (V = RI) trend is evidenced for a
crystalline material. In the amorphous phase, instead, the material can be considered
as an intrinsic semiconductor with the Fermi level in the middle of the gap. This is
mainly due to the presence of band tails in the valence band caused by lone-pairs or
other defects, such as dangling or distorted bonds (e.g. Ge-Ge bonds in GST), which
generate localized states in the material. Therefore, the conduction mechanism of an
amorphous material is completely different from the crystalline one. This is evidenced
in the experimental IV curve where the amorphous characteristic is firstly non-linear.

Occupied states

®  Crystalline

10°- B
= § o Amorphous
£
£
a

5 -

10 =

P %

E %}

S , =
¥ Lot i

04 ] =

] - - - - Amorphous .g

! ——FCC &

v e Hexagonal £

' 5

0% I

=
T T T T T m 5
0 1 2 3 4 5 6 2 1 0 1 2
Photon Energy (eV) Energy (eV)

Fig. 1.6. Measured absorption coefficient o as  Fig. 1.7. HXPES spectra for

a function of photon energy for amorphous and ~GST (top) and GeTe (bottom)

crystalline GST [20]. The presence of a band in the amorphous and crystalline

edge is evidenced by the steep reduction of the phases [2I], highlighting that the

absorption coefficient at low energy. Valence Band Minimum (VBM) is
closer to the Fermi level (En-
ergy = 0 eV) for crystalline phase
with respect to the amorphous
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Fig. 1.8. (left) Density of state and band schematic for a chalcogenide material in a) amorphous
phase and b) crystalline phase [23]. (right) Current vs voltage characteristic associated to both the
crystalline (empty squares) and the amorphous (filled squares). The IV obtained for a RESET state
presents a snap back, hence a threshold voltage at 1.2 V [26].

Fig. 1.9. Representation of the trap-limited conduction mechanism. The traps states modeled as
potential wells with height A¢(V') and distance Az are reported (left) at zero applied voltage (V = 0)
and (right) under an external voltage. The latter induces a barrier lowering and a consequent increase
of the hopping probability to a neighbor cell when a small thermal excitation is induced in the sys-
tem [23].

Indeed, the current increases following an exponential law until the onset of the thresh-
old switching phenomenon, where the curve evidences a snap-back. After that, the two
curves get superimposed (i.e., ON-state) as an effect of the phase transition. The
conduction mechanism associated to the non-ohmic region before the threshold switch-
ing (i.e., OFF-state) can be ascribed to different phenomena [24]. Nevertheless, the one
that is most commonly attributed to a high trap density material is the Poole-Frenkel
mechanism. This is based on the electronic hopping generated by the thermal excita-
tion between two trap states, usually modeled as a potential well with a height A¢ and
distance Az (Fig. . When an external voltage is applied to the system, the hopping
probability increases exponentially giving rise to a current [25]:

I = IV (1.1)

where [ and I, are constants depending on the trap distance and barrier height. When
a potential is applied to a system with high density of traps (small Az), the barrier
height reduces to A¢(V') in accordance with the following relation:

Ap(V) = Ag(0) — qF — = —qV — (1.2)
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with A¢(0) being the energy barrier when no external voltage is applied to the sys-
tem (Fig. , q the elementary charge, F' the electric field and u, the amorphous
chalcogenide thickness.

1.1.4 Threshold switching

The IV curve of an amorphous chalcogenide (Fig. , described in the previous section,
shows an instantaneous change in the material conductivity at a specific voltage (V).
It represents the onset of the threshold switching phenomenon, which leads to have
two different currents values associated to the same applied voltage. These two values
are referred to the OFF and ON-state of the material.

The threshold voltage V,;,, represents the transition between these two states. The
origin of the threshold switching mechanism was longly debated in the years. Recently,
Telimini et al. [26] described the threshold switching as based on the non-equilibrium
distribution generated by a relatively high electric field applied to the system. In
particular, in this conditions, the electrons can access traps states at higher energies
due to tunneling or thermal emission or energy gained by the external field. In general,
the relaxation process counterbalances the gain in kinetic energy keeping the system in
the equilibrium state. Nevertheless, in a system with trapped electrons, the relaxation
process can involve phonon emission and impurity ionization (i.e., a high-energy carrier
can transfer part of its energy to a carrier trapped at a deep level). Hence, the kinetic
energy is shared among more exited electrons, leading to a non-equilibrium distribution
of carriers. This scenario is reported in Fig. @, where uq opp is the region where
the Fermi level represents the highest occupied trap state at equilibrium. This is
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Fig. 1.10. Potential profile and electrons energy
distribution in an amorphous chalcogenide ma-
terial a) below and b) above threshold switch-
ing. At low current, the system is in equi-
librium (OFF), while at high current a non-
equilibrium condition takes place in a part of
the layer characterized by an increase in the
conductivity (uqon) [26].

Voltage [V]

Fig. 1.11. Current vs voltage characteristic
measured for devices characterized by an amor-
phous volume of different thickness (u,). The
thickness and resistance increase induces a de-
crease of the subthreshold slope (STS), leading
to an increase of the threshold voltage [27].
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considered as an OFF layer since the population is still controlled by the equilibrium
statistic (i.e., no conduction switching is possible). Along the thickness u, oy, instead,
the non-equilibrium distribution results in a high conductive regime. Therefore, the
two regions are characterized by different electric fields even if the same current is
flowing into them. This gives rise to the voltage drop in Fig. [I.§ In particular, the
applied voltage is splitted in the two regions as:

¢ = Foprua,orr + FoonUa,0N (1.3)

with Fopp and Fpy respectively the electric field in the OFF and ON layers. Fur-

thermore, u, orr is independent from the amorphous layer thickness since it obeys the

following relation:

Ery — By
qForr

where Ersy is the energy of the deep trap aligned with the Fermi level and Ergy is a
shallow trap close to the conduction band edge. Therefore, an increase in the overall
amorphous thickness will not impact u, orp. It will cause, instead, the increase in u, on
and the decrease in the voltage across it. As a consequence, the gap between Fprp and
Fon will be enhanced, resulting in a higher V;,. The IV curves associated to devices
having different amorphous thicknesses are reported in Fig. .11} This highlights
the threshold voltage increase with the amorphous thickness as well as it evidences
the increase of the resistance and the decrease of the ratio between the current and
the voltage variation (i.e., dlogl/dV), defined as the sub-threshold slope (STS). The
correlation between the V;, and the amorphous thickness represents a parameter of
valuable interest especially when the chalcogenide material is integrated in a device, as
it will be presented later in this work.

Ua,OFF = (1.4)

1.2 Phase-change memories

Phase-Change Memories (PCM) are two terminal devices where a phase-change mate-
rial layer is sandwiched between two electrodes and the difference in resistivity between
the two phases is used to store the information. In general, the amorphous phase is
associated to the logic state 0 (RESET) while the crystalline phase corresponds to the
logic state 1 (SET). The information is stored with a write operation that induces a
resistance switch in the material through the application of an external voltage pulse.
The SET and RESET write operations are schematized in Fig.[I.12] The amorphization
is ensured by a voltage pulse high enough to induce the melting of the phase-change
material inside the device (T > Ty, Where T, is generally around 650 °C) and
with sharp pulse edges to maintain the disordered atom arrangement, achieved during
melting, even when the material is cooled down back to room temperature. Indeed,
during the fast quenching the atoms mobility is small enough to prevent the atomic
rearrangement. To switch the material from the amorphous to the crystalline phase,
instead, the voltage pulse should be able to keep the temperature in the fast crystalliza-
tion regime long enough to ensure the re-crystallization of the whole amorphous region.
Therefore, the crystallization process is characterized by a longer pulse edge (i.e., fall
time) with respect to the amorphisation. Hence, the temperature profile control inside
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Fig. 1.12. Representation of the writing principle of a PCM cell, with a comparison of the power,
temperature profile, phase configuration and resistance during the SET and RESET programming
conditions. The RESET pulse heats the material above the melting temperature and it leads the
memory in an high resistive state (amorphous phase) when rapidly quenched back to room temper-
ature. By tuning the power used during the programming pulse, the final RESET resistance can be
modulated. The SET pulse, instead, heats the material up to the crystallization temperature and
cool the system down with a specific speed which enable the atomic reorganization to a low resistive

state [28].

the cell is fundamental to achieve an accurate storage of the information. To be noted
that during the writing operation the voltage pulse need to have an amplitude higher
than the threshold voltage (V > Vy,).

The programmed state can then be read through a read operation. This step retrieves
the information stored in the cell (i.e., amorphous or crystalline state). The read op-
eration consists in the application of a voltage pulse low enough to do not modify
the memory state: the voltage amplitude should be smaller than Vy,. Nevertheless,
even if a V < Vy, is used, the information retrieved by a read operation can assume
different values dependently on the time and temperature at which the measurement
is performed. This effect mainly occurs in material being in the amorphous phase.
Indeed, when the material is in this phase, it can face a structural relaxation, which
macroscopically leads to the resistance drift towards higher values, due to the thermally
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activated nature of the electric transport, typical of the materials in these phase. At
room temperature, the resistance (R) evolution in time (t) is described by a power low
as follows: )

R=R, (i> (1.5)

to

were Ry represents the resistance at t = 0 (fp) and v is the drift coefficient, which is
material dependent.
Moreover, the pulse used to SET the memory cell is not always capable to completely
crystallize the material. Therefore, most of the time, the SET state is referred to a
poly-crystalline state of the material. In this condition, the structural relaxation can
occur at the grain boundaries between crystalline grains [29]. Furthermore, it has been
demonstrated that the drift coefficient is temperature dependent. It increases linearly
with temperature [30] until nucleation and growth take place, leading the resistance to
decrease back to the starting value [29]. To be noted that, unlike the RESET state,
the SET drift could cause the resistance window to reduce, hindering the programming
of the cell.

