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Referat:

This thesis deals with the synthesis and characterization of Ge-Te-Sb (GST) thin films.
The films were deposited using a Pulsed Laser Deposition (PLD) method and mainly
characterized with XRD, SEM, AFM and TEM.

For amorphous and polycrystalline films, un-etched Si(100) was used. The amorphous
films showed a similar crystallization behavior as films deposited with sputtering and
evaporation techniques.

When depositing GST on un-etched Si(100) substrates at elevated substrate temperatures
(130-240°C), polycrystalline but highly textured films wete obtained. The preferred growth
otientation was either GST(111) or GST(0001) depending on if the films were cubic or
hexagonal.

Epitaxial films were prepared on crystalline substrates. On KCI(100), a mixed growth of
hexagonal GST(0001) and cubic GST(100) was observed. The hexagonal phase dominates
at low temperatures whereas the cubic phase dominates at high temperatures. The cubic
phase is accompanied with a presumed GST(221) orientation when the film thickness
exceeds ~70 nm. Epitaxial films were obtained with deposition rates as high as 250
nm/min.

On BaF,(111), only (0001) oriented epitaxial hexagonal GST films are found, independent
of substrate temperature, frequency or deposition background pressure. At high substrate
temperatures there is a loss of Ge and Te which shifts the crystalline phase from
Ge,Sb,Te; towards GeSb,Te,. GST films deposited at room temperature on BaF,(111)
were in an amorphous state, but after exposure to an annealing treatment they crystallize
in an epitaxial cubic structure.

Film deposition on pre-cleaned and buffered ammonium fluoride etched Si(111) show
growth of epitaxial hexagonal GST, similar to that of the deposition on BaF,(111). When
the Si-substrates were heated directly to the deposition temperature films of high crystal-
line quality were obtained. An additional heat treatment of the Si-substrates prior to depo-
sition deteriorated the crystal quality severely.

The gained results show that PLD can be used as a method in order to obtain high quality
epitaxial Ge-Sb-Te films from a compound target and using high deposition rates.






— If you want to understand function, study structure —

Francis Crick
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Chapter 1

Introduction

Chalcogenide materials containing Te reveal a unique set of properties that cannot be
matched by other chalcogenide compounds, i.e. selenides, sulfides and oxides. For in-
stance the tellurides can be superconducting?, ferromagnetic”, ferroelectric™, thermoe-

lectrict®

or they can possess topological insulator characteristics”, properties that are all
related to the electronic structure of these compound materials™”. Additionally, several Te
alloy compositions belong to the group of phase change materials. This special group of
materials can show distinct and drastic differences in optical and electronic properties just
by changing the actual structural state they are in, i.e. amorphous or crystalline. This is
quite remarkable and not at all common for most substances. Consider for instance SiO,
which is fully transparent and a good insulator both in the amorphous and the crystalline
state or a metal which is highly conducting and reflects light independent of the actual
structural state it is in. This unique behavior of phase change materials has led to extensive
investigations over the last decades in the quest for new technologies. In fact, these mate-
rials are present everywhere in the form of re-writable optical media, but nowadays they
are also being considered as candidates for electronic memory devices!"". Very recently,
also optoelectronic devices"" based on phase-change material were developed, which
show that this field is in constant progress.

The research field of phase change materials was originally discovered by Stanford R.
Ovshinsky in 1968 when he noticed that these materials could be rapidly switched
between a highly resistive and a more conductive state by applying an electric field. He
recognized the potential in this technology for constructing semiconductor switching
devices based on a physical phase change, but at the time also the complementary metal-
oxide-semiconductor technology was developing rapidly and they offered switching devic-
es with lower power consumption and higher speed. Therefore, phase change technology
for electronic memory devices did not take on for some more decades. In the 1990s, re-
writable optical media were introduced on the market by Matsushita (Panasonic Corpora-
tion) and this was the first commercial phase change technology products. Since then the
number of re-writeable products has virtually exploded and nowadays storage capacities of
100 Gb are achieved on a single disc'"”. The underlying technology behind the rewritable
optical storage is based on the large optical contrast between the amorphous and crystal-
line state.

Currently, the possibility to use phase change materials as electronic memory devices, i.e. a
phase change memory (PCM), is once more being investigated"*'" and it is believed that
the PCMs can be a competitive replacement for current non-volatile memory technolo-
gies, i.e. Flash memories. The materials being used are often alloys based on Ge-Sb-Te
(GST) and one of the most investigated materials is the Ge,Sb,Te; phase. Nowadays,
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PCMs have entered the market™, but it is still somewhat of a niche product due to the
still too high power consumption. In 2011, however, it was shown that an ordered fiber-
textured crystalline state could drastically improve the performance and stability of a
PCM-cell®. This lead to the development of even higher ordered Ge-Sb-Te-films in the
form of epitaxial layers”' "
lization of a laser beam-amorphized epitaxial Ge,Sb,Te; film is possible”. This proves that

epitaxial layers could also be promising from a technological point of view while at the

and, furthermore, it has been shown that an epitaxial recrystal-

same time giving insight to structural properties. Until now, all epitaxial growth of phase
change materials has been performed with Molecular Beam Epitaxy (MBE) using ele-
mental fluxes on lattice matched semiconductor substrates. While MBE is capable of
producing films with high structural quality, it poses some severe limitations in terms of
process complexity (multiple evaporation sources) and low deposition rate (~0.3 nm/min)
that effectively hamper any potential industrial application. Another deposition method,
often used for epitaxial growth is Pulsed Laser Deposition (PLD). PLD compared to
MBE employs a compound target and much higher deposition rates (1-250 nm/min for
PLD compared with ~0.3 nm/min for MBE), but before this work was initiated it had

26-29]

only been applied for the production of amorphous or polycrystalline GST films™™ .

Therefore, the overall aim of this thesis was to investigate the epitaxial growth of thin
films of GST using PLD. However, this investigation was not only limited to epitaxial
films and more specifically, the aims can be formulated as follows:

— To establish a deposition process for amorphous, polycrystalline and epitaxial
GST films by PLD.

— Toidentify the typical crystallization temperature range of PLD-deposited amoz-
phous GST films as by thermal annealing.

— To investigate the growth of GST at elevated substrate temperature using non-
crystalline substrate surface in order to determine any texturing effects.

— Toinvestigate the growth of GST at elevated substrate temperature using crystal-
line substrate surfaces in order to obtain epitaxial films.

— Structural characterization of the produced films with mainly x-ray diffraction and
transmission electron microscopy.

Scope

Throughout the thesis, different deposition parameters were varied and the results are
presented and discussed in Chapter 4. In section 4.1 the results on the deposition of
amorphous and polycrystalline GST films are presented. Section 4.2 deals with the depo-
sition of GST on freshly cleaved KCI(100) substrates. In section 4.3 the deposition of
GST on freshly cleaved BaF,(111) substrates is described. Finally, section 4.4 is devoted
to the deposition of GST on Si(111) substrates.



Chapter 2

Basics

2.1. Phase change materials

The whole field of phase change materials research started in the late nineteen sixties,
when Stanford R. Ovshinsky published an article about a peculiar I-V behavior in amor-
phous chalcogenide glasses'"”. Below a certain threshold voltage Uy, the film was in a
highly resistive state with ohmic behavior. Above Uy, the resistivity dropped orders of
magnitude and the I-V response in the film was not ohmic anymore. In this state the
current could be varied largely without affecting the voltage drop across the device. By
reducing the current below a certain value the material switched back to the high re-
sistance state once more. Also, by varying the composition in his films he could see a
permanent switching effect, i.e. the films remained in the highly conductive state even at
zero voltage across the device. Ovshinsky recognized the potential with the switching
behavior to be used as a semiconducting switching device and patented the technology®”.
However, at this time the complementary metal oxide semiconductor technology was in
rapid development and they could produce far more efficient switching/selecting devices.
Therefore, phase change based devices never pushed through as a major technology.
Nevertheless, the same research group continued to investigate these Te-containing films
and a few years later they could show that thin films of these materials can undergo a rapid
crystallization when illuminated with a short laser pulse”™. The rapid crystallization was
accompanied by a distinct reflectivity increase for the laser irradiated spots. In spite of this
interesting finding it would take another ~20 years before Yamada could show that Ge-
Sb-Te alloys could be used effectively in re-writable optical data storage media”"!. Since
then the number of re-writable (RW) storage media is ever increasing (CD-RW, DVD-
RW, Blu-Ray-RW) and the development still goes one. Nowadays, phase change materials
are once more considered as potential Phase Change Memories (PCM) and that is where
much of the research focus lies today!".

2.1.1. Amorphous-crystalline transition

Phase change technology (optical RW or PCM) is based upon large differences in physical
properties (optical or electronic) between a crystalline and an amorphous state of the
material. Independent of the memory technology (optical or electronic) the phase change
material needs to be repeatedly switched between the amorphous and crystalline phase.
The switching is accomplished by a short (10-50 ns) energy input, in form of either a laser
or a current pulse. This idea is exemplified in Figure 2-1. Starting from a crystalline mate-
rial, a high intensity pulse is applied in a localized region of the material (Figure 2-1a). This
pulse can be of either electronic or optical origin, as already mentioned. The high applied
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intensity rapidly increases the temperature in the material and brings it above the melting
point T, . Due to the short pulse duration and the localized heat input, the melted material
is subsequently quenched into the amorphous phase after the pulse is over. The amor-
phous state is characterized by a low optical reflectivity and a high electrical resistance.
These properties can be read out by an appropriate pulse of low intensity and thus, infor-
mation can be coded in form of bits in the material. In Figure 2-1b, the disorder in the
material is plotted as a function of temperature for different heat treatment pathways. The
amorphization pathway is indicated by the red curve. Below the glass transition tempera-
ture T, the viscosity 7 in the material is so high (a practical used limit as suggested by
Kittel®: 1>10"* Pa-s) that the atoms basically freeze in. Upon an applied pulse of inter-
mediate intensity and longer duration (Figure 2-1c) the temperature in the localized spot s
raised above the crystallization temperature T, which in general resides somewhere be-
tween T, and T,. The film material then crystallizes and a high reflectivity or low re-
sistance is obtained. This pathway is indicated with the blue curve in Figure 2-1b. The
atomic ordering in the material in each respective phase (state) is depicted within each gray
circle in Figure 2-1a-c. The crystalline state is characterized by a regular arrangement of
the atoms as expected, and the liquid state is in general characterized by complete disorder
(exception GeTe, see Ref. 33). In the amorphous state phase change materials exhibit a
lack of long range order, but local ordering is still present. This is mainly seen in the Ge-
Te and Sb-Te bond length distribution for Ge-Sb-Te compounds which gets shorter in
the amorphous phase as evidenced by Kolobov et al.*¥. According to the authors this
implies a (at least partial) tetrahedral arrangement of the Ge atoms in the amorphous
phase. However, the actual atomic environment in the amorphous phase is still a matter of
debate, since Huang and Robertson argues that the Ge atoms in the amorphous state are
still octahedral coordinated™. A plausible idea is that the answer lies somewhere in be-
tween as suggested by Lencer et al®. Independent of the actual atomic environment in
the amorphous phase, all models agree upon that the bonding character is of covalent
nature, with Ge, Sb and Te almost fulfilling the 8-N rule, where N is the number of va-
lence electrons. The crystalline state (metastable) is better understood though, and all Ge-
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Figure 2-1. Function of phase change memory technology. Image idea adapted from Ref. 37



2.2. The ternary Ge-Sb-Te system and crystal structures thereof

Sb-Te compounds crystallize within an octahedral environment (more details on crystal
structures in section 2.2). This six fold-coordination leads to a so-called resonance bond-
ing, since the number of valence electrons is not enough to fulfil a covalent bond. Instead,
the electrons are delocalized over the participating bonds. This concept is nowadays well

established with phase change materials'™**””

and can explain why the optical and electrical
properties can differ so much between the amorphous and the crystalline state. This is due
to the fact that the resonance bonds are highly polarizable and hence, react strongly to an

external electromagnetic wave.

Although the crystalline-amorphous transition was described above as involving melting,
there are some indications of non-thermally induced amorphization of Te-based al-

4 i.e. an electric field induced amorphization. This is especially obvious in the paper

loys!
from Simpson et al®, who designed a so-called interfacial phase change memory. This
multilayer memory structure was built up of layers of GeTe and Sb,Te, in a way highly
resembling the hexagonal equilibrium structure of GST compounds (see section 2.2.2 and
2.2.3). The authors could show a dramatic improvement in switching characteristics, i.e.
lower power consumption and longer life time for this type of films compared to classical
homogenous GST films. They inferred the improved performance to the local environ-
ment of the Ge atoms which could move from an octahedral environment (resonance
bonding) to a less coordinated site (covalent bonding) in the film structure. This showed
in a remarkable way that ordered phase change films could be of great future research

interest.

2.2. The ternary Ge-Sbh-Te system and crystal structures
thereof

The materials involved in the above mentioned technology are in general based upon
combinations of Ge-Sb-Te!"”!. In most cases the phase change material contains Te, giving
the impression that the material needs to contain a chalcogenide. However, alloys based
upon sulfides and selenides do not show the sought-after phase change effect. Additional-
ly, also chalcogenide free films show a phase change behavior, for instance Ge,;Sbg""! or
GaSb", Nevertheless, the ternary Ge-Sb-Te material system has been the most investigat-
ed one in the field of phase change material and will probably continue to fascinate and
challenge researchers for a long time. This is due to a good balance of the important phase
change properties like fast crystallization speed, high crystallization temperature and high
optical and electrical contrast. All the above mentioned properties can seldom be fulfilled
with one composition, but good enough properties can often be found with a certain
composition. Since this material system seems to be of such importance, it is worth in-
specting it in more detail. In Figure 2-2, a ternary phase diagram of Ge, Sb and Te is
depicted. The black solid line is the tie line between GeTe and Sb,Te, and the black
squares indicate some more common intermetallic phases in the system. It should be

1. [43]

noted that, supposedly', already in the nineteen sixties, Abrikosov et al. ) and Petrov et

Phase change materials
T Due to difficulties in obtaining translated as well as original versions, the author has not read the actual
articles. However, as first investigators they still deserve to be mentioned.
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al. ™ investigated this material system. However, it was only with the discovery by Yamada
et al.’"), that the material system got investigated systematically with respect to technologi-
cal function™. A very detailed structural investigation of the ternary system was further-
more conducted by Kosyakov et al.“. The intermetallic compounds on the tie line are
formed by combining stoichiometric amounts of GeTe and Sb,Te;, i.e. (GeTe),,(Sb,Te,),

forms a compound Ge, Sb,Te ., . In that way, the ratio between the two binary com-

m+n
pounds can be varied to obtain different properties”'. For instance, the crystallization
temperature increases towards GeTe (important for data retention), but the crystallization
time decreases towards Sb,Te; (important for high speed operation). In this way the phase
change properties can be tuned. Interestingly, all material compositions on the tie line
show an average p-electron number per lattice site N, of 3 according to the following

relationship?:

Z”Ge+3”5‘[7+4ﬂ’fe

= 1
? ﬂGe+”5b+”Te+ﬂV ( )

Where 7,1s the atomic concentration of species 7 and 7, = ny-(n.,+ng,). Assuming an
octahedral coordination for the involved atoms (see section 2.2.1), a value of N,=6 would
be expected for a covalent bond type. This strengthens the idea of resonance bonding (see
section 2.1.1) being an important pre-requisite for phase change materials.

2.2.1. Crystal structures of GeTe and Sb,Te;

The binary compound GeTe crystallizes in a rhombohedral structure (space group: R3m)
with a lattice parameter a=0.4281 nm and a rhombohedral angle of 58.358° (thombohe-
dral setting) with atomic positions at Ge(0,0,0) and Te(0.521,0.521,0.521) e, Alternatively,

Sb (at.%)

Figure 2-2. Ternary phase diagram of the Ge-Sb-Te system. Different GeSbTe compositions lying on
the GeTe-SbyTe;s tie line are presented.



2.2. The ternary Ge-Sb-Te system and crystal structures thereof

the unit cell can be displayed using a hexagonal lattice, i.e. a=0.417 nm and ¢=1.061 nm.

This structure can be interpreted as a distorted cubic rock salt structure!*

with an angle of
~88.3°deviating from the perfect 90° as depicted in Figure 2-3a, where the purple box
outlines a distorted rock salt structure. The distortion angle gradually becomes weakened
by increasing the temperature, and above ~420°C the structure is that of perfect cubic
rock salt™. The distortion of GeTe is known as a Peierls distortion along the (pseu-
do-)cubic [111] direction, and is known for elements and compounds with distinct p-type
bond character™. The aligned p-orbitals are unstable against a periodic oscillation leading
to alternating long and short bonds in the crystal®**!. Also in Figure 2-3a, the hexagonal

unit cell is outlined in red and the hexagonal basal plane projection is depicted next to it.

The second binary compound Sb,Te; crystallizes in a hexagonal unit cell with lattice pa-
rameters ranging from 0.426-0.427nm and 2.988-3.045 nm for a and c, respectively™ . In
Figure 2-3b, the crystal structure is presented. By a closer inspection, the hexagonal unit
cell is strongly related to a distorted cubic structure. This is indicated by the octahedrons
which show the local coordination of Sb (red) and Te (blue). However, since there is a
50% excess of Te in the structure, the octahedrons cannot form a continuous network,
but are interrupted by Te-Te layers (black horizontal arrows). These Te-Te layers are held
together by Van der Waals interactions. The Van der Waals gap show a separation which
can be explained by a repulsive Te-Te contribution and can be thought of as intrinsic
vacancy layers (VL). The spacing § of each VL is increased when the Te atomic concentra-
Te,. By

2m

tion is reduced according to § = 2 + 3, in a compound of composition Sb
viewing the hexagonal projections in Figure 2-3a,b, it is clear to see why there exist so

e ® e —®
® ® v/ @,
® ] IO L]
) ®
[ [
(] (]
a=0.426 nm
c=3.045nm
[0001]
.OJ
° —
° PY 0g P [2110]
o ® ° ® . el .3.
o ¢ ® ®

[2110]

Figure 2-3. Crystal structure of GeTe (a) and Sb2Te; (b) and the corresponding hexagonal basal plane
projection. The green, red and blue spheres symbolize Ge, Sb and Te atoms, respectively.
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many intermetallic stoichiometric compounds in this material system. The hexagonal basal
plane lattice parameter does not differ much between the two crystals explaining the good
miscibility throughout the whole GeTe-Sb,Te, system.

2.2.2. Crystal structures of Ge,Sh,Tes

Ge,Sb,Te; is the equivalence of (GeTe),(Sb,Te;) and resides in the middle of the tie line in
Figure 2-2. From here on, this composition will be referred to as GST225 for simplicity.
The structural ordering of this compound has been studied quite extensively for the
amorphous and crystalline states, but this section will deal solely with the crystalline struc-
tures. For more information about ordering in the amorphous state, the reader is referred
to Refs. 54 and 55. The crystalline structures of GST225 comprise the metastable cubic
phase and the thermodynamically stable hexagonal phase. The metastable cubic phase is
generally thought to exhibit the sought-after phase change properties, but it has been
shown that switching between the amorphous and hexagonal phase with optical pulses
works just as well®. The meta stable cubic phase normally forms at annealing tempera-
tures above 150°C"”" or by means of short pulse laser irradiation. In Figure 2-4, the meta-
stable cubic phase is depicted. The cubic rock salt unit cell is highlighted by purple lines.
At this point is should be mentioned that the cubic rock salt type is actually a rhombohe-
dral structure with the same type of Peierls distortions as for GeTe, but the distortions are
so small that they are not detectable with conventional XRD techniques (due to the aver-
aging nature of the measurements). Only by using anomalous scattering at the element
edges (extended x-ray absorption fine structure analysis and x-ray absorption near edge
structure), these observations has been observed”. However, it is not surprising since
both GeTe and Sb-Te compounds exhibit the same type of distortions (see section 2.2.1).
For all practical purposes though, it suffices to say that the metastable GST225 phase is of
rock salt type. The lattice parameter is reported to be 0.603+0.003™*" nm by different
investigators. In this thesis a lattice parameter of 0.603 is used throughout for
comparison'™. The rock salt structure can be described by two FCC sublattices, shifted
half a unit cell from each other. One is occupied solely by Te atoms whereas the other
contains Ge, Sb and ~20% vacancies in a random way. Alternatively, the distorted rock
salt structure can also be described by a hexagonal lattice. This is indicated by the red
outline in Figure 2-4a. The hexagonal representation consists of a six layer period where
anion (Te) and cation (Ge, Sb, vacancy) layers are alternating. Viewed along the [110] (or [-
2110] using hexagonal indices), the structure is visualized as in Figure 2-4b. The red solid
line indicates one set of (111) planes, which is inclined at an angle of 70.56° with the
horizontal (111) planes (blue Te layers). The grey box indicates the size of the correspond-
ing hexagonal unit cell.

The GST225 also possess a high temperature hexagonal equilibrium phase. The phase
transition temperature is typically around 300°CP” and normally this phase is not obtained
by short pulse laser irradiation'”. The hexagonal structure (space group P-31)consist of a
nine layer period in the form of Te-A-Te-B-Te-1"1-Te-B-Te-A-. The actual site occupancy
of A and B varies from model to model expressed as .4:B: Ge;Sb,,:Ge,,Sb;, (Matsunaga
et al.", Ge:Sb (Kooi and De Hosson™) or ~Ge,;Sb,::Ge;Sb,s (Urban et al.*¥). The
intrinsic vacancies in the compound are now located in the vacancy layers (VL) in contrast
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to being randomly distributed in the lattice as in the rock salt structure. The VL should
appear between every fifth Te layer, but the actual stacking sequence is very sensitive to
the local chemical composition'*. In between each VL the stacking sequence is that of
cubigc, i.e. ...ABCABC... but each block is shifted between each VL so that the overall
stacking sequence is hexagonal. In Figure 2-4c, the crystal structure of hexagonal GST225
according to Matsunaga et al.™” is presented. It is viewed along the [-2110]. The grey box
displays the hexagonal unit cell in this projection. According to the different structure
models mention above, the lattice parameters ranges from a= 0.4224-0.4250 nm and
¢=1.724-1.728 nm. In the figure lattice planes that are analogous to cubic (111) planes, i.c.
hexagonal (20-23), are indicated. These planes do not form continues lines but are offset
between each VL. This is unique for the hexagonal phases in the GeTe-Sb,Te, system and

can in some cases be used to distinguish between a cubic or hexagonal phase (see Figure
4-32).

