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Structural and electronic transitions in Ge,Sb,Tes induced by ion irradiation damage
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Ge,Sb,Tes polycrystalline films either in the trigonal stable phase or in the metastable rock-salt structure have
been irradiated with 150 keV Ar" ions. The effects of disorder are studied by electrical, optical, and structural
measurements and density functional theory (DFT) simulations. In the metastable structure, the main effect of
ion irradiation is a progressive amorphization, with an optical threshold at a fluence of 3 x 10'3 cm™2. For the
trigonal structure, a metal-insulator transition and a crystalline transition to rock-salt structure occur prior to
amorphization, which requires a fluence of 8 x 10'* cm~2. The bonds of Te atoms close to the van der Waals
gaps, present in the trigonal phase and identified by Raman spectroscopy, change as a function of the disorder
induced by the irradiation. Comparison with DFT simulations shows that ion irradiation leads to the gradual
filling of the van der Waals gaps with displaced Ge and Sb lattice atoms, giving rise first to a metal-insulator
transition (9% of displaced atoms) correlated to the modification of the Te bonds and then induces a structural
transition to the metastable rock-salt phase (15% of displaced atoms). The data presented here not only show the
possibility to tune the degree of order, and therefore the electrical properties and the structure of phase change
materials by ion irradiation, but also underline the importance of the van der Waals gaps in determining the

transport mechanisms and the stability of the crystalline structure.
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I. INTRODUCTION

Phase change materials, characterized by rapid switch
between the amorphous and the crystalline phase, are among
the most interesting candidates for replacing Flash memories
for data storage applications [1-4]. Indeed, the two phases
exhibit high contrast in the optical and electrical properties,
and the phase change is induced by current pulses, with energy
needs that depend on the material properties and on the device
architecture.

The most commonly adopted material for electronic mem-
ory applications is Ge,Sb,Tes (GST) since it allows the best
performance in terms of speed and scalability [5]. The GST
exhibits a polymorphism in the crystalline phase. The stable
structure, formed at temperatures above 250 °C, is trigonal,
with space group (P-3m1), in which the Ge/Sb and Te planes
form building blocks composed of one formula unit stacked
along the hexagonal c axis [6,7]. This phase is usually obtained
at the end of the manufacturing process of a memory cell. By
rapid electric pulses, instead, a metastable phase with rock-salt
structure (space group Fm-3m) is obtained, wherein Te atoms
occupy the anions sublattice, while the cations sublattice is
shared by Ge and Sb atoms and lattice vacancies [7]. In
thin films, this phase is obtained at temperatures between
130 and 200 °C. Since the number of Te atoms exceeds the
number of Ge and Sb atoms, there is a large amount (10%)
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of structural vacancies. In the metastable rock-salt phase, the
vacancies are randomly distributed in the Ge/Sb sublattice.
Instead, the trigonal phase is a layered structure built up by
stacked atomic plane sequences of nine planes arranged along
the hexagonal c axis [6,7]. According to the structure proposed
by Matsunaga et al. [7] based on x-ray diffraction (XRD)
analyses, the sequence of the layers in the trigonal phase
is Te-Sb/Ge-Te-Ge/Sb-Te-Sb/Ge-Te, taking into account the
presence of Ge/Sb intermixing in the cation layers. The two
adjacent Te planes are weakly bound by van der Waals forces,
giving rise to relatively large separations (van der Waals gaps)
[8]. Structures with separated Ge and Sb planes have also been
proposed by Petrov et al. (in which the Te atoms at the van der
Waals gaps are bonded with Ge atoms only) [9] or Kooi and
De Hosson (KH) [6] (with Te at the gap bonded with Sb atoms
only). The latter corresponds to a structure in which two GeTe
units are intercalated into the Sb,Te; unit. According to first
principles calculations, the KH sequence is slightly more stable
at zero temperature. At finite temperatures, entropy effects are
expected to lead to Ge/Sb intermixing.

Based on first principle calculations, Kim et al. [10-12] and
Zhang et al. [13] predicted that trigonal GST in the sequence
of Petrov et al. is a topological insulator (TI), while the KH
sequence is not, but possesses interface states resembling the
surface states of Sb,Tes and can be regarded as a short-period
superlattice of TI Sb,Tes units and band insulator GeTe units,
in which the electronic properties are determined by the Sb-
Te-v-Te-Sb layers. In general, the TI properties are predicted
to be very sensitive to the Te-v-Te distance, mainly determined
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by the presence of van der Waals gaps, and are controlled by
the degree of disorder, being completely destroyed when Ge
migrates into the gaps [10,13].