1.2.1 Electro-thermal analysis

The PCM working principle is based on the coupling between i) an electric contribution,
due to the voltage applied and the current flowing in the device and ii) a thermal
contribution, associated with the temperature rise in the system due to the Joule
heating.

1.2.1.1 Device functionality

The typical IV and RI (resistance vs current) characteristics of a PCM cell are reported
in Fig. and Fig. [I.14] respectively. The curves are reported for both a PCM de-
vice initially in the crystalline phase (empty markers) and amorphous phase (filled
markers). When the material is crystalline, the IV curve follows a ohmic behavior
for low applied voltages. Increasing the voltage, the material is heated up by Joule
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Fig. 1.13. Current as a function of voltage for a  Fig. 1.14. Resistance as a function of current
PCM device in SET state (empty squares) and  for a PCM device in SET state (empty cyrcle)
RESET state (filled black dots) [31]. and RESET state (filled black squares) [32].
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Fig. 1.15. Melting current as a function of the SET resistance compared for different architectures
presented in literature, showing a linear correlation between the two parameters. [33]

heating. As a consequence, its atomic arrangement get drastically modified when the
melting temperature is reached. This induces the onset of the ON-state, evidenced
by a change of slope in the IV curve. The PCM resistance at this stage is called ON
resistance (Ron). In general, it represents the bottom electrode resistance since the
melted phase-change layer contributes marginally to Roy. After melting, the material
can reach the amorphous phase through a rapid quencing. It is important to notice
that in a PCM device, the abrupt cooling will not always result in a resistance increase:
if the interface between the chalcogenide and the bottom electrode is not completely
covered by the melted region, the residual crystalline zones play the role of conductive
paths, thus contributing the most to the final resistance value (i.e., in the equivalent
electric circuit, the conductive paths are modeled by a resistance in parallel to the
melted region one).

On the contrary, when the initial state of the material is amorphous, the IV char-
acteristic follows the non-ohmic behavior according to Eq. [I.I] until the onset of the
threshold switching (V;;). This will result in an abrupt reduction of the resistance,
as reported in Fig. [[.14] At this point, the material reaches the ON-state, where the
device can partially SET, if the active material achieves a temperature in the range of
favorable crystallization. At this stage of the programming operation, the crystalline
order achieved depends on the shape of the pulse used to program the cell. Therefore,
the measured resistance could be higher than the SET value, as it is shown, for exam-
ple, in the SET region of Fig. Independently from the initial state, when the full
region above the bottom electrode is melted, the material can be either programmed
in RESET or in SET, depending on the shape of the applied pulse: a short fall time
will RESET the device (as in Fig. while a long fall time will SET it.

The PCM can be described by looking at two parameters controlling its functionality:

- the melting current (I,,), which is directly related to the device power consump-
tion

- the SET resistance (Rsgr), which refers to the material conductance in the crys-



1.2 Phase-change memories 19

700 Incongruent melting Before cycling After cycling
M_ 1 1
e Sb, Te-rich 630 °C
g sof 615 °C (\.G ich
- 503 <G ]605 °C e-nc
A
=}
& soof 5 | |&
2 S5 5
3 8 |8 |8
I~ 400} ¢ (@ |®
o |0 |0
328 C
300
Sb,Te, GeTe
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ShyTes-GeTe [34] X-ray spectroscopy (EDX) performed before
and after cycling. The analysis shows that af-
ter cycling the Sb atoms are pulled down to the
bottom electrode/GST interface and the Ge is
placed in the surrounded area [35]

talline state. This resistance is also associated with the contact area between
the chalcogenide material and the bottom electrode when devices with the same
active layer are compared.

The relation between I, and the SET resistance for different PCM cell architectures is
reported in Fig. [33]. The trend evidences that the higher is the SET resistance,
the lower is the current needed to melt the material. Therefore, device scaling is a
suitable solution to reduce the melting current in PCM. As a matter of fact, shrinking
all the device dimensions by a factor k, the electrical and thermal resistance (defined
in the next section) increase of k, while I,,, should decrease of the same factor, enabling
better power performances [33]. In addition, using a low current to induce the phase
change is particularly advantageous for the chalcogenide material aging. Indeed, the
use of high programming current can be detrimental for the material upon multiple
programming of the memory state, since it generates a non-uniform reorganization of
the material inside the programmed region. This phenomenon is known as material
segregation.

Phase segregation

Studying the behavior of a GST based PCM after a programming cycle at temperature
higher than T, csr [34], S. W. Nam et al. demonstrated that the GST faced a phase
separation into a Sb-Te-rich region and a Ge-rich one. Considering the pseudobinary
phase diagram between ShyTes and GeTe reported in Fig.[I.16] the phase separation can
be explained by a non-congruent melting in the ternary compound: at 630 °C a Sb-Te-
rich phase begins to melt, while the Ge-rich phase is solid between 630 °C and 650 °C.
Furthermore, a poor electrical contact between the electrode and GST can further
enhance the heat generation, pulling the Ge atoms away from the liquid region. The
same behavior has been observed by comparing EDX images on GST based PCM [35].
As shown in Fig. the material reorganization results in:

- a Sb-rich region close to the bottom electrode contact, which improves the contact
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area with the phase-change layer and can potentially induce a reduction in the
SET resistance along cycling;

- a Ge-rich region moving towards the external part of the Sb-rich region;
- an almost unchanged Te distribution in the overall layer.

Further studies demonstrated that the material segregation is dependent on the po-
larity applied to the device [36]. When the cell is subjected to a standard forward
bias condition, the Sh-rich region locate in contact with the bottom electrode and it
is surrounded by Ge-rich region, as described above. Crespi et al. [37] developed an
atomic migration model based on Wall structure PCM which is in accordance with the
experimental behaviour: the Ge and Sb segregation is a result of the themal diffusion,
while the Te atom displacement is electrif field driven.

Materials not belonging to the stoichiometric tie-line face phase segregation as well.
In particular, Ge-rich GST starts to segregates during its re-crystallization. In this
case, first a GST or Sb-rich phase (i.e Ge;SbyTe; or the Ge;SbyTey) is formed due to
its lower T; then, further crystallization induces a Ge-rich residual amorphous with a
composition more similar to GezShyTeg or the GeyShsTe;, which is known to have a
higher crystallization temperature (see Fig. and Fig. [38]. Whereas, in Sh-rich
GST [39], the Sb in excess does not fill up the vacancies of the NaCl-type structure: the
material is quite similar to GST and the Sb in excess remains amorphous by increasing
its concentration at the grain boundaries.

However, this undesirable phenomenon is not always detrimental for the device. In
fact, when the cell faces a stable elemental segregation, the device performance can be
improved, particularly the endurance. As an example, Sh-rich confined PCM demon-
strated the highest endurance in PCM, reaching 2 102 cycles. In this case, a complete
material segregation occurs in the first set of ten switching operations. As a result, a
Sh-rich region is located close to the bottom electrode and it does not evolve throughout
the cycling, avoiding both voids generation and further material segregation, ensuring
the higher endurance [40]. The material segregation has also been exploited to develop
Inter-Granular Switching PCM (IGS PCM) featuring both low power (i.e., program-
ming current of 30 pA) and high endurance (10'! cycles) [10]. Unlike conventional
memories, the IGS PCM is a multi-grained structure where the phase-change spreads
only in the inter-grain regions. Therefore, the programmed volume is limited and the
write energy reduced.

In conclusion, the material segregation is a phenomenon taking place in all the PCM
devices. Nevertheless, by tuning the material composition, it can be finely controlled
and exploited to improve the PCM performance depending on the target application.

Exploting segregation: from Ge;Sh,Te; to Ge-rich GST
The most commonly used phase-change material is GeySbhoTes. Nevertheless, it is not
suitable for all the possible applications that PCM can fulfill. As an example, the
use of PCM for automotive applications requires a stability of the amorphous phase
for 10 years at 150 °C. This target cannot be attained by GST, due to its low crys-
tallization temperature (around 150 °C). For this reason, different materials lying on
the SbyTes-GeTe tie-line gained the attention of the scientific community. Some of
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Fig. 1.18. (left) Crystallization temperatures T, as a function of compositions in the Ge-Sb-Te ternary
phase diagram [41].(right) Resistivity versus temperature for GeaSbaTes and Ge-rich GST thin films,

showing the increase of the crystallization temperature with increasing Ge content [42].

Gofoc Cell state Main features of the conductive path
— L
« GSTfec Highly resistive Ge**-rich GST
— —e GST hex polycrystalline material.
:i .-——JU A .

s v 600°C] Inmahzed Low resistance Ge*-rich GST
S. 550°C polycrystalline material.

