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Abstract

The growth by molecular beam epitaxy of Ge-Sb-Te (GST) alloys resulting in quasi-
single-crystalline films with ordered configuration of intrinsic vacancies is demon-
strated. It is shown how a structural characterization based on transmission electron
microscopy, X-ray diffraction and density functional theory, allowed to unequivo-
cally assess the vacancy ordering in GST samples, which was so far only predicted.
The understanding of the ordering process enabled the realization of a fine tuning of
the ordering degree itself, which is linked to composition and crystalline phase. A
phase diagram with the different growth windows for GST is obtained. High degree
of vacancy ordering in GST is also obtained through annealing and via femtosecond-
pulsed laser crystallization of amorphous material deposited on a crystalline sub-
strate, which acts as a template for the crystallization. This finding is remarkable as
it demonstrates that it is possible to create a crystalline GST with ordered vacancies
by using different fabrication procedures. Growth and structural characterization of
GeTe/Sb;yTe; superlattices is also obtained. Their structure resembles that of ordered
GST, with exception of the Sb and Ge layers stacking sequence.

The possibility to tune the degree of vacancy ordering in GST has been combined
with a study of its transport properties. Employing global characterization methods
such as XRD, Raman and Far-Infrared spectroscopy, the phase and ordering degree
of the GST was assessed, and unequivocally demonstrated that vacancy ordering in
GST drives the metal-insulator transition (MIT). In particular, first it is shown that by
comparing electrical measurements to XRD, the transition from insulating to metal-
lic behavior is obtained as soon as vacancies start to order. This phenomenon occurs
within the cubic phase, when GST evolves from disordered to ordered. In the second
part of the chapter, a combination of Far-Infrared and Raman spectroscopy is em-
ployed to investigate vibrational modes and the carrier behavior in amorphous and
crystalline phases, enabling to extract activation energies for the electron conduction
for both cubic and trigonal GST phases. Most important, a MIT is clearly identified
to occur at the onset of the transition between the disordered and the ordered cubic
phase, consistently with the electrical study.

Finally, pump/probe schemes based on optical-pump/X-ray absorption and Ter-
ahertz (THz) spectroscopy-probes have been employed to access ultrafast dynamics
necessary for the understanding of switching mechanisms. The sensitivity of THz-
probe to conductivity in both GST and GeTe/Sb,Tez superlattices showed that the
non-thermal nature of switching in superlattices is related to interface effects, and
can be triggered by employing up to one order less laser fluences if compared to GST.
Such result agrees with literature, in which a crystal to crystal switching of superlat-
tice based memory cells is expected to be more efficient than GST melting, therefore

enabling ultra-low energy consumption.
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Motivation

The diffusion of Internet and Electronics in every aspect of daily life has reached such high levels
of omnipresence, that the need of rapidly access data and disseminate information has never been
felt that strongly. Although huge progress has been made in data science, revolutionizing how
data is acquired, processed, compressed, stored and read, it has not been possible, yet, to condense
together all the requirements for an ideal storage device, i.e. non-volatility, fast processing times,

scalability, low energy consumption and costs.

The wideness and differentiated fields of applicability for storage devices, has brought to the re-
alization of devices designed to specifically address certain needs, at the expense of other aspects.
Within the current state-of-the-art, two mainstream categories of devices can be identified: Pri-
mary and secondary storage. The general common principle is that binary information is encoded
by employing two physically distinctive and stable states.

The primary storage is directly accessed by the central processing unit and thus has to be very
fast, usually for that purpose dynamic random access memories (DRAM) are used. Those devices
are based on trapped electric charge, which is volatile and needs to be refreshed periodically with
according power consumption.

Secondary storage consists of hard disk drives, optical disk drives and in general removable me-
dia. Typically such devices are slower than RAM but non-volatile, meaning that virtually no en-
ergy is needed to keep the data intact. One example is given by FLASH memory that exploits the
electrical charge in a floating-gate transistor. Recently, a new storage class also called storage class
memory (SCM) is targeted to enable overall performance in between that of DRAM and FLASH.
Phase-change-material (PCM) based memory has gained its ground as the ideal candidate being
able to fill this gap and to be used as SCM.

The PCM working principle is based on the switching between two well distinct phases, i.e. amor-
phous and crystalline, which are characterized by a striking change both in optical and electrical
properties. Therefore these materials have been exploited during the past two decades in optical
data storage applications such as rewritable CDs, DVDs, and now Blue-Ray discs, fulfilling the
non-volatile requirement. More recent efforts have also been invested to utilize specifically the
change in electrical properties of such materials in non-volatile electronic memory devices.

Memory cells based on PCMs (PCRAM) also benefit from a simple and straightforward archi-
tecture; the active material only needs to be connected to selector electrodes. This facilitates the
integration of PCRAM into three-dimensional memory devices such as the 3D XPoint technology,
which has been recently announced by Intel and Micron, introducing a fundamental step forward

that might turn planar device designs obsolete in the long term.



Motivation

First production and commercialization of PCRAM has been started by Samsung in 2010. Mean-
while also Micron and IBM companies established their trade on implementations and commer-

cialization of PCM based electrical memories.

The most technologically relevant PCMs are GeTe-Sb,Te3 (GST) alloys, which present an amor-
phous and two crystalline phases: A metastable cubic (which is the one technologically relevant),
and a stable trigonal one. The alloy contains enormous number of intrinsic vacancies (up to 25 %
depending on composition). The two crystalline phases, however, are similar to each other: They
fundamentally consist of alternately stacked Te and Ge/Sb layers. Differences arise from these
vacancies configuration depending on the phase. In the cubic crystal, they are randomly dis-
tributed in the Ge/Sb layers, while in the trigonal one, they are organized into periodic van der
Waals gaps in between two adjacent Te layers!!l. Stacking in respect of the Te atoms is cubic or
rhombohedral, depending on metastable and stable phases, respectively. Vacancies configuration
in respect to Ge/Sb atoms affect the total energy of the system. In addition they strongly influ-
ence conduction properties in GST and might be responsible for metal-insulator transition (MIT)
attributed to disorder in the crystalline phase.

The established understanding of the GST switching process is based on melting of the metastable
disordered crystal phase to obtain the amorphous one. The recrystallization is generated by an-
nealing the amorphous phase above the crystallization temperature [?l. In addition to this simple
idea, an atomistic understanding of the switching has been for long time matter of controversy,
and has found its most accredited explanation in terms of change in bonding nature between the
two phases. The amorphous phase has covalent-like bonds as covalent semiconductors, whereas
the crystalline phase presents a resonant bonding network. In other terms, switching is seen
in terms of loss and formation of resonant bonding[*>#], which happens on ultrafast timescales.
Apart from the fascinating bonding mechanism, it is important to note that the limiting factor of
PCRAM performances is the high thermal budget or the high programming current required to

achieve the amorphous phase that has several implications on cost, performance and reliability.

In recent years, it was shown that PCRAM based on GeTe/Sb,Te; superlattices (SLs) show en-
hanced switching performances in terms of power consumptions and speed. The hypothesis at
the base of such low programming power is that a new switching mechanism, which circumvents
pure mass melting is at play, as SLs switch between two different crystalline states: one conduct-
ing and the other highly resistive!®.. However, the physical mechanism responsible for this low
power switching is not well understood. Such chalcogenide SLs (CSLs) resemble in their struc-
ture the ordered stable GST phase, characterized by the presence of periodic vdW gaps in between
building blocks alternating Te, Sb and Ge layers. The structural similitude of ordered GST alloys
and CSLs shows how critical it is to better understand the fundamental role of vacancies in both

conduction and switching phenomena.

Inspired by this aim, a fundamental advance in the fabrication of GST with out-of-plane stacking
of ordered vacancy layers is achieved in this thesis. The degree of vacancy ordering is assessed,

tuned and explicitly correlated with the MIT. Furthermore, time-resolved study of ultrafast dy-



namics in GST and CSLs are performed, in order to investigate whether it is possible to identify
similarities and differences with the established switching mechanism of disordered metastable
GST.

Aim and organization of this thesis

The work presented in this thesis has been carried out with two major objectives:

¢ Assess vacancy configuration in GST alloys, tune their ordered arrangement and contribute

to the comprehension of their role in GST conduction properties.

* Access and study the ultrafast dynamics in both GST and CSLs in order to address the

different physical phenomena involved in the switching.
The thesis is organized as follows:

Chapter 1 introduces PCMs with particular focus on GST and CSL heterostructures, discussing
the state of research at the time of this thesis in the extent necessary to understand the results

presented in this work.

Chapter 2 offers an overview of the physical background of the experimental techniques em-

ployed in the present work.

Chapter 3 deals with the fabrication of quasi-single crystalline GST achieved by employing three
distinct methods such as molecular beam epitaxy (MBE), annealing treatments and application
of pulsed laser beam. Structural properties of the GST are assessed through X-ray diffraction
measurements (XRD), XRD simulations and electron transmission microscopy (TEM) allowing
for the identification of the vacancy configuration for each produced GST sample. Particular

effort is invested in the MBE fabrication method, for which a growth phase diagram is obtained.

Chapter 4 shows how electrical conduction properties of GST samples, measured by conventional
low temperature transport technique, are directly compared with their structural properties. Fur-
thermore, a combination of Raman and Far-Infrared (FIR) spectroscopy is employed to investigate

vibrational modes and carrier behavior. A MIT is identified and studied.

Chapter 5 is dedicated to the description of synchrotron based pump/probe experiments accom-
plishment, which aimed at assessing ultrafast dynamics in both GST and CSLs. In the first part
a not successful but highly instructive XAS experiment will be presented. The second part of the
chapter focuses on the Terahertz spectroscopy-based investigation, in which both GST and CSLs

ultrafast dynamics have been successfully accessed.

Conclusions and outlook reports the summary and the conclusions of the entire work as well as

a short outlook.






1 Introduction to Phase-Change Materials

1.1 Phase-Change Materials Properties

PCM denote a class of materials that can be switched reversibly between at least an amorphous
and an crystalline phase. Due to a difference in the bonding nature and atomic arrangement, a
striking change in the optical and electrical properties occurs between the amorphous phase with
low reflectivity and high resistance (reset state), and the crystalline phase with high reflectivity
and low resistance (set state) (23671, Thus information in technological applications can be stored
associating a binary code to the values of optical reflectivity or resistivity of the one or the other

phase.

The transition between the two phases is accomplished by heating the material by laser or current
pulses leading to Joule heating[?l. The reversible process is schematically shown in fig. 1.1 a).
In the reset state, the amorphous phase is obtained by melting (T, = melting temperature) the
crystalline material and quenching it fast so that it lacks long-range order. The transition from
crystalline to amorphous phase requires a high and short current or laser pulse that leads to a
temperature higher than Ty, [as shown in fig. 1.1 a)]. This is the power limiting process. For the
opposite phase transition to the sef state, the stable crystalline phase is obtained by heating the
material above its crystallization temperature (Tx < Tpy,) for the time necessary to restore the long-
range order. This requires a lower and long current or laser pulse, and this limits the data rate
[fig. 1.1 a)].

Switching between the two phases can be triggered on a very short timescale (nanoseconds), and
at a reasonable energetic costl’]. Tt is therefore not surprising that these materials have been ex-
ploited during the past two decades in optical data storage applications such as rewritable CDs,
DVDs, and now Blue-Ray discs!'?l. More recent efforts have also been invested to utilize more
specifically the change in electrical properties of such materials in non-volatile electronic memory
devices!12l. In all these applications, the most commonly used materials, as well as the most
promising future candidates, are chalcogenides!!%); this term simply refers to the chemical com-

pounds containing one or more elements from the sixth column of the periodic table (excluding

oxygen).
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High/short current or laser pulse

(a)

crystalline > amorphous

Lower/longer current or laser pulse

crystalline

amorphous

Ge(In, Ag, Sn)

1990: First product (PCR: 500 MB)

1994: Powerful phase-change disk (PD: 650 MB)
1998: DVD-RAM version #1 (2.6 GB)

2000: DVD-RAM version #2 (4.7 GB)

2004: Single/dual-layer Blu-ray disk (BD: 25/50 GB)

\

1997: CD-RW (650 MB)
1999: DVD-RW (4.7 GB)
2003: Single-layer Blu-ray disk (BD: 23.3 GB)

1987

GeTe-Sb,Te; 5005

GeSbMnSn

1971
Teg,Ge,5Sb,S,

1991 Ge,sShgs
AgInSbTe

/7

TegsGe;s

Te Sb(Bi, Au, As)

AuTe, szTe3

Figure 1.1: a) Schematic showing the crystallization and amorphization processes in phase
change materials!?l. b) Ternary diagram of chalcogenide compounds. Several
alloys used in phase change data storage applications are indicated [®].
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1.2 GeSbTe Alloys: The Most Efficient Phase Change

Materials

The technologically relevant chalcogenide alloys are gathered in one single ternary alloy dia-
gram[® shown in fig. 1.1 b). Amongst different compounds exhibiting PCM properties the most
interesting are Te-based alloys, typified by GeTe-Sb,Tes (GST), with their different nominal com-
positions, as they possess at the same time all requirements needed upon switching: Large op-
tical contrast over a wide range of wavelengths, good cyclability and short crystallization times
(nanoseconds)[?l. They lie on the pseudobinary line connecting germanium telluride (GeTe) and

antimony telluride (Sb,Tez) binary compounds.

1.2.1 Crystalline Phases and Intrinsic Vacancies

GST alloys present an amorphous (a-) and two crystalline (x-) phases: A metastable cubic (c-GST),
which is the one technologically relevant, and a stable trigonal one (t-GST). The alloy contains
enormous number of intrinsic Ge/Sb-vacancies (up to 25 % depending on composition)!3l. Cu-
bic rocksalt structure ' (Fm3m space group) is usually obtained by crystallizing the amorphous
thin film, grown by techniques such as sputtering. One sublattice is fully occupied by Te atoms,
and the other one by a random distribution of Ge, Sb and vacancy sites (v). The stable configura-
tion of the x- phase belongs to the thombohedral space group (P3m1 or R3m)151.

