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Ge-Sb-Te alloys are promisingmaterials for non-volatilememory applications. Alloying of thematerialswith var-
ious elements is considered as prospective approach to enhance material properties. This work reports on the
preparation and characterization of pure Ge-Sb-Te-O (GSTO) and alloyed with La-Sr-Mn-O (LSMO) thin films.
Thermal heating of amorphous thin films to different temperatures show distinct crystallization behavior. A gen-
eral trend is the decrease in the size of GSTO crystallites and the suppression in the formation of stable trigonal
GSTO phase with increasing content of LSMO. Microstructural studies by transmission electron microscopy
show the formation of metastable GSTO nanocrystallites dispersed in the amorphous matrix. Analysis of local
chemical bonding by X-ray spectroscopy reveal the presence of different oxides in the GSTO-LSMO composites.
Moreover, the composites with a high LSMO content exhibit higher crystallization temperature and significant
larger sheet resistance in amorphous and crystalline phase, while a memory device made of GSTO-LSMO alloy
reveals bipolar switching and synaptic behavior. In addition, the amount of LSMO in GSTO-LSMO thin films influ-
ences their optical properties and band gap. Overall, the results of this work reveal the highly promising potential
of GSTO-LSMO nanocomposites for data storage and reconfigurable photonic applications as well as neuro-
inspired computing.
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1. Introduction

Non-volatile memory is one of the key components that support the
electronic information industry such as network communication, high
performance computing and digital applications as well as consumer
electronics development. Ge-Sb-Te (GST)-based phase change mate-
rials (PCMs) are promising alloys for optical and electronic memory ap-
plications [1–5]. The PCMs have excellent properties including non-
volatility, scalability, large property contrast, fast operation times and
compatibility with existing CMOS technology [6].

Memory devices based on GST thin layers use the reversible phase
transitions between the crystalline and amorphous phases in these al-
loys. The transitions are typically induced either by Joule or laser-
beam heating and are associated with changing in physical properties
of the alloys (e.g. resistance, optical reflectivity). For memory applica-
tions, PCM basedmemory devices utilizes a large contrast either in elec-
trical resistance or in optical reflectivity between the amorphous state
and crystalline state. However, GST alloys suffer from several draw-
backs, including insufficient data retention at high temperatures and
high programming power of memory devices. These issues hinder the
applications of GST materials in embedded memory devices, particu-
larly in automotive and aerospace products. To meet the first require-
ment, the amorphous phase of GST materials must have a high
crystallization temperature and activation energy, thus a high thermal
stability of the GST alloys against spontaneous crystallization. However,
low crystallization temperature of pure GST materials (between 140
and 160 °C) impacts the stability of the amorphous phase [7–9]. This
makes GST alloys not suitable for the embedded applications [10].
Alloying of GST materials with widely used chemical elements like oxy-
gen, carbon, nitrogen is a promising approach to enhancematerial prop-
erties and thus, to improve device characteristics, such as cycling
endurance, higher temperature retention, writing speed and power
consumption [10–13]. Particularly, the crystallization activation energy
of the alloyed GST materials increases, which enhances crystallization
temperature and thus, improves thermal stability of the amorphous
phase [14–17]. In addition, the alloying supresses grain growth, which
enhances device endurance [13]. However, incorporation of additional
elements into GST structure might lead to the decomposition of GST al-
loys, resulting in unwanted phase separation. For example, doping of
GeSb2Te4 alloy with 10–15 at.% oxygen and Ge2Sb2Te5 (GST225) thin
films with 21.7%–30.8% oxygen resulted in the precipitation of Sb2Te3
secondary phase [15,18] as well as in the formation of GeOx and SbOx

oxides in addition [19]. Though, the formation of additional oxides can
be viewed as superior since the oxides provide additional nucleation
sites for GST materials, which are nucleation-dominated materials
[20,21]. Although doping with single elements is a promising approach
to enhance the properties of electrical memory devices, co-dopingwith
oxygen and nitrogen can improve the recording characteristics of opti-
cal disk used for optical memory applications [14,22].