R
t - 500°C RESET Thermally stable Ge*-rich GST
O | et - ¥ amorphous dome.
2 400°C
w \ - SET Crystalline column with few
= 350°C @ low current amorphous-like grain boundaries.
2 opoaet ™ -
L - - 300 C SET Polycrystalline material with
20 30 40 50 60 @ high current poly-cr randomly oriented grains.
20 [degree]

Fig. 1.19. X-ray diffraction (XRD) spectra of GST+Ge45% film after annealing at different tempera-
tures, showing the phase separation of Ge and GST. Schematic of the composition and shape of the
active volume during the programming of Ge-rich GST. [41].

the materials investigated are reported in Fig. along with their crystallization
temperature. It is evident that the Ge content can increase the crystallization temper-
ature with respect to GST. This is further confirmed by the resistivity vs temperature
analysis performed on different compositions obtained by increasing the Ge content
in GST. In fact, the alloy with the higher Ge content demonstrates a crystallization
temperature increase of more than 100 °C (which ensures a better thermal stability)
as well as an increase of the crystalline state resistivity. These two features of Ge-
rich GST compositions are advantageous when targeting automotive applications [43].
The higher crystallization temperature is explained by the increase of the tetrahedral
Ge-Ge bonds induced in Ge-rich alloys [44] [45]. As a result, the material has a more
disordered structure, leading to a higher material resistivity and a slower crystallization
mechanism [46].

XRD spectra performed at different temperature on GST enriched with 45% of Ge is re-
ported in Fig. [[.T9} These show that the material crystallizes at 350 °C and segregates
in crystalline GST (fcc or hep) and fee Ge. An evidence of the material segregation
induced in programmed PCM devices is reported in Fig. [1.19] where the phase-change
material reorganization results quite similar to the one observed in GST (Fig. [1.17)).
At first, the highly resistive Ge-rich material is initialized: part of the Ge is moved
out from the active area, while the rest is kept inside it, therefore, the programmed
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region is still made up of a Ge-rich alloy. Consequently, the RESET state presents a
high thermal stability, differently from the GST-based PCM. The Ge-rich composition
achieved a data retention up to 10 years at 185 °C, which is above the requirements
for automotive applications. The SET state of Ge-rich PCM, instead, is characterized
by amorphous-like grain boundaries/randomly oriented grains (Fig. , resulting in
the increase of the SET resistance drift coefficient with respect to GST based devices.

1.2.1.2 Electo-thermal properties

The electro-thermal behavior of the cell can be described by a classical heat transfer
model in stationary conditions:

Voqg=Q (1.6)

where ¢ is the thermal flux which obeys the Fourier’s law of heat transfer:
q=—kaVT (1.7)

and @ is the power density represented by the Joule heating induced by the external
voltage applied to the cell: o
Q=J F (1.8)

In the previuos equations, ky, represents the thermal conductivity and E is the elec-
tric field (E = J/o). Both the thermal and electrical conductivity are temperature

dependent in the phase-change layer. By coupling Eq. with Eq. and Eq. [5.13]

it is possible to predict the temperature achieved in a specific position of the memory
thanks to the following expression:

J2

kthO'

VAT = — (1.9)
Furthermore, it is possible to define the thermal resistance (Ry,) of a PCM cell by
considering the simplified Fourier equation:

AT = PRy, (1.10)

where AT is the temperature achieved in the system with respect to room temperature
and P, is the power injected in the system to obtain a specific AT, defined as:

Peet = RonI? (1.11)

where [ is the current flowing in the system. The evaluation of Ry, provides a quan-
titative estimation of the thermal efficiency of a PCM cell. Therefore, from Eq.
follows that the higher is Ry, the smaller the power needed to achieve a specific tem-
perature in the cell. Hence, the variation in temperature inside the device can mainly
be ascribed to: i) the thermal resistance of the device, which is dependent on the tem-
perature variation of ki, and o for the active layer and the material in contact with it
ii) the device geometry, since the current required to achieve the melting at a specific
J depends on the SET resistance. Consequently, the thermal conductivity of the ma-
terials used in the PCM as well as the device structure have a crucial role on the PCM
performances. These aspects will be describe in detail later in this work, respectively
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conductivity values measured by TDTR by
Lyeo et al. [47] and TDTR by Battaglia et
al. [48]

conductivity values for GST at different an-
nealing temperatures. The coefficient of ther-
mal anysotropy is one for the amorphous GST,

while it increases with annealing time, reaching
for both a cubic and hexagonal GST a value of
0.6 [49].

in the next paragraph and in ChJ2]
Thermal conductivity characterization

The thermal conductivity of the phase-change materials and of those being in direct
contact with it, plays a key role in the device functionality. Indeed, a small variation
in k;, can cause a significant change of the temperature profile inside the cell, affecting
the device performance. For this reason, the interest to characterize the thermal con-
ductivity of the materials involved in the PCM devices has increased. In particular, the
measured thermal conductivity value can enable an accurate electro-thermal modeling
of the memory [50], that can be exploited both to predict the device performance and
to propose innovative solutions to improve it.

The two most used methods to evaluate the thermal conductivity of conductive and
non-conductive layers are: the 3w method and the Modulated Photothermal Radiome-
try (MPTR). The former is based on an electric measurement performed via the contact
of the probes on an electrode heater deposited on top of the tested material. The latter,
is a contactless method. It is based on the optical measure of the radiation emitted by
the sample, in response to a photothermal excitation by a laser beam.

In the first studies, the out-of plane thermal conductivity of phase-change materials
has been evaluated at room temperature and a thermal annealing was used to carry the
material either in the crystalline or in the amorphous phase before their characteriza-
tion [51]. Lately, the test procedure have been improved and the thermal conductivity
measurements has been performed under a continous temperature increase, allowing
the thermal conductivity characterization during the phase transition. The GST ther-
mal conductivity evaluated with the 3w method showed a ky, ~ 0.14 Wm 'K~ in the
crystalline phase and &, ~ 0.39 Wm™'K~! for the amorphous one [50].

In the same way, H.-K. Lyeo et al. [47] and J.-L. Battaglia et al. [48] used non-
contact methods (time-domain termoreflectance (TDTR) and Photo-Thermal Radiom-
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etry, respectively) to measure the thermal conductivity evolution in temperature for
GegSheTes . The results, reported in Fig. [I.20] present comparable trend, with a
first Ky, increase in correspondence of the amorphous to crystalline transition and a
second one at around 350 °C, in line with the fcc to hep-crystalline transition. Further-
more, in both cases, the thermal conductivity remains stable at 1.6 Wm~'K~!, when
the material is characterized at room temperature after the same annealing thermal
budget. These results are comparable with other works reporting the thermal con-
ductivity on both amorphous GST (ky, ~ 0.2 Wm™'K™!) [51] [52] and fcc-crystalline
GST (kg ~ 0.5 WmK™!) [51] [53]. Moreover, the transition temperatures from amor-
phous to crystalline and crystalline to hexagonal are consistent with the one observed
in resistivity versus temperature measurements [54].

The small differences in the amorphous ky, values, follow the minimum thermal con-
ductivity approximation [55] [47]. It assert that in disordered crystals the presence of
structural defects does not impact the thermal conductivity value obtained by mod-
eling phonon transport as a system of localized oscillators. In addition, this is in
accordance with the hypothesis of phonon driven thermal transport for amorphous
GST [56]. Therefore, the small ky, variation observed can only be addressed to the
partial re-crystallization of the amorphous [57] or to the presence of thermal boundary
resistance (when the effective thermal conductivity is measured [58]). On the contrary,
the crystalline phase transport is mainly dominated by electrons [56]. Furthermore the
low ky;, glass like values obtained for the crystalline GST are not surprising. Indeed,
these are typical values for materials having a high concentrations of vacancies [55],
which is the case in crystalline GST, as observed by Kolobov et al. [59]. Fig.
further shows that, unlike the amorphous to fcc transition, the fcc to hep is really
gradual. Lyeo et al. ascribed the phenomena to an evolving mixture of cubic and
hexagonal GST, in the range of temperature investigated.

However, it is important to underline that all the presented works, independently from
the method used, do not investigated temperatures higher than 400 °C, while the melt-
ing temperature of GST is around 600 °C. The impossibility to reliably test at high
temperature is caused by the thermal diffusion effect, which can impact the temperature
profile [60] or cause the sublimation of the layer along with the electrode cracking [61].
Recently, with the optimization of the device structure and the development of highly
scaled devices based on different thermal propagation mechanisms, raised the interest
in the evaluation of the in-plane thermal conductivity. A first study performed on GST
shows that the thermal conductivity anysotropy (i.e., ratio between in-plane and out-of
plane k) in crystalline GST assumes values within 0.65 and 0.8 (Fig. [L.21]). The phe-
nomena is currently ascribed to the columnar grain structure of GST generated during
the material annealing [62] [63] [49]. Nevertheless, further investigation are on-going
to confirm this hypothesis.