The two x- phases, however, are similar to each other: They fundamentally consist of alternately
stacked Te and Ge/Sb layers along the [111] direction. Differences arise from the vacancies config-
uration depending on the phase. In the cubic crystal, they are randomly distributed in the Ge/Sb
layers, while in the trigonal one, they are organized into periodic van der Waals gaps (vdW) in
between two adjacent Te layers!!l. Another difference between the cubic and the trigonal phase
is the stacking of the layers (with reference to the Te sublattice), which means ABCABC for c-GST
and ABCBCA for t-GST.

Ab-initio calculations have suggested that spatial separation and vacancies configuration in re-

spect to Ge/Sb atoms affect the total energy of the system[16:17]

. Further density functional theory
(DFT) calculations confirmed that different metastable cubic and trigonal phases can be achieved
depending on the vacancy distribution in the Ge/Sb layers!!l. Cubic phases with partially de-
pleted Ge/Sb layers are therefore labeled as "ordered".

In fig.1.2 the crystal structures of cubic disordered and ordered as well as trigonal phase of
GST225 are shown (see labels). The corresponding cubic and trigonal stackings are reported on
the side. An intermediate ordered cubic phase is shown for seek of clarity, in order to under-
line the different degrees of vacancy ordering. In particular, t-GST presents the highest degree of
vacancies which are distributed in such a way to form vdW gaps (see next paragraph for an expla-
nation on the vdW gaps formation). This topic will be extensively discussed in the experimental

section 3.1.1.



1 Introduction to Phase-Change Materials

The presence of vacancies strongly influence electronic properties in GST and might be responsi-
ble for the MIT attributed to disorder in the crystalline phase[!®l. The high concentration of Ge
vacancies is responsible for the p-type conduction with high carrier concentration (~ 10%° cm~—3)
in x-GST, which displays small band gap of ~ 0.5 eV compatible with a self-doping behavior and
the Fermi level shifted close to the valence bad. The a-GST instead, displays larger band gap of
0.7 eV with a Fermi level lying in the middle of the gap. In addition a-GST is characterized by a

large concentration of localized states in the gap!?], for this reason also called mobility gap.

It is worth mentioning that even if PCMs are already at the heart of optical storage technologies
since many years, the fast phase change switching is subject of investigation by different dynamic
experiments accessing the ultrafast time scale. A state of the art about the different studies and

models can be found in the dedicated section at the end of this chapter (see section 1.4).
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Amorphous
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Figure 1.2: Schematic showing the crystal structures of a-[18], c- disordered and ordered (see
labels) and t-GST225. Cubic and trigonal staking is reported on the side. The
reversible a- to c-disordered GST switching is the technological employed process
(blue arrows).
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Regarding Resonant Bonding

Several studies based on XRD !l and Extended X-Ray Absorption Fine Structure spectroscopy [1°}
(EXAFS) have underlined how a- and x- phases in GST present completely different bonding
nature. What emerged is that a-GST shows a covalent nature of bonding (8-N rule, N being the
valence). In contrast, the coordination numbers of the crystalline phases are higher than expected
from the 8-N rule, and are based on the distorted, six-fold-coordinated A7 rhombohedral structure
of GeTe[3?%]. The A7 structure is a distorted NaCl structure also adopted by Sb.

To have a clear picture of the scenario, a schematic about Sb structure is used as an example (see
fig. 1.3), which shows the (001) plane of a hypothetical simple cubic crystal of Sb. In this structure,
each Sb atom has six nearest neighbors, but only three average p-electrons to facilitate covalent
bonding between adjacent Sb atoms. On the left and right of the illustration two extreme cases can
be found, but in reality, a superposition of these configurations is observed, which is schemati-
cally shown in the middle of this figure. This electron configuration has been coined as resonance
bonding by Pauling. The same kind of rule applies to GeTe and GST, in which Ge, Sb, Te use
electrons in their outer p-shell to create bonds, and between them they possess average number
of electrons per atom which is not sufficient to create covalent or hybrid bonds with neighbors[®].
The pronounced electron delocalization, which characterizes resonant bonding, is the cause of the
significantly large increase of the electronic polarizability which is observed in many crystalline
IV-VI compounds?!l. This phenomenon is one of the fingerprints of resonance bonding.
Crystalline GST itself is characterized by this unique bonding of the p-electrons, leading to a high
static dielectric constant (€. ~ 33) and thus very weak effective electron interactions if compared
to the amorphous phase (€« ~ 16)[322].

It is worth to mention that in GST, the high concentration of randomly arranged vacancies on the
Ge/Sb sublattice, as well as a statistical distribution of Ge and Sb atoms on this sublattice and
significant atomic displacements away from the sites of a perfect lattice (Peierls distortions[!3])
affect the overlap between adjacent p-orbitals, which impacts the electronic properties of the ma-
terial (3131,

With this in mind, the formation and existence of vdW gaps present in the ordered crystalline
structures (see fig. 1.2) can be understood by considering the resonantly bonded nature of x-
GST. An ideal resonantly bonded network possesses an average of three p-electrons per atom,
distributed on the resonant orbitals py, py, and p; in all three dimensions. Therefore, a simple
arithmetic argument can be applied to all the ordered stoichiometric GST compounds, taking into
account the number of atoms and of p-electrons per each constituent elements in the alloy, i.e.
2, 3 and 4 p-electrons for Ge, Sb and Te, respectively. As an example, Ge;Sb,Tes has an average
of (1*2+2*3+4%4)/7 = 3.429 electrons per atom; there is a surplus of 0.429 electrons per atom.
After seven atomic layers, the amount of electrons in surplus amounts to three. Which means
that there are enough spare electrons to fill the resonant state without the necessity for an extra
layer of atoms. Therefore the vdW gap is created. Ge;SbyTes has an average of 3.33 electrons per
atom, in other words a surplus of 0.33 electrons per atom. Therefore there is one vdW gap after

each 9 atomic layer (9 x 0.33 =~ 3). Finally, Ge3Sb,Tes has 3.27 electron per atom, a surplus of
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Figure 1.3: Schematic model of crystalline Sb, with its resonant bonds originating from the
superposition of the two virtual states W1 and W, 3],

0.27, therefore one vdW gap after each eleven atomic layers (11 x 0,273 ~ 3). In the metastable
configuration, the formation of intrinsic vacancies[!®l can be explained in a similar fashion: In a
resonantly bonded network, it is favorable for the crystal to have no more than an average of three
electrons per lattice site. The formation of vacancies could thus be understood as a mechanism to

get rid of excess electrons.

1.2.2 Metal-Insulator Transition in GeSbTe Alloys

During the MIT, condensed phases transform from the metallic to the insulating state upon chang-
ing thermodynamic parameters such as temperature, pressure or composition, with the electrical
conductivity changing by factors of 10° to 10'* over a small range of the thermodynamic param-
eters.

A wide range of condensed matter systems undergo the MIT. These include doped semiconduc-

tors, transition metal oxides, metal alloys and superconducting cuprates.

Different models exist to describe MIT in these materials. A part from those invoking a change of
the crystal structure at the transition [23] here we consider those describing the transition without
a change in crystallographic phase. According to Anderson!?4, if the randomness in electronic
state energies at different sites is large enough, electrons do not diffuse within the system, but re-
main localized at potential fluctuations. In general, from a semi classical point of view, we could
say that electronic states involved in charge transport (i.e. those near the Fermi energy) are spa-
tially extended or delocalized in the metal, and are localized in the insulator.

An important concept is the mobility edge, defined as the energy separating localized and delocal-
ized states. In fig. 1.4 the density of states distribution as a function of energy for an amorphous
material is shown and the mobility edges are indicated as well. The localized states tend to be on
the tails of the density distribution and in these energy regions, the electronic conduction is zero

at 0 K. As the disorder increases, so the mobility edges move inwards toward the center of the

12



1.2 GeSbTe Alloys: The Most Efficient Phase Change Materials

band. When the Anderson criterion is reached the mobility edges meet and all states are local-
ized. The material is then an insulator regardless of where the Fermy energy lies in the band. In
other words, increasing disorder turns the delocalized electronic states at the Fermi energy into

localized states[?4].

Localized states Delocalized
states

Mobility edge

Figure 1.4: A schematic density of states in an amorphous material, showing the mobility
edges separating localized and delocalized states.

A second route for the MIT to occur has been identified by Mott. His theory focuses on the
electron interaction energy, such as short-range electron correlation and long-range Coulomb in-
teractions, and disorder effects are completely neglected. MIT arises if correlation exceeds the
Fermi energy!?®!. Two important concept were first predicted by Mott and are the existence of a
critical conductivity (or resistivity) for the metals at the MIT transition point, and a vanishing con-
ductivity (diverging resistivity) in the limit of 0 K. For real systems, it is often the case that in the
same system, both correlations and disorder are significant, making a clear distinction between

the two cases not straightforward.

In GST alloys, in addition to the fast and reversible switching from a- to x- phase, experimental
results on polycrystalline GST (poly-GST) films have evidenced a MIT 2! in the crystalline state.
In the study of Siegrist et al.1?], the change of resistivity as function of temperature has been
studied, and evidence of a MIT has been given. The latter has been attributed to disorder (Ander-
son MIT) based on theoretical considerations combined to specific assumptions on the material
system. Subsequently, ab initio simulations based on DFT and molecular dynamics (MD), have
indicated that the insulating behavior stems from the localization of electronic states around va-
cancy clusters, whereas the transition to the metallic state is induced by the ordering of vacancies
into layers!€l.

So far, only poly-GST has been investigated and no experimental evidence of the influence of for-
mation of vdW gaps though vacancy ordering on the MIT has been given. In addition, although
the phase transformation between c- to t-GST has been excluded as cause of the MIT, the exper-
imental evidence was not enough to unequivocally understand in which crystalline phase MIT

takes place has not been given.
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One of the goals of this thesis has been to fabricate quasi-single-crystalline material that facilitates
the direct experimental observation of different degrees of vacancy ordering, to investigate the
MIT in GST, as will be shown in chapters 3.1.1 and 4.

1.3 GeTe/SbyTe; Chalcogenide Superlattices

CSL have been shortly mentioned in the motivation to this thesis work, and deserve to be pre-
sented in more detail.

The concept behind a superlattice structure is to stack different materials of few nanometer thick-
ness on top of each other in order to combine their existing properties, or give rise to new superior
properties that are not found in the separate materials, as for instance bandgap engineering. For
CSL, the goal is that of improving memory performance.

In recent years it has been shown that memory cells based on CSLs with alternating layers of
GeTe and Sb,Te; layers display dramatically improved performance in terms of reduced switch-
ing energies (up to one order of magnitude if compared to PCMs), improved write-erase cycle
lifetimes (more than an order of magnitude compared to PCMs), and faster switching speed [°}, if

compared to conventional PCM based memories.

Although the properties of Sb,Te; and GeTe are not specifically investigated in this thesis work,

these compounds are still relevant as one of the component of the superlattice structures.

Antimony Telluride

Sb,Tes lies on one of the extremities in the pseudo-binary line shown in fig. 1.1 b), encompassing
most of the technologically relevant phase change materials. But by itself, Sb,Tes is not considered
to be one of them: Its low crystallization temperature (~70 °C) makes the amorphous phase

unstable and unreliable for technological applications.

Sb,Tejs, like GST, is a resonantly bonded material. It belongs to the R3m space group. The structure
of SbyTej is illustrated in fig. 1.5. In the densely packed (111) planes (in cubic notation), each
molecular block of five atomic layers [also called quintuple layers (QL)] is separated from the
neighbor blocks by an empty layer on the Sb sublattice. The facing Te atoms on each side of the
vacant layer are separated by vdW gaps. The Te sublattice follows an hexagonal stacking in the
out-of-plane axis (ABCBCACAB).

As already discussed for GST, the presence of vdW gaps can be easily understood by considering
that SbyTes is indeed a resonantly bonded material. The average number of p-electrons in Sb,Tes
is 3.6 electrons per atom, i.e. 0.6 electrons surplus per atom. This means that each five atomic
layers gives 3 surplus electrons, therefore there are enough spare electrons to fill the resonant

state, without the necessity for an extra layer of atoms and to create a vdW gap.
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1.3 Gele/Sb,Tes Chalcogenide Superlattices

Figure 1.5: Scale model of the crystalline SbyTes structure. The stacking sequence for the Te
sublattice is indicated on the left-hand side. vdW gaps and the size of one QL is
highlighted.

The Sb-Te bond lengths are not uniform in SbyTe;: The bonds at the edge of the block, closer to
the vdW gaps, are shorter than those near the middle of the block. Since the bonds distortion is

symmetrical at both edges of the blocks, SboTes is not a ferroelectric material.

SbyTes possess interesting properties, such as the thermoelectric effect. In addition, because of the
vdW gaps, the thermal conductivity is highly anisotropic and the heat conduction via phonons
in the out-of-plane direction is very low!?’]. Tt has also been proposed that the resonant bonds
themselves contribute to the low thermal conductivity!?8l: The atoms interact with each other
on a longer range within the resonant network, but because they are not perfectly periodically

spaced, it induces anharmonic phonon scattering.

Low thermal conduction is also beneficial for phase change memory applications, because it en-
sures that heat is confined in the active area, and minimizes cross-talk between neighboring cells.
From this point of view, ordered GST structures or CSLs have a clear advantage over GeTe or

disordered metastable GST because of the presence of vdW gaps.

Germanium Telluride

Despite its very simple stoichiometry, GeTe is a quite complex compound from the fundamental
point of view. In its amorphous phase, a-GeTe is covalently bonded as commonly found for
amorphous semiconductors!?l. Tt reflects also in its electrical and optical properties. Instead, if

we consider its crystalline phase (x-GeTe), it presents extraordinary properties.

Two crystalline phases can be found: A cubic one existing at high temperature (~ 720 K), called

B-GeTe phase; and a rhombohedral structure called a-GeTe at lower temperature.
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GeTe has attracted a lot of attention both from a fundamental and technological perspective as
a thermoelectric[331, ferroelectric!®233], and phase-change material[®%]. Recently, it has been
demonstrated that it owns a giant bulk Rashba effect that paves the way towards novel spintronic
devices[3°].