Disorder not only has a large effect in determining the TI
properties, but it also has an impact on the transport properties.
Indeed, it has been experimentally observed that by annealing
GeSbTe alloys at different temperatures, one can tune the
degree of disorder and even induce an Anderson insulator-
to-metal transition [14,15]. Recently, it has been shown that
the ordering of the vacancies is the microscopic origin of this
transition [16,17]. In particular, in the disordered rock-salt
phase, obtained at low annealing temperature, the states at the
Fermi energy are localized inside vacancy clusters. Thermal
annealing at higher temperatures dissolves the clusters and
orders the vacancies into planes, eventually leading to metallic
behavior [16,17]. Vacancy disorder has a pronounced impact
on the thermal transport as well, modulating the thermal
conductivity of GeSbTe alloys [18].

Therefore the possibility to tune the disorder and to
experimentally evidence its effect by structural measurements
is very attractive for many applications, among them being
the development of thermoelectric devices with high figure
of merit and of temperature-independent resistors [19,20].
Also of interest is the possibility to develop conceptually new
memory devices that combine the merits of phase-change
memory, magnetic data storage, and quantum computing,
thanks to the topological insulating properties [21], or to
develop phase change memories based on the crystalline states,
allowing the reduction of the RESET current [22].

In this paper, we study the stability of the crystalline phases
and the evolution of the optical and electrical properties as
a function of increasing disorder. Disorder is induced by ion
irradiation characterized by diluted cascades, and its effects
are studied by electrical and structural measurements. We find
that disorder not only affects the electronic properties but is
also crucial in determining the stability of the trigonal and
cubic crystalline structures. The maximum degree of disorder
that can be sustained by these structures is assessed both
experimentally and theoretically.

II. METHODS

A. Sample preparation

Ge,SbyTes (GST) samples, 50 nm thick, have been de-
posited by dc sputtering at room temperature (RT) in the
amorphous phase on thermally oxidized Si (100) wafers.
The samples have been subsequently annealed at 200 °C or
350°C in order to convert the material into the rock-salt or
the trigonal stable phase, respectively. All the samples were
polycrystalline and have been then irradiated using 150 keV
Ar? ions at different fluences in the range from 1 x 10'! cm?
to 5 x 10'* cm™2. The projected range of Ar™ ions, according
to Stopping and Range of Ions in Matter SRIM software
calculations, is 90 nm, larger than the GST layer thickness.
Therefore, no Ar™ ions stop into the GST film, and the energy
loss, both nuclear and electronic, is quite uniform across the
film thickness. The sputtering yield for Ge, Sb, and Te for Ar
at 150 keV is about 0.3 atomsion~!. This means that for the
maximum fluence (5 x 10'*cm™2), less than one-tenth of a
monolayer is sputtered; therefore, this effect is negligible.
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The irradiation has been performed at RT and, for compar-
ison, at 77 K. The beam current was kept constant and equal
to 30 nA cm 2.

B. Experimental details

A HeNe laser with wavelength 633 nm has been used as
an optical probe for the in situ reflectivity measurements. The
laser beam reflected by the sample is collected by a photodiode
positioned outside the vacuum chamber.

After irradiation at different fluences, the electrical proper-
ties have been studied by measuring the sheet resistance with
a four point probe, and its temperature dependence has been
evaluated using a Temptronics thermal chuck, in the range
from —20 °C to 30 °C in order to avoid possible annealing of
the defects produced during the ion irradiation. For resistance
measurements, a HP4156B parameter has been employed.

The structure of the sample after irradiation has been
studied by XRD measurements in symmetric or grazing
configuration with incident angle of 0.4°. A Bruker D8
Discover diffractometer has been employed. The x-ray wave-
length is 1.54056 A. The spectra have been acquired with
a step size 0.02°, and the collection time was 15 sec step™!
or 30secstep™'. The lattice parameters were determined by
cross-fitting the peaks positions with the corresponding lattice
structure (as defined by the space group), with an uncertainty
of £0.001 nm.

Raman spectra have been collected by a Horiba Jobin Yvon
HR800 system equipped with a 633 nm HeNe laser. In order
to avoid heating of the sample, the power of the laser was kept
below 1 mW, with a laser spot diameter of about 4 yum. The
spectral window is 320 cm~!, and the resolution is 0.2 cm~!.
Each spectrum has been acquired using three accumulations,
each with collecting time of 40 s. Four different regions have
been sampled.

