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a b s t r a c t

Antimony-telluride based phase-change materials doped with Sn have been proposed to be ideal ma-
terials for improving the performance of phase-change memories. It is well known that Sb70Te30 thin
films show a sharp fall in the electrical resistance in a narrow temperature range when heating.
Therefore, it is interesting to study the effect of adding Sn into this composition. In this work, undoped
and Sn-doped SbeTe thin films of composition Snx[Sb0.70Te0.30]100-x, with x ¼ 0.0, 2.5, 5.0 and 7.5 at. %,
have been obtained by pulsed laser deposition. Their electrical resistance has been measured while
heating from room temperature to 650 K. A sharp fall in the electrical resistance, associated to the glass-
crystal transition, has been detected in all the samples within a narrow temperature range. The onset
temperature of this transformation increases with the Sn content. Both as-obtained and thermally-
treated films have been structurally characterized by X-ray and by Raman spectroscopy. We have
compared the results among these compositions in terms of the identified crystallization products,
transformation onset temperatures, transformation temperature ranges and amorphous/crystallized
electrical resistance ratio. We have found that the frequency of the Raman modes decreases with Sn-
doping. Finally, in order to study the electronic structure and to determine the band gap, the fre-
quencies of the allowed Raman modes and the vibration directions of the Sb70Te30 compound, Density
Functional Theory based ab initio calculations have been performed as a function of the Sn concentration.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The big data era requires real-time processing of huge amounts
of information and hence generating a need for new computing
technologies. In this concern phase change materials (PCM) are the
most promising candidates for application in the emerging non-
volatile memory technologies. These memories meet many
ires, Facultad de Ingeniería,
0, C1063ACV, Buenos Aires,
requirements: they are fast, scalable, and present low power con-
sumption [1e3].

Non-volatile PCMs for data storage devices are usually
chalcogenide-based, that is, they contain one of the following ele-
ments from VI group of the periodic table: S, Se, Te. Particularly,
PCM alloys obtained as thin films exhibit exceptional physical
properties: fast and reversible phase transformations (switching)
between crystalline and amorphous states. In consequence optical
and electrical properties in these states are remarkably different
[4,5]. The amorphous phase exhibits a high electrical resistivity, in a
contrast to the crystalline phase, characterized by an essentially
lower resistivity. These outstanding properties underlie the distinct
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approach used for the (new) emerged data storage technology. The
introduction of metallic impurity atoms such as aluminum, copper,
silver or tin in the chalcogenide glasses is expected to improve the
performance of the PCM-based memories. It has already been
shown the addition of Sn into Ge2Sb2Te5 improved some crucial
parameters of the compound [6]. Understanding structural partic-
ularity, especially, tin place in the host matrix, is the key parameter
to understand the improved electrical (optical) performance.

Recently, Snx(Sb0.70Te0.30)100-x (with x ¼ 0, 2.5, 5.0 and 7.5 at. %)
as-cast alloys have been characterized by X-ray diffraction (XRD)
and M€ossbauer spectroscopy. We have found that Sb70Te30 crys-
tallizes in a trigonal structure which is described by space group P-
3m1. The crystal structure is schematically shown in Fig. 1. On the
other hand, doping with Sn leads to structural distortions of the
unit cell that can be described, for all the Sn concentrations, with
the C2/m space group [7]. The C2/m structure for ternary samples
Snx(Sb0.70Te0.30)100-x is a slight distortion of the P-3m1 binary
structure. The hyperfine parameters of M€ossbauer spectroscopy
indicate that tin behaves as Sn2þ (occupying Sb1 site) and ratifies
that has a slightly distorted environment.