With regard to the second requirement, the power consumption of
GST based memory device depends on many factors. These are the cell
design, the melting temperature, the switching volume, the electrical
resistivity and the thermal conductivity of GST alloy. Particularly, the
confinement of GST alloys or electrode materials largely led to the re-
ductions in RESET current of PCMmemory cells [4,6,23–26]. In addition,
nano sized GST225 thin films (crystallites in the range between 10 and
17 nm) were used to enable memory devices with very fast switching
times [27,28]. The thin films showed higher crystallization temperature,
suggesting faster interfacial growth rates and thus, faster switching
times [27]. This is because interface-assisted crystallization of GST thin
films is advantages over heterogenous nucleation [29]. However, ther-
mal conductivity of GST phases is a fundamental property. It can be im-
proved by appropriate material design. So, co-sputter deposition of
GST225 and with oxides such as SiO2, TiOx, or TaOx has shown to en-
hance not only the thermal stability of amorphous phase, but also to re-
duce the thermal conductivity of the composite, thus reduces heat
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dissipation and reset current [30–32]. This effect can be attributed to
the increase in the thermal boundary resistance (TBR) at the interface
between GST and surrounding materials (e.g. dielectric oxide) [33].
Reifenberg et al. suggested that the combination of low thermal conduc-
tivity PCMswith high thermal conductivitymaterialsmight increase the
TBR [33]. Moreover, GST225-oxide (mainly SiO2, TiOx, HfOx, ZnO,
PbZr0.30Ti0.70O3) composite thin films revealed the formation of
GST225 nanocrystals embedded into oxide matrix, resulting in an in-
creased density of interfaces and nucleation sites as well as reduced
size of working unit [21,30–32,34–37]. Interestingly, the alloying of
GST225 with individual elements or oxides did not significantly influ-
ence the initial resistance of amorphous phase compared to the
undoped GST. Only GST225-ZnO and GST225-HfOx nanocomposites re-
vealed two orders and one order of magnitude difference for highest
oxide content compared to undoped samples, respectively. High resis-
tive GST is essential to reduce thewriting current of phase changemem-
ory devices [4,13].

This work reports on the preparation and study of the microstruc-
ture, local structure, electrical and optical properties of pure Ge-Sb-Te-
O (GSTO) and alloyed with La-Sr-Mn-O (LSMO) thin films. The oxide
is selected due its larger thermal conductivity (ranging between 2.8
and 4 W/mK) [38] as of pure GST alloys (0.2 W/mK for amorphous
GST and 0.6 W/mK for cubic GST) [39,40]. In addition, the LSMO oxide
shows interesting properties such as half-metallic properties and colos-
sal magnetoresistance and thus, its suitable for spintronic applications
[41–43]. Consequently, suchGSTO-LSMO compositesmight showunex-
pected properties, which are out of scope of the present study and will
be performed in the future. The outcomes of this work reveal that
LSMO content influences crystallization behavior, thermal stability,
electrical and optical properties of the GSTO-LSMO thin films.

2. Experimental

150-nm-thick pure GST and alloyed with the La-Sr-Mn-O oxide
thin films were deposited on quartz and SiO2/Si (100) substrates by
magnetron co-sputtering using individual Ge2Sb2Te5 (GST225) and
La0.66Sr0.33MnO3 (LSMO) targets at room temperature. First, the cham-
ber was gradually evacuated to 2.3 × 10−4 Pa, then argon gas with a
constant flow rate of 50 sccm was introduced into the chamber to
achieve a working pressure of 0.25 Pa to deposit the thin films. During
deposition, the O2 reactant flow rate of 0.5 sccm was used for
sputtering, resulting in the GSTO thin films. A radio frequency power
(Prf) of 60 W was applied to the GST225 target, whereas the direct
current power (Pdc) applied to the LSMO target was 0 W, 8 W,
14 W and 21 W to tune the amount of LSMO in the GST225 thin
films. The substrates were rotated in order to improve the thickness
homogeneity of the films. The thickness of thin films was controlled
using a thickness monitor equipped in the chamber and further con-
firmed by Veeco Dektak 150 surface profile-meter.

The sheet resistances of as-prepared thin films as a function of tem-
perature were examined in situ at a heating rate of 40 °C/min by a four-
probe method in a homemade vacuum chamber. The crystallization of
amorphous samples was performed at various temperatures between
200 °C and 350 °C. The heating rates of 150 K/s and holding time of
10 min were used. For resistive switching device, Ag thin film was
used as the bottom electrode while W tip with diameter of 15 μm was
applied as the top electrode. The device was characterized with a
Keithley 2600 source meter in DC current–voltage (I–V) sweep mode.
The electric biaswas applied to the bottomelectrode,while the top elec-
trode was grounded.

The preparation of cross-sectional specimens for TEM studies was
performed by a combination of focused gallium (30 keV, 15 keV, 5 keV
and 2 keV) and focused argon (900 eV and 500 eV at the LN2 tempera-
ture) ion beam milling. The microstructure of LSMO-GST samples was
studied in a probe Cs-corrected Titan3 G2 60–300microscope operating
at 300 kVaccelerating voltage and equippedwithX-FEGhigh brightness



Table 1
Optical parameters Egopt of amorphous and crystalline GSTO and GSTO-LSMO composite
thin films.