Density functional theory calculations have shown that there might be a parameter space
where the metastable distorted rock salt structure might exist as a hexagonal layered cubic
phase!® . The differences between the calculations only lie in the exact stacking sequence
or site occupancy of Ge and Sb. In all cases the layered cubic phase only differs with a few
meV /atom from the stable hexagonal phase, i.e. they are very close in energy. One such
structure model is presented in Figure 2-4d (Da Silva et al ™). Clearly the structure is built
up of blocks separated by vacancy layers with identical spacing and intra-block stacking as

¢ o ¢ ¢

d) () (4

a) b) c)

a=0.426 nm a=0.423 nm
c=1.043 nm c=1.724 nm

1© |
[0001] o o T. T
© @

© o
é [ (4 ®
= © © (+]
20 ,° {04

Figure 2-4. Crystal structure of cubic (a,b), hexagonal (c) and layered cubic (d) GST225. The green, red and
blue spheres symbolize Ge, Sb and Te, respectively. Vacancies in (a,b) are not shown for clarity. The red
lines in (b) matk (111) planes and the hexagonal corresponding ones in (c,d).
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in the stable hexagonal phase, i.e. 5 Te layers in between each VL and ... ABCABC...
stacking. The only difference between the stable hexagonal phase and the layered cubic
phase is a shift of the blocks in between each VL. This is evidenced from the solid red line
in Figure 2-4, which marks the lattice planes analogue to the cubic (111) planes. No offset
across the VL is seen. Another way to describe this structure is to stack 4 unit cells of
metastable GST225, as in Figure 2-4b, and then subsequently concentrate the randomly
distributed vacancies into a vacancy layer, i.e. removing every fifth Ge/Sb layer. By doing
so the unit cell becomes 4 times larger in the c-direction as indicated by the grey box in
Figure 2-4d. The whole structure is then relaxed to obtain the correct bond lengths and
angles. Such a structure has not yet been full experimentally validated, but there are some
indications that this structure might exist (see section 4.2.1 and Ref. 69).

2.2.3. Crystal structures of Ge;Sb,Te,

GeSb,Te, is the equivalence of (GeTe),(Sb,Te;), and belong to the intermetallic com-
pounds that are more enriched with Sb,Te, compared to GST225 (see Figure 2-2). From
here on this composition will be referred to as GST124 for simplicity. The higher percent-
age of Sb, T leads to a slightly higher vacancy concentrations of about 25%, compared to
20% for GST225. The crystal structure of metastable GeSb,Te, is completely analogue
with the corresponding GST225 phase, i.c. a slightly distorted rhombohedral unit cell™
which for all practical purposes can be described as a cubic rock salt structure. In fact
these distortions have been shown to persist throughout the whole GeTe-Sb,Te; sys-
tem!”". In the rock salt structure, the Te atoms occupy one sub-lattice, whereas Ge, Sb and
vacancies share the other one and it is outlined in purple in Figure 2-5a. This phase forms
at annealing temperatures above 130°CP" or by means of short pulse laser irradiation. Also
shown in Figure 2-5 is the hexagonal representation of the cubic phase (red lines) and a
view of this structure is shown in Figure 2-5b. The hexagonal representation consists of a
six layer period where anion (Te) and cation (Ge, Sb, vacancy) layers are alternating.
Viewed along the [110] (or [-2110] using hexagonal indices). The red solid line indicates
one set of (111) planes, which is inclined at an angle of 70.56° with the hotizontal (111)
planes (blue Te layers). The grey box indicates the size of the corresponding hexagonal
unit cell.

The GST124 also possess a high temperature hexagonal equilibrium phase. The phase
transition temperature is typically around 210°CP". The hexagonal structure (space group
R-3m) consists of a 21 layer period with alternating close-packed Te layers and Ge/Sb
layers and VLs in between every fourth Te atomic layer”>™!. The denser VL spacing com-
pared to GST225 just reflects the higher concentration of vacancies. In between each VL.
the stacking sequence is that of cubic, i.e. ... ABCABC... but each block is shifted be-
tween each VL so that the overall stacking sequence is hexagonal. In Figure 2-5c, the
crystal structure of hexagonal GST225 according to Matsunaga et al."” is presented. It is
viewed along the [-2110]. The grey box displays the hexagonal unit cell in this projection.
According to the different structure models mention above, the lattice parameters ranges
from a= 0.424-0.4270 nm and ¢=4.112-4.169 nm. In the figure lattice planes that are
analogous to cubic (111) planes are indicated as already explained in Figure 2-4. These
planes do not form continues lines but are offset between each VL.
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Figure 2-5. Crystal structure of cubic (a,b) and hexagonal (c) GST124. The green, red and blue spheres
symbolize Ge, Sb and Te, respectively. Vacancies in (a,b) are not shown for clatity. The red lines in (b) mark
(111) planes and the hexagonal corresponding ones in (c).

There are more stoichiometric compounds in the homologous GeTe-Sb,Te; series, but
they are not relevant for this thesis. The interested reader can find more information in
Refs. 54,55,71,74

2.2.4. Crystallographic data from Ge-Sbh-Te compounds

As described in the previous sections, the GST225 and GST124 possess very similar
crystal structures. In the metastable state they are completely analogue with the exception
that GST124 have a slightly larger unit cell. This can be explained by the increased con-
centration of Sb in GST124 which leads to an expansion of the unit cell. This is true also
for the hexagonal phase of GST124 where the basal hexagonal lattice parameter is slightly
larger than for GST225 and the c-direction is also slightly larger than the length of two
GST225 hexagonal unit cells, i.e. 12 Te layers. The hexagonal phases of the two com-
pounds are further differentiated by the different stacking order of the VLs. These crystal
structure differences produce subtle but clear differences in the corresponding x-ray dif-
fractograms and since much of the results in this thesis are based upon x-ray data and the
comparison between different phases it is worth having a closer look upon.

In Figure 2-06, calculated x-ray profiles for GST225 and GST124 are presented. The two
topmost diffractogram represents the cubic phases and clearly they look very alike. Both
show the typical appearance of a face centered cubic lattice, i.e. only all odd or all even
(hk) reflections are visible. Furthermore, the peaks are shifted to lower diffraction angles

11



Basics

for the GST124, visualizing the slightly larger unit cell of GST124. The (200) reflection is
the strongest one, whereas the (111) show ~10% of the maximum intensity. It should be
noted here that the intensity calculations have been done with a fixed temperature factor
and does not necessarily reflect the true relative intensities. However, the same tempera-
ture factor was used for all calculations and the relative intensities do not change much
when the temperature factor is varied. Therefore it can be used as an estimate of which
relative intensities one can expect. The small differences between the two cubic phases
show that care must be taken when determining the exact crystal structure and x-ray
measurements should always be accompanied with other characterization methods. It
should also be noted that all cubic reflections have a corresponding hexagonal peak in the
near vicinity, which reflects the close relation between the two phases.

The hexagonal crystal structures are displayed in the two bottommost diffractogram. The
hexagonal phase, being a more low symmetry phase show a higher amount of Bragg
peaks. Also the differences between GST225 and GST124 are larger when comparing the
two. The indices differ of course quite much since the hexagonal unit cells possess largely
different c-axis. This is especially noticeable when regarding the reflections below 25°.
These reflections all belong to (000/) planes and are directly related to the vacancy order-
ing in the structures. All of the (000/) reflections are weakly scattering ones, of around 1%
of the most intense peak. The most intense peak resides between 28.40° and 28.93° for
GST124 and GST225, respectively. This is the crystallographic equivalent planes to the
(200) planes in the cubic structures. The second most intense peak is the (2-1-10) reflec-
tion at 42.3-42.8° and this is the crystallographic equivalent to the (220) planes positioned
at 90° angle with the (111) planes in the cubic phase. A third intense peak ((10-1-6) or (10-
1-14)) is positioned around 39° and this is a unique peak for the hexagonal phase and can
be used for determining if the crystal structure is indeed hexagonal or not.

12
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Figure 2-6. Calculated x-ray diffraction profiles for different GST phases[™. Each annotation shows
Miller indices, Bragg angle and relative intensity.
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Chapter 3

Experimental methods & materials

3.1. Pulsed laser deposition

In this study, Pulsed Laser Deposition (PLD) was used to deposit thin films of Ge-Sb-Te.
PLD as a deposition method dates back to the invention of the ruby laser in the nineteen
sixties""), when Smith and Turner ablated powder materials in a vacuum bell jarm. Inter-
estingly, among the materials being ablated was GeTe, one of the binary compounds in
GST which is used in this study. I took more than 20 years, though, before PLD as a thin
film deposition method had its first breakthrough with the discovery of high temperature
superconductors”. These superconductor materials are oxide ceramics with a perovskite-
like crystal structure and PLD was the first method that could transfer the complex com-
position from the bulk target material to the resulting thin film. After this major finding,
PLD as a method gained a lot of interest, especially in the field of oxide thin films. Nowa-
days, PLD is an established research method for the deposition of thin films of complex
stoichiometry and it is this context, the method was used in this study.

3.1.1. Working principle and setup

The use of a pulsed laser source with short pulse duration (~10-30 ns) is of uttermost
importance in laser ablation. The short pulses make sure that the instant light intensity is
high enough to overcome the ablation threshold and thereby obtaining the sought-after
characteristic, i.e. accurate stoichiometric transfer. Longer pulses or even continuous wave
laser irradiation leads to conditions close to thermal equilibrium and therefore classical
evaporation and melting takes place. For an effective ablation, the absorption coefficient
of the target material should be as high as possible at the used laser wavelength, or alterna-
tively formulated, a laser wavelength should be chosen where maximum absorption takes
place. This reduces the surface layer thickness which is heated in the target by the laser
pulse, the so called skin depth. A low skin depth constricts the energy in the laser pulse to
a very shallow surface region and therefore makes it possible to reach the high tempera-
tures and heating rates needed for congruent ablation. The material being ablated is then
expelled from the surface with a highly forward directed species distribution, the so called
plasma plume. Often the plasma plume can be described with a cos” a distribution, with
4<n>20, se Ref. 79. The plasma plume contains a number of different species, involving
electrons, ions, neutrals, clusters and larger particulates. The kinetic energies of the ions
and neutrals in the plasma plume spans the range from one to several hundred eV, which
is significantly higher than normal evaporation processes with thermal energies (MBE
~0.2 eV). Such high kinetic energies could influence the growth process, since the kinetic
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energy of the condensing species is (among other processes) transformed into surface
diffusional energy.

The laser used in this thesis was a KrF excimer laser (LPXro 240, Coherent), which emits
light at a wavelength of 248 nm with 20 ns pulse duration. The pulse energy was typically
set to 160 m] and the fluence on the target was controlled with the focal position of the
lens. The fluence used in this study normally ranged between 0.5-1 J/cm®. The pulse
repetition rate was varied between 1 and 100 Hz. The target material used was an arc
melted Ge,Sb,Te; target (ACI ALLOYS Inc.). Ge,Sb,Te;has a high absorption coefficient
in the UV-range (~10° cm™)®™ and is therefore suitable for the PLD process. In Figure
3-1, a schematic view of the deposition system is shown. Insertion and removal of samples
and targets is handled by the load-lock attached to the chamber. The laser beam enters the
deposition chamber through a quartz window at a 60° normal incidence with the target.
Behind the window, a gate valve has been placed, which makes it possible to separate the
laser entry window and the deposition chamber. This enables the removal and cleaning of
the laser entry window without breaking the vacuum in the main chamber. With this setup
a regular base pressure of 4:10° mbar is maintained. The laser beam is projected on the
target surface with a plano-convex lens (f=800 mm) which resides on a slide. In that way
the laser fluence on the target can be adjusted. Inside the chamber a target carrousel is
used which can hold three different targets, simultaneously. The substrate holder is
mounted perpendicularly to the target manipulator with a spacing of roughly 6.5 cm.
Moreover, it is possible to move the substrate manipulator laterally to find the best depo-
sition position. Inside the substrate holder a resistive heater is placed which enables heater
temperatures up to1100°C. For more information about PLD the reader is referred to
Refs. 79 and 81.

Load-lock

)= )

¥ TMP  Forepump

s SM
Lo
' 8
Excimer| 248" 1
Laser ] I ‘w'
2 =."D A
= TMP
TM= Target Manipulator 7
SM= Substrate Manipulator @

™

TMP=Turbo Molecular Pump Forepump

Figure 3-1. Schematic of PLD system
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3.2. Sample preparation and treatment

3.2. Sample preparation and treatment

3.2.1. Substrate materials and preparation

In this study three different substrate materials have been used: KCl, BaF, and Si. All
crystals are cubic with a rock salt, fluorite and diamond structure and the crystal structure
is displayed in the upper part of Figure 3-2a-c, for KCI, Bal, and Si, respectively. The
corresponding lattice planes used for growth are depicted in the bottom part of the figure.
The typical substrate size was ~10X10 mm®. KCl and BaF, were purchased as rectangular
shaped bulk crystals (Plano GmbH, Korth Kristalle GmbH) with size of 10X10X/mm’,
with 10</>50 mm. The crystals were then cleaved parallel to the cleavage planes with a
sharp single-sided razorblade and a small hammer. Typical thicknesses of the cleaved
substrate pieces were 1.0-1.5 mm. The freshly cleaved substrates were then mounted and
directly inserted into the load lock chamber. The Si substrates were purchased as wafers
and divided into smaller pieces. The Si(100) pieces were degreased ultrasonically in ethanol
followed by acetone and then stored under ambient conditions in boxes. The Si(111)
substrate pieces underwent a RCA treatment™ and were then stored in the clean room.
Directly prior to deposition a Si(111) piece was dipped in buffered ammonium fluoride
(BAF, 7:1 volume ratio of 40% NH,F in water and 49% HF in water) for 30 seconds,
rinsed with deionized water, dried and transferred to the load-lock. The substrate prepara-
tion details are summarized in Table 1.

(100) (111) (111)

Figure 3-2. Crystal structures of used substrate materials (upper half) and the corresponding substrate
crystallographic lattice plane projection used for epitaxial growth. The red dashed tilted boxes indicate the
slice from where the projections stem from.
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Table 1. Overview of the substrate materials used in this thesis.

Substrate |Crystal Orienta-  Preparation  Time in air for Used for
material tion bare substrates
| 1li
Si (100) Pre-clean Polycrystalline

films (section 4.1)
Epitaxial films
(section 4.2)
Epitaxial films
(section 4.3)

KCl (100) Freshly cleaved <5 min

BaF, (111) Freshly cleaved <5 min

RCA pre-clean and
Si (111) oxide etch with <5 min
BAF

Epitaxial films
(section 4.4)

3.2.2. Substrate heat treatment prior to deposition

To investigate the influence of a thermal substrate treatment several Si(111) substrates
were additionally subjected to a thermal pre-treatment in the deposition chamber prior to
deposition (see section 4.4.2 for results). This treatment was carried out with the aim to
obtain a 7X7 surface reconstruction®

3-3.

. The heating ramp profile is presented in Figure

3.2.3. Substrate temperature calibration

The heater temperature was normally set to temperatures in the range between 100-500°C.
This is a temperature interval which is hard to measure with optical pyrometers. There-
fore, a different approach was developed. On a substrate a thin (0.25 mm) type C thermo-
couple wire was attached. The measurement point was pinned to the substrate surface
using ceramic cement (Omegabond CC High Temp). Care was taken to use as little as
possible of the cement. The substrate (with thermocouple) was then placed on the sub-
strate manipulator by hand and the chamber was then evacuated to a pressure below 107
mbar. After this the substrate heater was heated to a set point temperature and hold for 30
minutes. Only thereafter was the temperature read out from the thermocouple. This
procedure was repeated for each different substrate materials, but was only done once per
substrate material, due to the time consuming preparation. The uncertainty in the meas-
urements is estimated to be £30°. Nevertheless, it gives a feeling of the discrepancy be-

1050°C
(%]
poposmon °
Deposition
RT P

:10min=

Figure 3-3. Temperature profile for Si substrate thermal treatment
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Figure 3-4. Temperature calibration for three different substrate materials.

tween the heater set point and actual substrate temperature. The actual measurement
points are displayed in Figure 3-4 for all three different substrate materials along with the
fit of each measurement seties.

3.2.4. Heat treatment of as-deposited films

Selected as-deposited GST films were annealed in a rapid thermal annealing furnace
(MILA-5000, Ulvac) in the temperature range of 100-350°C. The films were annealed at
pressures below 10”° mbar. A capping layer was normally used as evaporation protection.
The heating/cooling ramp was in general set to 10 minutes and annealing took place for
10-30 minutes.

3.3. Characterization methods

3.3.1. X-ray based methods

In this study several different types of x-ray diffraction based methods were used for the

evaluation of the crystalline content in the films. In the following sections each method
will be described.

X-ray diffraction

X-ray diffraction (XRD) was used to probe the crystalline content in the deposited GST
films. The fundamental equation governing diffractometry is the well-known Bragg equa-
tion: 24, sin 6 =#»A, which generally relates the diffracted intensity measured at the angular
position ¢ (with respect to the sample surface) with the lattice spacing of a plane ,,in a
crystal. Thereby, 7 is the diffraction order and A the x-ray wavelength. The lattice parame-
ter @ of a cubic crystal is in turn related to d,,, as follows:

a

p
N (2)

The lattice parameters @ and ¢ for a hexagonal crystal structure are related to 4, by:
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1 4P+ P
dy 3 2 2 (3)

a

Almost all films in this thesis were investigated with a Rikagu Ulitma IV Type 3 diffrac-
tometer using parallel beam geometry and Cu K, radiation (A=0.15418 nm). No additional

x-ray optics, like monochromator and analyzer crystals, were used in order to maximize

the diffracted intensity. However, selected films were additionally investigated on a Seifert

XRD 3003 PTS, which utilizes a parallel beam with monochromatic Cu K, radiation (A =
0.15406 nm (2-bounce Ge(220) crystal primary monochromator). A schematic goniometer

geometry can be seen in Figure 3-5 which applies for both diffractometers. The axes can
be moved independently (only partly for the Rigaku Ultima IV Type 3), allowing the
following measurement modes:

X-ray
source

20

26-w-scans are used for determining crystal structure and lattice plane spacing. The
angular resolution in 20 was varied between 0.05-0.11° using slits and a parallel slit
analyzer. In this mode the w and 20 axis are coupled so that the 20 axis moves
with twice the speed compared to the w axis.

w-scans (rocking curves) can be used for determining the crystallite tilt distribution
of the films and therefore a measure of how well oriented a textured/epitaxial film
is. In this mode the 20 axis is fixed at a certain angle corresponding to a selected
Bragg reflection and the w axis is scanned (rocked).

p-scans of a certain {hkl} family give information about epitaxial relationships and
can in some cases be used for differentiating between different polytypes (cubic or
hexagonal). The Rigaku diffractometer utilizes an in-plane arm for measuring ¢-
scans. This means that the sample always stays horizontal and the goniometer axes
are positioned in such a way that all angles are satisfied (tilt angle and Bragg angle).

Therefore the tilt axis is called « in Figure 3-5 and not y as normal.

t o

X-ray
detector

o (ory)

Figure 3-5. Schematic of the goniometer geometry
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For a more detailed description of each measurement technique the reader is referred to a
standard textbook, for instance see Ref. 84

The in-plane arm in the diffractometer (20y-axis) actually makes it possible to measure in-
plane diffraction profiles, rocking curves and pole figures which are advised when trying
to understand complicated crystal structures. These measurements will be presented in
their own sections following this one.

In-plane x-ray diffraction

A large part of the XRD measurements in this study has been conducted in an in-plane
mode. Since this method is not as common yet in laboratory diffractometers, it deserves a
more detailed description. Compared to normal out-of-plane XRD, in-plane XRD
(ipXRD) is a relatively new method. It was practically realized as a measurement technique
as late as 1979 by Marra et al.™. By adding an additional goniometer axis (in-plane arm) to
a normal laboratory diffractometer it becomes possible to perform these measurements
routinely. In ipXRD, irradiation of the sample proceeds in the vicinity of the angle of total
external reflection. About this angle, a refracted x-ray wave propagates more or less paral-
lel to the surface. This wave is evanescent in nature and is damped in the z-direction with
an exponential dependence on the incidence angle[%]. However, within the surface plane
the wave can propagate undisturbed and can therefore be used for diffraction studies of
lattice planes that lie perpendicular to the surface plane. The critical angle 0, of total exter-
nal reflection is dependent on the irradiation wavelength A and the density of the film
material p according to:

(4)

Where dis the decrement from 1 of the real part of the refractive index, i.e. 7 = 1-6. N, is
Avogadro’s number, 7, is the Bohr radius, .4 the atomic weight and /, the real part of the
atomic form factor. This yields a critical angle of below 0.6° for most materials. Such a
low (grazing) incident angle of course requires that the beam divergence is small, and for
that purpose a parallel beam is required. In Figure 3-6, a detailed schematic of the in-plane
geometry in the Rigaku Ultima IV Type 3 is illustrated. In the top part of the figure the
geometry is viewed from the side. The graded parabolic multilayer mirror parallelizes the
beam (~0.05° divergence) in the vertical direction and the vertical Soller slits on the pri-

mary and secondary side make the beam less divergent in the horizontal plane. The inci-
dent slit width IV,

. together with the incident angle @ determines the projected beam spot
length IV on the sample according to W=W;,/ sin », and a balance needs to be found
between maximum diffracted intensity and background noise level. The angular position
of the 20 (detector) arm is not that critical, since the slits on the receiving side are open
during measurement and could normally be placed between 0 and 2° without any differ-
ence in intensity. In the bottom part of the figure, a top view of the geometry is depicted.

In this view, the function of the vertical Soller slits is easier to visualize.

21



Experimental methods & materials

Side view

Projection length
on surface: W Scattering Receiving
- slit slit

) ) 20
1 :
X-ray Parabolic Vertical Incident
focus multilayer Soller slit slit Vertical Detector
mirror l Sample stage Soller slit

Figure 3-6. Side and top view of the in-plane geometry in the Rigaku Ultima IV Type 3. Image idea
adapted from Ref. 87.

For an ipXRD measurement the 20y-axis is moved with twice the speed of the ¢-axis, i.e.
a coupled 20y-¢ scan analogue to a common 26-w out-of-plane scan. This measurement
mode gives information about the vertical lattice planes in the film as can be seen in Fig-
ure 3-7a for an epitaxial GST films on a BaF,(111) substrate. This scan was measured with
a 0.5° vertical Soller slit and the substrate peak and GST peak are cleatly resolved. By
changing to a 2.5° vertical Soller slit the angular resolution is lowered, but almost a factor
of 10 in intensity is gained (Figure 3-7b). The two peaks are no longer individually re-
solved and the substrate peak is only visible as a shoulder on the left flank. However, the
intensity gain is that large that measurement can be carried out at higher diffraction orders
as displayed in Figure 3-7c, where the two peaks are once more individually resolved.
Therefore, as always, a balance between angular resolution and diffracted intensity needs
to be found. In general, the F'WHM of the diffraction peaks is in good agreement with the
stated angular divergence on the Soller slit. In this study, the 0.5° vertical Soller slits have
been used almost exclusively. Deviations from this measurement setup are stated when
called for. Although it is possible to measure polycrystalline samples, the method is more
efficient for textured/epitaxial films.