In this work thin films of compositions Snx(Sb0.70Te0.30)100-x
(with x ¼ 0, 2.5, 5.0 and 7.5 at. %) have been obtained by pulsed
laser deposition (PLD). Their structural and electrical behaviors
with the temperature have been studied to analyze the amorphous-
crystal transformation emphasizing the features provided by
Raman spectroscopy and ab initio calculations. Also, the electronic
structure and the band gap of both pure and Sn-doped Sb70Te30
have been discussed.
2. Methodology

2.1. Experimental

Snx(Sb0.70Te0.30)100-x thin films (with x ¼ 0.0, 2.5, 5.0 and 7.5 at.
%) have been prepared by pulsed laser deposition (PLD) from bulk
chalcogenide targets with specified compositions. Bulk samples
have been first prepared by direct synthesis from pure elements
(4 N) [8]. Stoichiometric proportions of the reactants have been
loaded into 10 mm diameter quartz tubes. The loaded tubes have
Fig. 1. Crystal structure of Sb70Te30 with space group P-3m1. The three distinguished
crystallographic sites for Sb atoms (Sb1, Sb2 and Sb3) and two crystallographic sites for
Te atoms (Te1 and Te2) are shown with different colors. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)
been evacuated to 3$10�5 mbar and sealed. The batches have been
heated in a furnace at 800 �C for 8 h. Melts have been slowly cooled
down to room temperature inside the ampoules. After this process,
samples have been sliced and polished to obtain PLD targets with
parallel faces.

Thin films have been deposited on static substrates (chemically
cleaned microscope glass slides) held at room temperature, which
have been parallelly aligned to the target surface, inside a vacuum
chamber. PLD has been performed using a pulsed Nd:YAG laser
(Spectra-Physics Quanta-Ray Lab-150) with deposition times of
30e40 min, operating at a 355 nm wavelength, with a 5 ns pulse
duration and a 10 Hz repetition rate. The laser beam with a 45�

angle of incidence has been horizontally spanned by moving a
mirror in order to get uniform ablation of the target surface. The
energy density of the laser spot has been 1.1e1.3 J/cm2. The
chemical composition of as-obtained films has been performed by
Energy Dispersive X-Ray technique using Oxford Instruments X-
MaxN 50SDD joint to JSM-6510LV (Jeol) scanning microscope. All
analyses of the as-obtained films confirmed the nominal compo-
sition sample within an error limit of 2e4 at. %.

Electrical resistance has been measured on the surface of the
deposited films, using a two-point probe over sputtered Pt-
contacts, in coplanar configuration separated by a length L, con-
nected to a low-current/high-resistance electrometer. Films have
been placed in a vacuum cell (evacuated to 10�2 mbar with rotary
pump) and heated by a resistance furnace from room temperature
to 650 K, with a heating rate of 5 K/min.

As-deposited and thermally treated films have been analyzed by
X-ray diffraction in the grazing incidence geometry with a grazing
angle u ¼ 0.5�. Smartlab Rigaku diffractometer with a mono-
chromatized Cu-Ka radiation has been usedmeasuring at 0.05� step
and sweeping with a 0.16�/min.

Vibrational characterization has been performed by Raman
spectroscopy using a LabRAM HR Raman system (Horiba Jobin
Yvon), equipped with a confocal microscope and a charge coupled
device detector. A 1.800 gr/mm grating and 100 mmhole results in a
2 cm�1 spectral resolution. The 514.5 nm line of an Arþ laser has
been used as the excitation source.

2.2. Computational details

As we have mentioned in the Introduction, Sb70Te30 crystallizes
in a trigonal P-3m1 space group structure, while the doping with Sn
leads to structural distortions of the unit cell, which can be
described by the C2/m space group [7]. In both cases, there are three
different crystallographic sites for Sb atoms (Sb1, Sb2 and Sb3) and
two crystallographic sites for Te atoms (Te1 and Te2). We also
demonstrated in ref. [7] that Sn dopants preferably replace Sb
atoms of type 1 (Sb1) of the Sb70Te30 structure (Fig. 1). Based on
these results we will focus the discussion on the C/2 m phase and
only the case of Sn atom replacing for Sb1 has been considered. In
order to study the Sn-doped system, Snx(Sb0.70Te0.30)100-x, as a
function of the Sn concentration x, we have employed different
supercells of dimensions 2a�1b�3c, 1a�1a�3c, and 1a�1b�2c
sizes with the C2/m crystal structure. In each supercell a single Sb1
has been replaced by a Sn one and structural and electronic dis-
tortions induced by the impurity in the host lattice have been
computed. For these supercells we obtained molar Sn-
concentrations of 2.78, 5.56 and 8.33 at. %, respectively. Details of
the structure (lattice parameters, atomic positions) can be found in
Ref. [7].