Sample
Egopt, eV
(RT)

Egopt, eV
(200 °C)

Egopt, eV
(350 °C)

GSTO 0.68 0.43 0.37
GSTO-LSMO (4 W) 0.69 0.43 0.40
GSTO-LSMO (8 W) 0.75 0.46 0.41
GSTO-LSMO (14 W) 0.77 0.47 0.41
GSTO-LSMO (21 W) 0.77 0.48 0.42

N. Kraft, G. Wang, H. Bryja et al. Materials and Design 199 (2021) 109392
electron source. Bright-field TEM images and selected area electron dif-
fraction (SAED) patterns were acquired by using a Gatan US1000XP P
CCD camera. Energy dispersive X-ray (EDX) analysis was done in scan-
ning TEM (STEM) mode. A probe forming annular aperture of 20 mrad
was used for STEM work. STEM images were recorded with a high-
angle annular dark-field (HAADF) STEM detector using annular ranges
of 80–200mrad. The detector ranges fulfil the conditions corresponding
to Z contrast imaging, in which atomic columns with a higher average Z
number (e.g. Te (Z = 52) or Sb (Z = 51)) in HAADF images appear
brighter than those elements with a lower average Z number (e.g. Ge
(Z = 32)). EDX maps were recorded with a FEI Super-X EDX detector
system using Bruker processing software. The accuracy in determina-
tion of element concentration is ±0.1 at.%. The beam currents were
set to 150 pA during the EDX mapping.

X-ray photoelectron spectroscopy (XPS) analyses were carried out
on an Axis Ultra (Kratos Analytical, Ltd., Manchester, UK) with a mono-
chromatic Al excitation source at 150W (15 kV,10 mA). Survey spectra
were collected at 160 eV pass energy with 1.0 eV nominal resolution.
High resolution spectra were measured by 40 eV pass energy with
0.1 eV nominal resolution. The studied thin films were bombarded
with Ar-ions for at least 3 min. In this way, the atoms near the surface
were removed to obtain a clean and un-oxidized surface of the studied
samples.

The UV/VIS/NIR spectra were recorded with a spectral photometer
CARY 5000 (AGILENT) in the range 250–2500 nm with a scan rate of
600 nm/min. A piece of SiO2 glass with same thickness as the substrate
was used as the reference material to calculate the absorption in thin
films.
3. Results and discussion

3.1. Chemical composition

The characterization of the studied samples is started with the de-
scription of their chemical compositions. EDX mapping was used to
quantify the concentration of elements in the studied composite
samples. The distribution of elements in as-deposited and crystal-
lized thin films over the thickness is shown in the Supporting Infor-
mation (see Fig. S1 and S2).The area used for quantification of the
samples was chosen carefully to obtain the information about the
samples only, without considering any oxide layer, substrate and
platinum layer (see Fig. S1 and S2).). On top of every film was an
oxide layer containing besides oxygen, mainly germanium and anti-
mony. The composition of the studied samples is shown in Fig. 1.
Every value is the average of three individual quantifications of
EDX maps that were performed over 10 min to get a good signal to
noise ratio. The samples deviate from the expected stoichiometry
Fig. 1. Concentration of different elements in studied GSTO-LSMO
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of the original GST225 target and contain more antimony than ger-
manium. The average Ge/Sb/Te ratio was measured to be 2/2.4/
4.6 ± 0.3 (Fig. 1a). (See Table 1.)

The La/Sr/Mn/O ratio also does not represent the stoichiometry of
the original La0.66Sr0.33MnO3 target. The concentrations for lantha-
num, strontium, manganese and oxygen increase with increasing
co-sputtering power as expected (Fig. 1b and c). However average
concentration of La, Sr and Mn is much lower comparing to average
concentration of oxygen. Depending on the applied sputtering
power to the LSMO target, the concentration of Sr varies between
0.1 and 0.3 at.% for sputtering powers of 4 W and 8 W, respectively,
while the concentration of Sr is 0.7 and 0.9 at.% for sputtering powers
of 14 and 21 W, respectively. The concentration of La is at 0.5 and
0.8–0.9 at.%. for sputtering powers of 4 W and 8 W, respectively,
whereas it is 1.6–1.7 and 1.7–2.1 at.% for sputtering powers of 14 and
21 W, respectively. The concentration of Mn is 0.2–0.4 and 0.3–0.7 at.
%. for sputtering powers 4 W and 8 W, respectively, whereas it is
0.7–1.8 and 1.6–2.2 at.% for sputtering powers of 14 and 21 W, respec-
tively. Thus, the distribution of Mn concentration is broader compared
to Sr and La. In addition, the concentration of three elements is rather
low in the samples. Contrary, the oxygen concentration is rather high
in all samples and cannot be explained by the oxygen originated from
the LSMO target. The pureGST225 samples showoxygen contents of ap-
proximately 10 at.% and the notation GSTO will be used further in text.
The oxygen content rise up to 29 at.% for sputtering power of 21 W for
LSMO target. Consequently, the increase in oxygen content with increas-
ing co-sputtering power is also higher than the stoichiometry of the tar-
get would explain. Since the target has the initial composition of
La0.66Sr0.33MnO3, the oxygen concentration should rise three times as
much as the manganese concentration. The increase is in average 14
times themanganese increase, so it rises nearly four times faster than ex-
pected. This is due to the fabrication method of such samples. Since
magnetron sputtering is non ultra-high vacuum method, the addi-
tional oxygen might derive from the atmosphere in the chamber.
An increase of the oxygen content over time can be ruled out, be-
cause the comparison of oxygen concentration to one-year old
composite thin films: (a) Te, Sb, Ge, (b) La, Sr, Mn and (c) O.
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measurements showed no significant differences. Overall, it is ex-
pected that the influence of oxygen on the microstructure and prop-
erties of composite samples should be much pronounced than of the
Sr, La and Mn elements. In addition, deposition systems with low ox-
ygen background pressure can be used for preparation of Ge-Sb-Te
samples with huge concentration of oxygen (up to 10 at.%).