If the sample is rotated around its own surface normal (¢p-axis), an in-plane ¢-scan is ob-
tained. In this case the 20y-axis is placed at the Bragg position of the reflection of interest
and the sample is rocked about the 0y angle. In fact this is analogue to an out-of-plane w-
scan and can also be referred to as an in-plane rocking curve. The only difference is that
the ¢-axis can be rotated by 360° so that all planes belonging to that particular set of
planes can be brought into diffraction conditions. The FWHM of the peaks are then a
measure of the pure crystallite twist component in the films and the appearance of
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Figure 3-7. In-plane 20y-¢ scans of an epitaxial GST films on BaF»(111) measured with different
vertical Soller slits, i.e. angular resolution

the scan, i.e. number of peaks and spacing gives clues about the crystal symmetry in the
films. This is exemplified in Figure 3-8 where two ¢-scans are show for a hexagonal and
cubic epitaxial GST film. The FWHM of each peak can be measured and in the general
case they do not differ much. Also, from the azimuthal peak separation the respective in-
plane symmetry is found. When an in-plane ¢-scan of the substrate peak is additionally
recorded, the epitaxial in-plane relationship between film and substrate can be determined.
An in-plane ¢-scan can in general, however, not differ between a (0001) oriented hexago-
nal phase and a (111) oriented cubic phase, since both crystal structures possess a six-fold
in-plane symmetry.

Texture goniometry (in-plane pole figure measurements)

To determine the epitaxial relationship between films and substrate, in-plane pole figure
measurement were carried out. An in-plane pole figure offers some advantages compared
to classical pole figure measurements with the parallel beam reflection method. First of all,
the sample can lie horizontally during the whole measurement. Secondly and more im-
portant is that a whole pole figure between 0°<a>90° can be recorded, since the in-plane
arm is used and therefore vertical lattice planes are also registered. The disadvantage is that

]— Cubic in-plane symmetry
~—~ ]—— Hexagonal in-plane symmetry
= FWHM
] 60° —
=1l b
n
S
£ iy
. -—090° —=
- T T T =T T T
0 60 120 180 240 300 360
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Figure 3-8. In-plane g-scans of two epitaxial GST films on KCI(100) (red) and BaF»(111) (black).
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the tilt angle and Bragg angle of the sample do not correspond to individual goniometer
axes anymore. Instead, the Bragg and the tilt angle position are calculated by the diffrac-
tometer software from the position of the w, 20 and 20y axis. A simplified sketch of the
geometry can be seen in Figure 3-9a. At «=0° the x-ray soutce and the detector lie in the
plane fulfilling the Bragg angle (20). For each new subsequent measurement step, the
goniometer axes (w, 20, 20y) are moved in such a way that « and 20, positions are fulfilled.
The movement sequences are roughly along the paths indicated in the figure. This is the
reason why the tilt angle is called @ and not y as usual. At each o step, the sample is rotat-
ed 360° about its own axis (¢p). At certain tilt and rotation angles, depending on the actual
crystal structure, diffracted intensity is registered in the upper half of the pole sphere in
Figure 3-9a. The intensity can then be plotted as a stereographic projection onto the
equator plane of the sphere as indicated in the figure. Mathematically this is done by
r=90-tan(a/2), where ris the new angular position and a the measured tilt angle. The
stereographic projection represents then what is normally referred to as a pole figure. Such
a projection is visible in Figure 3-9b where a {220} pole figure of a Si(111) substrate has
been measured. Two sets of pole density maxima can be seen, one at «=90° (outer rim)
and one at ®=35° which is to be expected for a (111) oriented sample. The pole density
maxima are exceedingly narrow, due to the high crystalline quality of the Si material. Nev-
ertheless, they are detectable. The outer set of pole density maxima could not have been
detected with the classical reflection methods, but the in-plane geometry makes it possible
to resolve these pole density maxima, too.

Si{200}

Source [} ¢ AR ¢

Detector

Figure 3-9. In-plane pole figure. Schematic view of the goniometer geometry used for texture meas-
urements (a) and a measuted pole figure of the Si{220} reflection(b).

X-ray reflectivity

An x-ray reflectivity (XRR) scan is in principle a 26-0 scan at small angles. However,
completely different information is obtained with this measurement compared to a normal
diffraction profile. At grazing incidence (w<0.5°) total external reflection takes place
according to Eq. (4). In this angular region information about the density g of the film is
obtained since 6,is proportional to the square root of p. When the incident angle increases,
the x-rays scatter at the substrate-film interface due to the difference in electron density
and at certain angular positions constructive/destructive interference takes place. The
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oscillating interference pattern is related to the thickness of the film and the amplitude of
the oscillating signal is related to the difference in electron density between substrate and
film (at low angles) and to interfacial roughness (at higher angles). The surface roughness
determines the overall decay rate of the measured signal. Whereas an estimate of the
thickness of the film can be obtained quite easily by a Fourier transform of the measured
signal, a non-linear least squares fit routine is needed in order to simulate the full range of
parameters, i.e. density, thickness and roughness (interface and surface). In this work the
fit of the measured signal was carried out by the Analyze software within the RayfleX™
studio environment.

3.3.2. Imaging techniques including spectroscopy
Scanning electron microscopy

In a Scanning Electron Microscope (SEM) a focused electron beam with acceleration
voltage between 0.1 and 50 keV is scanned over the surface of the sample. The electron
beam interacts with the sample in many ways, producing mainly emission of secondary
electrons, backscattered electrons and x-rays. In this study, the secondary electrons were
exclusively used for imaging. Most of these electrons have a comparable low energy (5 to
100 eV) and therefore a very limited escape depth. The shallow surface region where the
electrons stem from is limited to a few tens of nanometers (dependent on the acceleration
voltage) and provides information about the surface topography. The emitted secondary
electrons are then collected by either a biased Everhart-Thornley detector (positioned at a
large angle with respect to the electron beam axis) or on an annular in-lens detector, and
the generated signal is then amplified and finally presented on a display device which is
linked to the scan coils of the scanning beam.

The used SEM was a Carl Zeiss Ultra 55 with a GEMINI® electron gun column. With this
SEM a lateral resolution of ~30 nm was routinely obtained for GST films. Cross-section
and plane-view images were recorded. For selected GST films on BaF,(111) and KCI(100),
a thin Al-coating was used , which improved the image acquisition due to suppression of
charging effects. More information about the working principle of a SEM can be found in
any material analysis textbook, for instance see Ref. 89.

Transmission electron microscopy

In a Transmission Electron Microscope (TEM), a thin sample (<200 nm) is illuminated by
an electron beam of high acceleration voltage (typically a few 100 keV). Due to finite
thickness of the TEM specimen, the electron beam is transmitted through the sample. The
electron beam interacts with the atoms within the TEM specimen and the transmitted
beam contains information about these interactions, for instance the crystal structure (or
the lack thereof). In TEM mode (parallel illumination), different information can be ob-
tained by choosing appropriate apertures and settings of the electronic lenses in the TEM
column, i.e. real space images or diffraction patterns. If the electron beam is focused on
and scanned across the specimen, the microscope is operated in Scanning Transmission
Electron Microscopy (STEM) mode. Analytic measurement techniques (electron energy
loss spectroscopy or energy dispersive x-ray spectroscopy) can be used to gain chemical
information about the sample both in TEM and STEM mode. In STEM mode it is possi-
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ble to perform analytics with a high spatial resolution since the electron beam is focused
into a very fine probe. Hence the analytic signal only stem from a small interaction volume
and a map can be obtained. For atomic resolution images (both in TEM and STEM
mode), it is advantageous to have a spherical aberration corrected (C -corrected) micro-
scope, which reduces the errors that occur when manipulating an electron beam with
electromagnetic lenses. The invention and realization of C.-corrected microscopes is fairly

90,91

new!”, but nowadays they are available for purchase both as image or probe corrected

versions. For a more detailed description of TEM operation the reader is referred to Ref.
92.

In this study a probe C_-cotrected FEI Titan’ G2 60-300 was used for both TEM and
STEM. The microscope uses a high-brightness Schottky type field-emission emitter for
the generation of an electron beam with a narrow wavelength distribution and excellent
temporal stability. The preparation of the TEM-lamellae was carried out by Focused
(Gallium) Ion Beam (FIB) milling and subsequent low-kV Argon ion thinning (Nanomill).
Typical thicknesses of the TEM-lamellae were between 20-50 nm. For details of the FIB-
preparation, the reader is referred to Ref. 93. Diffraction patterns were obtained with
either Selected Area Diffraction (SAD) or Nano Beam Diffraction (NBD)". In STEM
mode the atomic resolution images were obtained with a High Angle Annular Dark Field
(HAADF) detector, typically covering a collection semiangle range from 80 to 200 mrad.
Energy dispersive x-ray spectra were obtained in TEM and STEM mode using a Super-X
fourfold EDX detector array.

Energy dispersive x-ray spectroscopy

Energy Dispersive X-ray spectroscopy (EDX) in an electron microscope utilizes the ine-
lastic interactions of energetic electrons with matter. When an electron enters a material it
can scatter inelastically with the nucleus or the surrounding electrons. The former produc-
es a continuous x-ray spectrum known as Bremsstrahlung and the latter produces charac-
teristic x-rays. The characteristic x-rays (and Auger electrons) are produced when the
incoming electrons knock out an inner shell electron from the atom. The excited state
quickly relaxes by filling the hole with an outer shell electron. The energy difference be-
tween the inner and outer shell is equal to the wavelength of the emitted x-rays. The x-rays
are then detected by an energy dispersive detector (XFlash® silicon drift detector) which
generates an electronic impulse which amplitude is related to the energy of the incoming
x-ray photon. In that way a histogram is built up and from this histogram the elements
contained in the sample can be identified. For the quantitative analysis, the EDX spectrum
is then subjected to a standardless evaluation routine (ZAF correction) and the Brems-
strahlung is subtracted. This yields atomic concentrations for thick films or bulk samples
with an accuracy of about 2% on the average. However, for thin films where the incident
electron beam excites a vast part of the substrate, the substrate sighal dominates the spec-
trum and it is not possible anymore to obtain absolute atomic concentrations only for the
film. The ratio, though, between the elements are still the same and can be used for esti-
mating the stoichiometry. This is exemplified in Figure 3-10, where two EDX measure-
ments obtained from the SEM are presented. The red curve symbolizes a GST film on Si
and the black curve the GST target. Clearly, the Si peak dominates the images. Otherwise
the spectra are very similar in appearance. They only matter in intensity, due to the fact
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Figure 3-10. EDX measurements of GST samples. Peaks inside the box all belong to the Sb and Te L
spectral lines.

that no background subtraction has been carried out and that the GST volume differs
from sample to sample.

The absolute atomic concentrations extracted from the above measurements!”

are pre-
sented in the first row in Table 2 for the GST target.. The suggested concentrations are
fairly close to the expected GST225 composition considering the 2% error and the values
seem plausible. The GST film on Si on the other hand, gives absolute concentrations as
presented on the third row in Table 2. Clearly, this does not reflect the absolute concen-
tration of Ge, Sb and Te in the film, but also includes Si to a depth of roughly 2 pm. All in
all, the concentrations are not to be trusted as absolute. However, the ratio between the
Ge:Sh:Te concentrations can be formed and taken as an indicator of the stoichiometry.
The Te concentration was normalized to a fractional concentration of 5 (as in Ge,Sb,Te.)
and the Ge and Sb were multiplied with the same factor. The result can be seen on the
second and fourth row in Table 2. The ratios for the two samples are now quite similar
even though one sample is a bulk material and the other a thin film. Although this method
does not provide the absolute atomic concentration it reveals effectively compositional
trends in the films and this was used throughout this study. The uncertainty in these
measurements was estimated to be significantly higher than for pure bulk samples, due to
the low absolute atomic concentrations. Therefore each GST film was measured on at
least four different places on the film to obtain better statistic. Selected films were also
measured with EDX in the TEM, where it is also possible to obtain correct absolute
atomic concentrations without any substrate signal disturbing the measurements. These
measurements always agreed well with the EDX measurements obtained from the SEM.

Table 2. Absolute atomic concentration of GST samples measured with EDX

Sample Ge Sb Te Si
GST target (at.%) 23.1 244 52.5 -
GST target (atomic ratio) 22 23 5 Not applicable
GST on Si (at.%) 29 3.0 0.0 88.1
GST on Si (atomic ratio) 24 25 5 Not applicable
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Atomic force microscopy

In this thesis Atomic Force Microscopy (AFM) was used to gain insights on the micro-
scopic topography in intermittent contact mode (Tapping Mode®). Thereby, a small canti-
lever with a sharply etched Si tip is driven at a certain resonance frequency. In free air, the
resonance oscillation has a certain amplitude of known value. When the tip is in contact
with the surface (intermittent or tapping), the amplitude reduces due to loss of energy to
the surface. The amplitude of the cantilever oscillations is recorded with the help of a laser
beam and position sensitive photo diodes, which with the help of a feedback controller
regulates the height of the scanning head. In this way, the software tries to maintain a
certain amplitude of the oscillations and the z-value at each (x,y) position is recorded and
forms the microscopy image. It is possible to obtain quantified data from the acquired
image by applying statistical analysis. In this study the root mean square roughness (rs)
has been used for quantitative comparison of the different films. It is defined as™:

(5)

for #» measurement points with value Z. Here, Z; refers to the measured height value in
nm. For more detailed information about AFM, the reader is referred to Ref. 96.
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Chapter 4

Results & discussion

The investigations on the growth of GST films can be classified according to two main
topics: Growth of polycrystalline GST and growth of epitaxial GST films. The investiga-
tions on polycrystalline growth will be described in the next section, whereas the epitaxial
growth will be discussed subsequently. The investigations of the epitaxial growth of GST
are furthermore divided into three sections, each dealing with a different substrate.

4.1. Growth of polycrystalline GST films

In this section the results of the polycrystalline growth of GST films deposited with PLD
will be discussed. Typically, 1x1 ecm” Si(100) with the native oxide layer still present was
used as substrate. Other typical deposition conditions used are presented in the table
below. It should be noted that, although many different parameters were tried, the aim of
this investigation was not to probe all parameters in a systematic way in order to derive
physical models of the ablation process, but more to explore how the GST material be-
haves under different deposition conditions. In other words, it acted as an initial investiga-
tion prior to the investigations of the epitaxial growth.

Table 3. Typical deposition conditions for polycrystalline film growth of GST

Film Frequency Fluence Ar- Substrate
thickness pressure temperature
(nm) (Hz) J/cm?) (mbar) (°C)
20-2000 1-10 0.5-1 4-107 ~23

4.1.1. Initial growth investigations of pulsed laser deposited GST

In Figure 4-1, four different films are presented. The films were all deposited in the depo-
sition chamber at room temperature and were confirmed to be amorphous in the as-
deposited state. In Figure 4-1a, a 22 nm thick GST films deposited with a laser fluence of
about 0.8 J/cm® is depicted. As can be seen, the surface is decorated with droplets of
spherical appearance. The round shape stems from the fact that it is ejected molten mate-
rial from the target surface that has propagated towards and collided with the surface. This
is an inherent property of the laser ablation process and depends mainly on the laser
energy deposited and the optical absorption in the target”™. Other investigations on PLD
deposited GST films also mention the presence of particulates and droplets on the surface
within an investigated fluence range between 1-3 J/ cm’, see Refs. 26,27,97,98. Unfortu-
nately no SEM images are presented for easy comparison. The particulate density present-
ed in this work lies around 10*/cm?” for typical film thicknesses of 20-200 nm. This is
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Figure 4-1. SEM images of as-deposited amorphous films. In (a)-(c), GST films are presented deposited
under different conditions. In (d) a LaAlOy film used as capping layer is presented.

independent of the laser fluence in the investigated range 0.5-1 ]/ cm? and is evidenced in
Figure 4-1b where a film deposited at 0.5 J/cm® is presented. No large difference com-
pared to Figure 4-1a can be identified except that the particulates are somewhat smaller.
This is just coincidence though and does not reflect any physical phenomena. However,
the fluence range spans only a factor of 2 and it might not be enough to see any drastic
effects. For a thicker film (1.8 um) displayed in Figure 4-1c, the number of particulates on
the surface increases. This illustrates the fact that the particulate density scales with the
number of pulses used for deposition, since roughly 10 times more pulses were used in the
deposition process and the particulate density is estimated to be ~10°/cm”. In Figure 4-1d,
an amorphous film of LaAlO_ is depicted. This material was used as protective capping
layer for GST as described later in this section. Virtually no particulates can be found on
the surface of this material, presenting itself as a good candidate for protecting the GST
surfaces.

The stoichiometry of the used GST ablation target was measured with two methods: X-
ray Photoelectron Spectroscopy (XPS) and EDX as displayed in Figure 4-2. On the right

80

| XPS B G- EDX
70 - : B so

Target Target Target 2um thick
(ablated) (new) (ablated) GST film

Figure 4-2. Comparison of the chemical composition obtained with XPS and EDX for the used GST
target and a thick GST film. The dashed vertical line separated the XPS and EDX results, whereas the
dashed horizontal lines mark the ideal GST225 composition.
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Figure 4-3. XPS sputter depth profiles of a 150 nm thick GST film in an as-deposited state as well as
after 8 weeks storage under ambient conditions.

side of the vertical dotted line in Figure 4-2, the EDX data is presented. The target was
measured both in the as-received state as well as after an initial ablation conditioning step
(30000 pulses with 1 J/cm?). Additionally, one deposited thick GST film is presented as
comparison. A thick film was used, since this dramatically reduces the Si substrate signal
and it is possible to measure the direct atomic concentrations. For all measured samples,
no significant oxygen or carbon concentrations were found (~1%) and this contribution
has been neglected in the diagram. Fach investigated specimen was measured on at least
four different spots, and the error bars symbolize the standard deviation from spot to
spot. The target measures a small deficit in Te as compared to the ideal GST225 composi-
tion (dashed horizontal lines), both for the new and ablated state. Nevertheless, the com-
position is fairly close to GST225. For the thick GST film an almost matching stoichiome-
try is obtained. Only a small deficit (gain) in Ge (Sb) is seen. The result from a XPS
measurement on the ablated target is presented on the left side of the dotted vertical line.
A sputter depth profile was obtained and the presented values are the average values from
>10 sputter steps with the error bars symbolizing the standard deviation. As can be seen,
the relative atomic concentration of Ge and Sb matches the EDX measurements quite
well. However, the absolute values are far off. This means that the sensitivity factors used
for calculating the atomic concentrations are not valid for this material system without a
re-calibration against a standard specimen of known exact stoichiometry. Hence, from
here on chemical composition measurements were conducted with EDX.

Although the XPS measurements are not useful for composition determination of GST
films, the method is highly reproducible and therefore it was used to obtain depth de-
pendent composition information. Such a depth profile is displayed in Figure 4-3 for two
measurement runs. An as-deposited GST films was directly transferred to the XPS cham-
ber, with a total air exposure time less than 5 minutes and subsequently measured. The
same film was then stored under ambient conditions and measured again after 1,4 and 8
weeks. The result of the as-deposited and 8 week measurement is displayed in the diagram.
As can be seen the samples only differ within the first 30 etch seconds (surface) and above

31



Results & discussion

200 seconds (substrate interface), whereas in between they overlap well. The latter dis-
crepancy can be explained by small differences in exact sputter removal between each
step, while the former difference displays a surface oxidation. The picture looks the same
for the measurement conducted after 1 and 4 weeks, i.e. after one sputter step the surface
oxide is removed. This indicates a surface oxide thickness of less than 10 nm and that the
oxidation eventually reaches a limit with a finite thickness.

The oxidation evolution was further confirmed by XRR measurements. In Figure 4-4 a
GST films is displayed that was measured in the near as-deposited state (45 min after
deposition) and at later times. The as-deposited film shows no direct indications of a
surface oxide film, since the decay is monotonically exponential between 1 and 4° without
any other wider oscillations visible. The extracted data however suggest a thin layer of 0.2
nm as presented in the inset table, but this value is definitely lower than the measurement
uncertainty (+1 nm). For the same film measured after 3 hours, a more pronounced sur-
face oxide layer has formed. This can be seen as the wide oscillation with a maximum
around 3.5°. This maximum is then shifted towards lower angles (around 2.2°) for the
following two measurements, which indicates a slight increase of the surface layer thick-
ness. However, no difference between the measurements after 8 hours and 24 hours can
be discerned, confirming the saturation behavior as already observed from the sputter
depth profiles in Figure 4-3. Simultaneously, a reduction in the oscillation amplitude is
observed for the two films measured last, which indicates higher roughness in the films.

This oxidation evolution was one of the reasons why the films from this point on in gen-
eral were coated with a thin LaAlO_ capping layer (10-15 nm). This deposition took place
directly inside the PLD-chamber after GST growth so that the GST film surfaces never
experienced any contact with ambient air. The second reason why a capping layer is bene-
ficial is that it prevents desorption of GST film constituents at high annealing tempera-
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Figure 4-4. XRR measurements of a GST film measured in the as-deposited state (45 min) and after 3, 8
and 24 hours storage in air. The inset stable show extracted data from the fit refinement. Each measurement
has been offset with a factor of 10 in the y-direction for purposes of display clarity.
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tures in the vacuum oven used for heat treatment, see section 3.2.1. However, to certify
that no unwanted reactions take place between the GST films and the LaAlO_ capping
layer a film structure was prepared with 86 nm thick GST and 15 nm thick LaAlO . Both
layers were deposited at room temperature and the film was confirmed to be amorphous.
A XRR measurement of the film prior to an annealing experiment was measured and is
displayed in Figure 4-5 as the black curve. The film is smooth with low interfacial as well
as surface roughness as evidenced from the inset table. The density is 5.6+0.1 g/cm’
which is slightly lower than typical values for sputter deposited amorphous films (5.8-6
g/cm’)?1"L After annealing the films at 200°C for 20 minutes (10 °/min heating ramp)
the density has increased to 6.2 g/cm’. This is better agreement with sputter deposited
films for the metastable cubic phase!'"”. The density increase of about 8% is matched well
by a thickness decrease of similar magnitude. Otherwise, no apparent changes of the film
structure can be inferred from the XRR measurements, i.e. the capping layer has not
reacted with the interface and can be thought of being inert. A further benefit from the
capping layer is that the preparation of artifact free TEM specimens is facilitated, i.e. the
films suffer less damage from the focused ion beam since the capping layer is on top.