Further analyses to determine the microstructure and the
grain size have been conducted by transmission electron
microscopy (TEM) using a JEOL 2010F operating at 200 keV
and equipped with a low magnification camera for electron
diffraction analyses. Samples were prepared at RT by me-
chanical polishing and chemical etching to avoid any artifact
due to heating and/or milling, obtaining a membrane of 50 nm
of capped GST on a thin layer of silicon oxide.

C. Simulation details

Density functional theory (DFT) simulations have been
carried out with QUICKSTEP [23], a mixed Gaussian and
plane-wave code, included in the CP2K package [24]. Kohn-
Sham orbitals are expanded in a Gaussian-type basis set with
triple-zeta plus polarization quality, whereas the charge density
is expanded in plane waves, employing a cutoff of 300 Ry.
Scalar-relativistic Goedecker-Teter-Hutter pseudopotentials
[25] and gradient corrected functionals are used [26]. We do
not include spin-orbit coupling, which is crucial to describing
TI phases, but has negligible effect on the structural properties
discussed in the following section. We also note that inclusion
of spin-orbit coupling does not lead to any qualitative change in
electron localization properties in strongly disordered models
[27]. The Brillouin zone is sampled at the I point.
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FIG. 1. Normalized reflectivity as a function of irradiation fluence
at RT (lines) or 77 K (symbols).

III. RESULTS AND DISCUSSION

Figure 1 shows the normalized reflectivity as a function
of the fluence, as measured during irradiation of the cubic or
trigonal GST at RT or at 77 K. The reflectivity decreases as the
fluence increases, down to a minimum value, corresponding to
the complete amorphization [5]. Interestingly, a higher fluence
is required at RT for the amorphization of the stable phase. The
reflectivity versus fluence exhibits an exponential dependence,
and by fitting the data we can evaluate the amorphization
threshold, defined as the fluence required to decrease the
reflectivity by a factor 1e~!. The obtained amorphization
threshold for the rock-salt phase is 3 x 10'3 cm™2, while for the
stable trigonal phase it is 8 x 10'3 cm™2. At low temperature,
since the produced disorder cannot be recovered by thermal
motion, all the displaced atoms practically remain in the
disordered positions, and the material becomes amorphous
at lower fluence, equal for the two structures. At RT, instead,
thermal motion produces atomic rearrangement and disorder
recovery [28]. Therefore some defects can be annihilated, and
the atoms can reach more stable configurations. As we will
show in the following, this effect determines the observed
differences between the two crystalline structures.
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Figure 2(a) shows the resistivity measured ex situ as
a function of the fluence for irradiation at RT. In both
the crystalline phases at fluences below 1 x 10'3 cm™2, no
resistivity variation occurs. As the fluence increases, the
resistivity increases also and reaches the value of 1000 €2 cm,
typical of the amorphous phase. In agreement with the optical
measurements, a higher fluence is required to reach the
maximum resistivity in the case of the trigonal phase. The
temperature dependence of the resistivity can be well described
by measuring the slope of the resistivity as a function of
temperature, i.e., the temperature coefficient of resistance
(TCR). The results are shown in Fig. 2(b) as a function
of the irradiation fluence. In the rock-salt phase the TCR
is negative and continues to decrease as a function of the
fluence. The trigonal phase is instead metallic (TCR > 0), but
the TCR becomes negative after irradiation with a fluence of
2 x 10" cm™? and then continuously decreases. The change
of sign occurs at a resistivity value of 7.2 mS2 cm, higher than
the value of 4mS2cm expected for the maximum metallic
resistivity value, as calculated in Ref. [14].

Structural damage produced by ion irradiation has been also
investigated by Raman spectroscopy. Figure 3(a) shows the
spectrum of the rock-salt phase before irradiation, exhibiting a
strong peak at 106 cm™! and a broad signal at about 158 cm~".
As the fluence increases, a progressive decrease of the main
peak (106 cm™"') and an increase of the vibrational contribution
at 152 cm™', typical of the amorphous material, are observed
[29,30]. The spectrum of the amorphous film after irradiation
at the highest fluence is shown as a dashed line.