All ab initio calculations have been performed in the framework
of the Density Functional Theory (DFT) [9], where the self-
consistent Kohn-Sham equations have been solved using the
pseudopotential and plane-wave method, implemented in the
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Quantum-Espresso code [10]. The exchange-correlation (XC) po-
tential has been described using the Perdew-Burke-Ernzerhof (PBE)
parametrization of the Generalized Gradient Approximation (GGA)
[11]. Ionic cores of the Sb, Te and Sn atoms have been described
using Ultrasoft pseudopotential from the Standard Solid State
Pseudopotential Library (SSSP) [12]. The converged kinetic energy
cutoff for the wave-function and charge density have been 90 Ry
and 900 Ry, respectively. All lattice vectors and atomic positions
have been optimized performing variable-cell relax calculations,
where the convergence criteria have been forced on each atom
smaller than 10�5 Ry/Bohr and the residual stress on cell less than
0.1 kbar. The reciprocal space has been described using a dense
mesh-grid of 11x11x5 k-points to sample the Brillouin zone.

Vibrational properties have been calculated using the density
functional perturbation theory (DFPT) [13], implemented in the
Quantum-Espresso code [10]. Only Gamma point (G) [14] has been
considered, where the dynamic matrix and frequencies of the
phonon modes have been computed using DFPT linear response
method.

The electronic structure of pure and Sn-doped Sb70Te30 have
been studied using the Full-Potential Linearized Augmented Plane-
Wave (FP-LAPW) as implemented in the Wien2k code [15]. The
muffin-tin radii used have been RMT(Te) ¼ 1.16 Å, RMT(Sb) ¼ 1.06 Å,
and RMT(Sn) ¼ 1.06 Å, whereas the parameter related with the
basic-set size has been set to RMTxKmax ¼ 8 (RMT is the smallest
muffin-tin and Kmax is related with the plane wave cut-off). For the
description of the XC potential and the reciprocal space the same
approximations and k-points mesh detailed above were used. In
order to improve the calculation of the electronic band-gap we
have also used Trna-Blaha modified Becke-Jhonson (TB-mBJ) ex-
change potential [16e18].
3. Results and discussion

3.1. Thermic evolution of the electrical resistance and X-ray
diffraction

Thin film electrical resistance (R) of samples with compositions
Sn x(Sb0.70Te0.30)100-x (with x ¼ 0.0, 2.5, 5.0 and 7.5 at. %) evolves
upon heating as shown in Fig. 2. Each R(T) plot (normalized to its
room temperature value) shows one sharp transition where the
value of resistance falls several orders of magnitude in a small
Fig. 2. Temperature dependence of normalized electrical resistance for the
Snx(Sb0.70Te0.30)100-x (x ¼ 0.0, 2.5, 5.0 and 7.5 at. %) thin films.
temperature range. These transitions are associated with structural
changes [19]: the amorphous phase of the as-obtained thin films
evolves to a crystalline phase.

All the phases, before and after the sharp transition, show a
semiconducting behavior. The electric resistance decreases with
temperature, as can be seen in Fig. 2. Therefore, temperature
dependence of resistance can be written as the Arrhenius-type
equation:

RðTÞ¼ L
�

ðe:w:s0Þexpð
Ea
kT

Þ (1)

where Ea is the apparent activation energy, k is the Boltzmann’s
constant, s0 the conductivity pre-exponential factor,w and L are the
width and the length between contacts and e is the film thickness.
Ea values are obtained linearizing equation (1). Fig. 3 shows ln(R) vs
1/T plots for each composition. Arrhenius plots on temperature
dependence of resistance show different regions with the charac-
teristic activation energies for the amorphous and crystalline states.
Linear dependence of ln(R) as 1/T for both amorphous and crys-
talline phases suggests a thermally activated conduction mecha-
nism. Thermal and electrical parameters in the glass-to-crystal
transitions for Snx(Sb0.70Te0.30)100-x are gathered in Table 1.