To investigate the crystallization behavior of the GST films, annealing experiments in a
vacuum oven were conducted (see section 3.2.1 for details). The GST films were protect-
ed with a capping layer that prevents desorption and loss of material in the films. There-
fore a change in chemical composition is not expected and this was also confirmed by
EDX (not shown here). The films were confirmed as-deposited amorphous as measured
by XRD. After annealing 20-w scans of the films were conducted and the results are pre-
sented in Figure 4-6. All films displayed in Figure 4-6 possess a film thickness between 50-
200 nm and should therefore be comparable with each other. In order to obtain large
crystallites (for HRTEM investigations), relatively long annealing times between 15-30
minutes at the desired temperature were chosen with a 10 K/min. heating ramp. This
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Figure 4-5. XRR measurements of a GST film measured before annealing at 200°C and after. The two
measurements have been offset in the y-direction for display purposes.
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resulted in quite sharp diffraction peaks with FWHMs of the Bragg peaks in the range
between 0.2-0.4°. An estimate based on the Scherrer equation suggests corresponding
crystallite sizes between 35-55 nm. The as-deposited film exhibits no diffraction peaks
except those from the substrate. A broad intensity distribution is present between 20=25-
30°, although it is not so easy to distinguish it in the waterfall plot. Nevertheless, it is a
characteristic feature of the amorphous state of phase change films"""'"?. The amorphous
phase remains also at an annealing temperature of 150°C. However, a 15° degree tempera-
ture increase to 165°C produces intense Bragg peaks. This is a normal crystallization
temperature for thin films of Ge,Sb,Te,"". The observed Bragg peaks coincide well with
the phase reflection markers for the cubic GST phase'™, annotated with black dashed lines
in the figure. The patterns are qualitatively the same, i.e. a FCC structure, but a small peak
shift to higher 20 angles can be observed for the measured films. This is especially notable
for high indexed diffraction peaks, i.e. (220), (311) and (222). The small shift indicates a
slightly smaller unit cell than the model of Matsunaga® (0.600£0.001 nm instead of 0.603
nm), but it is in the range of other reported values"”*". No qualitative difference can be
found for the two films annealed at 180 and 200°C, i.e. they possess a FCC structure as
well. At the next annealing temperature (250°C) a different appearance of the diffracto-
gram can be discerned. Now, a peak appear at 20=20.5° which is ascribed the
GST225(0004) reflection. Moreover, only peaks that can be indexed with (000/) reflections
are found. This also includes the small peak at roughly 42° which can be ascribed the
GST225(0008) reflection, but for clarity reason this particular annotation has been exclud-
ed in the figure. The peaks observed do not fit the pattern exactly, some peaks are shifted
to lower diffraction angles and some to higher. This makes it hard to draw any conclusion
on the exact hexagonal phase. Nevertheless, the film possesses a clear fiber texture along
the [0001] direction. This means that the basal hexagonal plane is aligned with the sub-
strate surface. This is surprising since an annealing procedure should promote random
polycrystalline growth. A similar behavior has been found, though, on crystalline sub-
strates with (111) orientation", In that work, the authors also noticed the same out-of-
plane orientation as observed here with a defined additional in-plane orientation. It was
proposed that the nucleation starts at the substrate-film interface instead of randomly
oriented nuclei in the bulk film. Since hexagonal GST phases consist of stacked vacancy
layers, the most energetic alternative is to align the vacancy layers parallel with the sub-
strate surface. It should be noted, however, that only this one single film has shown such a
pronounced texture for annealed films on amorphous substrates. This is obvious, when
regarding the two films annealed at the highest temperatures. Here, a multitude of Bragg
peaks are visible. The angular peak positions are in general in good agreement with the
hexagonal phase reflection markers, confirming that the hexagonal GST225 phase was
obtained. Interestingly, for these two films the same preferential crystal orientation is
found, although not so pronounced. This can be seen from the fact that the (0005) reflec-
tion is the strongest one, but in a random polycrystalline film the (10-13) peak should
scatter the most (see section 2.2.4).
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Figure 4-6. 20-0 scans of GST films annealed at different temperatures. Reflections of the GST225 cubic phase are marked in black and hexagonal phase reflections
in red. Diffraction peaks inside the two blue dashed boxes stem from the substrate. Reflection positions for the cubic and hexagonal phases are annotated with black
and red dashed lines, respectively.
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The fact that the films were annealed for a long time with resulting large crystallites
opened up for the possibility to obtain direct images of the lattice using HRSTEM. The
TEM specimens were prepared with extreme care in order to avoid introduction of arte-
facts and damage to the films"”. In Figure 4-7, HAADF-STEM images from two films
that were annealed at 200 and 320°C are displayed in a) and b), respectively. Diffraction
patterns (NBD) and (SAD)) were obtained to confirm the crystalline structures as ob-
served in Figure 4-6. The patterns were recorded in TEM mode, but the corresponding
TEM images are not shown. The film annealed at 200°C was confirmed cubic from the
NBD pattern shown on top of the image as viewed along the [110] direction. A HAADF-
STEM image, viewed along the [110] direction, would reveal two sets of (111) planes fora
cubic crystal. These planes are inclined towards each other with 70.56° in a perfect FCC
crystal. This is the situation in Figure 4-7a, where a HAADF-STEM image of the cubic
film is shown along the [110]. Two sets of (111) planes decorate the image in a regular way
as indicated by the white dashed lines. Since the heaviest atoms in HAADF-STEM mode
scatter most, it can be concluded that the (111) planes are occupied by Te atoms. This is in
good agreement with theoretical crystal structures of GST225""*”). The angle between the
planes measures 70.3£0.1°, almost in agreement with the FCC structure. The fact that it
does not match the theoretical angle exactly could be an indication that the films are
subjected to a small rthombohedral distortion (see section 2.2.2 for details). Such a distor-
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Figure 4-7. HAADF-STEM images of a cubic (a) and a hexagonal (b) GST film. The diffraction patterns
attached to (a) and (b) were obtained with NBD and SAD, respectively (see text). The white dashed lines in
(a) and (b) annotates (111) planes and vacancy layers, respectively. The scale bars in (a) also applies for (b).
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tion has been proposed by Kolobov et al”*'".. The distortions are, however, so small that
they are not observed in polycrystalline films measured by XRD. In the top part of the
figure an even more distorted region is visible. However, it is believed that these distor-
tions were induced by the focused ion beam process and are not to be considered as real
defects in the crystal structure. In the SAD pattern on top of Figure 4-7b, a hexagonal
pattern from a film annealed at 320°C is revealed as viewed along the [1-2-10] direction in
hexagonal GST225. The diffraction spots coincide well with that of the theoretical
model®. Additionally, all spots lie centered on almost vertical lines running from the top
right part down to the bottom left in the SAD image. This is the [0001] direction in the
crystal. Since the spot pattern does not deviate from this orientation, a very small (not
measurable) crystallite tilt distribution must be present in the film. This implies that just by
chance only one large crystallite contributes to the SAD pattern, although the diffracto-
gram in Figure 4-6 suggests that more-or-less randomly oriented crystallites with a size of
about 40-50 nm are present in the film. This just reflects the spatial difference between the
two diffraction measurement methods, i.e. XRD measures a macroscopic average over the
whole film, whereas TEM provides extremely local microscopic information. In the
HAADF-STEM image (Figure 4-7b), a completely different microstructure as compared
with the cubic case is displayed. Clearly, dark horizontal lines extend over the whole image
side. These are identified as vacancy layers (VL). For clarity, three of them are annotated
with dashed white lines. Each VL is separated by rows of bright spots. These are identified
as Te atoms and in general 4-5 rows are inserted in between each VL. In a perfect GST225
single crystal the VL spacing should amount to 5 Te rows'”. The slight deviation seen
herein, could be attributed to differences in local chemical composition as already ob-

[64]

served by Kooi and De Hosson

All in all, the annealing experiments show that PLD-deposited thin films behave in a
similar way as those produced with sputtering” with respect to crystallization temperature
and crystal structure.

4.1.2. Polycrystalline film growth of GST at elevated substrate temperatures

Up to this point all GST films described in this study have been deposited at room tem-
perature and were subsequently annealed in an oven to obtain crystalline materials. This is
also the standard way to produce GST films (i.e. amorphous as-deposited), since much of
the interest in these material lies in studying the crystallization behavior upon external
stimuli. However, from a fundamental point of view the crystallization behavior at elevat-
ed deposition temperatures is also of interest, since the deposition for many PVD-
methods often takes places under non-thermodynamic equilibrium conditions. Sb,Te;,
being one of the binary compounds in Ge,Sb,Te; is known to grow with a preferred c-
10519l “The other binary

compound (GeTe) is also known to grow preferably in the pseudo-cubic [111] direction
[107,108]

axis orientation both on amorphous and crystalline substrates
when providing single crystalline substrates , L.e. both binary compounds prefer to
align the trigonal symmetry planes ((0001) and (111)) with the substrate surface. It is not
surprising then, that superlattices of the two compounds also grow preferably with the

20]

trigonal symmetry planes parallel to the substrate surface™". Not many studies have been

conducted on the growth of GST at elevated temperatures though. In fact, no investiga-
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tions at all on the GST growth at elevated temperatures on amorphous substrates have
been found by the author. Shayduk and Braun®"
of GST on single crystal substrates with Molecular Beam Epitaxy (MBE). Both reported

on an amorphous growth stage at low substrate temperatures (<100-120°C) whereas

and Perumal'® investigated the growth

polycrystalline films with complete random orientation are found at higher substrate
temperatures (<160-180°C). No evidences of a preferred orientation in the polycrystalline
films have been presented. In Figure 4-8, 26-w scans of GST films deposited at different
substrate temperatures are presented. For comparison, one film that was deposited at
room temperature and subsequently annealed at 290°C is displayed. For the films deposit-
ed at room temperature (RT) up to 110°C, no diffraction peaks are discernable, i.e. the
films are amorphous. Above, 110°C, a diffraction peak is starting to emerge at the position
of the (111) and (0005) reflection marker. This temperature range is in good agreement
with that of Shayduk and Braun®! and Perumal®.. The peak grows in intensity up to
175°C and thereafter is starts to decrease again and actually vanishes for the film deposited
at 290°C (loss of film material during growth). Below 175°C the films are either cubic or
hexagonal or possibly a mixture of both. The uncertainty in determining the crystalline
phase lies in the absence of intensity at the (0004) reflection position at these tempera-
tures. The absence of this peak could imply that the films are cubic, but it might as well
just be buried in the background as a consequence of the low scattered total intensity. At
175°C or above, however, the films are hexagonal as seen from the weak intensity distri-
bution at the (0004) reflection marker. The films do not display any temperature depend-
ent peak shift, with the exception of the film deposited at 240°C. In this film the (0005)
peak is shifted to slightly larger diffraction angles, an indication of a transition to the
GST124 phase. That such transitions are possible will be elucidated further in section
4.4.1, Figure 4-52. In all crystalline films there is a clear preferred orientation since only
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Figure 4-8. 20-w scans of GST films deposited on amorphous substrates at different temperatures. For

comparison, also an ex-siz# annealed film is displayed. Reflections of the GST225 cubic phase are marked in
black and hexagonal phase reflections in red.
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(111) or (000) reflections can be seen. This is especially obvious when comparing with the
annealed film in the top of the graph. Clearly, the (10-13) peak is the strongest one,
whereas this peak is totally absent for the films deposited at elevated temperature. This
shows that the degree of texturing is high with a [0001] fiber axis. Another striking differ-
ence is the FWHM of the diffraction peaks. In the annealed sample it is around 0.25-0.3°,
whereas the films deposited at elevated temperatures show roughly the double value. This
is a god indication that the crystallization of the films proceeds in a three-dimensional
(3D)-growth mode. The position of the main diffraction peak at ~25.6° does not coincide
exactly with any experimentally observed GST phase. This is not so surprising though,
since also a discrepancy was seen for the polycrystalline annealed GST films, see section
4.1.1. Irrespective of the exact GST phase being present, all films grow with a hexagonal
symmetry plane (either a (111) or a (0001) plane) parallel to the substrate surface with a
clear fiber axis (either [111] or [0001]). This behavior has not been observed earlier on
amorphous substrates for GST according to the authors’ best knowledge.

In Figure 4-9, the film thickness dependence on substrate temperature of the same set of
films as measured with XRR is visualized. The nominal film thickness for the amorphous
films (deposition temperature <110°C) is 503 nm. At 130°C, where the first diffraction
peak was visible, the film thickness is reduced a bit. The reduction corresponds to a film
thickness decrease of about 10% which is slightly more than the typical value of 6% when
going from an amorphous to crystalline phase”™. The discrepancy could, however, be
related to additional loss of material, since the deposition takes place in vacuum and at
non-ambient temperature. Indeed, the film thickness continues to decrease with an in-
crease in substrate temperature. This clear decrease cannot be explained just by a densifi-
cation of the amorphous phase, but simultaneously also desorption of the film constitu-
ents must take place. Such a desorption behavior is know from epitaxial films of phase
change materials deposited with MBE/P1%, although the absolute substrate temperature
range where desorption sets in, varies somewhat. The effect of desorption is clear for the
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Figure 4-9. Substrate temperature dependence on film thickness as measured with XRR for GST films
deposited on amorphous substrates.
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Figure 4-10. Measured pole figure of the GST{10-13} reflection for a film deposited at 175°C on a
Si(100) substrate with native oxide still present. Intensity (cps) is presented on a logarithmic scale.

film deposited at 290°C where barely no material is left after deposition. This also explains
in a convincing way why no diffracted intensity was seen in Figure 4-8 for this particular

film.

To evidence the texture component in the films, pole figure measurements of the hexago-
nal GST{10-13} was cartied out. In order to gain as much intensity as possible from the
weakly scattering films, a slit combination was used that maximizes the intensity from the
film. As a consequence, the substrate contribution cannot be displayed in a correct way
anymore, i.e. a small distortion is present in the substrate pole density maxima. In Figure
4-10, a pole figure of a GST film deposited at 175°C is displayed. The pole figure is domi-
nated by a ring shaped intensity distribution which has its intensity maximum at «a=57.5°.
This is in good agreement with the hexagonal GST225 and GST124 phase which possess
inclination angles of ~58° with the (0001) planes and indicates a clear [0001] fiber texture.
However, a weaker pole density maximum is also observed in the center of the pole figure,
which means that the film also contains a small portion of (10-13) planes oriented parallel
to the substrate surface. Although the films almost exclusively align the hexagonal basal
plane parallel with the substrate surface, the rocking curves of the (0005) peak in the films
measures 10-20° in FWHM (not shown here). This is not especially narrow, even for
polycrystalline textured films. However, just the fact that the films grow with a preferred
orientation on amorphous substrates is a good indication that even higher ordered films
can be obtained when using crystalline substrates. That will be the focus of the upcoming
three main sections.

4.1.3. Summary of the results on the deposition of polycrystalline and amor-
phous GST

In this section initial investigations on the growth of GST with PLD were presented. The
GST films are deposited in an amorphous state at room temperature and show expected
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4.1. Growth of polycrystalline GST films

crystallization temperatures for the two crystalline phases (~150°C and ~250°C). The
composition in the target is transferred well to the films with an almost ideal GST225
stoichiometry.

Depositing the films at elevated substrate temperatutres (>130°C) produces textured crys-
talline films. The crystalline phase is either cubic or hexagonal at temperatures below
150°C, whereas the hexagonal phase forms at temperatures above 150°C. The preferred
growth orientation is along the [111] or [0001] direction for cubic and hexagonal phases,
respectively. In other words, the GST films prefer to align hexagonal close-packed planes
parallel with the substrate surface.
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4.2. Epitaxial growth of GST on KCI(100)

In this section the results of the GST deposition on freshly cleaved KCI(100) will be
presented. Three experimental parameters, i.e. substrate temperature, deposition rate and
film thickness were varied systematically. The experimental parameters in common for the
films are presented in the following table. Deviations from these parameters will be stated
when called for.

Table 4. General deposition conditions on the growth of GST on KCI(100)

No. of Frequency Fluence Ar- Pre-heating at Capping layer
pulses pressure  substr. temperature LaAlO,
Hz) (J/cm?® (mbar) (min) (nm)
4000 2 0.8 4-10° >30 ~10-15

4.2.1. The effect of substrate temperature on the growth of GST on KCI(100)

Thin films of GST were deposited on KCIL(100) at several different temperatures with a
deposition rate of ~5 nm/min. To investigate the compositional temperature dependence
the samples were analyzed with EDX. In Figure 4-11 the results are presented as atomic
ratios. In the very left part of the figure the ideal 2:2:5 composition is displayed as well as
the target starting composition. The composition of the films remains largely constant in
the temperature range up to 300°C with only a slight relative increase of Ge and Sb.
Above 300°C a drastic change in the composition can be observed. Obviously a partial
loss of Ge and Te has taken place. Such a desorption behavior is known from the deposi-
tion of epitaxial GST films by MBE, although at somewhat lower temperatures of around
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Figure 4-11. Chemical composition and thickness of deposited GST films as a function of substrate
temperature as determined by EDX and SEM cross-sections. The Te concentration is in all cases set to
5 for comparable values. The ideal theoretical composition 2:2:5 as well as the composition of the PLD
target are included on the left in the graph.
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200-250°C™*'™! This is a first indication that the process temperature window is different
for PLD-deposited films compared to those deposited with MBE and can be understood
by regarding the actual growth process. In MBE, the constituent species arrive at the
target in elemental form and competing processes may occur at the substrate surface, i.e.,
surface diffusion, nucleation, or desorption. In PLD, the same processes can occur at the
surface. However, some significant differences exist: First, the particle flux does not only
consist of elemental species, but molecular residues and clusters arising from the molecu-
lar structure of the target are also present which could have different vapor pressures
compared to the raw elemental components"”’. Second, the deposition takes place in a
background gas environment instead of UHV which, additionally, reduces the vapor
pressure of the constituents. These important differences show that PLD can significantly
modify the process window for deposition. The blue curve in Figure 4-11 displays the film
thickness dependence of substrate temperature as measured by cross-sectional SEM imag-
es and it agrees well with EDX measurements. A relatively constant thickness up to a
temperature of 300°C can be seen where desorption sets in rapidly.

To evaluate the crystalline content in the films, 20-w and rocking curve measurements
were conducted and the results are presented in Figure 4-12. Films deposited below 140°C
are characterized by an amorphous state, whereas films deposited in the temperature range
between 140-200°C show a polycrystalline textured growth similar to the films shown in
Figure 4-8 with intensities of a few hundred counts per second (cps) (not shown here).
This further illustrates the observation that PLD-deposited GST-films prefer to grow ina
hexagonal structure with a clear fiber axis along the [0001] direction as long as a flat sub-
strate is provided. Between 200-270°C the growth mode changes drastically. Still, a hexag-
onal phase is formed, but suddenly intensities of up to two orders of magnitude larger are
registered. This can be seen in Figure 4-12a where two peaks at ~20.4° and 25.6° appear.
The peak at ~20.4° shows that these films are hexagonal since this peak would not occur
for a FCC structure. However, the exact hexagonal phase cannot be determined from
these measurements, as all hexagonal phases discussed previously in section 2.2 i.e.
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Figure 4-12. 20-0 scans for GST films deposited at different temperatures (a). Hexagonal positions are
marked with red and cubic ones with black. In (b) the rocking curve for two samples deposited at 230°C and
290°C are presented.
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GST124, GST225 or a layered cubic structure agree to a certain degree. This problem will
be further discussed together with pole figure measurements illustrated on page 49. Irre-
spective of the exact hexagonal phase, all (000/) planes are weakly scattering planes, and
therefore the intensities obtained are indeed a strong indication that the films grow in an
ordered way. As mentioned above, these planes are of hexagonal in-plane symmetry and
no obvious epitaxial relationship exists between the cubic substrate and these planes.
Although such an epitaxial orientation is unexpected, it has been observed in MBE-
deposited epitaxial GST films on (100) oriented substrates™'*'"" where a cubic (111)
orientation (also of hexagonal in-plane symmetry) coexists with a cube-on-cube orienta-
tion. The c-axis length is calculated from the peak at~25.6° and assuming a GST225 phase
it would correspond to values in the range of 1.74-1.76 nm, slightly larger than that sug-
gested by Matsunaga'® and Urban et al.””l. Above 270°C diffraction peaks belonging to
the cubic GST(200) planes can be discerned. This is a clear indication that only with
enough deposited energy the GST films can conform to the cubic substrate symmetry.
The hexagonal phase persists, however, also in this temperature range. Only for the sam-
ple deposited at 310°C no evidence of a hexagonal phase can be found. The FWHM of
the dominating 26 peaks are broad, around 0.2° and 0.4° for (0001) oriented and (100)
oriented films, respectively. This means that the films consist of a multitude of small
crystallites which in turn indicates a 3-D growth mode. However, the crystallites are well
aligned along the growth axis as the w-scans presented in Figure 4-12b reveal. The FWHM
values are typical for films with the corresponding dominating orientation. Clearly, the
(0005) peak exhibits a much more narrow distribution than the (200) peak. This once
more confirms that the films prefer to grow (0001) oriented and it is concluded that at
lower temperature a hexagonal phase dominates the growth, whereas the cubic phase

dominates at higher temperaturesl“zj.

To investigate the topography of the films, SEM images were acquired. In Figure 4-13a
and b, two films with dominating hexagonal structure are displayed. The images were
taken with a 50° tilt angle to enhance topography contrast. The films bulge out from the
surface and local delamination has taken place. This reflects the difficulty in aligning a
hexagonal symmetry plane with a cubic substrate and obviously the substrate adhesion is
not large enough to compensate for this stress. However, in between the bulges the films
are rather smooth with no distinct surface features. This is definitely not the case for the
(100) oriented films deposited at higher temperatures. For these films no signs of delami-
nation have been observed. Instead, a rectangular fishbone pattern of crystallites appears
at slightly higher magnification. Such a pattern is displayed in Figure 4-13c for a film
deposited at 290°C. Plate-like crystallites are aligned according to two main directions
separated by 90° azimuthally. This is the case for all samples with a dominating (100)
orientation and it will be further elucidated by AFM investigations presented on page 47.
In Figure 4-13d and e, cross-sections of (0001) and (100) oriented films are shown, respec-
tively. Once again, the delamination can be clearly discerned in d) with an otherwise fea-
tureless film cross-section. The film deposited at 290°C on the other hand displays several
large crystallites, a general feature of the (100) oriented films. In order to minimize sample
drift and charging effects the films were coated with 10-15 nm Al and this manifests itself
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as small crystallites covering the whole sample and is not related to the film growth pro-
cess. This is especially noticeable in Figure 4-13e.