All this properties can be related to two main phenomena which characterize the crystalline struc-
tures: The resonant bonding (see paragraph "Resonant bonding" in 1.2.1), and the Peierls distor-
tion. The last one implies the formation of alternated short strong bonds and longer weaker
ones!?237 in the GeTe cell. It has been shown to be favorable for these short and long bonds to
be distributed in an ordered fashion, into layers in the [111] direction [38] " As a result, the crystal
is elongated in the [111] direction, leading to a rhombohedral distortion of the cubic rocksalt unit
cell. All details about growth and optimization of epitaxial GeTe films by our group can be found
in R. Wang et al. [3940],

1.3.1 Properties and State of the Art

As opposed to conventional PCM, in which the transformation occurs between two phases (amor-
phous and crystalline), in CSLs it happens between two states within two different crystalline
states: One conducting and the other highly resistive, that will be labeled as low resistance state
(LRS) and a high resistance state (HRS), respectively, in order to avoid confusion with the set and
reset states of conventional PCMs. The key point here, is that the electrical switching in CSLs hap-
pens on a “non-thermal” fashion, meaning that no melting process is involved, as confirmed by
the maintained SL structure after several cycles shown experimentally ®). However, the physical

mechanism responsible for this low energy switching is not well understood.

Chong et al.!*1] were the first reporting about SLs. They tested amorphous GeTe/Sb,Tes SLs after
annealing, with optical data storage applications in mind. They found shorter crystallization time
under optical excitation, compared to the homogeneous GST alloy of the same average composi-

[42] where lower activation energy

tion. Similar experiments were conducted by Cao and Quiang,
for crystallization were obtained by differential scanning calorimetry. Chong et al. 3 argued that
the decrease of the switching energies has to be ascribed to a decrease of thermal conductivity,

which effectively increases the temperature in the memory cell.

Later, Simpson ef al.[’] suggest that there may be more than just thermal conductivity at play. Us-
ing physical vapor deposition, CSLs with 1 nm thin amorphous GeTe sublayers sandwiched be-
tween 4 nm thick crystalline SbyTes blocks were grown and fully crystallized by annealing. Such
structures showed reduced switching energies, improved write-erase cycle lifetimes, and faster
switching speeds. These improvements are attributed to the natural tendency for the interca-
lated SbyTes layers to texture themselves in the out-of-plane direction, offering a template for the
crystallization of GeTe. Thus, the configurational entropy difference between the two phases is re-
duced, enabling the switching between them without undergoing melting. The device-damaging

long-range atomic diffusion (4% is also greatly suppressed.
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Interesting appears the possibility of a "non-thermal" route in the optical switching process. With
“non-thermal” it is meant excitation process that induces a negligible temperature change, differ-
ently from a melting process. One of several examples [~ is the study of Makino et al.!® in
which crystallization of the above mentioned CSLs has been induced by using two optical pulses
which coherently excite optical phonons. In other words, the phase change from amorphous into
crystalline states can be manipulated by controlling atomic motions through selectively exciting
a vibrational mode that involves Ge atoms, under specific pump pulses conditions®*>!. "Non-
thermal" switching is expected to be by far more efficient than melting and to enable ultra-low

energy consumption, at least one order of magnitude less than conventional PCM memories.

A consistent breakthrough in the realization of CSLs with high degree of structural order, leading
to a reduction of entropic losses during switching, has been done by our group, which has pio-
neered the growth of epitaxial CSLs consisting of alternating layers of GeTe and Sb,Tes, with the
smallest layer thickness of about 1 unit cell of GeTe and of Sb,Te3 in the [111] direction with inter-
face and surface roughness of 1.4 and 1 nm, respectively. Single out-of-plane and in-plane orien-
tation was achieved ®>-54. From High-Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-STEM) measurements ! it has been demonstrated that GeTe-Sb, Te; super-
lattices are actually a vdW heterostructure of SbyTez and rhombohedral GST, which is in striking

contradiction with the previously proposed models in the literature“8].

These GST layers are
formed due to the bonding dimensionality of the superlattice sublayers, as GeTe prefers to be 3D
bonded within the Sb,Tes block and not adjacent to a vdW gap. In other words, GeTe and Sb;Tes
undergo intermixing which lowers the system energy. The question of intermixing is very impor-
tant because there are several models describing how switching occurs in the CSL, and some of

them are based on the assumption that there is a well defined interface between GeTe and Sb,Tes.

A very important point to underline, which goes behind the different mentioned studies of the
switching mechanism, is that so far the atomic structures of the LRS and HRS are still not fully
agreed by different groups producing CSLs.

The four leading atomic models describing CSL structures are reproduced in fig. 1.6148]. All four
proposed structures can be seen as vdW gaps (formed between Te-Te layers) separating blocks of
Ge, Sb and Te layers. Differences arise in the layers distribution and block sizes. As a common
feature, Sb layers tend to be at the extremes of the unit cell (black rectangle) in order to form Sb,Tes
block, and Ge layers in the center, forming GeTe block. It is important to point out that based
on our previous studies®>>*], the model that best corresponds to the CSLs samples grown and

studied in this thesis work is the Kooi model[1554]

, with its characteristic -[Te-Sb-Te] endpoints
encapsulating the GeTe layers. Structures similar to the ferro-GeTe model cannot be excluded in

proximity of defective vdW layers but the Kooi structure remains the more representative one.

Therefore, it is not surprising that interpretations of the results concerning the switching of CSLs
can in some cases be in disagreement between groups. For instance, it has to be considered that
different fabrication methods or recipes could lead to CSLs which are better described by a model

structure among the four depicted in fig. 1.6.
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Figure 1.6: Proposed structures for CSL with 2 bilayers of GeTe between Sb,Tez blocks. Fig-
ure are adapted from Tominaga et al.[48].

As an example of the last point, in a recent study by Yu and Robertson#] a further investigation
describing the motion of an atomic layer between the LRS and HRS in CSLs has been proposed. It
is based on the two most accredited switching models proposed in the PCM community: Model 1
is proposed by Tominaga et al. and happens between a Ferro LRS and an Inverted-Petrov structure
in HRSM8]. Model 2 is proposes by Ohyanagi et al. and is a transition between a Petrov LRS and
an Inverted-Petrov HRS!#1. As a result of this study, it has been shown that the main transition
is actually a vertical flip of a Ge layer through a Te layer, followed by a lateral motion of GeTe
sublayer to the final, low energy structure[*].

On the other hand, a very recent study based on EXAFS and TEM 5] prospects a more complex
switching mechanism than an oversimplified atomic Ge flipping for epitaxial CSLs interfacial
structures. The observed distortion of the lattice, the vdW gap shift and the Ge(Sb) intermixing
should be considered as worthwhile features of these SLs, since they would possibly affect the

phase-change performances in terms of electrical switching and activation energy.

1.4 Ultrafast Dynamics in GeSbTe alloys and
Chalcogenide Superlattices

Even if PCMs have been at the heart of optical storage technologies since many years, the phase
change mechanism driving the reversible transformation from the crystalline to the amorphous
state has been matter of controversy in the literature.

It has to be clarified that in electrical memories, the switching process is achieved by the applica-
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tion of electrical pulses (nanosecond range)[?%l. Nevertheless, different mechanisms contribut-
ing to the switching, such as the threshold switching!>*”], which is at the base of PCM electrical
switching, is occurring in the a-phase and prior to the a- to c-phase transition, and is governed by
electron-phonon coupling and relaxation processes occurring on the timescale of several hundred

femtoseconds (fs)!%71,

Such processes are clearly "non-thermal" and are too fast for an electrical
probe. Therefore, the established understanding of the switching process, based on melting of the
c- phase to obtain the a- one and recrystallization by annealing of the a-phase above the crystal-
lization temperature[?! presents limitations and does not account for the bonding nature of PCM
and others possible ultrafast "non-thermal" switching paths which may act as precursors to the
thermal one, or even happen independently from one each other.

Therefore, dynamical studies on an ultra-fast timescale result necessary.

Possibilities to access ultrafast timescales are given by full optical-pump /probes or optical-pump /X-
ray probe schemes and can be found in the literature [#>8-%01 and lead to the formulation of differ-
ent switching mechanisms. Two mainstream explanations can be distinguished.

It has been suggested that the Ge ions coordination changes through an "umbrella flip" transition,
which modifies both the structure and optical properties!®!. As only a subset of bonds would
change, this type of mechanism has the potential to be very fast and non-thermal. However, the
thermal stability of the umbrella flip model has been questioned and later work has shown that
coordination changes alone are insufficient to explain the observed changes in the optical proper-
ties362],

The latest alternative and most accredited explanation of the optical contrast upon switching has
been explained in terms of resonant bonds in the crystalline state>62].

In a recent work of L. Waldecker et al.[4] a direct measurements of the structural and optical di-
electric properties during the photo-triggered amorphization of GST using a combination of time-
resolved femtosecond optical spectroscopy and electron diffraction in the single-shot regime, has
been provided. It has been demonstrated that femtosecond optical excitation of x-GST directly
removes electrons from resonantly bonded states as evidenced by the immediate decrease in the
dielectric function. This non-thermal femtosecond change in the optical properties does not coin-
cide with a change in crystallinity. Therefore resonant bonding perturbation has been proposed

as a non-thermal cause of the switching, in line with previous studies>¢2].

Our approach within the mentioned scenario, is based on the unique capability to grow epitax-
ial phase change materials. Epitaxial PCM with respect to those produced by sputtering offer
decisive advantages. They display high structural quality and single out-of-plane and in-plane
orientation, thus reducing the effect of imperfections at grain boundaries; a further advantage
is that ideally a material with such high perfection facilitates the interpretation of experimental

results, that can be directly associated to the grown structure, through an atomistic picture.

Optical switching process of GST epitaxial films using picosecond laser pulses has been investi-
gated and it has been found that the amorphization process takes place in a single or in multiple
steps, while the re-crystallization process always takes place in multiple steps!®3]. Tt was clearly

demonstrated, by employing nanofocus high-resolution XRD on the samples before and after ap-
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plication of femtosecond laser pulses!®!, that it is possible to reversibly switch back and forth
the epitaxial layers. Furthermore, epitaxial GST has been studied and coherent phonons (CPs)
generated by laser pulses on the fs-scale have been proposed as a means to achieve ultrafast,

non-thermal switching in PCM %],

Another possibility to access ultrafast timescales is given by employing pump/probe schemes
exploiting THz radiation, which is particularly sensitive to conductivity changes in the materials.
Only few dynamic THz studies on poly-GST alloys have been conducted so far!®®%?l. In Shu et
al.10, time-resolved ultrafast electric field-driven response of c- and a-GST films has been mea-
sured all-optically, pumping with single-cycle THz pulses. Field-induced heating of the carrier

systems has been observed within picosecond-time-scale (0-10 ps).

Similar arguments hold for epitaxial CSLs, which only undergo switching through "non-thermal"
path. The understanding and control of non-thermal switching triggered by different excitation
stimulus is of fundamental importance for technological applications, since it is expected to be by
far more efficient than melting and to enable ultra-low energy consumption (at least one order of
magnitude less than conventional PCM memories). CSLs high degree of structural quality 52535
might facilitate the interpretation of experimental results (see paragraph 1.3.1), together with the
comparison to the switching of ordered GST, that presents similitudes in the structure in terms of

vdW gaps presence in between building block alternating Te, Sb and Ge.
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2 Experimental Methods and Theory

The current chapter presents a description of the different samples fabrication methods, with fo-
cus on molecular beam epitaxy (MBE). The characterization techniques of interest for static struc-
tural investigation such as Raman and Far-Infrared (FIR) spectroscopy, X-ray diffraction (XRD)
and electrical measurement are discussed. Eventually, the synchrotron based experiments for
time-resolved investigations are presented. They are based on X-ray absorption (XAS) and Tera-

hertz (THz) spectroscopy.

2.1 Thin-Film Fabrication by Molecular Beam Epitaxy

MBE is a deposition technique which allows the oriented growth of a crystal on the single crystal
surface of a different material. The process of oriented growth of a crystal starting from a crys-
talline template, is defined as epitaxy.

The major characteristic of MBE operation consist in the evaporation of atomic or molecular
beams from highest purity effusion sources, on a heated substrate under ultrahigh vacuum (UHV)
conditions of about 10~!! Torr. The UHV condition ensures clean growth environment, and high
mean free path of the atomic/molecular beam that far exceeds the dimensions of the chamber,
which results in working state of free molecular flow regime. In such regime, only interaction of the
evaporated species and the substrate are relevant, while interaction within atoms ad molecules
in the fluxes are ideally neglectable. To initiate the deposition, the substrate surface is simply

exposed to the flux of material emitted by the cells.

MBE enables the growth of very high purity and high quality crystalline structures in a controlled
fashion. It is therefore a method most successful in the fabrication of low-dimensional structures
such as quantum dots, nanowires, quantum wells, and thin films. The applications for these
structures in optoelectronics are innumerable [°6-68],

MBE deposition is usually performed at elevated substrate temperatures, where the atoms be-
come more mobile on the surface. Atomic or molecular species impinging on the hot substrate
might get chemisorbed or physisorbed on the surface and different phenomena can be consid-
ered happening: desorption, adsorption, incorporation and diffusion. The interplay between
these mechanisms is regulated by rate equations which take into account the growth kinetics. In
non obvious fashion, specific free energy conditions for the system determine the equilibrium of

the mentioned phenomena 1.
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2 Experimental Methods and Theory

The success in an MBE growth strongly depends on careful choice of the sources fluxes, the heat-
ing of the substrate, and the preparation of the substrate. A fine control of the mentioned parame-
ters allows, in most of the cases, that the impinging atoms or molecules diffuse on the surface and
find a preferred site to be adsorbed. Using a crystalline substrate, the position of these favorable
sites will be defined by its crystalline structure at the exposed surface. If the deposited material
is also crystalline, its orientation will be inherited from the substrate: An epitaxial relationship is
established between the film and the substrate. With enough heat supplied to the substrate, the
rejected atoms are desorbed and captured by the cryogenically cooled chamber shroud, ensuring

low UHV background pressure.