The electrical resistance of thin films exhibits a remarkable
contrast (~MU� ~kU) whenmeasured before and after the thermal
treatments due to glass - crystal transition. As it has been afore-
mentioned, this result is an excellent property of phase-change
materials. The value of the ratio amorphous state to crystalline
state resistances Rg/Rc for the studied alloys is about 3e4�102.
These values are in very good agreement with the expected values
for materials that have applications in PCM-based memories [20].

The onset temperatures Ton for the glass-crystal transition in
Sb70Te30 thin films are in accordance with previous works [21,22]
observing a difference of about 20 K. The values of ratioTon/Tm (ratio
of crystallization to melt temperature) are about 0.48e0.49. This is
a good property for applications in PCM-based memories. We
notice that onset temperature of the glass-crystal transition in-
creases with the tin content (Fig. 4 (a)). Similar behaviors are re-
ported when Ag, Al, Cu, Ga, Ge, W or Zn has been added to
Sb0.70þyTe0.30-y (0 � y � 0.12) [23e28].

Table 1 shows the dependence of the glass activation energy for
Fig. 3. Electrical resistance vs. 1/T for the Snx(Sb0.70Te0.30)100-x (with x ¼ 0.0, 2.5, 5.0
and 7.5 at. %) thin films. Data corresponding to x ¼ 2.5, 5.0 and 7.5 have been displaced
on the vertical axis for clarity.



Table 1
Thermal and electric parameters of Snx(Sb0.70Te0.30)100-x (with x¼ 0.0, 2.5, 5.0 and 7.5 at. %). Temperatures have been determined for the transitions glass� crystal (Ton). Ea1 and
Ea2 are the activation energies for the glass and crystal. The melting temperature Tm has been estimated using the corresponding phase diagrams [30]. Rg and Rc are the
resistance of the glass and the crystal.

x (%) Ton (K)
±2

Ea1(eV/at) Glass Ea2(eV/at) Crystalline Tm (K)
±5

Ton/Tm Rg/Rm

0.0 396 0.35 ± 0.01 0.06 ± 0.01 823 0.48 4.2 �102

2.5 403 0.31 ± 0.03 0.12 ± 0.02 828 0.48 4.1 �102

5.0 410 0.28 ± 0.01 0.08 ± 0.01 833 0.49 2.8 �102

7.5 413 0.30 ± 0.02 0.17 ± 0.02 843 0.49 3.0 �102

Fig. 4. (a) Onset temperature of the glass-crystal transition vs tin content, (b) Pre-
exponential conductivity factor in the Arrhenius equation (Eq. (1)) vs tin content.

Fig. 5. a) X-ray diffractograms of Snx(Sb0.70Te0.30)100-x as-deposited and thermally
treated films in a short 2q range. b) X-ray diffractograms of (Sb0.70Te0.30)100-xSnx

thermally treated films in a long 2q range (top) and powdered target with x ¼ 7.5 at. %
(bottom) of C2/m space group shown as reference one [7].
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electrical conduction with x, observing that tin adding does not
change significantly the activation energy of the glass. As a rule, in
amorphous chalcogenides, the following dependence is held: Ea ¼
Eopt/2 [29]. That is, the optical band gap (Eopt) is two times the
activation energy of electrical conductivity. Based on this, the band
gap is nearly 0.60 eV independently from Sn concentration.

On the other hand, the conductivity pre-exponential factor (s0)
decreases almost linearly with tin concentration (Fig. 4 (b)). Such a
behavior indicates an increase in the localized density of states. The
last fact is in accordance with ref. [23], where Sb70Te30 has been
doped with Ge.
The behavior of band-gap and s0 with increasing Sn content
could suggest that Sn is acting as an impurity center in the amor-
phous state of the films.