To gain further insights on the topography, AFM investigations were carried out. All
samples were positioned with the substrate edges parallel with the image sides, i.e. the
(010) planes are parallel with the image side & 2°. Therefore, any special lateral orienta-
tions of crystallites can be directly related to and compared with the cubic (100) planes. In
Figure 4-14a-c are displayed, a pristine KCI(100) substrate, a film deposited at 230°C with
dominating (0005) orientation and a film deposited at 290°C with dominating (100) orien-
tation. The pristine substrate exhibits several hundreds of nanometers wide cleavage
terraces separated by in general a monoatomic step, translating into a miscut angle of
around 0.1° with the (100) plane. Additionally, the terraces do not run perfect along a
straight line indicating a small miscut also with the (010) and (001) planes. On top of the
terraces the surface is atomically smooth, acting as good initial surface for epitaxial
growth. The sample deposited at 230°C (see Figure 4-14b) was measured on a non-
delaminated area and it shows a smooth surface with no apparent surface features. The
thin capping layer deposited as protection could obscure some very small and low surface
features but it is not believed to be the case. The rms value amounts to 0.4 nm which is
comparable to that of as-deposited amorphous films. The film deposited at 290°C (see
Figure 4-14c) possesses a much higher rms value (1.8 nm). This is obvious upon closer
inspection of the surface. The fishbone pattern already observed in the SEM images (see
Figure 4-13) can also be discerned here. The crystallites are arranged according to two
principal directions which ate sepatrated by 90° azimuthally, with one of the directions
rotated 45° with respect to the substrate edge. This is illustrated by the two solid white
lines in Figure 4-14c. Since the KCI(100) planes are aligned with the image side it is impos-
sible that the crystallites observed in the AFM image belong to (100) oriented GST crystal-

Figure 4-13. SEM images of GST films on KCI(100) deposited at a) 200°C, b) 230°C and ¢) 290°C. In d)
and e) cross sections of films deposited at 230°C and 290°C are depicted, respectively.
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rms: 1.8 nm

Figure 4-14. AFM images of the topography for (a) a pristine KCI (100) substrate, (b) an epitaxial (0001)
oriented GST film deposited at 230 °C and (c) an epitaxial (100) oriented GST film deposited at 290°C. All
films have a nominal thickness of 170 nm. The white lines in c) indicate the dominant crystallite orientations.
The measured rms value is given in each figure. The scale bar in (a) is representative also for b).

lites as they would conform to a cube-on-cube orientation. This argument only holds, of
course, for epitaxial films which at this point has not actually yet been proved.

To verify, if the films indeed grow with an epitaxial relationship, in-plane XRD measure-
ments were carried out. An in-plane 20y-¢ gives evidence of the lateral lattice constant in
the films, since it measures the vertically oriented crystal planes. In Figure 4-15, two films
are presented, one of (0005) orientation (red) and one of (100) orientation (black). As
displayed in Figure 4-15a, diffracted intensity can be observed at the angular position of
the (004) planes of KCI and GST for the black curve which are perpendicular planes to
the (100) plane. The arrows mark the theoretical positions of KCl and cubic GST225!"
and the peak positions coincide well with those. This gives evidence that the films are
relaxed. For the (0001) dominated film (red curve), instead a peak at 42.48° is present
which can be correlated to a GST(2-1-10) plane, being a perpendicular plane to (0001).
The value coincides well with the theoretical position (42.40°) of the cubic layered struc-
ture, see section 2.2.4. In-plane ¢-scans of the peaks are presented in Figure 4-15 and they
resolve the underlying symmetry in the films clearly. The black curve shows 4 peaks azi-
muthally separated by 90° which corresponds to a cube-on-cube orientational relationship.
The red curve shows 12 peaks azimuthally separated by 30° which suggests a 4*3-fold
symmetry. This is the first evidence that the films grow epitaxial, but to completely deter-
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Figure 4-15. In-plane 20y-¢ measutements in a) for GST films deposited at 230°C and 290°C. In b) in-
plane @-scans of the GST(004) and GST(2-1-10) peaks are shown for the same samples.

mine the epitaxial relationship between the films and the substrate, it is needed also to
measure the substrate orientation.

This can be obtained with pole figures measurements. Pole figure measurements can,
additionally, reveal misalignments in the films and present unknown orientations of crys-
tallites. For this purpose, pole figures of the cubic GST{200} planes were recorded. It
should be noted that the GST225{10-13}, GST124{10-17} and cubic layered
GST225{10-110} planes were simultaneously recorded, since the angular separation in 20
is only 0.6° or less. Thus, all those planes contributed to the intensity distribution in the
pole figure. The GST {200} planes (and the respective hexagonal planes) were chosen,
because they are the strongest scattering planes for the respective crystal structure. That
way, the chance of resolving weakly scattering features is highest. The results from a few
selected films are presented in Figure 4-16. The films with a dominating (0001) otientation
(Figure 4-16a and b) show a ring, which indicates a fiber texture. The ring intensity is in
both cases modulated with 12 maxima, whereby this is especially clear for the sample
deposited at 230°C. This is good evidence that the (0001) orientation adapts to the cubic
substrate with a certain orientation. The tilt angle « is found to be 55+1°. To clarify this
relationship, computer models of different hexagonal phases and orientations were calcu-
lated™ and the best match is displayed in Figure 4-16¢c. The model that describes the
peaks best is the layered cubic model. In this structure the {10-110} planes are inclined
towards the (0001) plane with 54.74°, in good agreement with the measured pole figures.
The hexagonal 225 and 124 phases possess inclination angles of 57.8° and 58.2° between
the (0001) and the corresponding (10-1/) planes. It is further deduced that the (0001)
oriented films consist of 4 rotational domains, each separated by 90° azimuthally, with one
of the domains having the GST[1-210] direction rotated 15° with respect to KCI[010].
One of these rotational domains is marked in red in the figure. Group theory predictions
on epitaxial layers of hexagonal symmetry on top of rock salt (100) substrates agree well
with this observation!'”’
tures as proposed by da Silva et al.*’. In Figure 4-16d and e, films are presented that were

. This suggests that a layered cubic phase forms at low tempera-
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a)

GST {200}
P 6x10°

270°C 310°C
Figure 4-16. Measured pole figures of the GST{200} planes for films deposited at a) 200°C, b) 230°C,
d) 270°C and €) 310°C. The modeled pole figures in c) and f) show 4 different (0001) domains separated
azimuthally by 90° and 4 different (221) domains sepatated azimuthally by 90°, respectively. In each of
the models one rotational domain is emphasized with red color. Intensity (cps) is shown on a logarith-
mic scale.

deposited at 270 and 310°C, respectively. This is the temperature regime whete the cubic
(100) orientation dominates the growth. This is visible in the images as the central pole
density maximum at «=0° and the four broad pole density maxima at =0, 90, 180, and
270°. No evidence of a fiber texture ring can be found. Thetefore it can be concluded that
the (100) dominated films grow in a cube-on-cube manner. The sample deposited at
270°C, additionally shows the previously described hexagonal pattern. The intensity is,
however much weaker. This agrees well with the 20-0w measurements which showed that
the hexagonal phase prevails to high temperatures as a minority phase (Figure 4-12). The
hexagonal phase is not detectable anymore in the sample deposited at 310°C, which indi-
cates that the epitaxial window for a pure cube-on-cube orientation relationship is very
narrow near the desorption maximum. The two pole figures for the (100) orientation also
show another interesting crystal orientation which is suggested to be a cubic GST(221)
orientation from computer models, see Figure 4-16f. The (221) reflection is forbidden in a
FCC structure and therefore it does not appear in 20-0 measurements. However, with
pole figure measurements such “hidden” orientations are visible. The (221) orientation
contribution consists of 4 rotational domains separated by 90° azimuthally, where one of
the rotational domains is marked in red in the figure. The epitaxial relationship as suggest-
ed from the model is GST(221),GST[11-4] | | KCI(100),KCI[011]and this 45° rotation
agrees very well with the observed crystallites in the AFM images (Figure 4-14)!""?. The
presence of this orientation and its possible origin will be discussed in more detail in the
following sections.

To relate the GST(111) and (221) orientation to the underlying cubic lattice as discussed
above, some simple atomic models are proposed in Figure 4-17. These are just the visuali-
zation of the suggested model from the pole figure analysis and should only help the
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Figure 4-17.Simple atomistic models of the 4 different rotational domains of (0001) oriented (a) and
(221) oriented GST (b). In c), a KCI(100) crystal face is shown. Each dashed square box indicates a
separated rotational domain. In each figure the depth direction only comprises one atomic plane. Char-
acteristic crystallographic directions are indicated for each structure.

reader in an illustrative way. The atomic planes of GST(0001), GST(221) and KCI(100) is
displayed in Figure 4-17a, b and c, respectively. Each rotational domain is marked by a
dashed outline and all images are up to scale. Whereas the (0001) orientation only shows a
number of small angle grain boundaries, the situation is more complex for the (221) orien-
tation. The 45° rotation in Figure 4-17b is clearly visible and correlates well with the crys-
tallite orientation seen from topography measurements. Furthermore, the problem in
aligning the cubic (100) symmetry with the two proposed orientations is clear when com-
paring a) and b) with c).

4.2.2. The effect of deposition rate on the growth of GST on KCI(100)

Before this work, all epitaxial films of GST have been produced with MBE with compara-
bly low growth rates. Since a higher deposition rate could influence the growth process in
a significant way, a set of films was synthesized with different growth rates. The rate was
varied by the use of different laser pulse frequencies between 1 and 100 Hz. It should be
mentioned that the lowest growth rate used here is still almost a factor 10 larger than
those typical for MBE, The deposition temperature was chosen to be 290°C, a tempera-
ture where the (100) orientation dominates the growth as known from the previous sec-
tion, but where desorption of Ge and Te does not yet play an important role. In Figure
4-18, 20-w scans of films deposited with 2.5, 5, 25 and 250 nm/min are presented. The
peak at 25.45° belongs to a hexagonal phase and no peak shift can be seen for the differ-
ent films, i.e. all films possess hexagonal content. As can be seen from the peak position
markers (as adopted from Refs. 62 and 73) the measured intensity does not correspond
well with any of the two phases. Due do this difficulty in differentiating between the
hexagonal phases and due to the fact that it is a minority phase at this temperature, the
hexagonal phase is therefore not further discussed. The 20-peak at 29.65° matches well
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Figure 4-18. 20-w scans for GST films deposited at different deposition rates. Hexagonal phase reflec-
tion positions are marked with red and cubic phase ones with black.

with the value of GST225(200). The position of the GST124(200) reflection is also
marked for comparison. From EDX measurements (not shown here) it is found that no
significant desorption of Ge and Te has taken place for any of the films deposited at this
substrate temperature in the series and therefore the cubic GST225 phase is a likely candi-
date. The (200) peaks are broad with FWHDM:s of about 0.3-0.4° indicating the presence of
many small crystallites, grown in a 3D-growth mode. No deposition rate dependent peak
shift can be seen for the films. Interestingly, the film deposited with the highest rate shows
no peak in this range, but only the hexagonal peak. A natural first assumption to consider
would be to think that no cubic orientation has formed in this film. In-plane XRD meas-
urements presented on page 53 will shed more light upon this observation. In any case, it
is an indication that deposition at a high rate deteriorates the crystalline quality. The
FWHMs of the (200) rocking curves are broad and measure roughly 1.5-1.6°, fully compa-
rable with those in the previous section.

The topography of the films was measured with AFM and the resultis presented in Figure
4-19. All films show the same fish-bone pattern as already observed in the previous sec-
tion. The crystallites align according to two main directions separated by 90° azimuthally
and with a 45° rotation relative to the substrate edge. The rms value increases slowly from
1 to almost 7 nm with increasing deposition rate. This is logical, since a higher deposition
rate reduces the surface diffusion time for the adatoms before the next pulse with new
material arrives at the surface. The AFM-images imply, being a surface sensitive technique,
that the observed crystallite orientation is a surface phenomenon. The actual depth, how-
ever, of this crystal orientation has not yet been successfully proved as with SEM or TEM
(due to sample preparation difficulties).
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Figure 4-19. AFM image

To analyze the in-plane lattice parameter, 20y-¢ measurements were conducted. In Figure
4-20 the obtained results are presented. Two diffraction peaks are found for each film and
the angular positions correspond to those of KCI(200) and GST225(200). All samples are
characterized by a clear (100) orientation. The sample deposited at the smallest rate shows
a peak shift to a higher angle around 26=29.85°, corresponding to a lattice parameter of
0.598 nm which is smaller than the theoretical value of 0.602 nm. This can be explained
considering the linear coefficient of thermal expansion for the two materials. Since KCl
has twice the thermal expansion coefficient compared to GST at 290°C (~43-10° K for
KCI"* compared to ~17-24:10° K for GST!'"">"'Ny the deposited films should experi-
ence a compressive stress at room temperature which could explain the shift to higher
angles. The film deposited with 25 nm/min shows an opposite behavior where a 20 value
of 29.28° gives rise to a lattice parameter of 0.61 nm, which is roughly 1.3% larger than
the standard value of 0.602. Nevertheless, it is within the reported lattice parameter range
for GST"'"""*. The two remaining films are fully relaxed and match the theoretical value
well. In Figure 4-21 the corresponding in-plane ¢-scans for the GST(200) peaks are visi-
ble. The films show in general 4 peaks separated by 90° azimuthally. This is strong evi-
dence of a cube-on-cube epitaxial growth. The y-scan of the film deposited with 2.5
nm/min show only 3 peaks and a small broad bump were the missing peak would be
expected. This is related to difficulties in the sample alighment of the film before meas-
urement and is not an inherent property of the film. The same variation in intensities is
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Figure 4-20. In-plane 20y-¢ measurements for GST films deposited at 290°C with different deposition
rates.

also seen for the other films, where some peaks are more than twice as intense as the next
peak. In the case of the 2.5 nm/min deposited films the absolute intensity is just weaker
so that the peak disappears in the background. Comparing intensities from in-plane meas-
urements is not as straight-forward, since a number of parameters influence the penetra-
tion depth of the x-rays and highest intensity does not automatically result from highest
crystalline quality.

This is obvious when comparing the FWHMs of the ¢-scans for the GST(200) peak. The
films show an average in-plane rocking curve FWHM of 2.2°, 3.4°, 3.4°, and 4.8° for the
samples deposited with 2.5, 5, 25, and 250 nm/min, respectively. The film deposited at the
smallest rate exhibits the smallest twist component. This can be expected since a lower
deposition rate gives the adatoms more time to find the energetically most favorable sites
at the surface before the material generated by the next laser pulse impinges. Analogous,
the film deposited at 250 nm/min displays the broadest rocking curve FWHM, since less
time is available for surface diffusion of adatoms.
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Figure 4-21. In-plane g-scans for GST films deposited at 290°C with different deposition rates.
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Figure 4-22. Measured pole figures of the GST {220} planes for samples deposited at 290°C with a)
2.5nm/min and b) 250 nm/min. In a), annotations are supetrimposed that mark the (0001) otientation
(green) circles and semicircle, the (221) orientation (blue triangles) and the (100) orientation (red boxes).
Intensity (cps) is shown on a logarithmic scale and applies for both images.

Finally, pole figure measurements were carried out for the films. The GST {220} reflection
was chosen since the substrate contribution is drastically lowered at this 26 position but, it
is still a relatively strong scattering plane. In Figure 4-22, two pole figure measurements
for the films deposited with 2.5 nm/min and 250 nm/min are displayed. In Figure 4-22a,
the pole figure is additionally annotated in order to clarify the pole density maxima. The
annotations have only been placed in the angular range 0<¢>180), since the measurements
are symmetric. Red boxes symbolize the cube-on-cube orientation, green circles and the
large semicircle represent the hexagonal contribution and the blue triangles mark the (221)
contribution. All orientations already described in the previous section are also present in
the sample deposited at 2.5 nm/min, .i.e. (0001), (100) and (221). The other films in the
series show no qualitative differences, but they differ in the measured intensities. This can
be seen in Figure 4-22b, which displays the film deposited at 250 nm/min. All major
otrientations can be accounted for, but the relative intensities have shifted. In fact, the
(0001) orientation contributes with pole density maxima of similar intensity as the ones
stemming from the (100) orientation. This is in agreement with the 20-wmeasurements
presented in Figure 4-18, where actually no diffracted intensity from the GST(200) can be
seen. This once more shows that the GST films prefer to grow with hexagonal symmetry
and only with low deposition rate and high temperatures is it possible to force the material
into a cube-on-cube growth mode.

4.2.3. The effect of film thickness on the crystallite orientation

The observation of the crystallite orientation in the topography measurements in section
4.2.1 and 4.2.2, implies that the (221) orientation is related to the surface in a distinct way.
Therefore, films with different thickness were deposited in order to study the influence of
the film thickness on the crystal orientation. The deposition temperature was once more
chosen to be 290°C, i.e. (100) dominated growth and no capping layer was deposited in
order to minimize topography influences. All other deposition parameters were kept
constant in order to obtain comparable results. In this section, five different films are
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4.2. Epitaxial growth of GST on KCI(100)

presented with thicknesses of 8.5, 17, 34, 68 and 170 nm as determined from XRR and
SEM. The films were of similar chemical composition as the films deposited at 290°C in
Figure 4-11 with no large deviation for any element. In Figure 4-23, 260-w measurements of
the films are presented. For the thinnest film, no clear diffraction peaks are visible except
those from the substrate. A broad intensity distribution around the Cu K contribution of
the substrate peak is present. Due to the thin layer thickness this could indicate the pres-
ence of a (0005) peak. This is more obvious for the next two samples with thicknesses of
17 and 34 nm. Clear peak broadening due to the finite thickness can be observed. Addi-
tionally, oscillation fringes are apparent for the two films indicating a smooth and homog-
enous layer. The two thickest films also show a broad hexagonal (0005) peak similar to
those presented in Figure 4-18 for thick films deposited with different deposition rates.
The peak positions are again shifted towards lower angles compared with the Matsunaga
model™ but they coincide well with the experiments presented previously in section 4.2.1
and 4.2.2. For the three thinnest samples, no (200) peak can be detected. However, this
does not automatically mean that the films do not contain any (200) orientation as already
observed in Figure 4-18 for the film deposited with highest rate. It could just indicate that
the scattered intensity from the (200) planes is not high enough to allow discerning it from
the substrate signal. For the two thickest films, broad but well discernable (200) peaks can
be seen. For the sample with 68 nm thickness a small shift towards lower angles is obvious
and in fact the value coincides well with the GST124(200) position. However, no large
deviations in composition can be detected with EDX that would explain such a phase
transformation. The rocking curve measurements (not shown here) are comparable with
the ones presented in Figure 4-12b.
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Figure 4-23. 20-0 scans for GST films deposited with different film thickness. Hexagonal phase reflec-
tion positions are marked with red and cubic phase ones with black.
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Figure 4-24. In-plane 20y-¢ measurements for GST ﬁlmﬁ ((iel)()sited at 290°C with different film thickness.
To verify if the films are cubic or not, in-plane XRD measurements were carried out. In-
plane measurements are relatively insensitive to thickness induced peak broadening since
the scattering planes are the planes perpendicular to the film surface. This is observed
notably in Figure 4-24, where diffracted intensity at the GST225(200) peak position is
observed for all films in this series. The angular position of the peaks is in all cases in good
agreement with the GST225(200) position and no obvious broadening of the peaks is
present.. As already mentioned in the previous section, the absolute intensity is not a
measure of the crystal quality and this is obvious, when the in-plane rocking curves of the
GST(200) reflection are regarded. The scans of all films display four individual peaks
separated by 90° azimuthally. The average FWHM of each film vary between 2.2 and 3.4°
with no systematic ordering. As a comparison an in-plane ¢-scan of the KCI(200) is also
presented and it directly evidences that the films grow in cube-on-cube manner. The
FWHM of the substrate peak is ~1° which is significantly lower than the measured
FWHMs of the films peaks. This illustrates that the cube-on-cube orientation is not par-
ticularly well oriented and the same behavior has been seen for the MBE deposited epitax-

ial GST films on (100) oriented cubic substrates™ ",
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Figure 4-25. In-plane ¢-scans for GST films deposited at 290°C with different thickness and a KCI(100)
substrate.
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4.2. Epitaxial growth of GST on KCI(100)

From the in-plane measurements, it is now confirmed that the films are epitaxial in a
cube-on-cube arrangement. However, other orientations could be present, i.e. (the 221)
otientation which does not show up in the in-plane measurements. Therefore, GST{220}
pole figure measurements were carried out for all samples in the investigated range. For
the 8.5 nm film no other pole density maxima than those of the substrate were found due
to the finite thickness. Hence it is not presented here. Pole figures of the other four films
are shown in Figure 4-26 with a logarithmic intensity scale in common. The 17 nm and 34
nm thick films are qualitatively the same (Figure 4-26a and b) with twelve pole density
maxima distributed in a ring shape at «=35%1°. This is correlated to the (0001) orientation
(4 domains rotated by 90° azimuthally, see section 4.2.1). Additionally, a cubic (100) orien-
tation at «=45° can be seen for the two films. The intensity is quite weak and cannot be
separated from the substrate contribution. The films are characterized, however, by a
cube-on-cube (100) orientation as evidenced from the in-plane ¢-scans, but the low thick-
ness makes it hard to resolve it in the pole figures. Noticeable is that no other crystallo-
graphic orientations can be discerned, i.e. the (221) orientation. This mean that the (221)
orientation seen previously, is either not present or cannot be measured. The two thicker
films are also qualitatively the same compared with each other (Figure 4-26¢ and d). The
(0001) orientation is in both films clearly visible and the (100) orientation is now much
stronger present. Also, now the (221) orientation is present. For the 68 nm thick film it is
just emerging, but for the 170 nm thick film a distinct pattern is observable. The (221)
orientation thus seems to be related to a critical thickness, possibly due to a stress

a) b)
GST {220}
P 1x104
2x10°
CP 4x102 (P

- 7x101

68 nm 170 nm
Figure 4-26. Measured pole figures of the GST{220} planes for films deposited at 290°C of thickness
a) 17 nm, b) 34 nm, c) 68 nm and d 170 nm. Intensity (cps) is shown on a logarithmic scale and applies
for all images.
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relaxation mechanism. Since all the previous studies on the epitaxial growth of GST based
films on (100) oriented substrates were conducted in the thickness range 30-60 nm™"

2O "o literature data is present to confirm these findings.

The topography of the films was measured with AFM and the results are presented in
Figure 4-27a, b, c and d for 8.5, 17, 34, and 68 nm thick films, respectively. The 8.5 nm
film is decorated with many small crystallites with a diameter between 15-25 nm. The
crystallites appear to have a random in-plane orientation and it is not possible to deduce
any specific crystallographic directions. From the in-plane measurements, it is known that
there must be (100) oriented cube-on-cube crystallites in the film, but it is at this point not
likely that the crystallites visible in Figure 4-27a can be ascribed to this orientation. More
likely, the (100) orientation is buried underneath and the crystallites visible in the image
have nucleated on top of this layer with a random in-plane orientation. The same picture
emerges from the 17 nm thick film with the exception that the crystallites are now be-
tween 35-45 nm in size. Still no apparent in-plane orientation can be found. Therefore, it
can be deduced that the (100) and (111) orientations seen from the pole figure and in-
plane measurements must be buried underneath.