Two distinct cases of epitaxial growth can be distinguished: If the crystalline film is grown on a
substrate of the same material, therefore with the same lattice parameter, then the process is called
homoepitaxy; instead, when the two crystals are not the same material, and the lattice parameters
differ, the process is called heteroepitaxy. In the latter case, a lattice mismatch can be defined de-

pending on the lattice parameters of substrate and grown film (ag,, and agyy,):

Asub — Afilm
Asub

m =

When lattice mismatch is reasonably low (< 7 %), the first few atomic layers of the deposited film
will strain themselves to adapt to the substrate lattice, growing pseudomorphically. As the thick-
ness of deposited material increases, elastic energy is accumulated due to the stress in the film.
After a certain critical thickness, the epilayer starts to release stress by the formation of misfit dis-
locations. The value of the critical thickness is roughly inversely proportional to the mismatch.

Instead, when the mismatch between the substrate and the film is too large (=8 %), the critical
thickness for misfit dislocation formation approaches the order of one single atomic layer!”?l. In
this case, the two lattices cannot be matched anymore, and misfit dislocations are formed directly
at the interface, in order to immediately relax the film. Another case, named domain matching
epitaxy, occurs when the epilayer attempt to match an integer number of its unit cell with more
distant lattice points of the substrate, to form epitaxial domains. As a result, the film is not fully
relaxed; there is generally some residual domain mismatch, but it is typically much smaller com-

pared to the lattice mismatch (< 1 %).

Mismatch and interaction between atoms determines different growth processes: If the interac-
tions between atoms in consecutive layers is stronger than the one between atoms in the same
layer, then a two-dimensional (2D) layer-by-layer Frank-van der Merwe growth is favorable. In
contrast, nucleation and coalescence of isolated three-dimensional islands are more luckily when
interactions between atoms in the same material layer are dominant (Volmer-Weber process).
In this case the forming film is much rougher. The third possibility is the so-called Stranski-
Krastanov process, where growth initially starts in a layer-by-layer fashion, until three-dimensional
(3D) islands are formed on top of the epilayer, due to the accumulated strain in the film once a

certain critical thickness is reached [®]. A schematic of the three scenarios is illustrated in fig. 2.1.
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2.1 Thin-Film Fabrication by Molecular Beam Epitaxy

Frank-van der Merwe Volmer-Weber Stranski-Krastanov
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Figure 2.1: Schematic diagram showing the Frank-van der Merwe, Volmer-Weber, and
Stranski-Krastanov growth modes for heteroepitaxy.

The MBE system used in the framework of this thesis was custom-built by CreaTecFischer &
Co. GmbH. This system is composed of three vacuum chambers of progressive quality. The first
chamber is the load-lock, used for transferring samples in and out of the system. This chamber
is pumped down to 1078 mbar and the stage can be heated for degassing. Furthermore, it is
equipped with a RF sputtering unit that can be used to apply protective capping layers (SizNy,
ZnS-5i0;, TiN, or W) on the samples before exposing them to the atmospheric pressure. The
second part is the transfer chamber, where the substrate can be further baked and degassed, at a
pressure of 10~? mbar. It also acts as a buffer zone before the substrate is introduced into the UHV
growth chamber at 10~1% mbar. The growth chamber hosts several ports occupied by Ge, Sb, and
Te cells. For flux calibration and desorption studies, the chamber is equipped with a molecular
beam flux monitor, an atmospheric quadrupole mass spectrometer (QMS), and an line-of-sight
QMS. Unfortunately, the QMS was out of commission and could not be used for this thesis. A
reflection high-energy electron diffraction (RHEED) system is also integrated allowing the in situ

study of the crystal growth.

High-Energy Electron Diffraction

In this thesis work, RHEED has been particularly useful to monitor in real-time and in situ, the
substrate reconstruction state prior to the growth and the different growth stages in terms of

crystalline quality.

RHEED equipment is composed of a 5-20 keV electron gun which provides an electron beam fo-
cused on the sample surface at at grazing angles (1°-3°). The beam is diffracted by the surface and
collected by a phosphor-coated screen on the opposite side of the electron gun. The visible pat-
terns are useful for analyzing the surface symmetries and reconstructions, detecting a transition
in the dimensionality of the growth and measuring growth rates. The small effective penetration
depth of the impinging electrons, due to the grazing incidence angle, makes RHEED a surface

sensitive investigation technique.

The working principle is based on the scattering of the impinging electrons with the electron
cloud of the nuclei on the sample surface, which lead to waves interference effects that are con-
structive only in certain directions depending on the crystalline structure of the surface. RHEED
patterns are produced on the screen allowing to deduce properties about the reciprocal space
lattice (and therefore the direct) by employing an Ewald sphere construction (fig. 2.2). Ewald

sphere construction and reciprocal-direct lattice relations for ideal bulk crystals are discussed in
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2 Experimental Methods and Theory
section 2.2. In this specific case, the reciprocal lattice of a crystal surface consists of a series of
infinite rods perpendicular to the surface, having their origin in the lattice points [see fig. 2.3 a)].

Corresponding 3D Ewald construction is illustrated in fig. 2.2.

Ewald sphere

Projected image
on screan

Figure 2.2: Ewald construction for electron scattering from a real surface. Difference between
incoming and outcoming wavevectors k; and kg is a reciprocal vector only if the
Laue condition is fulfilled. Semicircle is the zero order Laue zone.

A sphere of radius k is centered at the start of the incident wavevector k;. The diffraction con-
ditions are fulfilled when the lines of the reciprocal space intersect with the Ewald sphere and
produce diffraction spots arranged in concentric semicircles, called Laue zones. In reality, ther-
mal vibrations, lattices imperfections and electron beam divergence determine a finite thickness
of the ideal reciprocal rods and Ewald sphere, turning the spots into streaks with modulated in-
tensity even for 2D surfaces. See fig. 2.3 b). If 3D structures are present on the surface, the RHEED

pattern consists of a series of bright spots regularly arranged [, as illustrated in fig. 2.3 c).
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Figure 2.3: Illustrated diffraction pattern for: a) Perfectly flat surface with consequent ideal
pattern; b) a real surface with reciprocal rods; c) real surface with 3D features and
consequent regularly arranged spots.
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2.1 Thin-Film Fabrication by Molecular Beam Epitaxy

Flux Calibration

Accurate calibration of source fluxes is a necessary operation before planning any growth exper-
iment. For material systems which exhibit layer-by-layer growth such as GaAs, the flux calibra-
tion might be done by measuring the intensity oscillations of the specular beam as observed by
RHEED!72]. Nevertheless, other possibilities can be adopted, such as the use of a beam flux mon-
itor. For our material system, we optimized a method based on performing amorphous growth
of the different elements namely Ge, Sb and Te at very low substrate temperatures (<10 °C). For
such temperatures it is reasonable to assume that all the impinging fluxes have sticking coefficient
equal to one and no desorption occurs. The deposited layers are amorphous. Growths of samples
are performed by varying the source fluxes and the thicknesses are measured by X-ray reflectivity
XRR. It is worthwhile to clarify that what is actually measured is a growth rate (GR) for amor-
phous samples, obtained dividing the thickness of each sample by the growth time. Therefore
in this thesis, fluxes will be expressed in nm/min, instead of conventional atom/ cm? /s units. It
is necessary to check the GR periodically to prevent depletion of the sources and appropriately

increase the temperature of the effusion cells to compensate for the decrease in flux.

2.1.1 Thin-Film Crystallization/ Amorphization Methods

Thermal Annealing

Samples of x-GST were also produced performing rapid thermal annealing (RTA) on a-GST pre-
viously grown by MBE.

RTA is a process used in semiconductor device fabrication which consists of heating a single wafer
at a time in order to obtain different effects. For example wafers can be heated to activate dopants,
effect film-to-film or film-to-wafer substrate interfaces, change the density of deposited films and
for many other porpoises. Those processes are performed in RTA furnaces. The one used in this
thesis work is a JetFirst100. The wafer in the chamber is heated up by halogen bulbs fixed on the
top of the chamber. Desired gases are inlet at specific locations through valves. A cooling water
system allows the effective rapid cooling of the sample after the treatment. Temperature control
is achieved by a thermocouple directly in contact with the wafer.

The annealing process is operated as follows: The GST sample is loaded into the furnace chamber
on a Si wafer, then the chamber door is closed and locked. The annealing treatment recipe is im-
plemented via computer introducing the set point temperature of annealing, the ramp rate and
the gas flux. Considering that the GST sample is loaded on the Si wafer and that the thermocou-
ple is directly in contact with the latter, the real temperature of the GST sample is actually lower
that the measured one, which corresponds to that of the Si wafer. Details on the crystallization

experiments are presented in section 3.3.
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2 Experimental Methods and Theory

Application of Femtosecond Laser Pulses

Crystallization of a-GST layers and amorphization of x-GST previously grown by MBE has been
performed by application of a pulsed laser.

Pulsed laser refers to any laser not characterized by continuous wave emission, so that the optical
power appears in pulses of some duration at some repetition rate, defined as number of emitted

pulses per second. An extensive review of pulsed lasers can be found in dedicated literature!”3].

Laser system used in the laboratory at PDI is the same as the one employed at the synchrotron for
the optical-pump /X-ray probe and optical-pump/THz probe experiments described in chapter 5

and section 2.3.

To achieve the goals of this thesis, the employed laser should fulfill the following requirements:
Pulse duration: fs-laser pulses are desirable to investigate effects in the non-thermal time domain.
High pulse power: In pump-probe experiments, to enable the detection of the laser switched re-
gions of the sample, it has to be ensured that only laser altered material contributes to the detected
signal. Therefore, the spot size of the pump laser must exceed the one of the probe. In this the-
sis work pump-probe experiments have been performed employing X-ray and THz probes, with
spots diameters of 30 um x 150 ym and 300 pum, for X-ray and THz spot, respectively. Further-
more, since the fluence of a laser, defined as the optical energy delivered per unit area (mJ/cm?),
is inverse proportional to spot size and repetition rate, high energy pulses lasers in the range of
m] /pulse are desirable. This allows to cover a wide range of fluences during the switching exper-
iments.

Repetition rate: The high power laser must have a high repetition rate. In time-resolved laser-
pump/X-ray-probe experiments, the number of available X-ray photons is very limited (see chap-
ter 2.3.3), thus, a high repetition rate must compensate the low number of photons per single shot,
to obtain a significant signal to noise ratio. This repetition rate is used later in the time-resolved

X-ray study.

In this thesis work, the pulsed laser is a COHERENT Micra-Legend Elite tandem system. A Mi-
cra Ti:Sa oscillator is used as seed laser to supply the pulses for the regenerative amplifier. The
Micra emits pulses at 800 nm wavelength at a pulse duration of less than 100 fs. The pulse power
amounts to several nJ. The natural free running repetition rate is 80 MHz. The pulses are selec-
tively coupled into the regenerative Legend Elite amplifier. The amplifier emits 800 nm and 3 m]J
pulses at a repetition rate of 1 kHz. The pulse duration amounts to 150 fs FWHM with tempo-
ral Gaussian pulse shape. These laser pulses are used in the laboratory for crystallization and
amorphization of GST samples, which represents preliminary fluence calibration for synchrotron
based experiments (see chapter 5).

The laser pump pulse induced change of the reflectivity of the GST film is monitored continuously
by the reflection of the light of a continuous wave He-Ne laser that emits at 632 nm wavelength.
That signal is recorded by a fast photodiode connected to a GHz oscilloscope. Details about the

conducted experiments and their specific set-up scheme are given in chapters 3.4 and 5.
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2.2 Thin-Film Characterization Methods

2.2 Thin-Film Characterization Methods

2.2.1 X-Ray Diffraction

XRD is a non destructive consolidate technique for the study of the atomic scale structure of
materials. In particular, it allows to gather information on the average spacings between layers or
row of atoms, to determine orientation of a single crystal or grain, to find the crystal structure of an
unknown material and to measure the size, shape and internal stress of small crystalline regions.
Due to the relatively high transmittance through matter of X-rays, their penetration depth of 10-
100 pm into the sample and the lateral size of the spot of 100 um range, XRD is considered as an
averaging bulk technique. The diffractometer used for XRD characterization in this thesis was the
triple-axis Panalytical X’Pert PRO MRD system with Ge(220) hybrid monocromator, employing a
monochromated Cu-Ka1 radiation (A = 1.54 A).

When the X-ray hits an atom, the electrons around the atom start to oscillate at the same frequency
of the beam. In almost all directions destructive interference appears, meaning that waves are out
of phase. Due to atoms periodicity, only in few directions constructive interference occurs. The
wave then will be in phase and diffracted X-ray beams. The problem can be described consid-
ering X-ray reflection from the aforementioned series of parallel planes inside the crystal. The
orientation and interplanar spacings d are defined by the Miller indices 4, k, I. If we consider an
X-ray beam incident on a pair of parallel planes P1 and P2, separated by interplanar spacing d, as
shown in fig. 2.4, condition of maximum intensity beam or constructive interference will occur
when the difference in path length between the waves 1 and 1" as well as 2 and 2’ is an integral
number of the radiation wavelengths A. This means that 1 and 2 are two in phase waves. This

can be analytically expressed by the so called Bragg law:

2d xsinf = nxA. (1)

where 0 is the incident angle of A and 7 is an integer which gives the order of diffraction. This
means that experimentally by using X-ray of known wavelength A, and measuring 0, it is possible

using eq. (1) to determine the spacing d.

For diffraction studies, it is important to consider the reciprocal lattice. Given three primitive
vectors a, b, ¢ in the direct space, we can define three primitive vectors 4%, b*, ¢ in the reciprocal

space as follows:
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Figure 2.4: Bragg law.

The reciprocal space lattice is build up considering all the vector points G of the form G = @*h + bk + &1,

The concept of reciprocal lattice was introduced by Ewald and his geometrical construction is re-

ported in (fig. 2.5). If the difference between the incoming K and outgoing K, vectors is equal to

a reciprocal lattice vector G (connecting the two lattice points A and P in reciprocal space), then

constructive interference occurs and Bragg peak appears at the corresponding 6 position.

Each reciprocal space vector correspond to an infinite number of parallel, equally spaced lattice

planes in real space. The normal vector of these planes has the same direction as the correspond-

ing reciprocal space vector G and the spacing of the lattice planes is given by djy = 271/G.