Thermal boundary resistance
Another factor influencing the thermal properties of the PCM cell is the thermal bound-
ary resistance (TBR). This arises from the partial transmission of heat carriers across
an interface [65] and, importantly, it is not negligible with respect to the thermal re-
sistance of the material itself. As an example, the TBR at the GST/Si interface (107
Km?W™!) is comparable to the Ry, of a 100 nm thick hep-GST [64]. In addition, the
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Fig. 1.22. Comparison of the temperature profile reached inside a memory cell a) with and b) without
Thermal Boundary Resistance (TBR). When the TBR is taken into account, the temperature is more
concentrated at the heater/chalcogenide interface [64]

impact of TBR represents a problem when dealing with thermal conductivity measure-
ments. Indeed, the final thermal conductivity of a sample depends on the thickness of
the tested material [58]: TBR has an higher impact on the final k;;, for decreasing film
thickness. Fig. [1.22| reports a comparison of the simulated temperature profile reached
inside a memory cell in presence and absence of TBR. This demonstrates that the TBR
plays an important role not only on the thermal performance of the device but also on
the electrical one. Namely, it reduces its RESET current by moving the point of max-
imum temperature (i.e., hot point) toward the electrode/phase-change layer interface.
Nowadays, the main challenge is to get an exact value for the thermal boundary resis-
tance at particular interfaces. As a matter of fact, different models has been presented
so far (e.g. classical mismatch model [66], metal-non metal TBR [67], metal-metal
TBR [68]), but there is still not an accurate one able to describe the thermal transport
at interfaces for different materials and temperatures.

In conclusion, the reliable measurement of the thermal boundary resistance at specific
interfaces remains a current challenge. Despite many models have been proposed so
far, they lack an accurate description of the thermal transport at the interface of differ-
ent materials and for different temperatures. PCM technology would for sure benefit
from TBR enginnering improvements; however, considerable efforts are still required
to accurately investigate and characterize TBRs in PCM devices.

1.3 Chapter summary

Phase-Change Memories are two terminal devices where a phase-change material is
sandwiched between two electrodes. Thanks to the threshold switching phenomenon,
the phase-change materials undergo a phase transition, leading the material to an
highly conductive state. Since the change of phase is reversible, then the two resistive
states of the material are used to store the information. The high resistive state is
associated to the logic state 0 (RESET), while the crystalline phase corresponds to the
logic state 1 (SET).

The most common used phase-change material is GST, but it cannot ensure the desired
properties for all the applications demanded by the market. Indeed, its low crystal-
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lization temperature cannot fulfill the automotive application requirements. In this
scenario, the higher crystallization temperature and resistivity of Ge-rich GST are ex-
ploited to achieve data retention up to 10 years at 185 °C, above the requirements for
automotive applications.

Furthermore, to attain the crystalline-to-amorphous or amorphous-to-crystalline phase
transition it is necessary to overcome the material melting temperature. After melt-
ing, the final state of the material depends on the amount of time given to the atoms
to rearrange: a rapid quench will result in an amorphous phase, while the crystalline
phase is obtained when the system has a sufficient time to recover the long range order.
As a result, the amorphous-to-crystalline transition is the slower between the two. In
particular, phase-change materials can be further classified based on their crystalliza-
tion mechanism (nucleation or growth dominated), which define the speed of the phase
transition.

In addition, the analysis of the band structure of the two phases highlights the differ-
ence in their conduction mechanism. The crystalline phase behaves as a degenerate
semiconductor while the amorphous phase is described by a trap dominated conduc-
tion, commonly associated to a Pool-Frenkel like mechanism.

Since every programming operation involves the temperature increase above the phase-
change material melting temperature, the electro-thermal analysis of the device repre-
sents an essential point for the understanding of the device functionality. As a matter
of fact, it evidenced the necessity to reduce the programming current of the device in
order to reduce as much as possible the power consumption and the material aging.
In this direction, the characterization of the thermal conductivity of the phase-change
layer and the other materials in its contact represent a crucial stepping stone to ensure
accurate numerical models, able to reliably predict the device behavior and to propose
further improvement to the device structure. The different strategies to develop low
power PCM will be presented more in detail in the next Chapter.



Chapter 2

Phase-Change Memory challenges

One of the main challenges in Phase-Change Memory is the reduction of the program-
ming current. Indeed, most of the power generated during the writing operation is
dissipated in the surrounding of the active volume and only 1% is used to store the
information.

In this chapter, the main sources of heat losses in a PCM device will be presented, dis-
cussing the need for a thermal engineering of the cell. The discussion will be focused
on the main solutions proposed so far in the literature: i) modification to the struc-
ture; ii) the engineering of the interfaces between the phase-change layer (PCL) and
the surrounding materials; iii) the tuning of the phase-change material composition.
Finally, a short digression on PCM targeting aerospace applications will be presented,
discussing a potential link between radiation hardness and device geometry.
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2.1 PCM engineering targeting low power consumption

The basic PCM cell is called mushroom or planar structure and it is made up of a
patterned bottom electrode (or heater) and a planar phase-change layer deposited over
the heater. In this structure a dielectric material is deposited in the regions where the
phase-change layer is not in direct contact with the heater (see Fig. .

S.M. Sadeghipour et al. [70] first carried out a simulation study on the basic PCM cell,
showing the spacial heat dissipation in the different components of the cell when the
device is under programming conditions. As a result, they demonstrated that 61% of
the heat generated during the programming of the cell flows in the bottom electrode,
while 21% is dissipated through the dielectric which is in contact with the heater,
and 17% is lost in the phase-change layer surrounding the active region. Therefore,
only 1% of the energy generated by the application of the voltage pulse is used to
program the cell (Fig. . In addition, the current used to bring the device in the
RESET state (i.e. RESET or programming current) is dependent on the contact area
between the phase-change layer and the bottom electrode. In fact, the comparison of
experimental results available in literature, brought out the linear correlation between
these two parameters (Fig. . Importantly, even if the contact area is reduced down
to 20 nm, as with the Carbon Nano-Tube (CNT) contacted PCM, the experimental
results are still far from the adiabatic lower limit [69], which assumes that all the
power injected in the system is used to store the information (considering the ideal
situation of an infinite thermal boundary resistance placed at the interfaces of the
phase-change material). In particular, the RESET current is two to three orders of
magnitude higher in the experimental results with respect to the simulated adiabatic
lower limit performances, independently from the contact area dimension. Therefore,
further engineering of the PCM device can be promising for the improvements of the
thermal performance, allowing the PCM to work at a lower power. In particular, the
main goal of this optimization is to keep a high temperature in the active volume
in order to achieve the melting of the material at the lowest current possible, while
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Fig. 2.3. left) Melting current (I,;,) as a function of the heater length (L) for a fixed heater diame-
ter ¢ = 30 nm at different SET resistances obtained by tuning the phase-change layer thickness (L.).
right) Simulated temperature distributions in mushroom-type PCM cells for different non-isotropic
scaling conditions.

ensuring a quick cool down of the active region to reach a reliable amorphisation. Even
if these two requirements sounds contradictory, many research groups proposed different
strategies to improve the thermal performances of the cell, which will be presented in
the next paragraphs.

At first, the linear trend between the RESET current and the contact area suggests
the contact area scaling as a strategy to attain low power performance. This can
be realized either by the development of new device structures or by the use of a
non-conductive interfacial layer interposed between the phase-change material and the
bottom electrode. These solutions will be analyzed in more details in Section 2.1.1 and
Section [2.1.2] respectively. In addition, as highlighted in Fig. [2.1] a relevant amount of
heat is lost through the materials in close contact with the active layer. This lead to
consider the material engineering as a further aspect to be investigated and optimized.
In fact, tuning the material properties, the device thermal resistance will be modulated
and, as a consequence, its electro-thermal response. At the moment, these solutions
represent independent directions of research, but the final aim would be to be able
to integrate more solutions in the same device, achieving the optimization of specific
performance, depending on the targeted application.

2.1.1 Device structure engineering and scaling

The first studies performed on the device structure engineering were mainly based on
the analytical and numerical analysis of a mushroom PCM. This architecture was ex-
tensively studied by modeling the PCM with its equivalent circuit [73]. The study
highlights the advantage of device scaling, considering the fabrication constraints such
as the fabrication of high aspect ratio structures as well as the difficulty to achieve a
good uniformity in thin layers. This analysis demonstrates that, under isotropic scaling
by a factor k (i.e., the interface between heater and phase-change layer (¢), the chalco-
genide thickness (L.) and the heater height (L) are all scaled by the same value), the
thermal, SET, RESET and ON-resistances scale of the same factor. On the contrary,
the RESET current and the power dissipated scale with a factor 1/k [32], enhancing
the device thermal performance.
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Fig. 2.4. Comparison between a planar and a
confined architecture in terms of RESET cur-
rent as a function of the contact diameter (CD).
The confined structure presents a reduction in
the programming up to 50%, independently
from the CD [71].

Fig. 2.5. Scheme of a dash-confined struc-
ture characterized by the self-alignment of the
phase-change material (PCM) with the bot-
tom and top electrodes ( TE and BE). A bot-
tom electrode contact (BEC)is deposited in the
same pore of the phase-change material [72].

A non-isotropic scaling was also investigated. It has been obtained by changing ¢,
L., Ly, in an independent way. The dependency of the melting current as a function
of the heater height for different SET resistances (i.e., L. tuned with respect to Ly
to keep the same resistance value) is reported in Fig. left. Interestingly, tuning
a single characteristic dimension of the device leads to a significant reduction of the
melting current. The non-isotropic structures exhibit an important difference in the
temperature profile, depending on the L. and L;, parameters (Fig. [2.3|right). This can
be strictly related to the impact of the different aspect ratio on the thermal resistance
of the overall system. In this scenario, the optimum cell is considered the one having
the hot point closer to the interface between heater and phase-change layer, since this
represents the region where the information is stored (Fig. ,right).