3.2. Microstructural studies

The as-deposited GSTO and GSTO-LSMO composite samples across
all co-sputtering powers are in amorphous state. Fig. 2(a) shows
bright-field TEM image and SAEDpattern of pureGSTO sample. The pat-
tern shows diffuse rings, which are typical for amorphous materials.
However, on a smaller scale, the local environment can still be ordered.
All SAED images show two diffuse maxima at 3.3 nm−1 and 5.2 nm−1

which match to reported values for amorphous GST225. These are also
roughly the regions in which the crystalline phases show their strong
diffraction spots. Pure and composite samples crystallized at 200 °C
(GSTO200) are on a large scale crystalline. This can be concluded from
the SEAD pattern, which show sharp diffraction spots instead of diffuse
rings (Fig. 2(b)). Since every SAED reveals the diffraction spots of cubic
phase, it can be supposed that all crystals are of metastable cubic phase.
A preferred orientation cannot be seen in the diffractograms. Pure GSTO
sample shows crystalliteswith sizes of up to 20 nm. The grains in the in-
termediately alloyed GSTO-LSMO(8 W) thin films are smaller (approx-
imately 10 nm) and the GSTO-LSMO(21W) sample shows the smallest
crystallites (approximately 5 nm). GSTO exhibits no preferential nucle-
ation sites. The difference in crystal grain size can also be seen in the
SAEDs. Because of the statistical distribution of the crystals, the diffrac-
tion spots are ordered into rings around the primary beam. SAED pat-
terns of highly alloyed composite samples (Fig. 2c) show continuous
rings, while the pure sample (Fig. 2b) displays isolated diffraction
spots, showing larger crystallites. Moreover, composites samples with
smaller crystallites contain amorphous regions (Fig. 2(c). These regions
are oxides. HAADF-STEM images revealed dark spots, which are more
distinct in the highly alloyed sample (Fig. 2(d)). If the specimen is as-
sumed to be equally thick, the difference in brightness is caused by
the Z2 dependency of the scattered electrons. This means that bright
areas contain heavy elements and the darker part consist of lighter ele-
ments such as oxygen. In addition, EDX lines scans (not shown) over
such dark areas of composite samples showed that the areas are
enriched in oxygen, manganese and lanthanum. A phase separation
process is a possible explanation, where one phase contains heavier el-
ements than the other. The detailed local environment of each element
measured by XPS will be described below. Compared to crystal sizes
(ranging between 30 and 60 nm) formed either in ex situ or laser crys-
tallized oxygen-free GST225 thin films [44,45], nanocrystalline GSTO
Fig. 2. (a) Bright-field TEM images of (a) as-deposited GSTO thin film and (b) crystallized at a
LSMO (21 W) composite thin film crystallized at a temperature of 200 °C. Upper insets in (a)-
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thin films and GSTO-LSMO nanocomposites would be advantageous
for phase-change applications. High density of nucleation sites provided
by the oxide could enhance the nucleation rate of GSTO component, as
has been reported for GST225-ZnO-nanocomposites [21]. In addition,
due to the suppression of grain growth the cell endurance can also be
enhanced as has been shown for N doped GST alloy [13].