As already mentioned, in XRD experiments direct information on reciprocal lattice space is ob-

tained, thus keeping in mind the properties and the relations between the two geometrical spaces,

it is possible to translate in the direct lattice space the information obtained into the reciprocal

space.
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Figure 2.5: Ewald construction of Bragg condition. Ky and K represents the wave vectors of
the incoming and outgoing X-ray beam respectively. "A" and "P" are two points

of the reciprocal lattice.

X-Ray Diffraction Measurements of Thin Epitaxial Films
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In XRD measurements first the illumination of the sample by an incoming X-ray beam takes place,
the beam is then diffracted by the sample mounted on a holder and further on the detection of
the diffracted beam by a detector in a known orientation with respect to the incident beam is ac-
complished. Using a triple axis XRD spectrometer, the orientation of the sample can be changed
with respect to the incident X-ray beam, and the orientation of the detector can be changed with
respect to the sample.

Before measurement the sample has to be aligned to optimize the signal to noise ratio. Different
mechanical assembly of the X-ray tube, sample holder and detector can be used, but the most
common is the 8-26 Bragg Brentano configuration74].

The source does not move, whereas the sample rotates around its axis at a speed 0, the detector
meanwhile is moving at a speed 26 along the circle centered in the sample and referred as the
goniometric circle. In this configuration different types of experiments can be performed. In the
present work, specular 6-26 scans, w scans, ¢ scans and X-ray reflectivity (XRR) measurements

were performed.

w-20 scan

The so called w-26 scan is one of the most common measurement in XRD. The sample is po-
sitioned in the center of the instrument and both the X-ray source and the detector can rotate
around the sample so that the probing X-ray beam and the out-coming beam form an angle w
and 6 with the sample surface respectively 74,

A particular case of w-20 scan is the specular 6-20 scan in which case the analyzer rotates at a
velocity that is the double of that of the detector. Thus w is always equal to 6. Contribution to
the diffraction is only due to regions of the sample having planes which are parallel to the surface
and separated by a constant lattice spacing d(¢). Therefore this measurement provides informa-
tion about the sample only in the out of plane direction.

In fig. 2.6 is presented a scheme of specular 0-26 scan in the sample reference view indicated by
the unity vectors §; and 5. Q represents the scattering vector and has the dimensionality of an
inverse length, while its direction points along the bisection of Ky and K which are respectively
the wave vectors of the incoming and scattered beam. The relation |G| = w holds for the
scattering vector magnitude. In specular -26 scans Ky = K holds.

Diffraction occurs when Q = Ky — K is a vector of reciprocal space G and it is always normal to
the sample surface.

In our study, lattice parameters c in the out of plane direction have been determined by using the
following formula which relates peak positions and distances in the XRD profiles (in |3, |) with

periodicities in the crystalline structures:
c=—5—.(3)

A|Q:|

where A|Q;| is the distance between two peaks in the XRD profile (see chapter 3.1.1).
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Figure 2.6: 6-20 scan configuration from the point of view of the sample reference frame
[5;11741.

W scan

The detector is fixed at an angle 20y which corresponds to the center of the Bragg peak under in-
vestigation, whereas the sample is rocked on the 6 circle in the vicinity of §y. The full width at half
maximum (FWHM) of the peak obtained in the w scans provide information about the quality of
the crystalline structure. The rocking curve measurement can also be performed for any w-26 pair
of angles within a certain range, yielding a reciprocal space map (RSM), to get a more complete
picture of the crystalline state in the sample. By imaging a wider section of the reciprocal space,
including multiple reflections, their relative position can be used to determine the state of strain

in the film in respect to the substrate or to other layers 7>,

¢ scan

This kind of measurement is complementary to the 0-20 as it allows to obtain information on
the crystallographic orientation in-plane or in any direction other than the out-of-plane. It is
necessary to investigate the in-plane orientation to determine the degree of twist or the possible
presence of rotational domains. In this case, another family of planes {h" k" I’} is put in diffraction
conditions such that its intersection with the (h k 1) planes is a characteristic crystallographic di-
rection. This is performed by setting the tilt angle ¢ of the diffractometer to a constant value in
respect to the sample normal §3. Choosing as a reference the angular position of the (1 k I) plane
and known the angle between the two directions, it is possible to determine the incidence angle
in order to be in the Bragg diffraction for the {i" k" I’}. The scan consists then in a measurement
of the intensity as a function of ¢ for constant w, 26 and ¢, where the latter accounts for the rota-
tion of the sample around the substrate normal. If the corresponding measurement shows peaks

it means that also in the [h" k" I'] direction the film is oriented. If no preferential directions are
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present in the azimuthal direction, then the graph shows an uniform distribution of intensity and

this is the case of the patterns from a fiber.

2.2.2 X-Ray Reflectivity

XRR is a method which allows the investigation and characterization of surface layers and thin
films. In this method the diffractometer is operating in the symmetric 6-26 configuration as shown

in fig. 2.6, but with much smaller 6 angles than in the §-20 diffraction case!”*].

For incident X-rays, the refractive index of a material is slightly less than 1 and can be expressed
as:
n=1-06—if

where ¢ is the dispersion and p the absorption and are defined by

Y .
5 = Pt gy = 2

and
pe : electron density (Z electrons/atoms)
7. : classical electron radius = 2 /mc?

u: linear absorption coefficient for energies far from X-ray threshold

The quantities §(A) and B(A) ~ 10~ describe the dispersion and absorption terms respectively 741,
When an X-ray beam impinges at a grazing angle on to an ideal flat surface of a material, total
reflection occurs below «,, and the incident X-rays do not penetrate into the material. X-ray re-

flectivity signal decrease rapidly with increasing incident angle 6 above a..

But at low angle, reflection and refraction events can thus occur multiple times at each interface
in the sample. If a refracted beam is able to escape the thin-film, it will recover the same direction
and velocity as the directly reflected beam, owing to the conservation of momentum. However,
because of the beam travels a longer path at slower speeds in the material, it could be out of
phase from the main specular reflection, and therefore it interferes with it. By increasing the
incident angle, the path-length is gradually reduced, making the phase-shift alternate between a
constructive and a destructive interference. Plotted with respect to the incident angle, the total
reflected intensity will therefore show periodic oscillations, which were first observed in 1931 by
Kiessing and therefore called Kiessing fringes. They depend on the film thickness, and the thicker
the film the shorter the period of the oscillations. The amplitude of the oscillation and the critical
angle «, for total reflection provide information on the density of films. The amplitude of the
oscillation depends on the difference between the densities of the film and its substrate, the larger

the difference, the higher the amplitude of the oscillation.
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Furthermore, for increasing densities of the film there is a shift in the total reflection edge towards
higher angles since the density p is directly proportional to the square of the critical angle «..
Another important structural parameter that affect the measurement is the roughness (superficial

and interfacial), which causes a decrease of the reflected X-rays.

Therefore, from a X-ray reflectivity curve, structural parameters like thickness, density and rough-
ness can be obtained combined to fit of the curves. This method is of course an averaging tech-
nique, the rather large collimated X-ray spot being additionally spread out in the incident direc-
tion because of the small incidence angle. XRR can be performed indiscriminately on amorphous
and crystalline material, since it does not rely on diffraction, but only on the contrast in electron
density. The theory behind this phenomena is well known, but the addition of many free vari-
ables in a complex case should however be considered carefully since different sets of parameter
could yield similar fits.

XRR has been routinely employed to characterize all the grown samples.

2.2.3 Electrical Characterization

Temperature dependent electrical transport properties of the GST samples have been measured
by employing van der Pauw method. Such method has been introduced in 194817¢! and is based
on a theorem which holds for a flat sample of arbitrary shape, if the contacts are sufficiently small
compared to the sample size and they are located at its edges. Furthermore, the sample should

have an uninterrupted coherent area, i.e. no holes should be present.

Fig. 2.7 shows how to measure the sheet resistance (R;) of a sample. Meanwhile current I, flows
through the adjacent contacts named 1 and 2, the voltage V34 is measured between the opposite

contacts named 3 and 4; the Van der Pauw resistance is then calculated according to the Ohm law:

V34
Ragq = i

Figure 2.7: Van der Pauw arrangement to measure the sheet resistance R;.

In order to eliminate possible voltage offsets due to temperature gradients or sample asymme-
tries (such as non-symmetric contacts, irregular shape etc.), "reciprocity theorem" is applied [7°):

The measurement is repeated by reversing the direction of the current and by applying it to the
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contacts previously used to measure the voltage; the Van der Pauw resistance is then calculated
as an average of the two values obtained. These steps are repeated again including the remaining

two contacts permutations, giving the following result:

R _ Rzgp1 + Riog3
vertical — 2

R _ Ry132 + Rozus
horizontal — f

Van der Pauw found that Ryerical @nd Rporizontal are connected to the sheet resistance Rg by the

equation:

exp (nR}E:izontal> +exp (ni/:rticd) -1

This equation can be solved numerically obtaining Rs, otherwise, assuming Ryestical = Rhorizontal = R,

it is possible to write:

R. — R 7(Raaz + Rinas)
* In2 2In2

Conventional laboratory low temperature Hall measurement set-up has been employed. GST
samples with thicknesses of ~ 30 nm were cut in square shapes of 5x5 mm?. Indium balls and
Au bonds were used for the contacts and the above mentioned van der Pauw measurement has
been performed in a range of temperature between 4-300 K. From the measurement, estimation of
carrier concentration and Hall mobility at room temperature (RT) were also obtained, by applying
a magnetic field (B) perpendicular to the sample!”®l. Electrical and magnetic field of 10 mA and

0.25 T were used, respectively.

2.2.4 Molecular Bonding Investigation by Raman Spectroscopy

Changes in bonding as well as in symmetry for GST are perfectly suited to be investigated by
Raman scattering. While XRD is based on diffraction phenomena, related to periodicity and long
range order in a crystal, Raman spectroscopy uses the inelastic interaction between optical laser
radiation and electron orbitals to probe the bonding and conformation of atoms in the short range.
If vy is the wavenumber associated with the incident radiation, the system after the interaction will
be characterized by v = vy &= vj; where v is called Raman shift and lie principally in the ranges
of energy associated with transitions between rotational, vibrational and electronic levels!””]. De-
pending on the wavelength of the chosen laser power, and samples materials, the penetration

depth can vary in a range from few nanometers to few micrometers. Using a focusing objective
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lens, a laser spot as small as 1 um can be obtained. To a certain extent, Raman spectroscopy, even
if very sensitive to short range, can be considered as an averaging bulk characterization method.

This method can be applied indiscriminately to amorphous and crystalline materials.

Generally speaking[”7], the electromagnetic field of the incident photons excites the electron den-
sities present around the molecules. Depending on how susceptible these orbitals are to polariza-
tion, they are prompted to oscillate in unison with the monochromatic light, turning the molecule
into an oscillating dipole. In most cases, the emitted and impinging light have the same wave-
length, no energy is exchanged (Rayleigh scattering).

In Raman scattering cases, the coupling of the oscillating dipole with vibrational modes in the
molecule, is such that the wavelength of the emitted light differs from the impinging one. If
energy is taken away from the oscillating dipole, to send the molecule into a higher excited vi-
brational state, the emitted radiation will have less energy (Stokes Raman scattering). The other
possibility is that the energy of the excited state is added to the emitted radiation, and a shorter
wavelength is observed (anti-Stokes Raman scattering). At room temperature, the vibrational
ground states are more dominantly populated, making the Stokes scattering more likely[””!. For

general purposes, and in the scope of this thesis, only the Stokes scattered Raman is measured.

The setup used for the Raman measurements in the framework of this thesis was the HORIBA
LabRAM HR Evolution. Measurements were taken in backscattering z(x, xy)z geometry, meaning
thatincident light is polarized in the x direction, while the polarization of the backscattered light is
not selected. The 632.8 nm line of a He-Ne laser was used to excite the material, and the scattered
light was analyzed using a spectrometer equipped with an LN,-cooled charge-coupled device
detector. For the temperature dependent measurements a heating stage (THMS600 by Linkam)

was employed during Raman spectra acquisition.

2.3 Synchrotron Characterization

A consistent part of this work has been performed in a collaboration with Helmholtz-Zentrum
Berlin (BESSY II) at the Femtoslicing beamline (UE56-1-ZPM) [78] and THz beamline[”!. The main
objective of the collaboration was the realization of the first ultrafast dynamic investigation of
PCM in a optical-pump /THz-probe scheme. In order to achieve this goal, static far-infrared (FIR)
spectroscopy has first been performed on GST and CSL samples in order to test the suitability
of the measurement for our material system. This led to a series of optimization of both sample
preparation and beamline set up in order to maximize the signal-to-noise ratio of the outputs.
Furthermore, the static measurements resulted to be very well suited to investigate fundamental
open questions regarding the GST material system (see chapter 4).

Prior to the THz study, two beam times dedicated to the XAS investigation applied to PCM have

been also performed.
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2.3 Synchrotron Characterization

2.3.1 Investigation by Far-Infrared Spectroscopy

Infrared absorption spectroscopy, such as Raman, belongs to the category of vibrational spec-
troscopies. When IR light (10000 to 10 cm~! in the electromagnetic spectrum) interacts with a
sample, absorption occurs at resonant frequencies, which match the vibrational frequency of a
bond or collection of bonds in the sample. What differentiate IR from Raman spectroscopy, are
the selection rules. In the IR case, the selection rule is that the electric dipole of a molecule must
change during vibration, in order to be IR active; this implies that symmetric vibrations modes
are forbidden, while the asymmetric ones are IR active. The Raman spectroscopy, instead, deal-
ing with the change of polarizability (see paragraph 2.2.4), can present Raman active modes also
when a molecule is stretched symmetrically, if this implies a change of polarizability. Hence, IR
and Raman spectroscopy are considered complementary!®. The application of IR spectroscopy
to organic chemistry is well established, nevertheless, its use for investigation of thin films such
as Si, GaAs and others used in microelectronics has become also very popular and can be found
in dedicated books 8.

The commonly used measurement technique that allows to record infrared spectra is Fourier
transform infrared (FTIR) spectroscopy. Infrared light is guided through a spectrometer, essen-
tially working as a Michelson interferometer 8 and then on the sample. A moving mirror inside
the apparatus alters the distribution of infrared light that passes through the interferometer. The
signal directly recorded, called an "interferogram", represents light output as a function of mir-
ror position. A Fourier transform data-processing technique turns this raw data into the sample

absorption spectrum as a function of the IR wavenumber.