The advantage of using a scaled mushroom cell was also evidenced via experimental
study. The engineering of this specific architecture reduced the RESET current from
1 mA, achieved with a 180 nm PCM [74], to 700 HA in a 60 nm one [75]. In addition,
further studies opened the possibility to store multiple bits in the same device [76].
Different architectures were studied as a replacement of the standard mushroom-like
PCM. The main solutions presented can be classified in two main groups: built-in
heater and self-heating PCM.

Built-in heater PCM

Built-in heater structures optimize the PCM power consumption by investigating the
reduction of the contact area between the electrode and the phase-change material and
can be subdivided into three main categories: pore-type (and dash-type), trench-type
and Wall-based PCM.

The pore-type PCM was firstly introduced by Pirovano et al. [32], featuring a 50% re-
duction in the programming current with respect to a standard planar cell, as evidenced
in Fig. ﬂ The structure is basically characterized by a phase-change layer (PCL) de-
posited in a pore, which is opened inside an insulation layer. Therefore, the dimension
of the active region is related to the pore size. Its dimension defines, as a consequence,
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the RESET current. In this type of architecture, the deposition of GST with stan-
dard sputtering processes is challenging in terms of conformity, especially when the
pore dimension presents a high aspect ratio. A novel GST deposition process based
on in-situ deposition/etch/deposition method was presented [77], demonstrating an ex-
cellent conformity and ensuring a better contact with the top electrode. In addition,
the PCM fabricated with the new process shows a RESET current reduction down to
around 500 pA and endurance up to 10° cycles. Further investigation led to the first
demonstration of a high aspect ratio pore-like PCM obtained with GST deposited by
Chemical Vapour Deposition (CVD) [71]. It features a RESET current of less than
260 nwA and endurance up to 10% cycles without failure.

An innovative pore-like PCM was introduced in 2015 [72]. It consists of a phase-change
layer and a bottom electrode contact deposited and aligned in the same pore, as shown
in Fig. [2.5] This structure is defined ”dash-type” PCM and it is fabricated by filling
the recessed dash-type bottom electrode with CVD-PCM. This structure can be scaled
down to 7.5 nm width and 30 nm depth while still ensuring high performances.

The p-trench like PCM, instead, was firstly presented in 2005 [78]. In this architec-
ture, the contact area between the heater and the phase-change layer is defined by
the intersection of a thin vertical semi-metallic heater with a trench (called ptrench)
in which the GST is deposited (Fig. [2.6). The great advantage of this solution is the
easy size tuning, since the p-trench dimension is defined by sub-litho techniques while
the heater thickness by standard film deposition. A p-trench device integrated with a
0.18 um CMOS process demonstrated a RESET current of 600 pA and endurance up
to 10! cycles. Few years later, the suitability of such solution for the fabrication of high
density arrays with programming currents of around 400 pm was also presented [75].
The structure was then further optimized by the use of a self-aligned pattern strat-
egy, which simplified the integration process and still allowed a RESET current of
300 pA [79]. Later, the trench-type PCM was further improved by the development of
a novel architecture, where a better contact between the phase-change layer and bot-
tom electrode was ensured by the Chemical Mechanical Polishing (CMP) taking place
in the fabrication steps before the deposition of the chalcogenide layer. This is known
as Wall based PCM and it is able to integrate 1 Gb of PCM with a RESET current
of just 200 pA on 45 nm PCM [80]. A scheme of this structure is reported in Fig. [2.7h).

Self-heating PCM

The self-heating PCM relies its functionality on the self-heating of the phase-change
layer. In general, since both the electrical and the thermal conductivity of a calcogenide
increases with temperature, the use of this structure can require higher current density.
Nevertheless, its geometry can be tuned to refine the working point condition. In this
family, the two main architectures developed are the pillar and the vertical Wall.

In the pillar, the active layer consists of a parallelepiped directly connected with the
top and the bottom electrodes. In this case, the programming current can be tuned
by modifying the aspect ratio of the chalcogenide layer. However, their programming
current is still too high, with ~ 3 mA demonstrated in [81] for a 45 nm PCM. This
limitation led to the development of a second type of self-heating PCM, the self-heating
Wall. This architecture present a structure similar to the built-in heater Wall but with
the heater directly replaced by the phase-change layer. In this way, the contact area
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between the electrode and the phase-change layer deposited by CVD get reduced.

A comparison of three of the device architectures presented, i.e., a) Wall, b) pillar
and c) self-heating Wall (Fig. 2.7)), was performed by Boniardi et al. [81]. This de-
tailed study on the integration process and on the thermal behavior of each of these
architectures identified the heater-based Wall architecture as the one ensuring the best
trade-off between process integration and performance and still showing many possible
knobs for optimization.

2.1.2 Phase-Change material encapsulation

The use of an encapsulation layer for phase-change materials was first introduced when
these materials, in a nanoparticles format, were under investigation for thermal energy
storage applications [83], 84]. In particular, coating phase-change materials nanoparti-
cles with an encapsulation layer provided better thermal performances.

In PCM devices, heat losses phenomena are amplified by the the presence of the ma-
terials in direct contact with the chalcogenide layer (i.e. dielectrics or metals), which
have a thermal conductivity at least one order of magnitude higher than the PCL one.
As a consequence, the heat is dispersed in the surrounding, rather than being confined
in the active layer, where the storage of the information occurs. Therefore, the PCL
encapsulation is fundamental to ensure a better thermal efficiency of the device. Until
now, different works focused on the engineering of the interfaces between the PCL and
the surrounding materials. The main solution involves the optimization of the interface
between the phase-change material and the bottom electrode, since it has the higher
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region) [86].

contribution to the heat losses [4]. In the following, the PCL encapsulation strategies
developed so far will be presented, discussing separately the top electrode and dielectric
engineering as well as the optimization of the phase-change material.

2.1.2.1 Bottom Electrodes engineering

The 61% of the power injected in a planar PCM cell is lost through the bottom elec-
trode (Fig. . To guarantee an efficient heating of the PCL, recent studies proposed
the use of electrodes materials characterized by a high electrical resistivity and a ther-
mal conductivity as low as the phase-change material one [87]. Nevertheless, a PCM
cell integrating a high resistivity heater can present incomplete material crystallization
along with an intrinsic total resistance increase. This is ascribed to the higher value
assumed by the heater resistance [8§].

The introduction of a thin Tay,O5 layer to improve the adhesion between the bottom
electrode and the calchogenide layer brought to the discovery of TayO5 as a thermal bar-
rier. Indeed, it boosted the heat concentration in the bottom part of the PCM (Fig. [2.8)
with almost 80% of current reduction. Importantly, these performances were obtained
without any modification to the fabrication process and the electrode material used.
Due to these promising results, further improvements to the materials and layer thick-
nesses were investigated. Among the materials proposed, fullerene [89] and TiO, [90,
911, 92], were integrated in different thicknesses configurations up to 30 nm. Fullerene
Cgo exhibits a better PCM thermal insulation due to the large mismatch in vibra-
tional spectra, resulting in a RESET current reduction of about 70% with respect to
the structure without the Cgy layer. Nevrtheless, the introduction of a supplemen-
tary layer causes an extra series resistance added to the device. In particular, this
can impact the device reliability, especially when the interfacial layer is thicker than
10 nm. Therefore, the interest in working with 2D materials has increased and the
use of graphene has been tested [93, 94]. In such devices, a 40% reduction of current
was registered. Basically, the graphene layer behaves as a thermal barrier in the out-of
plane direction and reduce the heat losses in the in-plane one.

The mechanism of current reduction due to the presence of a thick-3D interfacial layer
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was explained only in 2011 by Q. Hubert et al. [95]. The comparison between a 4 nm
TiOy and a 3 nm HfO, interfacial layer demonstrated the need of a forming initializa-
tion step, which makes the dielectric layer conductive. The mechanism consists in the
application of a specific voltage (higher than the interfacial layer breakdown voltage)
to the PCM, in order to create a filament in the interlayer, linking the GST with the
heater. During the creation of the filament, part of the GST melts and diffuses towards
the bottom electrode through the filament itself. This leads to a reduced contact area
between the phase-change material and the heater, ensuring a reduced volume of mate-
rial involved in the phase-change transition during the device programming operations.
The filament generated in PCM integrating 8 nm HfO, is presented in Fig.

In summary, the use of a thin interfacial layer (smaller than 10 nm) is an attractive so-
lution to achieve a scaled contact area PCM at low cost (i.e. no additional lithographic
step), preserving at the same time the device performance (low series resistance). This
solution is a valid alternative to the use of highly resistive bottom electrode materials,
which can make difficult the SET operation due to an incomplete material crystalliza-
tion.

2.1.2.2 Top electrode engineering

The top electrode represents a further cause of heat losses compromising the PCM
efficiency. When a high current is used to program a device, important dispersion in
the top electrode can generate an erase failure in the not selected neighbor cell. In
particular, Fig. shows the formation of conductive paths in the central cell, pre-
viously in RESET state, when a RESET current is used to program the two neighbor
ones [96]. This phenomenon is called thermal cross-talk and it assumes a relevant role
when the cell is scaled down.

A possible solution to this problem rely on the optimization of the PCL/top electrode
interface. Indeed, the integration of a capping layer can help to retain the heat inside
the phase-change layer [97]. For this reason, the use of a carbon capping layer can
be particularly advantageous, since its thermal conductivity can be easily tuned by its
deposition temperature [98]. The active region in the device integrating the C layer
(Fig. [2.11b) is more flat and is characterized by a higher maximum temperature with
respect to the one without it (Fig. [2.11h). This effect is due to the better heat con-
finement inside the chalcogenide, which reduces the heat dissipation through the top
electrode.