GSTO samples crystallized at a temperature of 350 °C differ from
each other, depending on LSMO content. Like in the GSTO samples crys-
tallized at a temperature of 200 °C, the crystal size depends on
sputtering power of LSMO target. With higher sputtering power, the
crystals are smaller. The specimen with less LSMO lost contact to the
substrate, producing hollow spaces at some areas. In addition, higher
LSMO content influence phase formation of GST alloy. Pure GSTO sam-
ple crystallized at a temperature of 350 °C contains crystallites ranging
between 20 nm and 200 nm. In some parts large crystals grew into
each other and filled the whole space (Fig. 3a). SAED pattern shows
the diffraction spots of trigonal GST225 phase (Fig. 3b). Hollow spaces
such as round voids are also formed between the thin film and the
Si–O substate. At such areas the thin film lost contact to the substrate.
Similar voidswere also reported in oxygen free GST225 samples crystal-
lized at a temperature of 320 °C [46]. However, their shape was
pyramid-like and differs from the observed in this work. The formation
of large voids observed in GSTO samplemight be occurred during phase
transition where an anisotropic elongation of trigonal large crystals oc-
curs and is caused by strain release as well as volume shrinking during
the phase transition. It should be noted that trigonal crystals close to
these hollow spaces look plastically deformed and are formed with
(0001) planes near parallel to the Si-Ox substrate, although some grains
were inclined with (0001) plane with respect to the substrate surface.
The microstructure of GSTO-LSMO(4 W) sample crystallized at a tem-
perature of 350 °C looks similar to the pure GSTO thin film. It also
shows the formation of large voids with plastically deformed crystals
at its rims. Contrary, GSTO-LSMO(8 W) thin film crystallized at the
same temperature displays very small round voids where the thin film
lost contact to the substrate. In this specimen there is coexisting of
large trigonal and small cubic crystallites (Fig. 3c). However, diffraction
spots of the trigonal phase belong to Ge1Sb2Te4 with some remaining
GST225 building units as was confirmed by atomic-resolution HAADF-
STEM imaging (Fig. 3c). This is not surprising because chemically disor-
der in trigonal GST225 phase is typical for the phase and is in line with
EDX quantifications. Some interesting feature in composition of cubic
and trigonal crystallites was identified from EDX maps. The trigonal
crystals are depleted in oxygen (12.6 at.%), while the cubic grains con-
tain more oxygen (17.4 at.%). The areas with cubic phase display
image contrast similar to the of Fig. 2d. Thus, it is reasonable to assume
that dark areas in the figure are rich in oxygen. It worth to note that the
concentration of oxygen in trigonal grains is very close to as-deposited
temperature of 200 °C. (c)-(d) Bright-field TEM and HAADF-STEMmicrographs of GSTO-
(c) represent SAED patterns while lower insets are high-resolution images.



Fig. 3. (a)-(b) Bright-field TEM images of GSTO thin film crystallized at a temperature of 350 °C. (c) and (d) Bright-field TEMmicrographs of GSTO-LSMO (8W) and GSTO-LSMO (21W)
composite thin films crystallized at a temperature of 350 °C. Upper insets in (b)-(d) show SAED patterns while lower insets in (c) and (d) are high-resolution HAADF-STEM and TEM
images, respectively. The white arrows in (c) show grain boundaries between c- and t-GSTO as well as the indicate (0001) planes of t-GSTO.
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sampleswithout LSMO content (Fig. S3 in Supporting Information). Thus,
surplus of oxygen in alloyed thin films tend to form various oxides with
Mn, La or Sr with subsequent phase separation (see more discussion
below), rather than to incorporate into the GSTO crystallites. A line scan
revealed that the concentrations of oxygen and tellurium over a wide
range are in reciprocal ratio to each other. This may either indicate that
some tellurium is exchanged with oxygen and occupies the anion sites
in the GST structure, or it could indicate a phase separation into an
oxygen-richer phase and a phase depleted of oxygen. It was reported
that oxygen cannot be exchanged verywell because of the comparatively
small ion radius but would instead occupy the tetrahedral sites. Since
these sites in the cubic structure are too small, this causes distortions,
which change the optical properties of the thin films. It must be noted
though that the occupation of the tetrahedral sites has only been con-
cluded from the optical properties and has never been directly measured
and there is no structure solution of GST containing oxygen. A phase sep-
aration is the still the more probable explanation.

The microstructure of GSTO-LSMO(14 W) and GSTO-LSMO(21 W)
thin films look significantly different compared to the above-
mentioned samples. No large crystals are visible in bright-field TEM im-
ages (e.g. Fig. 3d) and the both samples possess similar microstructure.
However, the largest identified crystals in GSTO-LSMO(14 W) and
GSTO-LSMO(21 W) samples are 20 nm and 10 nm, respectively.
The crystallites are embedded in an amorphous oxide matrix (see
inset into Fig. 3d). SAED pattern of Fig. 3d displays diffraction rings
instead of isolated reflections as in Fig. 3b. All diffraction spots be-
long to the cubic GST phase. No large trigonal crystals were ob-
served. Consequently, higher concentration of La, Sr, Mn and O
impact the phase formation of GST alloy and improve thermal stabil-
ity of the alloy. Overall, TEM measurements are in a good agreement
with the average structure of the studied thin films obtained by XRD
studies (Fig. S4 in Supporting Information). The XRD showed that
the highly alloyed with LSMO thin films (14 W and 21 W) possess
the cubic crystal structure of GST even when crystallized at temper-
atures higher than 250 °C. At 350 °C the samples with low LSMO con-
tent (0 W, 8 W) revealed the diffraction spots of the trigonal
modification of GST structure, while the other two samples still indi-
cated only broad diffraction spots of the cubic modification, pointing
out nanocrystalline nature of the GSTO grains. No other crystalline
phases were identified by XRD.