Static investigations for this thesis work were carried out under vacuum conditions using the
high-resolution Fourier transform infrared spectrometer (BRUKER IFS 125HR) of the THz beam-
line at Helmholtz-Zentrum Berlin (BESSY II)[7°l. Measurements have been performed in both
transmission and reflection geometries of the impinging IR beam in respect to the sample. The
spectral range in the presented experiments covered wavenumbers between 30 and 650 cm !,
therefore in the Far-Infrared region, and was limited by the selected source (internal Hg-lamp),
the 6 ym multilayer-mylar beamsplitter and the detector, a 4.2 K Si-Bolometer. A copper block

heating stage was employed during in situ temperature dependent FIR measurements.

In this frequency range of the spectrum, mainly optical phonons, impurities and free carriers con-
tribute to the spectrum[®!l. In addition the included THz range (from 3 to 300 cm~'), which is
highly sensitive to the presence of free mobile carriers, makes the ultrafast THz probe an ideal
tool to study ultrafast carrier dynamics in the systems, where the carrier transitions between the
conducting (i.e. strongly THz absorbing) and localized (and thus not making significant contri-

bution to the THz loss) states is of interest[82].
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2 Experimental Methods and Theory

2.3.2 Experimental set-up of the Optical-pump /Terahertz-probe
Experiment at Bessy II

For the dynamic investigations, THz pulses obtained from coherent synchrotron radiation are

—1isincluded in the afore-

employed as probe. Their frequency spectrum between 10 and 150 cm
mentioned FIR range employed for static characterization. The generation method of such pulses

is presented below.

Generation of Single Cycle THz Pulses of Coherent Synchrotron Radiation

For the generation of THz pulses in the storage ring and optical excitation of the samples, a 800 nm
fs-laser (COHERENT Legend Elite PRO, 1.8 m] pulse energy and 45 fs FWHM-pulse length) rou-

tinely operated at 6 kHz repetition rate, was employed (83,

THz probe pulses are emitted as a
result of the interaction between a laser and a relativistic electron bunch, according to fig. 2.8 a).
THz generation is accomplished by a resonant energy modulation of a slice of the 1.72 GeV elec-
tron bunch along its propagation in a wiggler (see fig. 2.8). The first harmonic radiation of the
latter is tuned to the laser wavelength of 800 nm[34. After passing dispersive elements along
its track, the laser-excited electrons move longitudinally out of their initial excitation region (the
slice) leaving a dip in charge density behind. This dip (with side lobes)[3] gives rise to intense
ultrashort single cycle THz pulses at subsequent bending magnet sources in our case at the THz-
beamline. Using a crosscorrelation method depicted in fig. 2.8 b), a signal proportional to the field
transient as well as its temporal arrival time jitter in the time domain [fig. 2.8 c)] was determined.
The length of the dip in the electron bunch determines the frequency spectrum of the emitted THz
pulse (see fig. 2.9) and via the Fourier limit also the minimum pulse length (inset in fig. 2.9). In
addition, much weaker but broad band incoherent synchrotron radiation, approaching also the

THz range, is emitted by the electron bunch.

For time-slicing with a laser pulse length of o7, (here given in root mean square, rms) in a storage
ring, the average power spectrum Py, (w) of a laser-induced THz pulse on a bunch of length og
as plotted normalized to the total incoherent emission Py, (w) from the storage ring in fig. 2.8 is

given by:

Pcoh(w> =

L) o o @

e | opVr | ot
where the form factor f is the normalized square of the Fourier transform of the longitudinal
shape of the density modulation along the electron bunch, v; = 6 kHz and vg= 1.25 MHz are the
repetition frequencies of laser and bunch, respectively. The bunch currents are Isp= 4 mA for the
sliced bunch and I;ot= 300 mA total current at BESSY 11, e is the elementary charge. Inserting the
relevant values one finds that P.on(w) from one single slice exceeds the average power from all

other bunches.
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Figure 2.8: a) Experimental setup of the optical-pump/THz-probe experiment at BESSY II:
THz-CSR is emitted by a slice in the electron bunch (blue ellipsoid) in the storage
ring after 800 nm laser energy modulation in a wiggler. Optical and THz pulses
are indicated by orange and wider red electric field traces, respectively. The re-
sulting THz pulse is used to probe changes in a sample exposed to the same laser
pulse. b) A sub-ps time resolution is derived from a THz-THz cross-correlation
experiment in a 0.1 mm GaP(110) sample b) and the measured arrival time his-
togram of such pump-probe delay scans is depicted in c). Reprints from[!13!
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2 Experimental Methods and Theory

This is confirmed by the measurement in fig. 2.9 where the laser induced P, and reference
spectra Pi,. taken at time-averaged detection are simply divided one by the other. The observed
peak is at around 70 cm™ (i.e. at about 2 THz), but it can be tuned by changing laser parameters
(chirp) and by detuning the so called free electron laser (FEL) resonance condition®* given by
the wiggler gap setting as shown in fig. 2.9. The advantage of this is that the probe shape can
be tuned in order to be resonant with eventual probed samples broad minimum in the static

frequency response. An application of that to the GST case will be treated in details in chapter 5.2

Concerning the pump/probe set up for our dynamic experiments, the sample is excited with
the same 800 nm laser pulse that generated the THz pulse in the wiggler. To detect the fs-laser-
induced dynamics changes, the probe pulse was sampled using digital boxcar averaging (UHFLI,
Zirich Instruments) of the THz signal (with a 4.2 K bolometer) triggered to 3 kHz, a phase-locked
sub-harmonic of the laser repetition frequency (6 kHz) [see fig. 2.8 a)]. Since the pump pulse of
100 fs pulse duration has to pass a chopper wheel that blocks it every second shot, the pumped
and unpumped sample transmittance can be acquired in separate channels but simultaneously.
The delay between laser and THz pulse is varied by an optical delay stage in the laser path. The
time resolution of the experiment is given by the pulse length of the THz pulse rather than the
laser. It is determined by the initial sub-ps density modulation (inset in fig. 2.9) on the elec-
tron bunch, but also by lengthening effects given by two z-cut quartz windows that separate the
THz beamline from the storage ring vacuum system. An upper limit of 0.7 ps [FWHM] was ob-
tained in fig. 2.8 b), using a GaP(110) single crystal in transmittance as cross-correlator to probe
a signal proportional to the THz electric field transient Etgy,. The gray shaded area depicts the

corresponding intensity envelope of |Eryy, |2,
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Figure 2.9: THz spectra of the probe pulse measured for different gap settings of the wiggler
(modulator, U139) with corresponding sub-ps electron density modulations from
simulations (inset). The probe pulse spectra are normalized to the incoherent
background spectrum, as emitted from all the other bunches in the laser-OFF case.
Reprints from[13]
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2.3 Synchrotron Characterization

2.3.3 Investigation by X-Ray Absorption Spectroscopy

XAS is a widely used technique for determining the local geometric and/or electronic structure of
matter. The experiment is usually performed at synchrotron radiation sources, which provide in-
tense and tunable X-ray beams. A typical normalized X-ray absorption cross-section as a function
of energy is given in fig. 2.10 for a compound with a perovskite structure, LaCuO,4, measured
at the Cu K-edge[®]. The X-ray near-edge absorption and X-ray extended absorption regions are
pointed out and labeled XANES and EXAFS, respectively. The absorption cross-section, u(E)x is

measured by determining the attenuation of X-rays by a sample with thickness x:

where I, and I represent the incident and transmitted beam intensity measured by using ioniza-

tion chambers.
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Figure 2.10: Normalized absorption cross section of LapCuOy as a function of energy near
the Cu K-edge (E = 8979 eV). XANES and EXAFS regions are pointed out. The
zero of the energy is with respect to Cu K-edge position [8¢],

In the XANES, X-ray absorption process is the result of an excitation of an inner level electron to a
higher energy level by an incident photon. Since it involves an electronic transition it can be best

represented by a transition matrix element coupling the initial state |i> to the final state <fI:

H(E) = | < fle-rli> [

where € is the polarization vector of the electric field of the photon, and r is the position vector
of the photoelectron. Since the operator coupling the two states is an electric dipole operator,
the selection rules apply and determine the allowable final states for a given initial state. For

example, when a 1s level electron is excited, the lowest-lying empty p-states will be occupied and
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2 Experimental Methods and Theory

the process is called K-edge absorption. Each element has a characteristic energy level structure
and therefore can be studied separately. The empty energy levels above the Fermi level in a

compound are also sensitive to the nature of the chemical bond and valence.

EXAFS is an interference effect caused by the interaction of the outgoing photoelectrons ejected
from inner core levels by the resonant radiation, and the backscattered electrons from the near
neighbor atoms, modulating the final state wavefunction of the absorbing atom. It was correctly
interpreted by Sayers et al.[¥”] to be related to the radial distribution function around the cen-
tral absorbing atom. EXAFS yields information about the interatomic distances, near neighbor

coordination numbers, and lattice dynamics.

Within our study, optical-pump/XAS-probe has been realized in a transmittance configuration
tuning the X-ray probe near the Ge L3 edge (1.216 eV), therefore in the XANES energy region. The
optical pump is an 800 nm fs-laser with a pulse length of 50 fs and a repetition rate of 3 kHz. The
transmitted X-rays were measured by an avalanche photo-diode detector. The X-ray spot size of
30 mm x 150 mm was smaller than the 300 mm x 300 mm laser spot size, ensuring a homogeneous
excitation of the probed area. The X-ray pulse length for the experiment is ~ 50 ps full width half
maximum (FWHM). The time-dependent change in X-ray absorption was measured by changing
the delay time between the X-rays-probe and the optical-pump (see fig. 2.11). The X-ray repetition
rate was 6 kHz, allowing for the measurement of the sample in a pumped and unpumped state,
the latter used as a reference signal. When the beamline is operated in "slicing mode" like in our
case, the number of photons per X-ray pulse is 10. Considering the repetition rate, and other
parameters of the beamline such as spectral bandwidth (BW) and the electron current (4 mA), a
the average number of detected photos is ca. 6-10° ph/sec/0.1%BW/4mA, which is the unit of
the photon flux as described elsewhere!”8]. The sample inside the chamber was monitored using

a charge-coupled device (CCD) camera for inspection by eye.

Laser pump
50 fs
\_‘\ Detector
X-ray probe
4 GST/e
delay TIS|(111)

Figure 2.11: Schematic illustration of the pump-probe configuration. Experiment is per-
formed in transmittance. X-ray probe with energy near the Ge L3 edge and
50 ps pulse duration is overlapped with the 800 nm fs-laser pump on a PCM
sample. Change of the delay time between pump and probe pulses allows for
time-resolved absorption measurements.
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3 Fabrication Methods and Structural
Properties of Quasi-Single-Crystalline

Phase Change Materials

This chapter is dedicated to the fabrication of the epitaxial samples employed for the static and
dynamic investigations performed in this thesis (see chapters 4 and 5). A fundamental advance
in the fabrication of GST and GeTe/Sb,Te; based superlattices through MBE resulting in as-
deposited quasi-single-crystalline films is presented. Such high perfection material is expected to
simplify the interpretation of the experiments, such as the direct observation of vacancy configu-
rations, therefore opening the possibility to tune the degree of vacancy ordering in the material,
which was so far only predicted (see chapter 1.2.1). Most interestingly, such tuning of vacancy or-
dering combined with low temperature transport measurements, allows to correlate the ordering
degree in GST with the MIT, as will be discussed in chapter 4.

The first section 3.1 of the chapter is dedicated to the growth by MBE. It is shown how a structural
characterization based on XRD simulations, DFT, and TEM microscopy, allowed to unequivocally
assess the vacancy ordering in the GST samples. The understanding of the ordering process en-
abled the realization of a fine tuning of the ordering degree, which is also presented, together with
the discussion on the interplay between composition, crystalline phase and vacancy ordering in
GST alloys. A phase diagram with the different growth windows of GST follows.

Growth of CSLs is also briefly discussed in section 3.2.

In the third section 3.3, a more simple fabrication method based on annealing of a-GST is pre-
sented. Information gathered from annealing experiments, allowed to properly choose the sam-
ples for the most relevant experiments of this thesis work (see chapters 4 and 5).

In the fourth section 3.4, crystallization by application of fs-laser pulses is presented. Advantages

and disadvantages of each technique are discussed in the following summary and conclusions.

3.1 Molecular Beam Epitaxy Growth of GeSbTe Alloys

Growth of GST on Si(111)-(7 x 7) surface was investigated by Karthick et al.[38], nevertheless,
many aspects concerning the growth and structural properties of the material where not yet

explored or interpreted. Within the current work, an explanation is offered for uninterpreted
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3 Fabrication Methods and Structural Properties of Quasi-Single-Crystalline Phase Change Materials

findings: The presence of additional peaks in the XRD profiles, their origin and their role in the
electrical properties of the material. In addition, the ordering in the GST was tuned properly by
changing the MBE growth parameters, which was never done before. Furthermore, improve-
ments in the growth of GST are obtained in terms of suppression of rotational domains, texture
and control of compositions and crystalline phases. A phase diagram of the growth conditions is

finally proposed.