X-ray diffractograms of both as-deposited and thermally treated
films are displayed in Fig. 5a (shown in a short 2q range). X-ray
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patterns of the PLD as-obtained films are characteristic of an
amorphous phase with traces of a crystalline phase. After the
thermal treatment, the films become crystalline as it can be
appreciated from the patterns shown in a long 2q range (Fig. 5b
(top)). Previously, when studying powder samples with the same
nominal composition, we showed [7] that the increasing of tin
content in the Sb70Te30 compound lead to the progressive distor-
tion of the crystal structure, favoring a second-order transition
from the reference trigonal structure (space group P-3m1) to a
monoclinic structure (space group C2/m). As it could be expected,
thermally treated thin films grown by PLD from targets with the
corresponding compositions revealed same trend as their parent
powders. Here we display as well the XRD pattern of powders with
x ¼ 7.5 at. % already shown in ref. [7] for the comparison purposes
(Fig. 5b (bottom)).

Comparing structural parameters extracted from the experi-
mental XRD patterns of the films (Table 2) and powders with the
corresponding nominal composition (see Table 1 in Ref. [7]), the
same trends are observed. In both cases, the addition of tin leads to
an increase of the a and b unit-cell lattice parameters, in contrast
with a decrease observed for the c parameter.

3.2. Raman spectroscopy

In Fig. 6 we present the results obtained from Raman spec-
trometry measurements. As-deposited amorphous films show a
broad peak at 144-145 cm�1. The frequency of this broad peak is
independent of the sample composition and has a full-width at half
maximum of 35e38 cm�1. The results obtained for each composi-
tion are given in Table 3. The observed Ramanmode is related to the
vibration of amorphous SbeTe bonds [24]. The broadening of the
associated peak is associated to the disorder present in the amor-
phous films [31]. After the thermal treatment, in all the samples we
found that the broad band is transformed into five well defined
Raman modes (see Fig. 6). This is consistent with the recrystalli-
zation observed in XRD measurements.

We will now discuss the assignment of the modes observed in
the crystalline thin films. Since the doped and un-doped samples
have very similar Raman spectra, and the crystal structure of the
doped samples is a slight distortion of the structure of the un-
doped sample, for the sake of simplicity, we will base the discus-
sion upon the assignment of the modes of the un-doped sample
(space group P-3m1) made from our DFT calculations. Group theory
predicts 18 phonons for Sb70Te30 being the mechanical represen-
tation at the G point of the Brillouin zone: G ¼ 4A1g þ 5A2u þ 5Eu þ
4Eg, one A2u and one Eu are the acoustic modes. The optical modes
can be divided as infrared-active modes: 4A2u þ 4Eu and Raman
active modes: 4A1g þ 4Eg.

The DFT-based ab initio calculations of the phonons at the
G�point of the Brillouin zone have been performed considering the
P-3m1 and C2/m crystal structures to describe the Sb70Te30 com-
pound. For the case of the C2/m crystal structure, we have found
some imaginaries values of the phonon frequencies, whereas for
the P-3m1 crystal structure all phonon frequencies are positive. This
result indicates that the C2/m crystal structure is not stable for un-
doped Sb70Te30 [32], in agreement with the results reported for the
Table 2
Calculated unit-cell parameters (a,b and c) using X-ray diffractograms.

x (%) Space Group a (Å) b (Å) c (Å) b (degree) g (degree)

0.0 P-3m1 4.282 4.282 17.314 90.00 120
2.5 C2/m 7.426 4.287 17.288 90.08 90
5.0 C2/m 7.439 4.293 17.260 90.11 90
7.5 C2/m 7.441 4.300 17.175 90.14 90
formation energy, which show that the P-3m1 structure is the one
with the lowest free energy [7].

For the case of the Sb70Te30 compound with the P-3m1 space
group, we have obtained eighteen different phonons belonging to
Infrared (I) and Raman (R) actives modes. As we have previously
mentioned the optical modes have the assignment G ¼ 4A1g þ
5A2u þ 5Eu þ 4Eg. In Table 4, we report the calculated wave-length
of all the phonons for the different symmetries.

In the experiments we observed a total of five Raman modes.
From these modes, four can be correlated with vibrations of
Sb70Te30 according with DFT calculations (see Table 4). These are
the modes we observed at 98.1, 127.4, 141.1, and 158.4 cm�1, which
can be assigned to two 2 A1g and two Eg, with frequencies 104.2
cm�1 (Eg), 133.2 cm�1 (Eg), 155.8 cm�1 (A1g), and 161.0 cm�1 (A1g)
according to calculations. The other four modes are predicted to be
at frequencies lower than 62 cm�1, which is below the lowest fre-
quency that can be measured by our Raman set-up. Notice the
excellent agreement between the theoretical and experimental
results.