Another solution has been lately presented and it consists in the use of superlat-
tices as a replacement of the top electrode material. Lu et al. [99] first presented
the TiN(5 nm)-W(5 nm) superlattice as electrode material for low power applications.
The structure has been lately further improved by the study of TiN-W superlattice
in different configurations, obtained by modifying the thickness ratio between the two
materials [I00]. The best stack is the one ensuring a low thermal conductivity as well
as a low electrical resistivity, since this will avoid heat losses and high self-heating of
the cell, respectively. In general, both conditions are respected in superlattice since
i) the phonon scattering at the interfaces between the two materials reduces the ther-
mal conductivity and ii) the electrical resistivity of the superlattices already tested is
three orders of magnitude lower than the PCL one.

All the presented solutions are competing to lower the thermal cross-talk in the next
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generation PCM devices.

2.1.2.3 Dielectric engineering

(®)
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Fig. 2.11. Temperature profile compari-
son of a cell in RESET state a) without
and b) with carbon layer. The solid black
line represents the limit of the melted re-
gion in the two structures. It evidences a
more pronounced horizontally-extended
region which can ensure a lower program-
ming current when a top C layer is inte-
grated [98].

Among the possible boundary interface improvements to optimize the thermal manage-
ment in PCM, the PCL/dielectric interface represents the less investigated one. Most
probably, this is linked to the distance of the dielectric layer from the point of max-
imum temperature, where most of the Joule heating is generated. Furthermore, in a
planar structure, the dielectric has only a second order impact on the device thermal
losses: just 21% of the power is lost in the dielectric, compared with 61% dispersed in

ﬁ Top Electrode

Dielectric

Bottom = Electrode

A Tmax

=600 K 0

k=0,

Fig. 2.12. Scheme of a dash-con- Fig. 2.13. Simulated temperature profile achieved in a dash-
fined cell with arrows localizing the  confined cell with A) SiO, and B) SiO,/Al;O2 as dielec-
heat losses in the different regions tric surrounding the phase-change material and the bottom
of the structure. The main loss is  electrode, respectively. The lower thermal conductivity of

the one through the dielectric sur-

rounding the pore filled with phase-  hence a better thermal efficiency [4].

change material. Only 1% of the
injected power is used to program
the cell [].

Si0,/AlyO5 leads to a higher temperature in the active layer
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the bottom electrode (Fig. [2.1).

Nevertheless, the development of new confined architectures changed the electro-ther-
mal response of the cell. As a matter of fact, electro-thermal simulations showed that
in a dash-type phase-change memory the 89% of the injected power is lost in the dielec-
tric. This caused to shift the focus towards this region of the PCM device (Fig. .
The dielectric engineering was first exploited in 2015 with the development of a vac-
uum-isolated self-aligned nanowire (NW). In this structure, the chalcogenide material
was deposited in a nanowire shape between the top and the bottom electrode contact.
The NW was deposited in a semispherical cavity obtained by etching the SiOs layer,
previously deposited. The vacuum-insulated NW presented a ten times lower RESET
current with respsect to a planar cell, mainly due to the absence of heat conduction in
the lateral direction where the active region was surrounded by the vacuum [101].
More recent studies on industrial-like devices compared the impact of two superlat-
tice-like dielectrics as a replacement of the standard SiO,, generally used in the inte-
gration of dash-type PCMs: SiOy/Al,O5 and Si04/SisNy [102]. They first measured the
thermal conductivity of Si0O5/Al,O5 and SiO5/SisNy in different thicknesses ratio, from
100 K to 500 K. The two stacks present respectively a 64% and 15% thermal conductiv-
ity reduction with respect to SiO5. The authors suggested that the discrepancy in the
thermal conductivity values can be related to the difference in film quality and to the
finite interface thermal boundary resistance in the superlattice structure. Therefore,
Si05/Al;O5 was chosen as a replacement of SiOs, due to its lower thermal conductivity.
In addition, the electro-thermal analysis of the device was simulated to compare the
temperature distribution generated at a specific power injected for SiOy/Al;O5 based
devices, with respect to the SiO, based ones (Fig. [2.13). The cell integrating the mul-
tilayer stack attains a 38% higher heating as a proof of the lower power required to
switch the device. Given the promising simulation results, the solution was integrated
in real devices [103]. A 60% reduction in energy used to RESET the cell was confirmed.
This result is encouraging and increases the interest in the engineering of the dielectric
materials directly in contact with the phase-change layer.

2.1.3 Phase-change material engineering

The Phase-Change Memory performance rely on the properties of the material used as
an active layer. Several studies investigated the device functionality for different active
layer material composition. This section will be mainly focused on the materials that
demonstrated improvements in the thermal response of the cell.

A shared strategy among the different solutions proposed in the literature is the
phase-change material doping. In 2003, Hwang et al. [I05] doped the standard GST
with different concentrations of Nitrogen (N). N doping increases the thermal confine-
ment inside the layer ensuring a 30% RESET current reduction with respect to undoped
GST. The N doping was tested and showed a thermal efficiency improvement in differ-
ent PCM architectures [77]. Oxygen doping [106] also represents a good candidate for
thermal improvement since it reduces the GST grain size, ensuring a better thermal
stability of the active layer. In particular, SiO, doping induces an increase of the SET
resistance and a consequent lowering of the RESET current. Such effect was associated
to the lower thermal conductivity and higher crystallization temperature measured for
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reports the initial resistance value of the PCM
in RESET state.

materials having the higher concentration of oxygen in SiO,.

Carbon doping, instead, offers an important current reduction (around 50%) but a
lower crystallization speed with respect to GST [107]. To avoid the degradation of the
SET speed when a C doping is introduced in the active layer, material in principle
faster than GST were considered, like those belonging to the GeTe-ShyTes tie-line.
Some works exploit the doping of GeTe with Carbon [104] and SbyTes with Ti. In
particular, carbon-doped GST in different percentages (4% and 10%) was studied. Its
performances were compared with those of GeTe and GST. The high SET speed of
GeTe (200 ns) led to a speed comparable to the GST one when a 10% carbon doping
was introduced in the GeTe layer (Fig. along with a RESET power reduction of
more than 50% with respect to GST, as reported in Fig. [2.15]

Ti doped ShsTes, instead, presented both a higher SET speed and RESET power
reduction up to 78% compared to GST. The power reduction in this case has been as-
cribed to an atomic rearrangement, responsible for the creation of strong Ti-Te bonds,
compared to the weaker Te-Sb one. The Te-Sb bonds are easily breakable compared to
the Ti-Te ones, promoting a low-power RESET operation [109]. Further studies aimed
to optimize the Ti content in the composite material. Interestingly, in the higher
Ti concentration analyzed (TigssSboTes), the thermal conductivity reduces from ~
0.7 Wm 'K~ in ShyTes to 0.2 Wm~'K~! [I08]. The decrease of the thermal con-
ductivity with Ti doping is suitable for low power applications, since it improves the
thermal response of the device. The k;, of both the crystalline and the amorphous
layer as well as the temperature profiles simulated in all the investigated compositions
are reported in Fig. [2.16] Furthermore, the Ti doping i) increases the crystallization
temperature, which is fundamental to have an amorphous phase more stable in tem-
perature; ii) reduces the material roughness, which is linked with the strong reduction
in grain size with Ti content; iii) reduces the density variation between amorphous and
crystalline phase, resulting in a longer lifetime of the device; iv) increases the speed
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and (d) Tig.56SbeTes layers, respectively [10§].

till 10 ns thanks to the smaller grain size [108]. The Ti doped SbyTes solution was
integrated in 40 nm node technology [110] still showing an improvement in the device
performances, making it promising for the next generation of low power PCM.

An alternative to the material doping is given by the integration of SuperLattice-
Like (SLL) active layers. The idea is to create a multilayer structure by the repetition
of two materials. To achieve the best performances in PCM, the multilayer is made
up of a material with a high crystallization speed and the other with low crystalliza-
tion speed, but high stability. This allows the final device to have at the same time
high speed and good stability [I11]. Furthermore, the phonon scattering at the inter-
faces between the different layers of the superlattice induces a reduction of the overall
ke, [112) [113], enabling, at the same time, a better thermal response. Therefore, the
surface roughness between the two materials is among the key parameters to be ac-
counted for SLL-based PCM [114].

Multilayers represent an attractive strategy for the possibility to tune their electrical
properties by modifying the thickness and the materials used in the stack [I115]. One of
the most studied SLL structure is the repeated GeTe-ShoTes bilayer stack [I11], having
a 30% lower thermal conductiviy with respect to the single layer GST. This solution
favors a current reduction of the 62% and a faster crystallization speed (Fig. with
respect to GST. A more detailed analysis of the SL based PCM performance, evidenced
a better thermal efficiency with respect to the conventional device, mainly attributed
to the one order of magnitude difference in thermal resistance between the two struc-
tures [116]. Moreover, the SLL structure is stable even after 10° cycles as demonstrated
by Transmission Electron Microscopy (TEM) analysis reported in Fig. [2.18]
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2.2 PCM for aerospace applications

As previously discussed, the device structure and the materials integrated in the PCM
must be adapted according to the targeted application. For instance, in Section[1.2.1.2]
the Ge-rich GST was presented as an alternative active material able to attain the re-
quirements for automotive applications (i.e., stability of the amorphous phase for 10
years at 150 °C). Similarly, aerospace applications necessitate for device capable to
withstand ionizing radiation.