For the 34 nm thick film in Figure 4-27c the situation looks different. The crystallites are
now starting to align according to the fishbone pattern seen in Figure 4-14c and Figure
4-19 as indicated by the two dashed lines. Interestingly, from the pole figure measurement
(Figure 4-20b), only the cube-on-cube (100) and (111) orientation are present and no
indications at all of any orientation that is aligned 45° with the substrate (100) planes.
However, judging from the crystallite size and number in the AFM image, there is proba-
bly not enough material volume present to obtain any measurable scattered x-ray intensity
and therefore it is not visible in the pole figure. For the 68 nm thick film (Figure 4-27d),
the crystallites cover the complete surface and the fishbone pattern is fully closed as indi-
cated by the two solid white lines. This topography is qualitatively identical with the to-
pography seen for all films that are mainly (100) oriented and thicker than 68 nm. Itis also
consistent with the pole figure measurement from Figure 4-26¢ that clearly shows the
additional (221) orientation. Therefore, a strong correlation between the evolution of the
fishbone pattern and the (221) orientation seen in the pole figures is found. The reason,
however, is not yet clear, since the common case to accommodate for substrate lattice
misfit and other growth related stress contributions is to introduce misfit dislocations and
other defects in the beginning of the growth in the vicinity of the substrate-film

2120 T this case, it seems to be a nucleation effect that takes place at the surface

interface!
of the growing film and therefore should be related to the end stage of growth. Residual
stress resulting from differences in thermal expansion (~20 compared to 43-10°K™") could
be involved since the films experience a compressive stress which would need to be ac-
commodated in a way. It is possible that the formation of the (221) orientation could act
as such a stress relaxation mechanism. The fact that only the (221) orientation is present at
high deposition temperatures further hints at the differences in thermal expansion as a

plausible explanation.
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5nm

Figure 4-27. AFM images of the surfaces of epitaxial GST films of thickness (a) 8.5 nm, (b) 17 nm, (c)
34 nm and (d) 68 nm. All films were deposited at 290°C with a nominal thickness of 170 nm. The white
dashed lines in (c) indicate the onset of a (221) crystallite orientation and the solid white lines in (d)
indicate a fully evolved (221) orientation. The measured rms value is given in each figure. The scale bar
in (a) is representative for all images.

4.2.4. Summary of the results on the deposition of GST on KCI(100)

In this section the growth of GST on KCI(100) was investigated. Three deposition param-
eters were investigated: substrate temperature, deposition rate and film thickness. It was
found that the temperature has a very strong influence on the crystal growth in the films.
Atlow temperatures (<140°C) amorphous films grow which transform into polycrystal-
line fiber textured (0001) films in the substrate temperature range of 140-200°C. Between
200-270°C only hexagonal (0001) textured/epitaxial GST films are found. Above this
temperature the cubic (100) orientation dominates the growth. This indicates that PLD-
deposited GST films can only be forced to grow in the cubic (100) orientation at high
temperatures. In fact, the substrate temperature where only a pure (100) orientation is
obtained is very close to the temperature where full desorption of the deposited material
takes place. The out-of-plane rocking curves are typically a few tenths of degrees wide for
(0001) dominated films and 1.5-2° for (100) dominated films. This implies that the pre-
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ferred orientation to grow along is the [0001] direction. A previously unknown crystal
orientation is furthermore found in the (100) dominated temperature regime, namely the
(221) orientation.

An increase of deposition rate weakly deteriorates the crystal quality in the investigated
range between 2.5- 250 nm/min for samples deposited in the (100) otientation dominated
regime. Nevertheless, the films grow epitaxial at all deposition rates.

Variation of the film thickness from 8.5 nm up to 170 nm in the (100) orientation domi-
nated temperature regime revealed that the (221) orientation is not present at thicknesses
below 68 nm. Above that thickness the (221) orientation emerges and at 170 nm the (221)
orientation is fully evolved.
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4.3. Epitaxial growth of GST on BaF,(111)

In chapter 4.1.3 it was shown that GST films on KCI(100) prefer to grow in a [0001]
direction. This suggests that by using a substrate with hexagonal symmetry, the number of
occurring crystallite orientations could be reduced. To investigate if that is the case GST
films were deposited on freshly cleaved BaF, that was cleaved parallel to the (111) planes.
In this chapter the effect of substrate temperature on the growth of GST on BaF, as well
as on deposition rate and pressure will be discussed.

Table 5. General deposition conditions on the growth of GST on BaF»(111)

No. of Frequency Fluence Ar- Pre-heating at Capping layer
pulses ptressure substr. temperature LaAlO,
Hz) (J/cm’)  (mbar) (min) (nm)
4000 10 0.8+0.2 4107 >30 ~10-15

4.3.1. The effect of substrate temperature on the growth of GST on BaF,(111)

A set of films was deposited between RT and 295°C. The used number of pulses and
pulse frequency led to a typical average film thickness of 120 nm and a deposition rate of
18nm/min. However, some films were much thinner as a case of multi-usage of the depo-
sition system and the resulting multilayer coating on the laser beam entrance window that
blocks some of the irradiation. Above 295°C, significant desorption of material was ob-
served and therefore films were not deposited at higher temperature. The desorption
component in the films at high substrate temperatures is mainly that of Ge and Te as
evidenced in Figure 4-28a. The composition remains relatively stable over a large tempera-
ture range and only at the highest temperature significant loss of Ge and Te can be seen.
The overall trend is similar to the one measured for GST films deposited on KCI(100), see
Figure 4-11. In Figure 4-28b-d, SEM images of three different films deposited at 85°C,
210°C and 295°C are displayed, respectively. The topography is smooth and no signs of
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Figure 4-28. Composition as measured by EDX for GST films deposited at different temperatures (a)
and SEM images of selected films (b)-(d). The particulates in the images are only there to show that the
images are sharp.
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delamination have been found. Compared to the films displayed in Figure 4-13, the GST
films on BaF,(111) are almost featureless. Even at higher magnifications (not shown here)
no signs of crystallites can be observed.

The crystalline structure of the films was determined by 20-w scans. The results are dis-
played for films deposited between 55-295°C in Figure 4-29. The film deposited at 55°C s
in the amorphous state, but already the next film deposited at 85°C exhibits diffraction
peaks at the angular position marked by the (0005) and (00010) annotation. Already at this
temperature, much higher intensities are recorded than for the polycrystalline textured
films in section 4.1. It should be noted that this deposition temperature is much below any
reported temperature for GST crystallization, irrespective of crystal structure. For in-
stance, the cubic phase crystallizes at ~140°C while the hexagonal phase normally crystal-
lizes around 300°C"*", The reduced substrate temperature in the deposition process is
ascribed to the energetic particles in the laser ablation plasma plume. Upon raising the
temperature the diffraction peaks get more intense, indicating that the degree of crystalline
order in the films increases with temperature. At temperatures above 180°C even third
order diffraction peaks are visible, illustrating the good crystalline quality of the films. The
substrate main peaks are annotated in red, but satellite reflections (from Cu K, related
peak and others) are also visible where one of them is marked by a red asterisk. The angu-
lar position of the main film peaks are in very good agreement with the model from
Matsunaga'®, with the exception that the c-axis is slightly larger (~1.74 nm compared to
1.724 nm). There exists however, one deviation from this observation and that is the
broad peak at ~12.6° for the two films deposited at 125°C and 155°C. The angular posi-
tion of this peak actually correlates well with the position of the GST124(00006) reflection,
which is marked with blue annotations. Howevet, it is not believed that the films are of
GeSb,Te, composition, since the substrate temperature was modest in both cases and the
EDX data also do not support this. A more likely assumption is that the vacancy layer

50 60 70 80 90 100
26 (°)

Figure 4-29. 20-0 scans for GST films deposited at different temperatures (a). Hexagonal positions
belonging to the GST225 phase are marked with black and hexagonal positions belonging to the
GST124 phase are marked with blue. Substrate contributions are annotated in red.
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62,64]

ordering in the films, which is characteristic for the hexagonal phase/™*, is not fully de-
veloped and therefore contributes to a broad and ill-defined peak. This could also account
for the fact that all (000) peaks with /<5 are much broader than the (0005) reflection.
Finally, only reflections from crystallographic planes parallel with the hexagonal basal
plane are observed. This indicates that the GST growth on BaF,(111) proceeds with much
higher quality than on (100) oriented substrates™'*. In the case of MBE, however, the
resulting GST phase is, with few exceptions, reported to be cubic. There are indications
though, that also hexagonal films are produced when Si(111) is used as a substrate in MBE

growth as can be seen in Refs. 69 and 103.

Extracted data from the 26-0 measurements are plotted in Figure 4-30. The black curve
symbolizes the development of the FWHM of the (0005) peak for the films deposited at
different temperatures. It is evident that the peaks get narrower with increasing tempera-
ture. This is expected, since a higher deposition temperature enhances adatom mobility
and promotes grain growth. Additionally, no temperature dependent peak shift is ob-
served (blue curve in the figure). At 240°C the (0005) peak is split into two components,
one continuing the general trend and one that resides outside as indicated by the dashed
line. Similar observations have been made on the epitaxial growth of GST on Si(111) in
section 4.4.1 and the peak splitting will be discussed in conjunction with those results.

To get an impression of the crystallite tilt distribution in the films rocking curves of the
(0005) peak were measured. The measurements are shown in Figure 4-31. As can be seen
all peaks are characterized by a broad peak shape that gradually gets narrower with increas-
ing temperature. The very narrow peak in the middle of the rocking curve is believed to
partially originate from the substrate due to the fact that the angular separation in 26for
BaF,(111) and GST(111) reflections is only about 0.8°. Therefore, it was cropped for
display purposes only. To eliminate the measurement from this contribution, a crystal
analyzer on the receiving side in the diffractometer would have to be used. For intensity
reasons this is not possible. The two films deposited at the highest substrate temperatures
show only one peak and it is not possible anymore to fit this peak with a substrate contri-
bution and film contribution in a sound way. The extracted FWHMs of the (0005) rocking
curve are displayed in the inset. A reduction in FWHM is seen with increasing substrate
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Figure 4-30. FWHM and angular position of the GST(0005) peak.
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Figure 4-31. w-scans of GST films deposited at different temperature. The sharp peak in the middle was
cropped for clarity, see discussion in text. The inset shows the FWHM of the measured rocking curves.
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temperature which is logical due to the enhanced surface diffusion. The absolute values
are somewhat surprising though, since they are higher than for the rocking curve from
GST(0005) films on KCI(100) substrates at the corresponding temperature as displayed in
Figure 4-12b. However, it cannot be ruled out that the narrow peak in the middle only
stems from the substrate. Therefore, the rocking curve FWHMs could be smaller than the
values actually presented.

This is further substantiated by TEM analysis of selected films as shown in Figure 4-32.
Firstly, a cross-section TEM overview of a film deposited at 180°C is depicted in Figure
4-32a. The film is homogenous without any clear grain boundaries. The red circles (not to
scale) in Figure 4-32a, indicate where the information in the two Selected Area Diffraction
(SAD) patterns is obtained from. The left SAD pattern reveals a hexagonal structure as
seen along the [2-1-10] direction. Substrate reflexes appear clearly as bright spots, whereas
the GST film induces streaks running almost vertically in the image. Since the FWHM of
the (0005) reflections is roughly 0.2° (see Figure 4-29) (which results in an estimated
crystallite size of 40-50 nm using the Scherrer equation) and the smallest SAD aperture is
110 nm, more than one crystallite should add intensity to the diffraction pattern. Howev-
er, the streaks are well aligned along the [111] direction of the substrate, indicating a very
small crystallite tilt component. The presence of streaks in reciprocal space suggests that
there are two-dimensional features in the film parallel to the electron beam and the fact
that they are aligned with the substrate [111] directions means that the two-dimensional
objects are also parallel with the substrate surface plane. Furthermore, the streaks are quite
diffuse with no clear spot pattern. This is due to two reasons: Firstly, the dynamical con-
trast range is limited because of the high substrate intensity making it hard to resolve
weakly scattered spots. In fact a spot pattern is visible upon closer inspection (top SAD
pattern) corresponding well with that of hexagonal GST. The streaks are, however, still
present. The amorphous ring pattern in this SAD image comes from the amorphous Pt-
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overlayer from the focused ion beam process. Secondly, it is known from 26-w measure-
ments (Figure 4-29) that the crystalline order along the growth direction is not perfect
since, the (000l) peaks for /<5 do not match the theoretical positions of the different

9271 in perfect agreement. Such a disorder along the [0001] direction would mani-

models
festitself as differences in the vacancy layer stacking sequence, (see section 2.2 for vacancy
layer stacking) and accordingly smear the diffraction spots along the [0001] direction and
"2l This once more suggests that the FWHM from the

rocking curve measurements is actually a bit underestimated. In Figure 4-32b, a STEM

that is exactly what is observed'

image of the same sample (deposited at 180°C), viewed along the [2-1-10] direction is
presented. One horizontal (111) plane in the substrate is annotated with a dashed white

10 1/nm

Figure 4-32. Transmission electron microscopy images of selected GST films. In (a) a bright-field TEM
image of a film deposited at 180°C is seen. Two corresponding SAD patterns are presented from film
regions indicated by the red circles (not to scale with the SAD aperture). In (b) a large STEM image of
the same film is shown, where the dashed white lines indicate parallel layers. In (c) a high-resolution
HAADF-STEM image of the same film is presented. In the large inset vacancy layers are annotated with
blue arrows and a twin boundary with a green dotted line. The small inset shows GST{20-23} planes in
red. In (d) a large STEM image of a film deposited at 295°C is shown. The dashed white lines indicate
parallel layers.
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line in the bottom part of Figure 4-32b. The film on top also shows horizontal planes as
indicated by the two white dashed lines. These planes, belonging to the (000/) family are
perfectly parallel with the substrate. However, the planes do not propagate parallel over
the whole image length as indicated by the offset between the lines. In this middle part of
the image a large disordered region is present where the vacancy layer (VL) planes annihi-
late. This is possibly a crystallite with a slightly different orientation which could explain
the broad base peak in the rocking curve measurements. The impression of well oriented
(0001) films with a small tilt component but not so highly ordered along the [0001] direc-
tion is further substantiated through this image. A HAADF-STEM image of the same film
is presented in Figure 4-32c. In this image a black line of missing intensity corresponds to
a vacancy layer and the brightest spots to Te atoms. Obviously, the film consists of blocks
separated by VLs. Each block consists of 4-6 Te layers, whereas the ideal 225 composition
should give a spacing of 5 layers'™
20:24:56 at.% for Ge:Sb:Te, respectively, which could explain the local variations in VL.
spacing. However, even for synthetically grown bulk GST crystals a deviation from this

. Local EDX measurements reveal a composition of

recurrence pattern is common®. The disorder in the VL stacking is apparent; VLs merge
into each other and annihilate just to appear again at another place. At the left part in the
image another crystallite with a slightly different orientation is visible which further en-
hances the impression of a disorder along the growth direction which can account for the
peak broadening seen for the (000/) with /<5. Several twin boundaries are also visible in
the image and one of them is marked by a green line in the large inset. In the small inset
the red dashed lines indicate Te rows that are shifted between each VL. These Te rows
correspond well with the {20-23} planes in the hexagonal GST225 phase. In Figure 4-32d
a film deposited at 295°C. This film was deposited with 1 Hz, i.e. ten times slower than
the other films in the series and consequently was subjected to a high temperature longer
than for the other films. This is reflected in the local composition that measures 8:34:58
at.% for Ge:Sb:Te, i.e. even less Ge than in the 124 phase. Similar observations have been

1% Nevertheless,

made for MBE deposited epitaxial films that were heated for a long time
it is observed that the temperature has a beneficial effect on the degree of VL ordering.
Now the VLs extend over the whole image side without any distortion. This explains why

the rocking curve improves with increasing substrate temperature.

The in-plane lattice parameter is in good agreement with the GST225 model as displayed
in Figure 4-33. All films show diffracted intensity in the vicinity of the hexagonal (2-1-10)
reflections position except the film deposited at 85°C which is shifted more towards the
cubic (20-2) reflection position. From ¢-scans of the hexagonal {10-16} reflections and
pole figure analysis, a hexagonal phase in this particular film has been identified (not
shown here). To prove the co-existence of the cubic phase, however, turns out to be
rather difficult, due to similarities in crystal structure, i.e. all cubic diffraction peaks have
corresponding hexagonal peaks nearby. Nevertheless, this could indicate that the films
grow in a mixed cubic/hexagonal mode at low temperatures. Differences in thermal ex-
pansion coefficient could be another reason for this peak shift, but it is not likely, since
the differences are very small between Bal’, and GST. In fact, the thermal expansion
coefficient of both materials are about 20-10° K" as described in Refs. 116 and 123.

66



Results & discussion

100000

§ =

< =2

8 o —295°C
510000 - s 8 & ——265°C
2 B 10\ E 240°C
O ' °
N ' o
=
(2]
o
o)
2
£
(o)
S
-

267 (°)

Figure 4-33. In-plane 20y-¢ measurements in for GST films deposited at different temperatures.

In-plane y-scans in Figure 4-34 of the GST {2-1-10} peaks for the same set of films evi-
dences the hexagonal symmetry of the films. Every 60° a sharp peak arises. The FWHM
evolution of the peaks is presented at the right side of the figure. With increasing substrate
temperature the FWHM of the in-plane rocking curve gets narrower. At the highest sub-
strate temperatures the width is roughly 1.2°, i.e. more than twice that of the substrate.
However, the substrate peak width is limited by the 0.5° Soller slits used and cannot au-
tomatically be used as a quality reference. Instead, by comparing the FWHM of the films
deposited on KCI(100)substrates in the previous section (Figure 4-21), it is found that the
growth of GST on BaF,(111) is substantially improved.

The presence of twins has been confirmed with STEM imaging, but only for one film. To
investigate the temperature dependence of the twin formation, pole figures of the hexago-
nal {10-13} reflections were recorded for all films. Intensity calculations of the diffracted
x-rays from the (10-13) planes, as calculated by CaRIne™, reveals that there are two sets
of {10-13} planes that scatter differently in the hexagonal Matsunaga model®. The two
planes are visualized in Figure 4-35a. The dashed red line indicates a weakly scattering
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Figure 4-34. In-plane ¢-scans of the GST{2-1-10} peaks for films deposited at different temperatures

(left side) and corresponding FWHM values (right side). The dashed line is only intended as a guide for
the eye.
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Figure 4-35. Projection of a hexagonal GST225 crystal along [2-1-10] showing the two different types of
{10-13} planes (a). The corresponding modeled pole figure of the GST{10-13} reflections (b). Large dots
symbolize high intensity and small dots low intensity.

plane and the red solid line indicates a strongly scattering plane. This is easy to understand
when comparing the atomic positions in the planes. Clearly one of the planes contains
more atoms than the other and therefore scatters stronger. A measured pole figure of
these planes in a perfect hexagonal GST225 single crystal therefore contains three strong
pole density maxima and three much weaker ones as depicted in Figure 4-35b. With that
in mind, the measured pole figures of the GST films on BaF,(111) can be considered. In
Figure 4-36a-h, the results of the pole figure measurements for the deposited films in this
experimental series are depicted. Already the first film (deposited at 85°C) shows six, i.e.
two times three, broad but well-separated pole density maxima. This confirms that epitaxi-
al growth of GST on BaF,(111) is possible already at such low temperatures. The six pole
density maxima are separated by 60° in 8 and are of equal intensity meaning that two
rotational domains (RD) exist in parity, rotated by 180° with respect to each other. One of
the RDs 1is aligned with the substrate with the orientation relationship
GST[-12-10] | | BaF,[1-10] and the other with GST[1-210] | | BaF,[1-10]"*!. This is typical
for all films deposited in the temperature range 85-210°C. The pole density maxima addi-
tionally get narrower and the peak intensity increases with increasing substrate tempera-
ture. Above this temperature, the RD oriented as GST[1-210] | | BaF,[1-10] starts to domi-
nate the growth as displayed in Figure 4-36f, which is in good agreement with group
theory predictions on epitaxial rotational domains!""”. A further substrate temperature
increase improves the spatial distribution of the peaks, i.e. crystalline quality, but does not
otherwise reveal any new information. Interestingly, the pole density maxima are not
especially round in shape, but the intensity is distributed like in an arrow shape. This
indicates that the twist and tilt components in the films prefer to align along certain direc-
tions. To further elucidate this observation, high resolution reciprocal space maps are
needed which for intensity reasons were not possible to obtain. For the films deposited at
the two highest temperatures the intensity ratio between the strong RD and the other is
about 10-50 which is slightly less than proposed from the intensity calculations in CaRIne.
Therefore, the films consist of either a very dominating RD or perhaps even a single
domain (compare with the pole figures on p. 73). The presence of twin domains in GST
films is not unique for the PLD method but has also been observed in the deposition of
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GST films with MBE on (111) oriented substrates”** . In fact, the twin ratio in the MBE
deposited films can be as low as 1:11”. Hence it is concluded that PLD deposited epitaxial
GST films on BaF,(111) substrates are of high crystalline quality, fully comparable with or
even better aligned than MBE deposited ones.

GST {1073} b)

265°C 295°C

Figure 4-36. Measured pole figures of the GST{10-13} reflection for films deposited at a) 85°C, b)
125°C, ¢) 155°C, d) 180°C, ¢) 210°C, £) 240°C, g) 270°C and h) 295°C. The red arrows in a) indicate
substrate contributions and the triangles indicate rotational domains. Intensity (cps) is shown on a
logarithmic scale and applies for all pole figures.
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4.3.2. The effects of deposition rate and pressure on the growth of GST on
BaF,(111)

In section 4.2.2, it was shown that the growth of GST on KCI(100) remained epitaxial
even though the deposition rate was increased by a factor 100. To verify if the same be-
havior is found on (111) oriented substrates, films were deposited with different pulse
frequencies in the range from 1 to 100 Hz, resulting in deposition rates between ~2-180
nm/min. Additionally, one film was deposited with a substantially higher Ar-flow (100
sccm, instead of 1 sccm) which resulted in a background pressure of 5107 mbar. A higher
background pressure could influence the growth in two ways: reduction of the average
particle energy in the PLD plasma due to scattering events and reduction of desorption at
higher temperatures. The substrate temperature was chosen to be 265°C, such that a good
balance between stoichiometry and crystal quality was obtained.