Calculations, in addition of helping with the mode assignment,
provide information of the atomic movements associated to each
vibration. These movements are obtained by means of the eigen-
vectors of each mode. In Fig. 7, we show the main components of
the eigenvectors for the atomic displacements for each phonon
corresponding to the Ramanmodes of the Sb70Te30 compoundwith
P-3m1 space group that match with experimental data. The length
of the arrows is related with the magnitude of the displacement.
These theoretical Raman modes are in good agreement with our
experimental data. For the case of the wavelength of 161.0 cm�1, it
is related with notorious displacement of the atoms Sb2 and Sb3,
almost parallel to the c-axis, but in opposite ways. The wavelength
of 155.8 cm�1 is related mainly with the displacement of Sb1 and
Te2 atoms, almost parallel to the c-axis, but in opposite ways. The
wavelength of 133.2 cm�1 is related with the displacement of the
Sb2 and Sb3 atoms in oppositeways but perpendicular to the c-axis.
Finally, the wavelength of 104.2 cm�1 is related with the
displacement of the Sb1 and Te2 atoms perpendicular to the c-axis
but in opposite ways. As usual, the highest frequency mode cor-
responds to a stretching vibration and the other modes to bending
vibrations. We also observed that in-plane vibrations (those
perpendicular to c-axis) are the lowest frequency observed modes.
This is consistent with the fact that due to the “layered” crystal
structure of Sb70Te30 movements within the layers (a-b plane) re-
quests less energy than out-of-plane vibrations.

The fifthmode observed in the experiments (and not assigned to
Sb0.70Te0.30) is at 110.1 cm�1 in the un-doped simple. This mode can
be correlated with the A1 mode of Te, which suggests the presence
of an excess of Te. Interestingly, the frequency of this mode is the
least affected by the incorporation of Sn, which supports the hy-
pothesis that this mode is not inherent to the studied samples but
caused by the presence of an excess of Te. Regarding the influence
of Sn in the other modes, we have noticed that all of them move to
lower frequencies as Sn concentration increases. This is consistent
with a weakening of bonds which suggests that local bonding is
influenced by the incorporation of Sn [7]. In particular, the most
intense peak is at 158 cm�1 and moves to 152 cm�1 as Sn con-
centration increases. The second most intense peak is at 127 cm�1

and moves to 120 cm�1. This behavior compares well with the one
observed in Zn-doped samples [24]. The softening of modes under
the incorporation of Sn might be related with a mechanical insta-
bility of the crystal structure of Sb70Te30 when large concentrations
of Sn are incorporated [33]. This is consistent with the formation of
a rhombohedral layered structure (space group R-3m) when more
than 10 at.% of Sn is incorporated into Sb70Te30 [34].



Fig. 6. Raman spectra of the different samples in the amorphous and crystalline form. Compositions are indicated in the figures.

Table 3
The fitted results of the experimental Raman spectra.

x (%) Thin film condition Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

0.0 as-obtained position 145.41
FWHM 36

thermally treated position 98.121 110.08 127.39 141.1 158.42
FWHM 11.88 11.88 11.88 11.88 11.88

5.0 as-obtained position 144.15
FWHM 35.61

thermally treated position 96.505 108.25 124.9 139.67 156.31
FWHM 11.81 11.81 11.81 11.81 11.81

2.5 as-obtained position 144.87
FWHM 35.16

thermally treated position 96.930 109.11 124.77 139.33 156.15
FWHM 12.15 12.15 12.15 12.15 12.15

7.5 as-obtained position 145.17
FWHM 38.75

thermally treated position 94.756 107.88 119.95 134.53 152.28
FWHM 12.32 12.32 12.32 12.32 12.32

Table 4
Phonon wavelengths calculated using DFPT for the crystal structure with space
group P-3m1 of Sb70Te30. We highlight in bold letters the phonons measured in the
experiments. I: infrared R: Raman.