3.1.1 Structural Characterization

Regarding the out-of-plane and in-plane Epitaxial Relationship

Before going through the mentioned study, few clarifications have to be done concerning the
choice of the Si(111) surface reconstruction, which resulted to strongly affect the in-plane quality
of GST. In order to put the present work into its context, part of the old mentioned results are first
reproduced here. Furthermore, an explanation is offered for some of their uninterpreted findings,
in light of more recent data. Despite the large mismatch of ~ 11 %, a single c- and t-GST [00.1]
|l Si [111] out-of-plane epitaxial relationship is achieved. However, in-plane twisted domains are
observed at & 6°, as illustrated by the ¢-scan (see chapter 2.2.1) in fig. 3.1 (black curve), when
growth is performed on the Si(111)-(7 x 7) surface. If instead the GST film is grown on a differ-
ent surface, i.e. Si(111)-(v/3 x1/3)R30°-Sb, the twisted domains in GST results suppressed (blue
curve). The latter surface is obtained by passivation of the Si(111)-(7 x 7) surface which presents
dangling bonds (see scheme in fig. 3.1), as reported in Boschker et al.!®l. In this study we have
shown that when a 2D material such as SbyTes, which is only weakly bound by vdW forces, is
grown on a passivated surface like Si(111)-(v/3 x 1/3), the epitaxial registry is dictated by vdW
epitaxy (2D/2D epitaxy, see scheme in fig. 3.1)[8%%0]. Because the formation of twisted domains
is a strain relaxation process, it is no longer needed when the influence of the substrate lattice is
drastically weakened. The epitaxial relationship is then mainly guided by the symmetry of the
substrate. Note that the material grows fully relaxed as will be clearly shown in the dedicated
study on strain effects in following section. It addition to the twisted in-plane domains, GST films
grown on both Si reconstructions present in-plane twinned domains that can be recognized by
the presence of peaks each 60° (i.e. repetition of the same peaks in fig. 3.1 every 60°, not shown),
while they should be spaced by 120° as in the silicon substrate. In fact, both GST and silicon
are characterized by a 3-fold symmetry around the out-of-plane direction, and no twinned do-
main should in principle be expected. However, if the interaction between the material and the
substrate at the interface is relatively weak, only the topmost atomic layer of the substrate, char-
acterized by its 6mm point symmetry, dictates the epitaxial relationship and allows the formation
of twins. Details can be found elsewhere[8%11. All the studies described in this thesis work deals
with GST grown on Si(111)-(v/3 x v/3)R30°-Sb if not mentioned otherwise.
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Figure 3.1: ¢-scan around the GST (01.13) diffraction peak for a film grown on Si(111)-(7 x 7)
(black curve) and on the Si(111)-(v/3 x v/3)R30°-Sb (blue curve).

We now focus on the structural characteristics of highly textured GST (details about growth con-
ditions will be discussed in section 3.1.2). In fig. 3.2 a) the XRD profile (symmetric w-260 scan
along the [00.1] direction, as introduced in chapter 2.2.1) of a GST sample is presented. Peaks at

., =2.00,4.01 A1 are attributed to the Si substrate while two narrow peaks (Q, =1.81, 3.61 A’l)
are ascribed to the GST epilayer. The latter are multiple order Bragg reflections of the GST epi-
layer corresponding to the (00.15) and (00.30) planes, respectively and therefore give rise to the
periodicity of the Te-Te sublattice in fig. 3.6 (see methods 2.2.1). Note that for convenience the
GST unit cell is described with hexagonal axes (details follow in "XRD simulation" paragraph). In
cubic indexing, they would correspond to first (111) and second order (222) peak, respectively. In-
terestingly, three additional broader peaks (Q = 1.44, 3.27, 4.00 A~1) appear, which are not Bragg
reflections of the GST unit cell (not integer order reflections of the first peak). Analysis of peak
position and intensities excludes phase separation, atomic segregation or other crystallographic

orientations.

Investigation of Strain Effects

In order to take into account a possible effect of strain as cause of such peaks, a dedicated XRD
study was performed and discussed in the following. In fig. 3.3 a reciprocal space map (RSM)
around the asymmetric Si(224) Bragg peak in coplanar configuration is shown. The axes are re-
ported in reciprocal space units with Q; || Si [111] and Qy || Si [-1-12]. From the coordinates of the
GST(01.13) peaks it is possible to extract both the in-plane (ay) and out-of-plane (dgst) periodici-
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Figure 3.2: Superimposed w-2¢ scan for crystalline GST grown by MBE (black curve) and
simulations of the GS5T225 (326) [124] in black (red) [blue] performed by using
Crystal Maker[°?l and DFT calculations. DFT calculations by courtesy of Dr. W.

Zhang.
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3.1 Molecular Beam Epitaxy Growth of GeSbTe Alloys

ties of the GST epylayer. In particular a is 4.24 A while dgsr is 3.53 A, which corresponds to the
distance of two Te-Te layers in the Te sublattice in the [00.1] direction. The values compare fairly
good with the theoretical data reported by Da Silva et al.[’l. From the relative distance between
the Si(224) and the GST peak it is possible to estimate the degree of relaxation of the film. In fact
the black line in fig. 3.3 represents the pseudomorphic case, while the magenta line was drawn us-
ing a literature reference for totally relaxed GST film (lattice constant a) = 4.26 A)I41 The grown
GST film clearly matches the magenta line and this indicates that it grows relaxed. The effect of

strain is therefore not the cause of such additional broader peaks in the XRD profile of fig. 3.2.

log(int) [cps]
Si(224) 3.3

121

Figure 3.3: RSM around the asymmetric Si(224) Bragg peak with Q, || Si [111] and Q || Si
[-1-12]. The intensity is given in arbitrary units according to the logarithmic scale
on the side. Reprints from 4],

Growth on Substrates with Different Crystallographic Orientations

To further investigate the nature of the additional peaks, GST was also grown on almost lattice
matched InAs with (001) and (111) orientations to discard effects related to mismatch and crystal

orientation (see fig. 3.4).

Out-of-plane XRD of GST grown on substrates with crystallographic orientations different than
the [111] does not show any additional peaks. In particular in fig. 3.4 a comparison of symmetric
XRD scans for GST grown on InAs(001) and (111) substrates is shown. GST and InAs present a
very low lattice mismatch ~ 0.77 % if compared with the Si substrate (~ 11 %), for this reason in
the XRD profiles the peaks corresponding to the substrate and to the GST almost superimpose.
For the GST grown on the InAs(001) (black curve) two sharp peaks at Q, = 2.04 and 4.13 A1
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can be identified, which are attributed to the substrate first and second order of the [001] orien-
tation, and two resolved peaks with slightly higher scattering angles at Q. = 2.08 and 4.17 A~1.
They are attributed to the GST(20.5) and (40.10) Bragg reflections respectively. The small bump at
Q, =358 A1 which is ~ 3 order of magnitude smaller than the main reflection is attributed to
GST(00.30) as already reported ®>“]. In the blue curve corresponding to the GST grown on the
InAs(111), the GST and substrate peaks are less resolved. However, similarly to the case of GST
grown on Si(111), two additional features are visible at Q, = 1.61 and 3.41 A~'. No correspon-

dence with any crystallographic orientation other than the [00.1] was found.

Therefore, we assume that the appearance of such peaks indicates the presence of occupational
modulation of the individual Ge, Sb atoms or vacancies in the Ge/Sb sublattice, for instance,

along the [00.1] direction.
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InAs(111)
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GST(20.5)
GST(00.30)
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Figure 3.4: Symmetric w-2¢ XRD scans for GST grown on InAs(001) (black curve) and
InAs(111) (blue curve). Reprints from 1941,

To clarify this last assumption, within a collaboration with Prof. F. Arciprete, a series of simula-
tions of the XRD data by using the Cystal Maker and Crystal Diffract software packages!*?! were
carried out. Symmetric w-2¢ scans along the [00.1] direction were calculated. Starting from the
cubic phase, several model structures were considered, differing in the distribution and ordering

of the vacancies.

XRD Simulations

From the distance between GST(222) and the broad peak at Q, = 3.27 A in the XRD profile
(fig. 3.2), the lattice parameter along the c axis has been determined [formula (3) in chapter 2.2.1].
This gives cy = 17.39 A , the building block in between vacancy layers (VLs), defined as a fully de-
pleted Sb/Ge layer without structural rearrangement (see the model structure in fig. 3.6). The ob-

tained c( value agrees perfectly with the experimental value given in literature for the metastable
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225 phase!'®l. Note that according to Zhang et al.[1%], the Te-Te distance at the two sides of a VL
decreases significantly with increasing degree of ordering (depletion degree of the gaps), till vdW
gaps are formed in the most ordered trigonal phase. Therefore, in order to simulate our XRD
spectra for the 225, 326 and 124 phases of GST, by using the Crystal Maker[*?l software package,
several metastable cubic phases, depending on the distribution and ordering of the vacancies,
were considered. The first considered structure was the metastable rocksalt cubic phase for the
GST225, where Sb, Ge and vacancies are randomly distributed in the cation sublattice (see chapter
1.2.1).

The average occupancy for Ge and Sb is 0.392 while the vacancy concentration is 21.6 %. The sim-
ulated XRD spectrum exhibits the three Bragg reflections (111), (222), and (333) and no other ad-
ditional peaks. In fig. 3.5 a) the simulation is reported in the Q, region around the GST (222)-peak

after a fine tuning of the GST cubic lattice parameter to fit the experiment, this giving c = 6.01 A.

The next step consisted of introducing a more ordered distribution of vacancies, simulating the
formation of VLs. If we consider the cubic structure along the [111] direction, the vacancy planes
can be achieved by moving the vacancies (v) from every Sb/Ge/v plane to each fifth Sb/Ge/v
plane until it is a complete vacancy plane. In fig. 3.5 b) the new structure is represented in the
conventional trigonal lattice (the unit cell containing 3 formula units) where we can observe a
sequence of Te and Sb/Ge/v planes along the [00.1] direction with a VL every four Sb/Ge layers
(VL model 1). The new structure can be considered as a superlattice of Sb,Te; and GeTe in which
the stacking sequence is still ABCABC as in the rocksalt structure. The simulated XRD is reported
in fig. 3.5 a). The diffraction maxima are now indexed as (00.n) according to the trigonal unit
cell reported in fig. 3.5b). The XRD maximum (00.30) coincides with the (222) peak of the cubic
rocksalt structure. However, the simulation’s most important result is the appearance of a series
of new maxima with n = 3p (p is an integer), i.e. only diffraction peaks with n equal to a multiple
of three appear. This is due to the fact that the unit cell is composed of three building blocks,
stacked along the [00.1] direction and separated by the VLs, which are identical in the symmetric
diffraction geometry. The presence of the vacancy planes gives rise to a superstructure from
which additional maxima in the simulated XRD arise, and for this reason labeled as VLps. As in
the cubic structure, the lattice parameter ¢ of the model structure was adjusted to fit the (00.30)
reflection of the simulated spectrum to the experimental peak, this producing c = 52.19 A, where c
is the whole trigonal cell for GST 225 (cy-3 unit blocks). The reflections at 3.27 and 4.00 A~1in the
experimental spectrum can be identified as the reflections (00.27) and (00.33) in trigonal notation,
respectively; they can also be viewed as the satellite peaks of the superstructure containing the
vacancy planes. Furthermore, the full width at half maximum (FWHM) of the VLps is very large
if compared to the basic GST peak [(00.30) reflection].

To understand this point we simulated a new structure where we introduced a stacking fault
of the vacancy layers by exchanging one of the vacancy planes with one of the adjacent Sb/Ge
planes. In such a model a new periodicity along the c axis is introduced and the selection rule
allowing only the (00.3p) reflections is removed. The new simulated spectrum [VL model 1 SF
in fig. 3.5 a)] exhibits two equally spaced peaks in between the peaks of the unfaulted structure.

The model structures in fig. 3.5 b) represent ideal crystals while the simulations in fig. 3.5 a)
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represent the XRD from ideally ordered phases. Therefore, the observed differences between
the simulations and the experimental results can be explained if we assume a certain statistical
disorder in the layer sequence which includes a distribution of stacking faults. This explains the
observed FWHM of the VLps as well as the strong reduction of the higher order satellite peaks.
In previous models an average occupation for Sb and Ge atoms in the planes in between the Te
layers (with the obvious exception of the vacancy planes) was considered. This does not affect
significantly the simulation of symmetric XRD along the [00.1] direction. As an example of this
aspect, a specific structure for the GST225 was modeled, in which the vacancy planes are fully
depleted, the Sb/Ge planes are fully occupied and each Sb (Ge) atom is coordinated by four Ge
(Sb) atoms, as in the model proposed by Da Silva et al.[*]. The simulated XRD is shown in fig. 3.5
a) (VL model 2); no significant difference can be observed with respect to the VL model 1, with

the exception of only tiny differences in the intensity of some reflections.

a)_-u----u----l----""l""bCubic'mgdeI VLmode]l

GST225 m

B i R B
&
=
°

<

~

o
Si(222

= I | | | | [ > SR
g i_ VL model21: O ‘!\
. r 1 d X
QF 3 A
sl R T SR N R S 5 )
~F - _ _ _ — VL model 1 SF § ->
Fl < ~ ) ) © E 4
ar 3 P o a a pi 3
CF P=) =) =) =) =) 3 f 2
s 8 8§ 8§ & W) LK
cF E N o
=r VL model 1 § g

] g | % ->

!- g 1 AN Y

L = cubic model.i @ DR

T I T T T = 4 < ¢ ~

25 3.0 3.5 4.0 45 5.0
QA" Ge,Sh,Te,

Figure 3.5: a) Experimental scan of the second order for crystalline GST225. The simulations
performed by Crystal Maker are based on different models, as reported (see la-
bels). b) Corresponding crystal structures for the several VL. models employed.
Reprints from [*4]

It is very important at this point, to remind that the introduction of stacking fault in the distri-
bution of the vacancy layers can be seen as changing the size of the GST building blocks, i.e.
introducing the periodicity of a new composition. This concept is clearly visible in the three re-

ported model structures in fig. 3.6.