In Figure 4-37, the 20-w measurements of the films are presented. For the two films de-
posited with 100 and 10 Hz (black and red curve), a diffraction pattern corresponding to
that of the hexagonal GST225 phase was found. All diffraction peaks are in good agree-
ment with the black arrow pattern marked in the image. The peak positions are shifted
slightly compared to the Matsunaga model®, but are in good agreement with all previous-
ly measured films (see for instance Figure 4-12). Based on the angular position of the
(0005) peak a c-axis between 1.74 and 1.75 nm is obtained. Only (000/) reflections are
visible, which indicates at least a textured growth. The green curve stems from the film
deposited with 1 Hz and now a different diffraction pattern can be seen. This is especially
visible for diffraction peaks below 20° in 26. Instead of three peaks at roughly 5, 10 and
15°, two peaks appear at 6.3 and 12.6°. This is in good agreement with the hexagonal
GST124 phase as indicated by the blue arrows in Figure 4-37. A phase transition from the
225 to the 124 phase seems to be initiated by a reduction in deposition rate. However, the
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Figure 4-37. 20-w scans for GST films under deposition with varying parameters . Hexagonal positions

belonging to the GST225 phase are marked with black and hexagonal positions belonging to the
GST124 phase are marked with blue. Substrate contributions are annotated in red.
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real cause of the phase transition is probably a temperature effect, since the film spends
""I'have indeed shown that the
GeTe desorption is not constant at high deposition temperatures when deposition time
exceeds ~20 min. This is explained by the fact that the thermocouple does not directly

longer time at the deposition temperature. Perumal et al.!

measure the substrate surface temperature, since a non-contact geometry was employed.
In the experiments here, the deposition geometry is analogue, with the thermocouple
situated 5 mm below the actual substrate surface and therefore similar effects can be
expected. An attempt to balance this time-dependent desorption was made with the intro-
duction of more Ar in the chamber during deposition. A higher background pressure
could help to reduce the desorption rate of the film constituents, since more desorbed
species could be reflected back to surface. In Figure 4-37, the blue curve represents the
film deposited at higher background pressure. As can be seen, it coincides well with the
green curve, i.e. a GST124 phase. Hence, it can be concluded that the investigated back-
ground pressure is not high enough to affect desorption. In the vacuum system used,
higher pressures than that cannot be realized. Furthermore, the blue curve shows sharper
peaks compared to the green curve. It could indicate that the high background pressure
used is beneficial in reducing the kinetic energy of the most energetic particles in the
plasma (which could have kinetic energies of more than hundred eV, see Ref. 125). These
high energetic particles are not particularly beneficial for the growth and it is positive if
one could reduce their energy.

The transition from the hexagonal 225 phase to the 124 phase was confirmed with EDX
measurements presented in Figure 4-38. A significant reduction of the Ge and Te content
can be seen in the two films deposited with 1 Hz. The films deposited at 100 and 10 Hz
suffer only weakly from Ge and Te loss compared to the target. It implies that in order to
reach the optimum deposition conditions, a sufficiently high, but not too high substrate
temperature and a sufficiently low, but not too low deposition rate is required.

In-plane XRD profiles show a clear (2-1-10) peak for all films corresponding well with the
angular position of the GST225 phase as displayed in Figure 4-39. This is surprising, since
the two films deposited with 1 Hz were confirmed to be GST124. The in-plane peaks
from these two films differ significantly from the GST124 position!™. This illustrates the
complexity in determining the crystalline phase of these GST compounds using only one
technique. Often, it is the combined impression from all measurements (out-of-plane
XRD, in-plane XRD, pole figure analysis and TEM) that gives evidence about the actual
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Figure 4-38. Chemical composition of GST films deposited under different experimental conditions as
measured by EDX.

71



Results & discussion

5000 - ——
! or o Deposition at 265°C
QUi -1 o
=t N L —— 100 Hz, 1 sccm
4000 - s D ——10 Hz, 1 sccm
= =X = o 1Hz, 1 sccm
8 ' : —— 1 Hz, 100 sccm
~ 3000 : :
= : ;
(7) 1 1
C 1 1
@ 2000+ \
b 1
-y 1
1000
2 'l‘
. - - T - T v . v . - T -
39 40 41 42 43 44 45 46

26y (°
Figure 4-39. In-plane 20y-¢ measurements for GST ﬁlni(s (de)posited under different experimental
conditions.
phase. Furthermore, it also indicates that the structural models used as references are more
useful for comparing the diffraction pattern appearance and not the actual peak positions,
since the lattice parameters of these GST compounds probably are sensitive to the exact
chemical composition in the films.

In-plane y-scans of the four films are presented in Figure 4-40. All films show a six-fold
in-plane symmetry, indicative of an epitaxial film. Not surprisingly, the films deposited at
the highest rate (100 Hz) show the broadest FWHM. However, the difference compared
to the rest of the films is not that large as in the case of GST on KCI(100), see Figure
4-21. Upon further reducing the deposition rate, the FWHM decreases, showing that the
crystallite twist component in the films is reduced down to about 1°, fully comparable
with the FWHMs displayed in Figure 4-34. The film deposited at higher background
pressure also measures an in-plane rocking curve FWHM in this range.

Finally, measured pole figures of the {10-1/} planes are presented in Figure 4-41, where /
equals 3 and 7 for the GST225 and GST124 phase, respectively. Except for intensity
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Figure 4-40.In-plane ¢-scans of the GST{2-1-10} reflection for films deposited under different expeti-
mental conditions.
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Figure 4-41. Measured pole figures of the GST{10-13} reflections for films deposited under different

experimental conditions. Intensity (cps) is shown on a logarithmic scale and applies for all pole figures.
differences, all pole figures are qualitatively the same. This is especially noticeable in Fig-
ure 4-36a-c, for the films deposited with different deposition rates but same Ar-flow. The
pole density maxima are continuously getting narrower with decreasing deposition rate.
The dominating rotational domain is the one oriented as GST[1-210]| | BaF,[1-10]. In
Figure 4-41c and d, the intensity ratio is about 100 between the strong and weak maxima.
For the same reasons as already mentioned in section 4.3.1, it cannot really be determined,
whether there is one single RD or just one largely dominating RD present in the films.

4.3.3. Hints of cubic GST

Until now, all the investigations on the epitaxial growth of GST on crystalline substrates
were conducted by heating the substrate to a certain temperature followed by deposition
of the film. In parallel with those investigations, some films were deposited at room tem-
perature for further heat treatment in an annealing oven, analogue to the films in Figure
4-6. On top of all films a thin capping layer of LaAlO_ was deposited (10-15 nm). The
films were confirmed to be amorphous in the as-deposited state by XRD and were then
subjected to a 30 min heat treatment with 10 min heating ramp to the desired temperature.
In Figure 4-42, a 20-0 scan overview of four samples is presented. The angular range
spans over 3 diffraction orders. The black curve represents a film that was annealed at
150°C. No evidence of crystalline content can be seen. This is in agreement with the
polycrystalline films in Figure 4-6 , where no crystalline content is found below 165°C. At
180°C (red curve), however, a clear diffraction peak is present. This is especially visible at
the GST(222) marker in the figure. Upon a further annealing temperature increase the
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Figure 4-42. Wide 20-w scans for GST films annealed at different temperatures. Cubic phase reflection
positions of GST225 are marked with black. All other peaks stem from the substrate.
peak gains in intensity and now even the third diffraction order is clearly discernable.
Noticeable is that no diffraction peaks below 20=25° can be seen, except those of the
substrate. This means that a cubic GST phase has been obtained with the (111) planes
aligned with the BaF,(111) planes. At even higher annealing temperatures the GST(/)
peaks remain but lose in intensity.

A closer inspection of the GST(111) peak is presented in Figure 4-43. The diffraction
peaks inside the dashed box all stem from the substrate. The black dashed line indicates
the position of cubic GST225 as proposed by Matsunaga'®. The film annealed at 180°C
coincides well with that position, but with increasing annealing temperature the (111) peak
shifts to higher diffraction angles. This cannot be explained by a phase transition to the
cubic GST124 phase since that would shift the peaks in the other direction (GST124 has a
larger unit cell)"””. Moreover, the films were deposited at room temperature so there
should be no residual stress in the films arising from a thermal lattice misfit during deposi-
tion. The capping layers also prevent any desorption from the films in the annealing oven,
ruling out compositional change as an explanation for the peak shift. However, since the
polycrystalline films presented in Figure 4-6 also in general show a larger 20 value for the
(111) planes compared to the Matsunaga model®, it could just reflect the fact that the
film annealed at 250°C has begun to transform to a polycrystalline film. Indeed, at the
highest annealing temperature a weak sign of a GST(200) reflection can be found, indicat-
ing that this temperature promotes polycrystalline crystallization instead of epitaxial (that
the films are really epitaxial will be shown by ¢-scans on page 77). This could also be the
reason why the diffraction intensity is reduced between 200°C and 250°C. It also demon-
strates that there is a very limited temperature range where annealing induced-epitaxy is
found. Interestingly, results from other groups show an opposite behavior. Bragaglia et
al.'"” investigated the crystallization behavior upon annealing of MBE-deposited amor-
phous films. Already at a temperature of 135°C, first hints of a hexagonal phase are re-
vealed and at an annealing temperature of 230°C a fully hexagonal pattern can be seen.
The authors did, however, not use a capping layer so that a compositional drift from the
225 to 124 composition occurred simultaneously. This is probably the driving force for
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Figure 4-43. Detailed 20-w scans around the GST(111) reflection for films annealed at different tempera-
tures. Cubic positions of GST225 are marked with black. The peaks inside the dashed grey box stem from
the substrate.

the formation of the hexagonal phase in their case and could account for the discrepancy
between their results and those presented in the present study.

The lateral lattice parameter was determined by in-plane 26y-¢ measurements as presented
in Figure 4-44. A GST peak is observed for all films fairly close to the position of the
cubic GST(20-2) reflection. This is especially noticeable for the film annealed at 250°C, i.c.
the more polycrystalline film. Combining the in-plane lattice parameter (in agreement with
the Matsunaga model) with the 20-value of the (111) peak (not in agreement with the
Matsunaga model, [111] slightly compressed), the resulting structure is not perfectly cubic
but compressed along the [111] direction, i.e. a rthombohedral distortion along this direc-
tion is present in the films. This is known for IV-VI crystals (for instance GeTe) as a
Peierls distortion™ and has experimentally also been observed for GST by extended x-ray
absorption fine structure measurements as shown by Kolobov et al.*. For the two films
annealed at 180°C and 200°C, the in-plane lattice parameter is expanded, which implies
that the films are not fully relaxed, but a small substrate induced lattice strain is present.
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Figure 4-44. In-plane 20y-p measurements for GST films annealed at different temperatures.
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Figure 4-45. In-plane ¢-scans for GST films annealed at different temperatures.

In-plane p-scans of the {20-2} planes show a six-fold in-plane symmetry for all films as
presented in Figure 4-45. This is already a good indication that the films are epitaxial and
not only possess a [111] fiber texture. The FWHM of the in-plane rocking curve is quite
narrow as displayed in the figure. The film annealed at 200°C actually shows a comparable
FWHM with those of the epitaxial films presented in Figure 4-34, section 4.3.1, indicating
similar crystalline quality.

This is further illustrated in Figure 4-46, where traditional ¢-scans of the {200} planes are
shown. For comparison an epitaxial hexagonal film deposited at 265°C is also displayed.
For this film the hexagonal {10-13} planes were scanned, i.e. the hexagonal analogue
planes to the cubic {200}. Beginning with the film annealed at 180°C, only six weak peaks
can be seen (red curve) plus three overlapping very narrow peaks at =100, 220 and 240°.
The narrow peaks stem from the substrate and are also present in the blue curve on top of
the strongest peaks. For the films annealed at 200°C (green) and the reference film (black)
the substrate contribution completely vanishes in the strongest peaks and cannot be dis-
cernable anymore. The diffracted intensity of the film annealed at 200°C is not even a
factor 5 smaller than the hexagonal epitaxial reference film, indicating that the two films
are of similar crystalline quality. The film annealed at 250°C has a factor 10 lower intensity
and the peaks are significantly broader, evidencing the detrimental effects of too high
annealing temperature. The fact that six peaks are visible indicates that a 180° twin domain
is present in the films, since a cubic single crystal should only diffract the {200} planes
three times for a (111) oriented sample. The presence of twins in (111) oriented cubic
GST epitaxial layers on (111) substrate planes has been confirmed by Perumal®. In their
case an almost 1:1 ratio between the two rotational twin domains was found, whereas the
ratios found here are significantly higher. This is displayed in Table 6 as the intensity ratio
between the strongest peaks and the weakest peaks in each film in Figure 4-46. At an
annealing temperature of 180°C, the ratio is about one indicating that the twin orienta-
tions exist in parity. At 200°C, the ratio is roughly twelve, very close to that of the refer-
ence film (roughly eleven), indicating a strongly dominating rotational domain orientation.
At 250°C, the ratio is once more reduced, a process related to the formation of more
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Figure 4-46. GST {200} y-scans for films annealed at different temperatures. The black curve is an
epitaxial reference film. The black curve is displayed at the correct g-position, whereas all subsequent
films are shifted by 5° in ¢ for display purposes. No offset in the y-direction is present. The intensity for

the reference film (deposited at 265°C) , the film annealed at 200°C and the films annealed at 250°C has
been divided by 50, 10 and 5, respectively, so that all films can be presented on the same y-scale.

polycrystalline content in the film. Considering these results it is shown that the annealed
films crystallize in an epitaxial way with a cubic GST structure.

Finally, to prove that the films are indeed cubic, ¢-scans of the hexagonal {10-16} planes
wete recorded. The {10-16} planes are only present in the hexagonal structure and the
closest cubic planes with similar tilt angle is the BaF,{220} which lies more than 1.3° away
in 20. The results are presented in Figure 4-47 for the three films annealed at 180°C,
200°C and 250°C. Additionally, two reference films are plotted in the same diagram, one
being a high quality hexagonal film and one being a low quality hexagonal film. The three
annealed films show all very similar patterns with three peaks at ¢=75, 195 and 315°.
These peaks stem from the substrate, i.e. BaF,{220}. In compatison, the two confirmed
hexagonal films show a completely different pattern. Now six peaks are present, whereby
every second peak is much stronger. The film deposited at 265°C especially shows high
intensities. In fact, it has been reduced by a factor of ten and it can still not be fitted in the
graph. Compared with Figure 4-46, where the annealed film at 200°C and the same refer-
ence film show similar intensities, it now differ orders of magnitude. This shows in an
unambiguous way that the films grow with a cubic structure.

Table 6. Intensity ratio between the strongest and weakest {200} peaks

| 180°C 200°C 250°C  Deposited at 265°C
| ~1 ~12 ~4 ~11

1

strong/ I\veak
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Figure 4-47. GST{10-16} \-scans for films annealed at different temperatures. The cyan and purple curves
are from hexagonal epitaxial reference films. The intensity of the purple curve has been divided by ten.

4.3.4. Summary of the results on the deposition of GST on BaF,(111)

In this section the growth of GST films on (111) oriented BaF, substrates was investigat-
ed. Mainly, the effect of substrate temperature was investigated. The growth is character-
ized by one out-of-plane (0001) orientation. This is different to the case of KCI(100)
substrates where three out-of-plane orientations were present in the films. The films grow
epitaxially already at a substrate temperature as low as 85°C with no obsetrvable polyctys-
talline growth. The in-plane orientation is characterized by two rotational twin domains at
substrate temperatures below 210°C. The high symmetry directions in the GST film and
substrate are aligned, i.e. GST[-12-10] | | BaF,[1-10]and GST[1-210] | | BaF,[1-10]. Above
210°C the latter orientation dominates the growth.

Using a higher deposition rate deteriorates the crystal quality weakly, whereas a low depo-
sition rate combined with a high substrate temperature promotes Ge and Te desorption
and a transition to the GST124 phase. A high background pressure (4-10° mbar) during
deposition does not prevent this desorption from taking place.

Amorphous films deposited at room temperature on BaF,(111) which were subsequently
annealed ex szzu possess a cubic crystal structure without no traces of the hexagonal phase.
At an annealing temperature of 200°C the highest crystalline quality was obtained.

78



4.4. Epitaxial growth of GST on Si(111)

In this section the growth of GST films on Si(111) will be presented. Si is a standard
material in the semiconductor industry and the possibility to deposit epitaxial GST films
on this material with a high deposition rate could be of great interest. Even though there is
a large lattice mismatch between Si and GST (-10.8%), high quality GST epitaxial layers
have already been shown to be possible with MBE**l. However, the growth rates in
these cases are typically very low (0.1-0.3 nm/min). Here, two experimental series were
investigated. The first one without a thermal pre-treatment of the substrates, meaning that
the substrates were pre-cleaned as described in section 3.2.1 and then only pre-heated at
the desired substrate temperature. This will be referred to as a non-thermal pre-treatment.
In the second experimental series the substrates were thermally pre-treated, also described
in section 3.2.1, meaning that the substrates were pre-cleaned and then subjected to a high
temperature for 10 minutes before cool down to the desired deposition temperature. This
will be referred to as a thermal pre-treatment. The parameters in common for these inves-
tigations are presented in the following table.

Table 7. General deposition conditions on the growth of GST on Si(111)

No. of Frequency Nominal Fluence Ar-
pulses deposition rate pressure
Hz) (nm/min) (J/cm?) (mbar)
7200 2 ~2 0.8£0.2 4-10”

4.4.1. The growth of GST on non-thermally pre-treated Si(111)

A set of films were deposited at different substrate temperatures spanning the range be-
tween 110°C to 295°C. Each substrate had been pre-cleaned as described in section 3.2.1
and was subsequently directly pre-heated at the desired substrate temperature for at least
30 minutes in order to reach a relatively stable surface temperature. In Figure 4-48a-d,
SEM images at high magnification of films deposited at different temperatures are pre-
sented. As can be seen, the films look relatively smooth. Occasionally, some hints of
crystallites can be seen (in Figure 4-48a and c) which seem to align according to a hexago-
nal pattern. This is especially visible in Figure 4-48c. The overall impression is that the
topography is similar but a little more rough than the GST films on BaF,(111).

185°C ¢) 200°C d)

Figure 4-48. SEM images of GST films deposited on non-thermally pre-heated Si(111) at different
temperatutes.
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Figure 4-49. XRR measurements of GST films on non-thermally pre-heated Si(111) deposited at
different substrate temperatures.

To determine the roughness more quantitatively, XRR measurements were conducted for
all films in this series. The resulting curves can be found in Figure 4-49. For the film
deposited at 110°C, the oscillation fringes atre bately visible indicating a rough surface. The
film thickness measures ~150 nm. Surprisingly, the surface roughness and interfacial
roughness is high, around 2-3 nm. At this temperature this is an unexpected result, but
could be related to the fact that oscillations are barely visible and therefore the error in
fitting the curve could be larger. By increasing the substrate temperature, the thickness is
reduced monotonically up to 240°C. In this temperature range an average film thickness
of 100 nm can be estimated so that the average deposition rate amounts to ~1.7 nm/min.
At the two highest substrate temperatures the thickness drops radically as seen by the wide
oscillating periods. The density of the films varies between 6.1-6.3 g/cm’ with no apparent
temperature dependence. This is in good agreement with high-quality bulk GST"* and
perfect single crystals'® considering the accuracy in the fitting method (0.1 g/cm’) and
the fact that it is not bulk material but thin films. The extracted data from the XRR meas-
urements are presented in Table 8. The presence of a surface oxide layer can be detected
in all films. A large thickness spread of this layer among the films can be noticed in the
first data column. However, the variation in oxide layer thickness is not related to the
deposition temperature, but only reflects how long the films were exposed to air before
they got measured (compare Figure 4-4). The fitted roughness values (surface and inter-
face) scatter largely between 1-2 nm without any obvious correlation to the substrate
temperature. The absolute values tend to be larger than for polycrystalline films (see Fig-
ure 4-5). Interestingly, rms values as high as 5.8 nm are normal for MBE deposited GST

[69]

films on Si(111) as presented by Perumal™ and compared to that, the measured rms
values here are even slightly lower. Furthermore, the epitaxial GST films prepared by
MBE consist of large trigonal shaped crystallites protruding from the surface, whereas this
is only observed occasionally in this work, see Figure 4-48a and c. Hence it can be con-
cluded that the films show a relatively smooth topography without any substrate tempera-

ture dependent roughness increase.
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Table 8. Extracted data from the XRR measurements in Figure 4-49.

Temperature |Thickness GST Thickness  rms interface  rms surface
Oxide
O (nm) (nm) (nm) (nm)
110 148 0.1 2 3.3
170 143 1.8 1.1 1.7
185 118 3.5 1.2 1.8
200 117 3.3 1.5 1.8
240 89 23 1.3 2.2
280 19 0.9 1.8 1.1
295 8.4 0.8 1.0 2.8

Since the thickness reduction is quite dramatic for the films upon raising the substrate
temperature, one could expect that there could be large differences in composition be-
tween the films. Therefore, EDX spectra were recorded for the films. The result is pre-
sented in Figure 4-50. Noticeable are the larger error bars in the Sb group compared to
previous measurements on KCl and BaF,. This is due to the fact that in order to evaluate
Ge properly (Ge Ka= 10 keV), an acceleration voltage higher than 20 kV is needed. In
using such a high voltage, a very intense signal from the Si substrate is simultaneously
acquired. The signal is in fact so strong that also the double energy pulse peak of Si Ka
partly overlaps with the Sb L series which is used for the evaluation. Nevertheless, the
trend already observed for GST deposition on KCl and BaF, substrate is visible here, too.
With increasing substrate temperature, a smallloss of Te is evident and at higher tempera-
tures desorption of mainly Ge and Te can be seen. The measurements could only be
conducted for films deposited at or below 240°C, since at higher temperatures the film
thickness was too low to obtain any reliable signal. A sound assumption, though, is that
desorption of Ge and Te continues. Although the general trend is similar as for GST
deposition on KCl and BaF, substrates, the absolute temperature for the heavy desorption
onset is quite different and about 50-80 degrees lower for Si. One can think of two rea-
sons for this behavior. Firstly, there could be a chemical effect. The GST films may not be
so strongly bonded to the Si substrate compared to the halogen containing ones. Alterna-
tively, the calibrated temperature in section 3.2.1 is not valid for this deposition series. Of
the two reasons, the latter is the most probable one. This is motivated by the fact that the
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Figure 4-50. Composition of GST films on non-thermally pre-heated Si(111) deposited at different
substrate temperatures as measured by EDX.
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Figure 4-51. 20-w scans for films deposited at different substrate temperatures on Si(111). Hexagonal
phase reflection positions of the GST225 and GST124 are marked with black and blue, respectively.
Substrate contributions are annotated in red.

films were deposited with 2 Hz and 7200 pulses, i.e. one hour total deposition time. Add
to that the 30 min pre-heating and the total time at the deposition temperature sums up to

1. could show an increase in Ge and Te

90 minutes. As discussed already, Perumal et a
desorption even though the heating temperature and the thermocouple readings were

constant. This shows once more the complexity in depositing stoichiometric GST films.

The loss of Ge and Te is further visualized in the 20-w scans in Figure 4-51. Firstly, all
films are hexagonal based upon the presence of diffraction peaks below 20=25°. Secondly,
only (000) reflections are visible indicating a single growth direction. The three films
deposited at the lowest temperature show a diffraction pattern corresponding to the
GST225 composition as annotated by the black arrows. In fact, already for the film depos-
ited at 185°C (green curve) the onset of a peak splitting is observed for the (0004) peak.
The exact position deviates slightly from the Matsunaga® model but are comparable with
the GST films on BaF,(111). Above 185°C, the GST124 composition dominates the
growth as seen from the good agreement with the blue annotations. The films are proba-
bly not phase pure since there are double peaks present at the (0004), (0009) and (00010)
angular position all the way up to a substrate temperature of 280°C. At the two highest
substrate temperatures a single (00024) peak is observed, indicating a full transformation
to GST124. It is worth mentioning again that the film thickness is only 19 and 8 nm for
these two films and the fact that they are still measurable indicates a very high degree of
crystalline ordering in the films.