3.3. Chemical bonding

Further studies concentrate on XPS measurements, which are ap-
plied to identify the chemical bonding relations between the elements
of GSTO-LSMO composite thin films. Generally, every element shows
different binding energies depending on the energy level (orbital)
5

occupied by electrons. Since some of these energy levels may overlap,
it was necessary to use the peaks of the spectrum that could be clearly
assigned to one element.

Strontium, lanthanum, manganese, antimony und tellurium show
the same binding energies in the amorphous and crystallized samples.
Tellurium reveals its 3d5/2 peak at 572.6 eV (Fig. 4a), which indicates
that it is metallically bonded to other tellurium atoms. Antimony
shows its 3d5/2 peak at 528.5 eV (Fig. 4b). This can be assigned to
Sb–Ge bonds. There is also a peak at a slightly higher binding energy,
which would be equal to the antimony oxide (Sb2O3) peak at 530.5 eV
[47], but this peak is caused by the oxygen 1 s energy level. The peak
grows with increasing co-sputtering power because on the one hand
the oxygen amount is increased, and on the other hand, antimony
forms Sb–O bonds. From the different height of the peak in the highly
alloyed samples it is concluded that in the amorphous samples there
are more Sb–O bonds present, because the oxygen content is similar as
EDX exposed (Fig. 1).

The Sr3d5/2 peak is at 133.7 eV (Fig. 4c) and fits neither to Sr–O
bonds nor Sr–Sr bonds. Sr–Sr bonds and Sr–O would lead to higher
binding energies of 134.3 eV and 135.3 eV, respectively. In this case,
there should be chemical bonds apparent to elements with higher elec-
tronegativity than Sr, because of the raised binding energy. Elements
with a considerably higher electronegativity would be germanium, an-
timony and tellurium. If strontium was incorporated into the crystal
structure of GST it should occupy, as an element with such low electro-
negativity and fitting ion radius, the cation positions. This would imply
bonding to germaniumand antimony. Sr–Te bonds can also be excluded
because there is no indication at the Te3d5/2 peak for another element
being bonded to tellurium.

Themanganese 2p3/2 and 2p1/2 peaks lay at 641.2 eV and 653 eV, re-
spectively (Fig. 4d) and does not change with LSMO content or during
crystallization. This indicates manganese having oxygen bonds for all
sputtering rates and forms the MnO [48]. The lanthanum 3d5/2 peak is
located at 834.9 eV (Fig. 4e). Lanthanum shows a multiplet splitting at
the 3d energy levels, caused by electrons from inner orbitals (in this
case O2p) occupying the normally vacant 4f orbitals in the lanthanum
atoms (Fig. 4e). This results in an additional, slightly higher, energy
level. The binding energies at 834.9 eV and 851.7 eV, however, show
the La–O bonds and the La2O3 compound correspondingly [49]. Thus,
lanthanum is only bonded to oxygen in every sample.

The XPS spectrum of Ge with its Ge 2p3/2 peak is shown in Fig. 4f.
For the pure GSTO and low alloyed GSTO-LSMO(4W) samples, the ger-
manium 2p3/2 peak is at 1217.9 eV. The peak fits the reported value for
metallic Ge [50]. However, the peak themselves reveals a shoulder to-
wards higher binding energy, suggesting the presence of Ge–O bonds.
The highest alloyed GSTO-LSMO (21 W) thin films show binding ener-
gies at 1219.7 and 1219.0 eV for amorphous and crystalline phases,



Fig. 4. XPS spectra for (a) Te3d5/2, (b) Sb3d5/2 together with O1s peak, (c) Sr3d peaks, (d) Mn2p peaks, (e) La3 peaks and (f) Ge2p3/2 peak.
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respectively. However, the peaks itself are not Gaussian and consists of
two components. This is a sign for more than one bonding partner. A
peak fitting procedure for both peaks shows the major components of
each peak at 1219.6 eV and 1219.4 eV, respectively, and the second
component at 1217.8 eV. Thus, the first component fits better to the
GeO while the second component belongs to metallic Ge [50]. Less
alloyed GSTO-LSMO (14 W) sample exhibits similar two components
at 1218.9 eV and 1217.8 eV as the highest alloyed sample.