With this in mind, we can continue the general discussion on the interpretation of the additional
peaks present in XRD profile in fig. 3.2. In particular, the simulated XRD profile for the three
model structures of GST326, 225 and 124 are shown in fig. 3.6, where perfectly ordered distribu-
tions of vacancies were introduced to simulate the formation of fully depleted VLs for the phases
225, 326 and 124 of GST, as in the structures proposed by Da Silva et al.[3l. The VLs generate a
superstructure from which additional maxima in the simulated XRD profile emerge, henceforth
called VLps. The reflections at Q, = 1.44, 3.27 and 4.00 A~1in the GST experimental profile [black
curve in fig. 3.2 a)] can be identified, respectively, as the reflections (00.12), (00.27) and (00.33)
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Figure 3.6: Crystal structures of GST326 (225) and [124].
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of G5T225 in trigonal notation. They can be viewed as the first order satellite peaks of the VL
superstructure. By filling the VLs with Sb and Ge atoms, the VLps’ intensity in the simulated
profile were reduced and disappeared when the concentration of vacancies for each plane was
less than 25 %. The full width at half maximum (FWHM) of the experimental VLps is very large
if compared to the basic GST peak [(00.15) and (00.30) reflections]. The observed differences be-
tween the simulations (ideal crystals) and the experimental results can be explained if we assume
a certain statistical disorder in the layer sequence, which includes a distribution of stacking faults
(variable number of planes in between the VLs-as discussed in "XRD simulation” section) and a
random distribution of vacancies among the planes. The stacking sequence of atomic (00.1)GST
layers and the VLs are the main features that directly affect the symmetric XRD along the [00.1]
direction. On the other hand, the presence of stacking faults and fluctuations in the vacancies oc-
cupation can be viewed as the coexistence of GST compositions other than 225 (see the structures
in fig. 3.6). The first order satellite peaks of the various compositions (225, 326, 124) are very close
to each other, explaining the observed FWHM of the VLps as well as the strong intensity reduc-
tion of the higher order satellite peaks. To take into account the relaxation of atoms at the VLs,
DEFT calculations by W. Zhang and R. Mazzarello were performed on the same GST structures
of fig. 3.6. The two simulations (lower panel of fig. 3.2) agree very well in terms of the peaks

position while they differ in the intensity (in particular of the (00.18) and (00.21) reflections).

A further upgrade in the simulation of XRD profiles which allows to take into account the com-
positional disorder, is obtained by the use of a Monte Carlo based method. In this case, ran-
dom stacking of GST124, GST225 and GS326 blocks along the growth direction (as determined
by STEM analysis on our samples)[®”] can be generated. The methods also allows to take into
account in-plane disorder within the area probed by the X-ray beam. An example of this can be
found in Zallo et al.%8l.

Courtesy of Dr. A. M. Mio, Dr. S. Privitera and Prof. E. Rimini (IMM-CNR Catania, Italy), the
studied GST films were investigated using high-angle annular dark field scanning transmission

electron microscopy (HAADF-STEM), corroborating the assumptions of our simulations.

A clear example of stacking faults and mixed phases is evident in fig. 3.7 where a HAADF-STEM
image of a GST sample is presented. The film consists of domains with a (00.1) out-of-plane ori-
entation with evident intensity modulations (dark lines), consistent with the presence of stacking
faults associated with VLs and is observed every 7, 9 and 11 atomic planes (fig. 3.7). For GST225, 9
atomic planes are expected to form between two subsequent VLs, 11 for GST326 and 7 for GST124
(see fig. 3.7). From the intensity modulation in the profile the layers occupied by Te are clearly ev-
idenced, while the intensity occupied by cations, indicates a mixed Sb/Ge occupancy. The STEM
data corroborate the conclusions that our highly ordered samples are constituted by a GST alloy
with 225 average composition reconciled with the 124 and 326 phases. Furthermore, both cubic
and rhombohedral stacking can be identified (red and light blue boxes, respectively, in fig. 3.7).
Both stacking coexist across the VLs and show a different degree of Sb/Ge depletion: atomic in-
clusions are visible in the gap in case of the cubic stacking. Te-Te layer distance upon the gap

differs for the cubic (3.3 A) and trigonal (3.0 A) case, in accordance with Zhang et al.[1]. In case of
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the rhombohedral stacking, the VLs can more appropriately be called vdW gaps. This indicates
that the cubic to trigonal transition is a continuous process where both cubic and rhombohedral

stacking coexist with a high degree of vacancy ordering.

Figure 3.7: Cross-view [11.0] high resolution HAADF STEM micrograph of epitaxial
(00.1)GST; VLs (dashed green lines) occur every 7-9 atomic layers. Cubic (red)
and rhombohedral stacking (light blue) in respect to the Te sublattice is high-
lighted and corresponding integrated line profiles along the [00.1] direction are
shown. Courtesy of Dr. A. M. Mio.

To summarize and conclude, through a combination of different experimental techniques com-
bined to XRD simulations and DFT, highly ordered GST crystalline phase with vacancies arranged
on (00.1) planes is achieved by MBE growth, which was so far only theoretically predicted 1631,
The possibility to assess vacancy ordering by a technique like XRD , presents the advantage that
structural properties of GST can directly be compared to those of other large scale measurement
techniques, facilitating the interpretations of physical phenomena (see for example chapter 4).
Another important advantage, consists in the fact that it allows for exploration of different growth
condition in order to tune the composition and the vacancy ordering. This aspect will be discussed

in the following section.

3.1.2 Tuning of Composition and Ordering Degree

The understanding of the ordering process presented in previous the section, allows for the re-
alization of a fine tuning of the ordering degree, which is presented in the following. Free pa-
rameters such as the fluxes of the Ge, Sb and Te constituent elements (Pge, Pg, and Pr) and
the substrate temperature (Tg,) are varied. The interplay between composition, crystalline phase

and ordering in GST grown on Si(111) is also discussed.
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Considering the very low vapor pressure of Ge[*! with respect to Te[1%l and Sb, Ge thin films
are comparatively stable at temperatures where sticking of Te and Sb on the substrate is almost
negligible. We thus expect GeTe to be easily incorporated into the alloy and not being the limiting
species. A series of samples increasing ®g, has been prepared, and all the other parameters were
kept constant (Tgyp, = 250 °C, Pgp, = 0.196 nm/min and ®p. = 0.37 nm/min). In fig. 3.8 a superpo-
sition of XRD profiles around the GST(222) is shown. Each curve corresponds to a sample grown
for different ®,, as given in the label, where the fluxes are normalized to the lowest one of 0.069
nm/min. Each curve presents a very sharp and intense GST peak around 3.6 A~ attributed to the
main Te-Te periodicity, and a second one much broader attributed to the VL periodicity (see 3.1.1).
The VLp shifts toward lower Q, for decreasing ®¢e, indication of a change in the main composi-
tion. From the distance between the two peaks, the lattice parameter ¢y is extracted and plotted
in fig. 3.8 b). It is clear that within the ®g. range explored, composition is varied from GST225
to G5T326. Bulk values are reported as reference!l. In fig. 3.8 ¢) the nominal growth rate (GR)
is compared to the experimental one for each used flux. Nominal GR is the sum of all the fluxes
of the constituents, available from the calibration curves obtained as described in section 2.1. The
experimental GR, is obtained by dividing the total thickness of each sample after deposition (as
evaluated by XRR), by the growth time. Nominal and experimental GR are different due to des-
orption effects. Nominal GR increases linearly with ®¢,, instead the experimental GR decreases.
This trend is not trivially linear. GST225 shows the highest experimental GR even if the lowest
P is used. A possible reason might be a composition dependence of the GR. Unfortunately, a
calculation of the effective GR taking into account the different compositions is not possible due
to the fact that within our experiment it is not possible to know how much of each element flux is

really incorporated in the film. QMS studies are needed for a better understanding of the effect.

Interestingly, the green curve in fig. 3.8 a) corresponding to the lowest ®ge, presents not only a
different composition, but also a more pronounced VLp if compared to the others, and even a
second VLp at about Q, =2.9 A~1is detected. This is a clear indication that at low @, ordered
vacancy layers between Te-Te layers can easily be formed (see fig. 3.6). A representative STEM
micrography (by Dr. A. M. Mio and Dr. S. Privitera) is shown in fig. 3.9 a) and displays the
presence of vdW gaps having width of 2.7 and 2.9 A, as indicated in the integrated profile. The
shown micrography is only an example of hundred micrographs showing in average the same
result, indication of the fact that the sample (green curve) is in its t- phase. Please remember that
in the ordered cubic phase, the vacancy gaps between Te-Te layers have larger width (3.3-3.5 A)
and therefore defined as VL since they are not yet vdW gaps (see fig. 3.7).

In order to investigate the phase of the grown samples, Raman spectroscopy is a very efficient
characterization tool. A detailed Raman study of GST upon crystallization is presented and dis-
cussed in chapter 4.1.2, here, only the modes used for the identification of cubic and trigonal
phases are considered. The most evident differences between c- and t-GST consist in modes ap-
pearing in the low energy range (30 to 50 cm~!) and in the highest one (160 to 175 cm~!). From
literature it is calculated and observed 191 that in the low range t-GST shows two distinct modes,
while ¢-GST only one broad one; in the highest energy range instead, in the trigonal phase the

characteristic cubic mode at ~ 160 cm ! turns off and a higher energy mode at ~170 cm~! turns
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on12l. In fig. 3.9 b) Raman spectra of the different samples of fig. 3.8 a) are shown. By compari-
son it emerges that the yellow and green curve, which correspond to the highest and lowest ®¢,

used, can be assigned to c- and t-GST, respectively 1011021,

The red curve presents both charac-
teristic modes, indication of the fact that the sample has mixed phases, which is often the case

during MBE growth.

In a ternary alloy the three constituent elements are interdependent. Indeed, by varying the @,
the flux ratios between the elements (1, /g. and Pgp,/e) are changing consequently. In the for-
mer experiment, $1,/ce changes from 2.8 to 5.4, while ®g /. changes from 1.5 to 2.8. P /gp
remains constant at 1.9. From a more specific growth theory point of of view, we can say that the
epitaxial growth is performed at substrate temperatures (Tq,;) high enough to ensure good crys-
talline quality of the deposited film. This is achieved if the impinging atoms have enough surface
mobility to arrange on energetically favorable lattice positions. Together with surface diffusion
mechanisms, also adsorption or desorption of the impinging atoms is possible. And the interplay
between all these fundamental growth mechanisms is influenced by the flux ratios (see section
2.1).

These results suggest that the excess of Te which is not necessary for the compositional arrange-
ment, play an important role in the ordering process, especially if we recall (see chapter 1.2) that
the formation of vacancies in resonantly bonded compounds is a mechanism to get rid of excess
electrons. In order to validate this assumption, a series of samples are grown at different &,
keeping the other parameters fixes (T, = 250 °C, g, = 0.196 nm/min and Pge = 0.37 nm/min).
In fig. 3.10 a) a superposition of symmetric w-2¢ scans for such samples is shown. Curves are
displayed with an offset for clarity. . are normalized to the lowest one of 0.18 nm/min. By in-
creasing @, (red to light blue curve), XRD curves visibly change; if we focus on the second order
of the profiles (2.8-3.8 A1), the VLp shape, i.e. FWHM and intensity, is different. A clear shift
toward lower Q, for increasing Te flux is visible, with consequent change of sample composition,
as reported in fig. 3.10 b). Compositions from GST225 to GST124 are obtained varying ®.. In
addition the VLp looks more or less symmetric with increasing ®r.; this is attributed to the rel-
ative height of the composing peaks related to the three different compositions (124, 225, 326),
indication of compositional disorder (see discussion in section 3.1.1). Expected positions of VLp
are shown as guide to the eye for GST326, 225 and 124 from higher to lower Q,. When the VLp
is asymmetric, the main composition is evaluated by fitting the VLp with multi-gaussian peaks
fixed at the expected positions for the three compositions, and choosing the one contributing the

most.

A clear example of mixed composition are the samples grown with &1, = 1.3 and 2.3, where
the wide VLp clearly results as a Fourier envelop of a main peak and a second one appearing
as a shoulder on the right. The change in FWHM and intensity of the VLp with increasing @,
indicates an increase in vacancy ordering degree, which is particularly evident in the curve cor-
responding to the highest flux [light blue in fig. 3.10 a)], characterized by multiple orders of
VLps. Also the sharp GST peak around 3.6 A1 consistently shifts toward higher Q,, indication
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Figure 3.9: a) Cross-view [11.0] high resolution HAADF STEM micrography of epitaxial
(00.1) GST, vdW gaps (dashed green lines) occur every 9-13 atomic layers, in-
tegrated line profiles along the [00.1] direction is shown with highlighted vdW

gaps spacing. Courtesy of Dr. A. M. Mio; b) Comparison of Raman spectra for
the samples grown with different &g, [same color code as in fig. 3.8 a)].
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of smaller average Te-Te layer distance for increasing ordering, consistent with literature!*. The
ratios between the fluxes in this series of samples changes from ®r, /e = 2.6 to 8.4, while ®, /g

varies from 0.9 to 3. ®g}, /. stays constant at 2.8.
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Figure 3.10: GST samples grown at different ®,: a) Superposition of XRD profiles, expected
positions of VLp are shown as guide to the eye for GST326,225 and 124 from
higher to lower Q; b) Lattice parameter as a function of ®t,, bulk references can
be found elsewhere14]; c) Comparison of Raman spectra.
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The Raman spectra corresponding to the lowest and highest ®r, are shown in fig. 3.10 c). For
the lowest flux (red curve), no double peak at low wavenumber is present and the characteristic
cubic mode at 160 cm ! is still dominant. The spectra corresponding to the highest ®r. instead,
presents all the modes typical of a good trigonal phase. Again the intermediated curves can be

considered owing to mixed phases not yet fully trigonal.

Also the effect of the variation of the substrate temperature on the GST film was investigated. Tg,
was lowered from 250 °C to 120 °C. The three cells fluxes were kept constant at g, = 0.055 nm /min,
Dgp, = 0.193 nm/min and ®1. = 0.252 nm/min. For the lowest Tg,, = 120 °C, a tuning of the
fluxes was necessary to avoid amorphous growth. Fluxes were considerably reduced to ®g.=
0.122 nm/min, ®g, = 0.128 nm/min and P, = 0.235 nm/min. XRD profiles are plotted in fig. 3.11
a) with an offset for clarity. GST films change composition as suggested by the shift of the VLp
in respect to the GST reflection, which is itself slightly shifting toward higher Q, for decreasing
Teup- In fig. 3.11 b) lattice parameter ¢y is plotted as a function of Tgyp. Stoichiometric GST326
and GST225 together with non stoichiometric compositions are obtained (see bulk references in

graph[14]),

Raman measurements in fig. 3.11 c) is used to asses the phases. The samples grown at 250 °C
and 200 °C are ¢-GST, with very pronounced modes, the sample grown at 120 °C instead, shows
characteristic spectra of t-GST. The sample grown at 180 °C shows a splitting of the low frequency
mode into two, even if no high frequencies trigonal mode is visible at all, we can tentatively assign

it to a mixed phase.

In general, a decrease of substrate temperature implies an increase of the sticking coefficient of
each element. In this case the element that is mostly affected is Te. Thus, by decreasing the growth
temperature, there is an increase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>