After the discovery of some anomalies in the satellite functionality in 1975 explained
as a consequence of their interaction with cosmic rays [117], the effect of radiation on
memory devices was investigated experimentally [T18]. This study boosted the interest
in the device engineering in terms of information storage mechanism, feature size, array
architecture and peripherical circuitry optimization.

In general, ionizing radiation creates electron-hole pairs that can generate a transient
current (Single Event Effects or SEE) or interface states (Total Ionizing Dose or TID),
modifying the standard working principle of the device. In floating gate memories,
such as NAND and NOR Flash, the impinging particle can create electron-hole pair,
causing a shift in the device threshold voltage. This lead to soft errors (i.e., transient
errors).

Unlike Flash, PCM are not based on charge storage and, as a consequence, have high
tolerance to radiation. This feature was foreseen since the discovery of phase-change
materials [9]. Ab initio molecular-dynamics simulations demonstrated that the radia-
tion hardness of GST is mainly associated to a small variation in the atoms distribution
after irradiation. This is explained by the highly flexible bonding and the high percent-
age of void volume within the material, responsible of its reorganization within 15 ps
after the collisions [119]. Furthermore, a particle hitting on a PCM induces a current
variation which is generally negligible with respect to the standard current used to
program the cell (order of pA). Therefore, one of the main limitations for the radiation
hardness in PCM arrays is represented by the radiation impact on the CMOS external
circuitry, not on the memory itself. This phenomenon was well evidenced in [120],
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Fig. 2.19. Color map of the difference between the cells current measured before and after irradiation
(AIposT—prE) of a MOS-chip array by 30 Mrad SiOs proton beam. Region A is the irradiated zone
and Region B is the area where a change in cells current higher than 1 pA was measured with respect
to the pre-irradiation condition [122].

where 4Mbit PCM arrays were subjected to protons and heavy ions radiations: even
if just part of the array was irradiated, the difference between the current measured
before and after irradiation was higher than 1 wA in all the devices belonging to the
same Bit Line (BL) or Word Line (WL) (Fig. [2.19). This result was mainly ascribed to
the leakage current increase in the affected selectors. When the effect of TID has been
studied on the same devices, just small variations between the distribution before and
after the exposure were found. This was associated to the degradation of part of the
phase-change layer, which anyway was not compromising the device functionality (i.e.
the SET and RESET distributions were slightly impacted by radiation but still well
separated). In addition, a study performed on PCM integrated with radiation-hardened
CMOS evidenced the appearance of failure just associated to the external circuit [121].

Lately, the effect of the radiation on scaled devices was explored. The tolerance to
radiation was still effective for as small as 90 nm PCM in 128Mbit [123]; nevertheless,
the first evidence of information loss were identified in 45 nm Wall structure PCM
devices. The devices were tested under two different conditions: i) terrestrial exposure,
tested by the use of a wide energy spectrum neutrons beam and ii) heavy ions, to
examine the space environment. As a result, neutron exposure did not generate any
disturb, while the heavy ions irradiated device showed a measurable difference in the
programmed state. The loss of the information took place when the ions beam was
characterized by high fluences ( ~ 10'° iones/cm?) and an impinging angle along the
Word Line direction was used. In particular, the most significant disturb was measured
for an impinging angle of 60° and only for devices previously programmed in SET (i.e.
crystalline) state. The observed phenomenon could be related to a partial amorphi-
sation of the phase-change layer. Whereas, no influence was triggered when the angle
was settled along the BL, mainly due to the device structure. Indeed, in the structure
analyzed in this work, the interface between the heater and the phase-change layer is
rectangular, with the longer side oriented along the WL. Therefore, the authors do not
provide a clear explanation of the degradation mechanism observed in PCM, simply
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suggesting that it could be related to the device geometry. This increases the interest to
test the radiation effect on state-of-the-art PCM devices integrating different materials
and architectures to get a more clear overview on the radiation effect and to possibly
detect further device improvements, targeting PCM aerospace applications.

2.3 Chapter summary

An important amount of the power injected in the Phase-Change Memory during the
programming operation of the cell is dissipated in the surrounding materials. This is
mainly caused by the difference in the thermal conductivity between the phase-change
layer and the dielectric/metals directly in contact with it. Due to the linear relation ex-
isting between the programming current and the PCL/bottom electrode contact area,
the device scaling represents the first approach to reduce the power consumption of the
cell. Nevertheless, even considering devices down to the nanoscale, the performance
are still far from the adiabatic lower limit. In addition, the fabrication of highly scaled
devices requires aggressive lithographic step, rising the costs of the final product.

In this framework, the thermal engineering of the device represents a further direction
for the development of the next-generation PCM. With this aim, different PCM archi-
tectures were presented and their performances compared. As a result, the heater-based
Wall architecture was denoted to be the structure ensuring the best trade-off between
process integration and performance, while still showing many potential knobs for op-
timization. Nevertheless, electro-thermal models showed that structural improvements
do not lead to a significant reduction of the programming power of the cell, further
evidencing the importance of tuning the properties of the materials surrounding the
active layer (i.e., the phase-change layer encapsulation).

One of the most encouraging solutions described is the use of a 3D dielectric based
interfacial layer (between 3 nm and 10 nm). Here, the creation of the filament in the
interfacial layer links the heater with the GST and induces a reduction of the contact
area, hence of the programmed region and power used. This is the ideal strategy to
achieve a contact area scaling without any impact on the final cost. Another approach
discussed in this chapter is the tuning of the dielectric directly in contact with the
active layer. A SiOs/Al,O5 multilayer integrated in a dash-type PCM showed a 60%
reduction in the RESET energy. This result increases the interest in further optimiza-
tion of the dielectric properties.

As anticipated in Chapter [I] the device structure and the materials integrated in the
PCM need to be adapted according to the targeted application. In this chapter, the
main studies performed on the PCM targeting aerospace applications were presented.
First studies carried out on PCM integrated with CMOS evidenced the appearance
of failures exclusively associated with the external circuit. Nevertheless, first traces of
information loss were registered when the Wall size got reduced down to 45 nm. The in-
formation loss in this case was mainly associated to the rectangular shaped heater/PCL
interface, because it arises only when the radiation impinges on the device at a specific
angle parallel to the sub-lithographic dimension of the Wall. This phenomenon leads
to a possible degradation of the information in highly scaled PCM under radiation
exposure. Moreover, this proofs the need to analyze the radiation tolerance of PCM
devices, especially in state-of-the-art architectures.






Chapter 3

Thermal conductivity of dielectric and
conductive layers

As already presented in Ch. [I] and Ch. 2] the thermal conductivity of the materials
involved in the PCM devices represents a crucial parameter to tune the electro-ther-
mal performance of the device. Therefore, in this work, the thermal conductivity of
materials integrated in state-of-the-art PCM devices was measured. This represents a
valuable step for the electro-thermal simulation of the devices and for the interpreta-
tion of the electrical characterization results in the following part of this work.
Different techniques were developed in the literature for measurements of the ther-
mal conductivity, such as the 3w method and the Modulated Photothermal Radiome-
try (MPTR).

A 3w test bench for the measure of the thermal conductivity of dielectric materials
at room temperature was available in our laboratory. Nevertheless, the materials inte-
grated in PCM devices include both conductive and non-conductive layers. In addition,
being the PCM functionality based on Joule heating, a characterization of the thermal
conductivity as a function of temperature is required. With this aim, the existing setup
was optimized to ensure reliable and accurate measurements in different temperature
conditions.

In this chapter, the electrode and the device stack composition were optimized in order
to perform accurate 3w thermal conductivity measurements at room temperature and
at high temperature in both conductive and dielectric layers. In parallel, four theo-
retical models published in the literature were compared to identify the most accurate
one for thermal conductivity evaluation. Finally, the 3w test bench was validated by
performing thermal conductivity measurements on the same samples by using two es-
tablished MPTR setups at Institut de Mecanique et d’ Ingenierie (12M) de Bordeaux
and at the Laboratoire National de Metrologie et d’essais (LNE) in Paris.
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Fig. 3.1. Pattern of the electrode mask used for 3w devices. In this method, the current (I) is applied
at the external pads while the voltage response (V) is read in the two inner ones.

3.1 Thermal conductivity measurements by the 3. method

3.1.1 The 3w method

The 3w method was first introduced by Cobino et al. [124] to characterize the thermal
diffusivity of metal filaments for light bulbs applications. It was successively exploited
by D. G. Cahill in 1986 [125] to measure the thermal conductivity of dielectric materials
and later extended to non conductive ones [126].

This technique relies on a metal layer acting both as a heater and a thermometer, since
it allows to heat the sample and to measure the amplitude of thermal heating induced
in the underling materials.

To evaluate the out-of-plane component of the thermal conductivity, the electrode
is patterned according to the scheme reported in Fig. [3.I] It consists of four pads
connected to a thin line of length L and width w. The two external pads are used to
deliver the current (I) while the other two are used to read the voltage (V) response
generated by the resistance/temperature oscillation in the material.