Overall, the results of the XPS measurements confirm the outcomes
of EDX data and reveals the formation of various oxides. Thus, it can be
concluded that a phase separation is happening into an oxide enriched
and an oxide depleted phase. The oxide rich phase is formed by oxides
such as GeO, La2O3, Sb2O3 andMnO. In addition, XPS results indicate in-
corporation of Sr into GSTO crystal structure.

3.4. Electrical measurements and resistive switching behavior

Fig. 5a shows temperature-dependent sheet resistance measure-
ments of pure and LSMO alloyed GSTO thin films. The sheet resistance
values (Ω) for amorphous thin films at room temperature are
5.1 × 107 Ω for pure GSTO sample, 3.2 × 108 Ω for medium alloyed
GSTO-LSMO(8 W) thin film and 6 × 109 Ω for highest alloyed GSTO-
LSMO(21W) sample. This shows two orders of magnitude higher initial
resistance for the highest alloyed sample and is associated with higher
concentration of high-κ dielectric La2O3 oxide in the composite thin
films. Moreover, the sheet resistance of crystalline state of the highest
alloyed thin film is also approximately two orders of magnitude higher
that of the unalloyed sample. Such high values of sheet resistance is
beneficial for memory devices since the Joule heating effect in high re-
sistivematerials increases, which leads to the reduction of the program-
ming currents of working PCM based devices [4,13].

The sheet resistance continuously decreases with increasing of
heating temperature and suddenly drops at a temperature of ~168 °C
for pure GSTO thin film, at a temperature of 190 °C for medium alloyed
GSTO-LSMO(8W) sample aswell as a temperature of 200 °C for highest
6

alloyed GSTO-LSMO(21 W) sample. This shows phase transition from
amorphous to crystalline cubic phase. The transition is completed at
heating temperatures of 177 °C for pure GSTO thin film, 205 °C for me-
dium alloyed GSTO-LSMO(8W) sample and 225 °C for the most highly
alloyed GSTO-LSMO(21 W) sample. Such high transition temperature
for themost highly alloyed thin film shows themost highly thermal sta-
bility of the composite, which is beneficial for embedded applications
and for devices with reduced power consumption. Pure GSTO, low
alloyed GSTO-LSMO(4 W) and medium alloyed GSTO-LSMO(8 W)
thin films revealed second drop of the sheet resistance at heating tem-
peratures of 288 °C, 370 °C and 398 °C, respectively. These temperatures
are associated with structural transition from the metastable cubic
phase to the stable trigonal phase, which is in line with TEM observa-
tions. Contrary, GSTO-LSMO(14 W) and GSTO-LSMO(21 W) thin films
did not show the second phase transition up to a heating temperature
of 400 °C revealing the presence of the cubic phase in the samples
only. The estimated transition temperature to the trigonal phase for
the highest alloyed sample from Fig. 5(a) is 438 °C.

For memory applications, it is necessary to study switching charac-
teristics of prepared nanocomposite thin films. Since GSTO-LSMO
(21 W) thin film shows the most highest thermal stability besides the
studied compositions, the thin film was selected to investigate their re-
sistive switching behavior. For this purpose, electrochemical metalliza-
tion (ECM) cell utilizing Ag thin layer as the bottom electrode and W
tip with diameter of 15 μm as the top electrode was prepared. Fig. 5
(b) shows I-V curves for the GSTO-LSMO(21 W) based ECM device.
The cell reveals bipolar resistive switching without an initial
electroforming step. While the positive voltage induces SET transition
with gradual decrease in the resistance, the negative voltage causes
RESET transition and the increase of resistance. By varying the applied
bias voltage from ±0.2 V to ±1 V different resistance states can be
accessed. The endurance performance of the ECM cell is shown in the
Fig. 5(d). The LRS/HRS ratio of the device was approximately one
order of magnitude retained over 120 cycles, which is good for data
storage applications. It is likely that the resistance window can be