The FWHM and angular position of the (0005) diffraction peak is displayed in Figure
4-52. A small increase of the FWHM can be seen (black curve), which indicates smaller
crystallites as the temperature is increased. This is unexpected but interesting, since a
higher temperature in general promotes grain growth. Possibly, this has to do with the
significantly decreasing film thickness. This is especially noticeable for the two data points
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Figure 4-52. FWHM and angular position of the GST(0005) peak for GST films deposited at different
substrate temperatures on non-thermally pre-treated Si(111).

at 280°C and 295°C which show a much larger FWHM. This makes sense considering that
the film thickness is only 19 and 8 nm, respectively. Also the observed peak splitting is
visualized in the diagram, where the two data points connected by dashed lines symbolize
data measured from the observed GST124(00012) peak. As recalled, the same behavior
was found for the deposition of GST on BaF,(111) in Figure 4-30. The large increase in
diffraction angle for the GST124(00012) reflection seems to stop at a 20 value of about
25.9°. This is roughly 0.3° higher than the theoretical value (25.64°) and it indicates a
compression of the films of about 1%. A substrate induced strain does not make sense,
since that would compress the films in the in-plane direction and hence, due to the Pois-
son ratio, an elongation in the out-of-plane lattice parameter would result. More probably,
it just reflects the actual chemical composition in the films which is not that of a perfect
stoichiometric GST124 phase.

The out-of-plane rocking curves for the (0005) (or (00012)) peak show two contributions,
one extremely narrow and one broad peak as displayed in Figure 4-53a. The broad peak
looks similar as in the case of GST on Bali,(111), see Figure 4-31, confirming a small
angular distribution along the growth axis. In that case the narrow peak in the middle of
the rocking-curve could not be separated from the substrate contribution due to the small
angular separation in 26 for the GST(0005) and Bal',(111) peaks. The narrow peaks in the
center of the rocking curves in Figure 4-53a do however stem from the films. That state-
mentis based upon the fact that the Si(111) reflection lies more than 2.8° away in 20 and a
0.15 mm Ni-filter was used to reduce the Cu K, intensity which could further influence
the measurement. Additionally, selected films were measured on a high-resolution x-ray
diffractometer with a parallel Cu K ; x-ray beam. The same pattern was obtained with that
machine only with reduced intensity. This is displayed in Figure 4-53b (red curves). Also,
the corresponding two 20-w measurements are presented (black curves) to show that the
intensity matches 1:1 between the measurements. The substrate temperature dependent
FWHM evolution of the films is shown in the inset of Figure 4-53a. As can be seen two
curves are shown, where the black squares represent the broad base peak and the red
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Figure 4-53. Rocking curve measurements (w-scans) of the GST(0005) peak for GST films on non-
thermally pre-treated Si(111) deposited at different substrate temperature (a). In (b), 20-w scans and the
corresponding w-scans of selected GST films measured on a high-resolution diffractometer.

circles represent the narrow peak. The FWHM is getting narrower with increasing temper-
ature for the broad peak, while the narrow peak seems to be completely independent on
substrate temperature. The FWHM of this peak measures roughly 0.04°, a very low value
compared to the deposition of GST on KCI(100) or BaF,(111). However, one could
suspect that the values obtained for the rocking curve FWHM on BaF,(111) are smaller
than those actually reported.

Pole figure measurements of the GST {10-1/} peaks reveal the epitaxial nature of the films.
Depending on the actual phase /is either 3 or 7 for GST225 or GST124, respectively.
However, the measurements were conducted at the same angular position since the two
reflections only differ by 0.4° and this is fully within the acceptance window for 26 during
the measurements. In Figure 4-54a, the film deposited at 170°C is presented. Six, i.e. two
times three pole density maxima are present. The six pole density maxima are uniform in
intensity and therefore indicate two rotational twin domains of equal quantity and quality
as indicated by the two equally intense triangles overlaid in the figure. A polycrystalline
part also exists in the film as evidenced from the ring intensity pattern between the pole
density maxima. Additionally, three substrate-related pole density maxima are encircled in
red at higher o angles. These substrate contributions come from the small Cu K, fraction
that is still present in the x-ray beam and can be neglected. For the films deposited at
280°C, the polycrystalline ring pattern has disappeared. It could be argued that the poly-
crystalline part is not to be seen due to the low thickness of this particular film, but the
situation looks very similar for all other films in the investigated range, i.e. above 170°C
the films are exclusively epitaxial. This is evidenced from the six pole density maxima
evenly distributed at «=58°. The pole density maxima have a more symmetric spatial
distribution than for the films deposited on BaF,(111), i.e. the crystallite twist and tilt
distribution is more according to a normal distribution. Furthermore, the intensity is not
equal among the pole density maxima, i.e. one rotational twin dominates. However, the
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effect is not as pronounced as in the case of GST deposition on Bal',(111), where intensi-
ty ratios of more than 10:1 were observed between the strongest orientation and the
weakest, see Table 6. In this case the ratio is around 3:1. Nevertheless, this ratio is still a
little bit higher than the 1:1 ratio of MBE deposited epitaxial GST films on Si(111)!*”),
showing that the PLD-process is suitable as a high quality film deposition method.

In Figure 4-54c and d, two in-plane Reciprocal Space Maps (ipRSM) are shown of the
same two films. An ipRSM offers a good overview of the different in-plane orientations in
the sample, but is in this case not intended as a high resolution measurement. The axes in
the image are aligned along the high symmetry directions of the underlying Si substrate,
L.e. Si[2-20] and Si[22-4], and intensity is plotted on a logarithmic scale. The Si substrate
reflections are annotated in red. The GST peaks are all annotated according to the hexag-
onal GST225 phase. The polycrystalline pattern in Figure 4-54c¢ is readily observable with
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Figure 4-54. Pole figure measurements (a and b) of the GST{10-13} planes of GST films on non-
thermally pre-treated Si(111). In a), the film was deposited at 170°C and in b) 280°C. Substrate contribu-
tions are annotated with red circles and major (minor) crystallite orientations are marked with the solid
(dashed) triangles. Intensity is depicted on an in common logarithmic scale.

In-plane reciprocal space maps for the same two films (c and d). Substrate reflections are marked in red.
Intensity is depicted on a logarithmic scale.

85



Results & discussion

no other unsuspected orientations showing up. In Figure 4-54d, the polycrystalline pattern
is gone and only sharp reflections can be seen. For both films the reflections are aligned
along the Si substrate directions evidencing the epitaxial nature of the film. The epitaxial
relationship for the strongest rotational twin domain is determined to be
GSTI[2-1-10] | | BaF,[1-10], i.e. same as in the deposition of GST on BaF,(111).

To analyze the in-plane lattice parameter more in detail, in-plane 20y-¢ measurements
along the Si[h-h0] direction were conducted. The result is presented in Figure 4-55. All
films show diffracted peak intensity maxima in between the positions of the two hexago-
nal phases GST225 and GST124. The peak of the film deposited at 170°C is more shifted
towards the GST225 peak position and this is expected, since it also showed a GST225
diffraction pattern in the out-of-plane measurements (Figure 4-51). The same argument
can be used to explain that the other films in the experimental series originate peaks shift-
ed more towards the GST124 phase. The blue and cyan curves in the graph are notewor-
thy, since they belong to the films deposited at the highest temperature, i.e. lowest thick-
ness. This shows once again that in-plane diffraction measurements are an effective
additional tool for structure clarification, especially for thin layers.

The corresponding in-plane g-scans of the {2-1-10} peak are presented in the left part of
Figure 4-56. All films show the expected six-fold in-plane symmetry. For the film deposit-
ed at 170°C, the polycrystalline contribution can be seen as the raised intensity between
the sharp peaks. The FWHM of the sharp peaks is displayed in the right part of Figure
4-56. The overall trend implies a reduction of the FWHM with increasing substrate tem-
perature, i.e. the crystallite twist is reduced. The absolute values of the FWHM are compa-
rable with the ones for GST on BaF,(111) in Figure 4-34, i.c. in between 1.2 to 1.5° for
the highest substrate temperatures. Hence, it can be concluded that non-thermally pre-
treated Si(111) is suitable as a substrate for the epitaxial growth of GST. This is of course
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Figure 4-55. In-plane 20y-¢ measurements of GST films deposited at different substrate temperatures
on non-thermally pre-treated Si(111).
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Figure 4-56. In-plane ¢-scans of the GST{2-1-10} reflection for GST films deposited at different
substrate temperatures on non-thermally pre-treated Si(111).

also good for a potential industrial application where a time-consuming and therefore
costly heat-treatment prior to deposition is unwanted.

4.4.2. The growth of GST on thermally pre-treated Si(111)

In this section the effect of a thermal heat-treatment of the Si substrates will be discussed
briefly. The Si(111) substrates were pre-cleaned in the same way as the ones in the previ-
ous section, but now the substrates were rapidly heated up to 1050°C with the aim to
induce a Si 7x7 surface reconstruction which is suitable for epitaxial growth. Details about
the heat treatment can be found in section 3.2.1.

In Figure 4-57, SEM images of three films deposited at different substrate temperatures
are depicted. A large difference in topography is obvious compared to the films that were
not thermally pre-treated. In fact, the topography is not comparable with anything previ-
ously described in this work. Large crystallites of trigonal symmetry are visible in every
one of three images. The crystallite size ranges from 100 up to 600 nm. This is especially
visible in Figure 4-57c, where large flat crystallites cover the whole image. A comparison
with topography investigations of MBE deposited GST films on Si(111) shows very simi-
lar structures!™ and also with hexagonal GST films deposited with MOCVDF*'**", This is
the first indication that the heat-treatment has affected the substrate surface and hence
also the subsequent growth of GST. EDX measurements show no large deviation, how-
ever, from the already observed general trend. This is also expected, since the desorption
behavior is mainly governed by the substrate temperature during deposition and the heat
treatment does not have any influence on that. As displayed in Figure 4-58, Ge and Te
seem to desorb at higher substrate temperatures with a strong desorption onset around
200°C, comparable with Figure 4-50.
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Figure 4-57. SEM imags of GST films deposited on thermally pre-heated Si(111) at different tempera-
tures.
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Figure 4-58. Composition of GST films on thermally pre-heated Si(111) deposited at different substrate
temperatures as measured by EDX.

In Figure 4-59, three 26-w scans are presented for thermally pre-treated films deposited at
170, 200 and 240°C. A first feature to note is that the diffracted intensities from the GST
peaks are much lower than those from the films deposited at similar temperatures without
thermal heat-treatment. In fact, in order to resolve any diffracted intensity from the film
deposited at 170°C, an intentional misalignment of the Si substrate was needed in order to
suppress the substrate intensity. All films were measured without a Ni-filter in order to
gain intensity. Hence, the corresponding Cu K, contribution is situated on the left flank of
the GST(0005) reflection. The film deposited at 170°C (black curve) is hexagonal, as
evidenced form the peak in the near of the (0004) reflection marker. Still, there is no
possibility to determine if it is the GST225 or GST124 phase, due to the lack of diffrac-
tion peaks at low angular positions. The most probably phase, however, is the GST225
phase since no preferential loss of Ge has taken place as measured by EDX. The next film
in the series (red curve) can really be identified as GST225 phase, although the (0001),
(0002) and (0003) peaks are very weak. The last film, deposited at 240°C seems to have
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Figure 4-59.20-w scans for films deposited at different substrate temperatures on thermally pre-treated
Si(111). Hexagonal phase reflection positions of the GST225 and GST124 are marked with black and
blue, respectively. Substrate contributions are annotated in red. The red and blue curves have been
multiplied with 10 and 100, respectively.

transitioned to the GST124 phase by judging from the match with the blue arrows in the
image. This is not surprising, since the EDX measurements showed a loss of Ge and Te
for this film. The overall impression is that the crystalline quality is inferior compared to
the GST films on Si(111) without an extra thermal pre-treatment.

This impression is further supported by a g-scan of the GST{10-13} planes in the film
deposited at 240°C. The result can be viewed in Figure 4-60. As a compatrison, the scans
of two films without any extra thermal pre-treatment are presented alongside. The scans
are presented without intensity offset so that the comparison gets easier. The film on the
substrate exposed to a thermal pre-treatment (blue curve) shows a six-fold symmetry, i.e.
two times three contributions from epitaxial rotational twin domains. However, the inten-
sity is weak and significant elevated background intensity is present, which is an indication
of an additional polycrystalline part in the film. This is to be compared with the black
curve which represents the films which was deposited at a lower temperature (170°C) but
without an extra thermal pre-treatment of the substrate. Recalling the previous deposition
series (section 4.3.1), this was one of the films with the lowest crystalline quality. Now,
compared with the film deposited on a thermally pre-treated substrate, it stands out as a
film with high quality crystalline content. This is already enough evidence to state that the
thermal heat-treatment, applied in the way presented in this thesis, is detrimental for the
films. However, a comparison with the film deposited at 280°C without thermal pre-
treatment of the substrate is also given. The diffracted intensity for this film was reduced
by a factor 5 in order to be displayed on the same axis. This clearly demonstrates the large
difference in crystal quality between the two films. This is further substantiated when
comparing the thickness of the films being 19 nm for the film deposited on a non-
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Figure 4-60. GST{10-13} ¢-scans for films deposited at different substrate temperatures on Si(111).
The blue curve represents a GST film deposited at a thermally pre-treated substrate whereas black and
red curves were deposited at non-thermally pre-treated substrates. The intensity of the red curve has

been divided by 5.

thermally pre-treated substrate compared to roughly 100 nm for the film deposited on the
thermally pre-treated substrate. With the results of these experiments in mind, it is safe to

say that the thermal pre-treatment of the Si substrates is not beneficial for the growth of
GST on Si(111).

The exact underlying mechanism, though, is still unclear. However, the most probable
cause is a degradation of the Si substrate surface due to a reduction of the vacuum quality.
In fact, during the heating ramp, the background pressure increased up to 1:10” mbar, i.c.
three orders of magnitude higher than the standard background pressure. This outgassing
could contribute to a degradation of the surface, in form of an oxide layer or some other
form of contamination layer. In-situ based methods like reflection high energy electron
diffraction that monitors the initial substrate quality as well as giving insight to the subse-
quent growth could be a helpful tool to at least partly overcome the problems that thermal
treatment causes.

4.4.3. Summary of the results on the deposition of GST films on Si(111)

In this section, the epitaxial growth of GST on Si(111) substrates was investigated. Two
different types of substrate pre-treatment were used: non-thermal pre-treatment and
thermal pre-treatment. For the non-thermally treated substrates high quality epitaxial films
were obtained. A strong substrate temperature dependence on the crystal quality was
found. At low substrate temperatures the out-of-plane rocking curves can be fitted with
two peaks: one broad base peak of around 0.5-1.5° width and a very sharp peak of around
0.05° width. At high temperatures the broad background peak vanishes and only the
narrow peak remains. Simultaneously, the chemical composition also changes and a phase
transition from GST225 to GST124 can be observed. The epitaxial relationship is defined
by GST(0001), GST[2-1-10] | | BaF,(111), BaF,[1-10].
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For the thermally pre-treated substrates, a severe deterioration in crystal quality of the
deposited films was observed. The films were characterized by large crystallites protruding
from the surface, resulting in a rough topography. The films were nevertheless epitaxial
with the same orientational relationships as the films on non-treated substrates, although
of inferior quality.
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Chapter 5

Summary and outlook

Phase change materials of Ge-Sb-Te (GST) alloys are thought to revolutionize the non-
volatile memory market in the future with an optimal combination of write speed and data
retention!'”. Especially, ordered thin films of GST have been shown to possess remarkable
phase change characteristics™’. Even more highly ordered films in form of epitaxial layers
have since then been shown to undergo epitaxial re-crystallization when being switched
between the amorphous and the crystalline state. The epitaxial layers have, until now, only
been deposited with molecular beam epitaxy, a slow and costly deposition method.

Therefore, an attempt was made in this thesis to investigate the possibilities of using
Pulsed Laser Deposition (PLD) in producing epitaxial GST films. Before this study was
initiated, only scarce reports of PLD in combination with GST films had been
published”*” and never in the form of epitaxial layers. Furthermore, no systematic inves-
tigations had been presented and a complete picture was missing. Hence, a more systemat-
ical study of common, yet important, deposition parameters was undertaken in this work.
The main experimental parameters investigated were substrate temperature, laser pulse
frequency which controls the deposition rate and Ar background pressure. The investiga-
tions were conducted on Si(100) with the native oxide still present for amorphous and
polycrystalline films, whereas for epitaxial films crystalline substrate surfaces were used,
i.e. KCI(100), BaF,(111) and Si(111). The gained results and insights are summarized as
follows:

Polycrystalline growth

In section 4.1, initial investigations on the polycrystalline growth of GST on Si(100) sub-
strates with PLD were presented. The GST films were confirmed to be amorphous in the
as-deposited state and showed the expected crystallization temperatures for the two crys-
talline phases (~150°C and ~250°C). The target stoichiometry is transferred well to the
films with an almost ideal GST225 composition. Atomic resolution HAADF-STEM
images made possible the direct observation of the cubic and hexagonal phases in an un-
preceded way"”. Depositing the films at elevated substrate temperatures (>130°C) resulted
in crystalline films with a clear fiber texture. The crystalline phase is either cubic or hexag-
onal at temperatures below 150°C, whereas the hexagonal phase forms at temperatures
above 150°C. The preferred growth orientation is such that the hexagonal close-packed
planes are parallel with the substrate surface, i.e. GST(111) or GST(0001) oriented for
cubic or hexagonal, respectively.

93



Summary and outlook

Epitaxial growth of GST on KCI(100)

In section 4.2, the growth of GST on KCI(100) substrates was investigated"'?. Three
deposition parameters were investigated: substrate temperature, deposition rate and film
thickness. It was found that the temperature has a very strong influence on the crystal
growth in the films. At low temperatures (<140°C) amorphous films grow which trans-
form into polycrystalline fiber textured hexagonal GST(0001) films in the substrate tem-
perature range of 140-200°C. Between 200-270°C only hexagonal (0001) tex-
tured/epitaxial films are obtained. Above this temperature the cubic (100) orientation
dominates the growth and the films are epitaxial. This indicates that PLD-deposited GST
films can only be forced to grow in the cubic (100) orientation at high temperatures. The
out-of-plane rocking curves are typically a few tenths of degrees wide for (0001) dominat-
ed films and 1.5-2° for (100) dominated films. This shows that the GST[0001] direction is
the preferred growth orientation. Furthermore, a previously unknown crystal orientation
was found in the GST(100) dominated temperature regime, namely the GST(221) orienta-
ton.

An increase of deposition rate weakly deteriorates the crystalline quality in the investigated
range between 2.5- 250 nm/min for samples deposited in the GST(100) otientation domi-
nated regime. Nevertheless, the films grow epitaxial at all deposition rates.

Variation of the film thickness from 8.5 nm up to 170 nm in the GST(100) orientation
dominated temperature regime revealed that the GST(221) orientation is not present at
thicknesses below 68 nm. Above that thickness the GST(221) orientation emerges and at
170 nm the GST(221) orientation is fully evolved.

Epitaxial growth of GST on BaF,(111)

In section 4.3 the growth of GST films on (111) oriented Bal’, substrates was exam-
ined"!
ized by one hexagonal out-of-plane GST(0001) orientation. This is different to the case of

KCI(100) substrates where three out-of-plane orientations were present in the films. The

. Mainly, the effect of substrate temperature was studied. The growth is character-

films grow epitaxially already at a substrate temperature as low as 85°C with no obsetrvable
polycrystalline growth. The in-plane orientation is characterized by two rotational twin
domains at substrate temperatures below 210°C. The high symmetry directions in the
GST film and the substrate are aligned, ie. GST[-12-10]| |BaF,[1-10] and
GST[1-210] | | BaF,[1-10]. Above 210°C the latter orientation dominates the growth.

Using a higher deposition rate deteriorates the crystal quality weakly, whereas a low depo-
sition rate combined with a high substrate temperature promotes Ge and Te desorption
and a transition to the GST124 phase. A high Ar background pressure (4:10” mbar) dur-
ing deposition does not prevent this desorption from taking place.

Amorphous films deposited at room temperature on BaF,(111) which were subsequently
annealed ex szt possess a cubic crystal structure without no traces of the hexagonal phase.
The annealed films crystallize in an epitaxial manner. An annealing temperature of 200°C
resulted in the highest crystalline quality.
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Epitaxial growth of GST on Si(111)

In section 4.4, the epitaxial growth of GST on Si(111) substrates was investigated. Two
different types of substrate pre-treatment were used: non-thermal pre-treatment and
thermal pre-treatment. For the non-thermally treated substrates high quality epitaxial films
were obtained. A strong substrate temperature dependence on the crystal quality was
found. At low substrate temperatures the out-of-plane rocking curves can be fitted with
two peaks: one broad base peak of around 0.5-1.5° width and a very sharp peak of around
0.05° width. At high temperatures the broad background peak vanishes and only the
narrow peak remains. Simultaneously, the chemical composition also changes and a phase
transition from GST225 to GST124 can be observed, i.e. loss of Ge and Te. The epitaxial
relationship is defined by GST(0001), GST[2-1-10] | | BaF,(111), BaF,[1-10].

For the thermally pre-treated substrates, a notable deterioration in crystal quality of the
deposited films was seen. The films were characterized by large crystallites protruding
from the surface, resulting in a rough topography. The films were nevertheless epitaxial
with the same orientational relationships as the films on non-treated substrates, although
of inferior quality.

Outlook

The results demonstrate that the epitaxial growth of GST films using PLD is possible with
relative small effort and ease. There still exist some unanswered questions, however, that
could be addressed in the future:

— Toimprove the substrate conditioning and subsequent growth and to gain deeper
insights about the exact growth mechanism, future experiments should be accom-
panied by 7z situ diagnostic methods like reflection high energy electron diffrac-
tion.

— The epitaxial GST films presented in this thesis have not been subjected to neither
optical nor electrical switching tests. For any possible phase change application,
the switching characteristics are important to understand. An optical static test
unit is currently under development.

— The findings of an epitaxial cubic phase upon subsequent annealing of as-
deposited amorphous GST films on BaF,(111) is highly interesting. Here, more
thorough investigations are needed to clarify, why it is possible to obtain cubic
GST by annealing, but not during 7z situ heating of the films during deposition.

— Although many parameters were systematically investigated in this thesis, a unique
parameter for PLD was left constant: the laser fluence. A variation of laser fluence
and hence the kinetic energy of the species in the laser plume could drastically
change the growth. Further investigations in this area should be coupled with a
plasma probe to better understand the effect of the kinetic energy of the plasma
species on the film growth.
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