To characterize the material, an AC voltage signal of amplitude Vj is applied to excite
the electrodes at a specific frequency w. This causes an AC current of amplitude I
expressed as:

I(t) = Iycos(wt) (3.1)

The current applied in correspondence of the two external electrodes (see Fig.
leads to a temperature rise in the sample, due to Joule heating. The power generated
in the heater is:

2R,
2
where R, is the line resistance at room temperature. Since at small frequencies the
temperature in the system varies in the same manner as the power generated, it is
possible to express the temperature variation as:

P(t) = I*(t) Ry [1+ cos(2wt)] (3.2)

AT = AT, pns + ATycos(2wt + ¢) (3.3)

with AT,,,s a constant, ATy the amplitude of the temperature oscillations and ¢ the
phase difference with respect to the power generated. The periodic heating oscillation
generates, as a consequence, the oscillation of the electric resistance in the metal line
at a frequency 2w:

R(t) = Ro[l + o(T)AT] (3.4)
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Fig. 3.2. Simplified scheme of the electronic circuit used for 3w measurements. The channels C; and
Cy are used to balance the amplitude of the w component so that the differential lock-in amplifier (Dy)
can give in output just the third harmonic component.

with a being the temperature coefficient of resistance.
The Ohm law can be used to evaluate the potential response (V'(t)) from the I(t) and
R(t) values previously introduced:

V(t) = R(t)I(t) = IpRo[l + a(T) AT onst|cos(wt)+

3.5
+IOR0a(2T)ATO IOROa(QT)ATO cos(wt) + d] (3.5)

[cos(3wt) + @] +
The first term is not dependent on the voltage amplitude and phase. It is typically
three orders of magnitude higher than the other terms since the temperature coefficient
of resistance is of the order of 1073. In addition, the third term has the same frequency
component as the first one. As a result, the second term is the best one to be used in
the evaluation of both the temperature amplitude and the phase of the thermal waves.
It is dependent on 3w, which represents the third order harmonic. Its amplitude is
expressed as:

. IoRoOé(T)ATO

Vs 5

(3.6)

The measure of V,, in correspondence of the two internal pads allows the evaluation
of the amplitude of the temperature oscillations induced in the device (ATp) which
in turns gives the possibility to extrapolate the thermal conductivity of the tested
material.

A schematic of the electronic circuit used to measure V,, is reported in Fig. [3.2l The
voltage at the inner pads can be expressed as a sum of the fundamental contribution
plus its third harmonic, as in Eq. [3.5, while the voltage drop at the series resistance
has the same fundamental frequency of the applied voltage. Hence, the V,, signal is
subtracted from the device signal (V,+V3,) in order to get the final V3, component.
The 3w method is one of the most used in literature since it allows to resolve a signal
variation associated to a temperature change of less than one degree, making it suitable
especially for thermal conductivity measurements performed at temperatures ranging
from 30 K to 300 K. The main drawback is represented by the electrodes which i) adds
a thermal resistance to the material under test and ii) increases the heat flux at higher
temperature inhibiting good probe-metal contact when the temperature is raised.
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that the thicknesses reported for the layers are not in scale.

3.1.2 Models for thermal conductivity measurements

Different methods are presented in literature to evaluate the thermal conductivity of
non-conductive layers at room temperature. In general, when the thermal conductivity
of a dielectric layer is measured, the sample is deposited in between the substrate and
the electrodes (Fig. . Whereas, when a conductive layer is measured, it is necessary
to add a dielectric layer (i.e., capping layer) of thickness t,, between the tested layer
and the patterned electrodes. The capping is used to avoid a distortion of the heat
generated in the conductive layer, due to the possible parasitic currents flowing into it
during the characterization. Its thickness is set to prevent the development of a leakage
current while avoiding additional contributions to the thermal resistance of the device.
Normally, the measure of the thermal conductivity of a conductive layer (ki fiim) re-
quires a reference device made up of a capping layer deposited on top of the sub-
strate Fig. [3.3] This allows to isolate the conductive layer contribution by subtracting
the signal measured on the reference from the one generated by the sample integrating
the conductive material to be tested.

Four methods were presented in the literature for thermal conductivity measurements,
as described in the following:

The slope method

The slope method (M1) was developed to evaluate the thermal conductivity in dielectric
materials [125] [128] [127] and it was then extended to conductive layers [126]. This
method involves the measurement of the 3w voltage component on both the reference
and the device integrating the material specimen.

As a first step, the temperature oscillation generated in the heater due to the substrate
is evaluated. Chaill [125] first expressed the temperature oscillations at the interface
between the substrate and the heater as follows:

P, In(2w) 1, D i
ATH = _ —In(— _ — 3.7
0= T 5 taiE - (3.7)

The equation is obtained by assuming a 1D heat propagation. It considers the heater as
a line source (i.e., the thermal wave penetration depth is large compared to the heater
width w) and the substrate as a semi-infinite medium (i.e., the substrate thickness is
greater than the penetration depth). Borca-Tasciuc et al. [126], instead, presented a
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Fig. 3.4. Amplitude of the temperature oscillations (AT') as a function of the applied current frequency.
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theoretical model to express AT based on a 2D heat propagation model:

B[ 1
Ao = wk / i2 2 Waz?
0 Jkayw? + JEtanh(y [ kaya? + S5te) T2

where P, is the power per unit length, k,, described the xy plane thermal conductivity
anisotropy in the Si substrate, D is the thermal diffusivity, ¢, the thickness of the
substrate layer and x the distance from the heater.

Since the dielectric film deposited is thinner than the substrate, the final AT measured
in the device is nothing more than the sum of the substrate contribution (ATg;) and
a constant film contribution (AT}, ), independently from the frequency. Hence, the
difference between the AT generated by the 3w signal (evaluated from Eq. and
the theoretical ATy evaluated from Eq. 3.7 or Eq. [3.8] provides the amplitude of the
temperature oscillation linked only to the contribution of the material specimen. Fig.
presents a typical trend for the temperature oscillation amplitude as a function of the
frequency when a 45 nm layer of SiOy deposited on a silicon substrate is measured.
Finally, the thermal conductivity of the dielectric layer (ki o.) can be estimated by
looking at the slope of the real part of the generated temperature increase as a function
of the logarithm of the applied frequency:

tox D
Kihor = 3.9
th, ATOI’U) ( )

When a non-conductive layer is measured, the final ky, is recovered by taking into
account i) the value of ki, o, in the reference device; ii) the difference in temperature
increase between the sample and its reference; iii) the power per unit length value used
to perform the measurements on the new sample. Therefore, the total temperature
increase due to both the substrate and the dielectric layer (ATy + AT,,) in a 2D heat
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transfer model can be expressed as:

sin®(YE) tsin P

g /°° 1
: : 22 P 3.10
Thin Jo o Jha? + Destanh([knyr® + 2ts;) e ksivw  (3:10)

and the final thermal conductivity be:

K, fitm = m (3.11)

Differential method with reference (M2)
This method involves the measurement of the 3w voltage (V3,) component on the
reference and on the sample, as for the previous approach. However, this work flow
requires both the measurements to be performed at the same power P, thus allowing to
evaluate the thermal conductivity without modeling the substrate thermal conductivity.
Indeed, the thermal conductivity of the material under test can be estimated as [126]:

Lritm 2V3,w 2Vs,w -1
ko, = —_— 3.12
"2 KPM)VW)M - (Ba(TWw)R] (3.12)

where the subscript R stands for reference and F' for film.

Differential method without reference (M3)
In this strategy, the thermal conductivity of a film can be obtained by comparing the
3w voltage generated in two samples having different conductive layers thicknesses.
The difference between the temperature oscillations of the two devices provides a ky,
value of a layer characterized by a thickness equal to the difference between the two.
For instance, if the thicknesses of the conductive layers used are 100 nm and 200 nm,
the method provides:

tpitm P
kth,film = fA}wl where AT = ATZOOnm — ATlOOnm (313)

Method 4

Method 4 (M4) uses the same set of input measurements of M3. First, an effective
thermal conductivity (kess) is evaluated by using a procedure similar to the first step
of M1: here the V3, signal generated is associated to the whole stack at once (i.e., over-
all ky, of substrate plus tested dielectric material). With this method, the thermal
conductivity is extracted by first measuring devices integrating a target layer of differ-
ent thicknesses (tum,). This step is used to remove the contribution of the interface
resistances from the final k¢, value. Indeed, for each integrated thickness, the thermal
resistance can be expressed as:

t ilm
Ry, = 1 4 R, (3.14)
E fitm

with R; the total interface resistance of the layer including its contact with the electrode
and with the substrate. The plot of the thermal resistance as a function of the material
thickness allows the evaluation of i) the total interface resistance contribution (R;)
from the y-intercept; ii) the thermal conductivity from the inverse of the slope [58]. An
example of this extrapolation process from 3w measurements is reported in Fig. for
material with two thicknesses values (100 nm and 200 nm).
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Fig. 3.5. Thermal resistance Ry, as a function of the GGST thickness (¢ i1, ). The linear fit allows the
evaluation of the interface thermal resistance (R;) from the intercept and of the kp, from the inverse
of the slope.

3.1.3 [Experimental setup

A schematic of the circuitry used to perform the 3w measurements is reported in Fig.[3.2]
The AC voltage signal applied to the device is generated by an ultra-pure sinewave os-
cillator (Model 4402B). The use of a highly accurate generator is necessary because the
measured V3, is thousand of times smal