Fig. 5. (a) Sheet resistance measurements of GSTO and GSTO-LSMO composite thin films. The sheet resistance decreases significantly upon the transition from the amorphous to the
crystalline phase. Addition of LSMO results in a pronounced increase of transition temperature. (b) I-V curves for GSTO-LSMO(21 W) based ECM cell under bipolar resistive switching
using different voltages. The cell is shown in the inset. (c) Endurance measurements of the ECM device with ∓1 V DC cycles and read voltage of 0.1 V. (d) I-t and V-t curves showing
the gradual increase and decrease of current with time.
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increased using smaller electrodes [51,52]. Moreover, to study the synap-
tic behavior of the GSTO-LSMO(21 W) based ECM device, consecutive
voltage cycleswere applied to the cellfirst in positive and then innegative
voltage directions. By applying a constant voltage, an increase in current is
measured after each cycle (Fig. 5(d)). By repeated voltage cycling from 0
to 0.2 V, an increase in current is measured after each cycle. By following
cycling from 0 to −0.06 V, the responding current decreases gradually.
This cell response can be used to mimic synaptic behaviors of biological
systems, i.e. potentiation and depression. Consequently, GSTO-LSMO
Fig. 6. Absorption spectra for amorphous and crystallized at different temperatures GSTO-LSMO
and (c) sampled crystallized at a temperature of 350 °C. Values above 5 are beyond the detection
therefore neglectable.
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(21 W) material has potential for applications in neuromorphic comput-
ing [53]. The switching mechanisms in such ECM cell were attributed to
the electrochemical formation of conductive percolation network devel-
oped by dissolved Ag ions from the electrode material [54].

3.5. Optical measurements

Pure GSTO and alloyed GSTO-LSMO were also studied by UV–Vis
spectroscopy to obtain absorption spectra. The resulting spectra are
thin films; (a) Amorphous samples, (b) thin films crystallized at a temperature of 200 °C
limit; so absorptions above 99.999% could not be detected and the values in this range are
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shown in Figs. 6a-b in the range between 250 nm and 2500 nm. The
curves are shifted to lower wavelengths and show a decrease in the ab-
sorptionwith increasing the content of LSMO. The transparency also de-
pends on the crystallization temperature and crystal phase. Depending
on the crystal structure, the GSTO-LSMO thin films exhibit different
absorption behavior in the Vis and NIR regions. The amorphous sam-
ples are more transparent in these regions than the crystalline sam-
ples. There are differences in the absorption spectra between the
crystalline samples. So, the GSTO-LSMO composite thin films crystal-
lized at a temperature of 200 °C are more transparent than the com-
posite thin films crystallized at a temperature of 350 °C. The
transmission values for amorphous and crystalline thin films (crys-
tallized at 200 °C) at a wavelength of 1550 nm are shown in Fig. S5
of Supporting Information. Although the differences in transmission
between amorphous and crystalline states decrease with increasing
of LSMO content, the differences are still large enough to distinguish
between the different states. The optical band gaps calculated from
the Fig. 6 are shown in Table 1. The band gaps depend on the sample
states and crystallization temperature. The optical band gaps of the
GSTO-LSMO composites widen as the proportion of LSMO in the
composite thin films increases, showing a possibility of band gap en-
gineering of the phase change alloys. In addition, crystalline thin
films possess lower values of band gaps than the amorphous thin
films. Overall, the optical measurements reveal that the Vis-NIR
transmission spectra of the GSTO-LSMO composite thin films de-
pends on the amount of LSMO and crystal phase. This shows the suit-
ability of such LSMO-GSTO composites for applications in tunable
photonics in the Vis-NIR spectral ranges.

4. Conclusions

This work reports on the preparation and study of the
microstructure, local structure, electrical and optical properties of
pure Ge-Sb-Te-O (GSTO) and alloyed with La-Sr-Mn-O (LSMO) thin
films. The outcomes reveal that LSMO content impact crystal size
and crystallization behavior of GSTO-LSMO composites. Thermal
heating of amorphous samples at a temperature of 200 °C resulted
in the crystallization of metastable GSTO phase with crystal sizes in
the range of 20 nm for unalloyed thin films and of 5–10 nm for
alloyed nanocomposites. While the formation of large voids caused
by thermal migration during thermal-induced crystallization pro-
cess and large grains are observed in pure GSTO sample after thermal
heating at a temperature of 350 °C, the GSTO-LSMO composite thin
films showed no void formation and revealed the suppression in
the formation of high-temperature stable trigonal GSTO phase in
highly alloyed samples. Analysis of local chemical bonding by X-ray
spectroscopy reveal the presence of different oxides (GeO, La2O3,
Sb2O3 and MnO) in the alloyed thin films, while Sr atoms are found
to be incorporated into the GSTO crystallites. Moreover, the alloying
of GSTO with LSMO oxide enhances the thermal stability of the
amorphous phase and increases the resistances of amorphous and
crystalline phase of GSTO-LSMO composite thin films. ECM memory
device made of GSTO-LSMO thin film shows bipolar switching and
synaptic behavior. Vis-NIR absorption spectra of the GSTO-LSMO
thin films move to lower wavelengths and band gap widens with in-
creasing the LSMO content. Overall, the results of this work reveal
the highly promising potential of GSTO-LSMO nanocomposites for
data storage and reconfigurable photonic applications as well as
neuromorphic computing.
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