Figure 3(b) shows the Raman spectra obtained at different
irradiation fluences for a sample prepared in the trigonal phase.
Two peaks, at 106 and 172 cm™!, characterize the spectrum
before irradiation (blue solid line), in agreement with results
previously reported in literature [30,31]. According to ab initio
calculations, the Raman peaks of the trigonal phase in the
range 90-120cm™! are due to E-type modes (vibrations in
the basal ab plane), while the peaks above 150 cm™! are due
to A-type phonons (vibrations along the stacking c axis) [32].
In particular, it is found that the A mode at highest frequency
(Ajg) is modulated by the outermost Te-X bond, closer to
Te-Te gaps [32]. This bond, according to the theoretical
calculations, is strictly related to the TI properties. The
intensity of the peak A, at 172cm™! continuously decreases

O Trigonal 1
Y Rock salt

Irradiation Fluence (cm-2)

FIG. 2. (a) Resistivity and (b) temperature coefficient of resistance as a function of irradiation fluence for the rock-salt (squares) and the

trigonal (circles) phase.
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FIG. 3. Raman spectra acquired as a function of irradiation fluence
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as the irradiation fluence increases and completely disappears
at a fluence of 2 x 103 cm~2, while a Raman signal at about
155cm™! is detected, increasing with the fluence. A Raman
signal in this region, ascribed to Ge-Te and Sb-Te bonds, is
usually observed in amorphous (at 152cm™!) and in cubic
GST (at 160cm™"). For fluences above the amorphization
threshold (8 x 10'® cm~2), the typical Raman spectrum of the
amorphous phase is obtained (dashed lines).

The fluence of 2 x 10" cm™2 is particularly interesting
since at such value the intensity of the A, peak at 172 cm™!
disappears, and the TCR changes sign, as shown in Fig. 2(b).
This observation establishes a clear link between the metallic
conduction and a structural feature, indicating that the disorder
produced by ion irradiation at low fluence first modifies the
bond of Te atoms closer to the Van der Waals gaps; the loss
of this peculiar feature is linked to the disappearance of the
delocalized electronic states, which are responsible for the
metallic conduction.

Above the fluence of 2 x 10'3 cm~2 and below the amor-
phization threshold there is a transition regime, highlighted in
Fig. 3(a) by plots with dots and lines, in which only a fraction
of the film is amorphous. To determine the crystalline phase
and the microstructure of the film, XRD and TEM analyses
have been performed.

Figures 4(a) and 4(b) show, for the rock-salt phase and
the trigonal phase, respectively, the XRD patterns acquired in
grazing incidence configuration for the as-prepared film and
for samples irradiated with a fluence of Art 2 x 103 cm™2
or 4 x 103 cm™2. For the metastable phase, the diffraction
pattern of the as-prepared sample has the peaks expected
for a rock-salt lattice. At a fluence of 2 x 103 cm~2, the
intensity of the diffraction peaks is reduced, indicating a lower
degree of crystalline order due to a decrease in the coherent
grain size, defects formation, and/or local amorphization. The
lattice parameter slightly increases, changing from 0.596 nm to
0.597 nm, suggesting an expansion induced by the increase of
the vacancy concentration produced by irradiation. The fluence
of 4 x 103 cm~2 is higher than the amorphization threshold,
defined as reduction of the reflectivity to 1e~! of its initial
value, and indeed, the spectrum shows a broad contribution,
typical of the amorphous material and low intensity peaks
produced by the fraction of material still in the crystalline
rock-salt state.
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For the GST trigonal sample, the lattice parameters
measured before irradiation are @ = b = 0.420nm and ¢ =
1.715 nm. According to TEM analyses in cross section [17],
the sample along the (001) direction is made by building
blocks containing nine layers separated by van der Waals
gaps in between two consecutive Te planes. Ge and Sb atoms
are mixed in the cation layers, but the planes close to the
Te atoms adjacent to the van der Waals gaps are rich in
Sb (approaching the KH sequence). After irradiation with a
fluence of Ar™ 2 x 10" cm~2, although the material mostly
retains its crystalline structure, the peaks slightly shift towards
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FIG. 4. The XRD patterns of the as-prepared crystalline films and
after irradiation with a fluence of 2 x 10"*cm=2 or 4 x 103 cm™2.
(a) (b) The case of rock-salt and trigonal initial phase, respectively.
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FIG. 5. Symmetric x-ray diffraction pattern of the trigonal phase
as prepared and after irradiation at 2 x 10'3 cm™2.

26 values closer to those of the rock-salt structure. The
samples were also analyzed in symmetric configuration (Bragg
Brentano) to extract information on the crystallographic planes
parallel to the surface. This analysis, reported in Fig. 5, shows
a large texturing of the (001) planes in the trigonal as prepared
film. After irradiation at a fluence of 2 x 103 cm~2, the film
remains textured, as testified by the intense peak related to the
(005) planes; nevertheless, it was observed that the (009) peak
disappears. The disappearance of the (009) peak, combined
with the persistence of the (005) peak, indicates that the
material is mostly crystalline and textured, but the nine-plane
periodicity is lost. This finding again addresses a link between
the metallic conduction and the bond of Te atoms close to the
Van der Waals gaps.