Symmetry Phonon wave-length (cm�1)

Eu 1.8 (I) 22.0 (I) 76.6 (I) 95.2 (I) 145.6 (I)
A2u 3.2 (I) 30.0 (I) 106.8 (I) 140.5 (I) 163.2 (I)
Eg 37.3 (R) 44.9 (R) 104.2 (R) 133.2 (R)
A1u 49.5 (R) 61.2 (R) 155.8 (R) 161.0 (R)
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3.3. Electronic structure and band gap

In order to analyze the changes induced by the Sn-impurities in
the electronic structure of Sb70Te30 we have calculated the density
of state (DOS) of the pure compound. In all cases both the GGA and
the TB-mBJ functionals predict a direct band gap of about 0.08 e

0.1 eV (see Fig. 8) as expected for this kind of materials for appli-
cations in PCM devices. Fig. 8 also shows the local DOS projected
onto the Sb and Te atoms. The total DOS is composed of two valence
bands: a lower narrow band lying at about 9 e 10 eV below the



Fig. 7. Sb70Te30 unit cell. Atomic displacements belong to the active Raman modes. For the symmetry A1g: (a) and (b), and symmetry Eg: (c) and (d). Blue and red spheres represent
Te and Sb atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fermi level composed mainly by Sb and Te 5s states and an upper
band between - 6.0 and 0.0 eV that has mainly Sb and Te 5p char-
acter. The conduction band is a mixture of mainly Sb and Te 5p
orbitals.

Now we can focus our study on the electronic structure of the
Sn-doped Sb70Te30 compounds. The results correspond to the C2/m
structure considering that Sn atoms substitute Sb1 atoms [7]. At
this point we must discuss a crucial point in the calculation of the
electronic structure of a doped semiconductor system: the charge
state of the impurity [35]. Based on a Bader analysis [36] we found
that the charges in the muffin-tin spheres of Sb and Sn atoms are
47.77e and 48.21e, respectively. In the framework of a pure ionic
model this corresponds to Sn and Sb atoms acting with 2þ and 3þ
oxidation states. When a Sn2þ atom replaces a Sb3þ atom in the
supercell the resulting system is metallic due to the lack of one
electron necessary to fill up the valence band (see Fig. 9 for the case
of a Sn concentration of 5.56 at. %. Similar results have been ob-
tained for 2.78 and 8.33 at. % Sn concentrations). Comparison of
Figs. 8 and 9 shows that the presence of the Sn impurity in the
semiconductor introduces the appearance of a Sn-s band (in the
energy ranging from - 8 to - 6 eV) and an acceptor impurity state at
the top of the valence band in the corresponding DOS, that can be
better seen looking at the inset of Fig. 9. The impurity states are
spatially located at Sn and at their Te nearest-neighbour atoms.

The question that arises here is if the real system we want to
describe provides the lacking electron to fill the acceptor impurity
level located at the Fermi energy via defects or simply by a thermal
effect. In the framework of a rigid bandmodel, if we fill the acceptor
impurity level, the system recovers the semiconductor nature (in
agreement with the experimental results) with a band gap of about
0.2 e 0.3 eV depending on the Sn concentration.

To better describe the situation and to consider the filling of
impurity level in a self-consistent way we have performed calcu-
lations adding one electron to the whole system. As can be seen by
comparing the results presented in Figs. 9 and 10 (Sb70Te30 doped
with a 5.56 at. % of Sn) the electronic band gap is 0.33 eV. The same



Fig. 8. Density of states (DOS) for the un-doped Sb70Te30 compound, and the corresponding contribution of the different Sb (Sb1, Sb2, and Sb3) and Te (Te1 and Te2) atoms.
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behavior has been found for 2.78 and 8.33 at. % Sn concentrations.
Going further with the electronic structure analysis, in Fig.11 we

present the electronic band dispersion curves for a reciprocal path
(through principal symmetric points) for the Sn-doped Sb70Te30
(5.56 at. % Sn concentration and semiconductor case) in order to
determine if the electronic band gap is direct or indirect. For all
doped cases, we have found that electronic band gap is direct and
takes place at the symmetric G�point of the reciprocal space.