After irradiation at a fluence of 4 x 10'3 cm™2, the trigonal
film is still crystalline, but all the diffraction peaks are shifted
approaching the positions of the rock-salt phase and the
(10-6) peak disappears. Confirming this observation, the TEM
micrograph of Fig. 6, acquired for the same sample and
irradiated at a fluence of 4 x 10'3 cm~2, shows the presence of
small crystalline grains, with size 3—5 nm, embedded into large
grains. From the analysis of selected area diffraction, shown
in the inset, we found that the diffraction rings correspond to
the electron diffraction pattern of the rock-salt phase (indexed
in red) and are produced by the small randomly oriented
crystalline grains, according to what was found by XRD. On
the other hand, the spots highlighted by the yellow circles
are the diffraction spots of a single grain with the trigonal
structure.

Damage accumulation with increasing ion fluence up to
amorphization is a well-known phenomenon that has been
extensively studied in both elemental and compound crystals
[33]. However, the different behavior shown by the two GST
crystalline phases during ion irradiation at RT is quite unusual.
For the same chemical composition, indeed radiation damage
is usually independent of the target structure. lon trajectories
and related effects, such as displacement rate, should not
depend, from a purely ballistic point of view, on the material
crystalline structures, apart from directional effects, such as
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FIG. 6. Bright field TEM micrograph of a sample prepared
with trigonal structure, after irradiation at 4 x 10'3 cm™2 and (inset)
selected area electron diffraction pattern. Red index indicate the
rock-salt planes. Yellow circles are spots corresponding to the trigonal
structure.

planar or axial channeling, which should be avoided. These
are clearly not relevant to the present study, as confirmed by
the data shown in Fig. 1 for the low temperature irradiation.
The different behavior observed at RT is then related to the
mobility of the displaced target atoms.

According to the trigonal structure proposed by Matsunaga
et al. [7] and calculated by Da Silva et al. [34] for Ge,Sb,Tes,
in the cationic planes perpendicular to the ¢ direction, Ge
and Sb atoms are mixed. Therefore, disorder produced in the
ab planes is not expected to largely modify the structure.
Moreover, phase change alloys are characterized by a very
high atomic mobility, and the collision cascade in the present
experiment is quite dilute, i.e., a direct recombination of
vacancy and interstitials is prevented. It is therefore plausible
to assume that the atoms displaced by the impinging ions
diffuse and that stop in the van der Waals gaps act as
preferential sinks. Indeed, Raman analyses have shown that
for very low irradiation fluences in the trigonal structure,
the major effect is produced in the Te-X bonds of Te atoms
closer to the Van der Waals gaps. The disappearance of the
characteristic peak of the trigonal phase in the spectrum,
at 172cm™', is accompanied by the disappearance of the
diffraction peak of the (009) planes and by the change of sign
in the TCR, suggesting the disappearance of the delocalized
electronic states, responsible for the metallic conduction, and
the formation of more localized states. Such a metal-insulator
transition is clearly driven by disorder.

By employing the SRIM code for the evaluation of the
displacements of atoms (DPA) produced by the ion irradiation,
we can also have an estimation of the degree of disorder
required to produce the observed phase transitions. Ata fluence
of 2 x 103 cm~2, the total DPA is 9%. Among these, 4.6% is
due to the displacement of Ge and Sb atoms. The van der Waals
gaps can be considered as planes with vacancy occupation of
100%. Assuming that about half of the total of displaced atoms
are trapped in the gaps, the vacancy occupancy is reduced to

094103-5



S. M. S. PRIVITERA et al.

PHYSICAL REVIEW B 94, 094103 (2016)

(a) 100
Cubic J Trigonal
80 |-
$ (c)
‘7’\ (] lon Irradiation
® ¢ (b)
60 -
5 ¢ N
St ¢
Thermal Annealing
20 |
L ]
0 L " L L 1 " L , (d)
25 50 75 100 25 50 75 100
Vacancy Layer Formation, /yac (%)
(d)
AT AT
AABAEXA
AN
’1' 2 0’e’0°e’e’e
'c/f/'./'o/'d‘u'o"
KASEEAEK?
40,00 0¢
2000 ee’e e
P PP PSL
v vV v Vo v
j@oacé@o
F LI I NI IS
I PP 4 .-/7

FIG. 7. (a) Energy plot of disordered cubic and trigonal Ge;Sb,Te, with different percentage of vacancy layer formation, /,,.. For each
model, we average over four geometry configurations. Red points are the configurations that are less likely to be observed experimentally
because they are energetically less favorable than their (cubic or trigonal) counterparts. (b)—(d) The relaxed structures of Cub-50%, Tri-50%,
and Tri-100%. Ge, Sb, and Te atoms are rendered with gray, yellow, and green spheres. Atomic vacancies are highlighted with red spheres.
The depleted layers and van der Waals gaps are marked with orange boxes.

60%. Considering the high activation energy for migration
of Te atoms and the unfavorable Te-Te antibonds [35], the
probability to find displaced Te atoms inside the gaps is very
low, and we can consider only Ge and Sb atoms.

This process can be regarded as a vacancy disordering
process, inducing a transition from metallic to insulating
phase, which is opposite to the vacancy ordering process upon
thermal annealing that drives the insulator-to-metal transition
investigated in Refs. [14—17] and [35]. In a previous DFT work
[16], the cubic-to-trigonal structural transition, as well as the
insulator-to-metal transition driven by ordering upon thermal
annealing, has been investigated in crystalline Ge;Sb,Te4. It
has been shown that the crystal structure with trigonal stacking
becomes lower in energy than the cubic one when depleted
layers are formed with vacancy concentrations around 75%.
This is in line with our current experimental findings. Here,
we carry out further DFT simulations of disordered Ge; Sb,Tey
with trigonal stacking corresponding to partial (50% and 25%)
formation of vacancy layers, denoted as Tri-50% and Tri-25%.

The same model size as in Ref. [16] is considered (1008
atoms) to enable a fair comparison. For each model, we average
over four independent geometry configurations. Upon struc-
tural optimization, all the trigonal models exhibit metastable
configurations characterized by small atomic distortions, and
the total energies of Tri-50% and Tri-25% are ~ 13 and
19 meV atom™! higher than those of the corresponding cubic
models, Cub-50% and Cub-25% [see Fig. 7(a)]. The relaxed
structures of the disordered Cub-50%, disordered Tri-50% and
ordered Tri-100% are shown in Figs. 7(b)-7(d). We also study
the Ge,Sb,Tes case, and the trends turn out to be the same, e.g.,
Tri-50% is ~ 15 meV atom™! higher in energy than Cub-50%.

The high energy penalty provides the driving force for the
structural transition from trigonal to cubic stacking upon ion
irradiation, as observed in our XRD and TEM experiments
(Figs. 4 and 6) for the as-prepared trigonal Ge,Sb,Tes,
ion irradiated at RT. In these samples, for a total DPA of
9-15%, corresponding to a vacancy occupancy of less than
50%, the material becomes very similar to the rock-salt
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structure. At even higher irradiation fluences, the material
becomes amorphous (24% DPA), indicating that the bonds are
completely changed. Moreover, for a fluence of 1 x 10'3 cm™2
corresponding to a vacancy occupation of 80%, a small
Raman peak at 172 cm™! is still detectable, and a metallic
dependence of the resistivity is measured, while for a fluence of
2 x 103 cm™2, the sample displays a negative TCR (see Fig. 2
and Fig. 4). These findings indicate that the metal-insulator
transition and the structural transition are not correlated, in
agreement with previous works [14,16].

IV. CONCLUSION

We have studied the effect of disorder induced by ion
irradiation on the structural and the electrical properties of
polycrystalline GST thin films. In the rock-salt structure, the
increasing disorder produces progressive amorphization. In
the trigonal phase, instead, several transitions are observed,
triggered by a vacancy disordering process produced by the
ion irradiation. First, the electronic transition from metallic
to insulating behavior is accompanied by the disappearance
of the Raman peak at 172 cm™!, linked to the bonds of Te
atoms close to the van der Waals gaps. Then, by further
increasing the disorder, the crystalline structure becomes close

PHYSICAL REVIEW B 94, 094103 (2016)

to the metastable rock-salt phase, with the appearance of small
grains with cubic structure within the large trigonal grains. The
high energy penalty of vacancy disorder in the trigonal phase
provides the driving force for the inverse trigonal to cubic
structural transition, as evidenced by the DFT simulations.
The observed phase evolution underlines the role of the van
der Waals gaps in determining the electrical properties of
GeSbTe phase change materials and the stability of the trigonal
structure.
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