Here, we would like to make some reasonings about the band
gaps. As it is mentioned in section 3.1, we have estimated the op-
tical band gap in the amorphous state through the experimentally
determined activation energy reported in Table 1. It is nearly
0.60 eV independently from Sn concentration. The fact that the
electronic band gap in the crystalline state is direct, it is approxi-
mately equal to the optical band gap in the crystalline state. It was
calculated to be around 0.33 eV, independently from Sn content.
The optical band gap is typically larger in the amorphous state than
in the crystalline one for PCMs [37]. Therefore, considering this fact,
the results of our ab initio calculations do not contradict the
experimental ones. In addition, the experimental and simulated
data are consistent with respect to the dependence on the
composition, showing that the optical band energy does not
depend on the Sn content.
4. Conclusions

In this work we have experimentally and theoretically studied
the structural, vibrational, and electronic properties and the glass-
crystal transition of pure and Sn-doped SbeTe thin films of
composition Snx[Sb0.70Te0.30]100-x, with x¼ 0.0, 2.5, 5.0 and 7.5 at. %.

The thin films have been obtained by pulsed laser deposition.
Both as-obtained and thermally-treated films have been charac-
terized by X-ray and by Raman spectroscopy. The thermally-treated
films show the same crystalline structure as their parent powders
with the same corresponding compositions. As it has been previ-
ously showed Sb70Te30 crystallizes in a trigonal P-3m1 space group
structure while doping with Sn leads to structural distortions of the
unit cell, which can be described by monoclinic C2/m space group.

The electrical resistance of the samples has been measured
while heating from room temperature to 650 K. A sharp fall in the
electrical resistance has been experimentally detected and associ-
ated to the glass-crystal transition. This change in the resistivity of
the samples has been detected in a narrow temperature range and
the glass-crystal transition temperature continuously increases
with the incorporation of Sn dopants. From the analysis of our date
we have found that the parameters Ton/Tm and Rg/Rc of the studied
films show good values for the application in non-volatile



Fig. 9. Density of states (DOS) for Sb70Te30 doped with 5.56 at. % of Sn. Inset: Zoom in a range of energy around the Fermi energy showing the different description of the system
after adding an electron.
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memories.
Raman experiments have showed that the as-deposited amor-

phous films revealed a broad peak at 144-145 cm�1, independently
of the sample composition. The observed Raman mode is related to
the vibration of amorphous SbeTe bonds and the broadening of the
peak has been associated to the disorder of the amorphous films.
After the annealing treatment (during R vs T measurements) the
broad band is transformed into five well defined Raman modes as a
result of crystallization process. The A1g and Eg Raman vibrational
modes associatedwith Sb2Te3 slabs have been identified. A red shift
with Sn content due to the change of the bond distances caused by
lattice distortion induced by the Sn impurities was registered. The
DFT-based ab initio calculations allowed identifying the measured
Ramanmodes as: a stretching SbeSb vibration along the c-axis that
corresponds to the highest frequency A1g mode, an SbeTe bending
vibration along the c-axis for the other A1gmode, an in-plane SbeTe
bending vibration perpendicular to the c-axis for the lowest fre-
quency Eg mode, and a SbeSb in-plane scissoring vibration
perpendicular to the c-axis for the other Eg mode.

Going to the electronic structure of pure and Sn-doped Sb70Te30
our ab initio calculations find that Sb70Te30 (when crystallized)
presents a semiconductor nature, with a narrow direct band gap in
the order of 0.1 eV. The presence of the Sn dopants induces an
acceptor impurity level in the electronic band-structure of Sb70Te30.
The comparison experiment-theory enables us to determine that
this impurity level is fully occupied at room temperature. In this
situation, the doped system (when crystallized) is a semiconductor
with a direct band gap in the order of 0.3 eV and nearly indepen-
dent of the Sn-concentration. The simulated and the experimental
results are consistent.
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Fig. 10. Density of state (DOS) for the 5.56 at. % Sn-doped Sb70Te30 charged system, and the corresponding contribution of each atom. The band gap of the system is represented
with the yellow bar. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Electronic band structure dispersion curves and DOS for the 5.56 at. % Sn-doped Sb70Te30, charged case. Electronic band gap is represented by green bar. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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