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Abstract: Controlling material thickness and element interdiffusion at the interface is crucial for
many applications of core-shell nanowires. Herein, we report the thickness-controlled and conformal
growth of a SbyTez shell over GeTe and Ge-rich Ge-Sb-Te core nanowires synthesized via metal-
organic chemical vapor deposition (MOCVD), catalyzed by the Vapor-Liquid-Solid (VLS) mechanism.
The thickness of the Sb, Tes shell could be adjusted by controlling the growth time without altering the
nanowire morphology. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) techniques
were employed to examine the surface morphology and the structure of the nanowires. The study
aims to investigate the interdiffusion, intactness, as well as the oxidation state of the core-shell
nanowires. Angle-resolved X-ray photoelectron spectroscopy (XPS) was applied to investigate the
surface chemistry of the nanowires. No elemental interdiffusion between the GeTe, Ge-rich Ge-Sb-Te
cores, and SbyTes shell of the nanowires was revealed. Chemical bonding between the core and the
shell was observed.

Keywords: MOCVD; XPS; Ge-rich Ge-Sb-Te/Sb,Tes; GeTe/Sb,Tes; core-shell nanowires

1. Introduction

Interest in Phase Change Memories (PCMs) based on chalcogenide alloys continues to
grow due to the wide range of possible applications that can be reached by the reversible
amorphous—to—crystalline phase transition of chalcogenide materials [1-6]. PCMs are the
most promising candidate for realizing “Storage Class Memories”, which could fill the
gap between “operation” and “storage” memories [7,8]. The main improvements needed
to exploit the full potential of PCMs in these innovative applications are the reduction
of the programming currents and further cell downscaling. In particular, the reduction
in the programming currents is related to lower energy to induce the phase transitions,
hence lower power consumption. However, other limitations, such as alloy composition,
structure, small cell size, and high scalability, exist in the path of the realization of PCMs [9].
Further, multilevel PCMs” heterostructures have been explored by properly pairing two or
more phase change materials featuring different crystallization properties. Compared to
the commonly employed Ge-Sb-Te (GST) and GeTe (GT) alloys in PCM cells, SbyTes (ST)
exhibits a lower crystallization temperature and faster reversible switching, making it an
ideal candidate for the realization of heterostructure-based multi-level PCM cells, in which
the different properties of the involved materials can be combined to improve the overall
performances, and for carrying out fundamental studies on the role of the heterointerface
in the resistive switch.
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Among the different methods explored to overcome the above limitations, nanowire
(NWs) based PCMs fabricated by the bottom-up approach have drawn considerable in-
terest [10-15]. Advantages of using NWs for such an application are their small sub
lithographic feature sizes and single-crystalline defect-free structure, where novel func-
tionalities are expected to originate by engineering the constituent compositions, sizes,
and structures, as in the case of axial [16-18], radial (core-shell) [19,20], and branched het-
erostructured NWs [21]. Various PCM cells based on the GT and GST structures have been
previously reported [22-28]. Core-shell NWs formed by two chalcogenide materials with
different phase change characteristics, namely Ge;Sb,Tes/GeTe, have also been proposed
as multi-level PCM memory cells [29]. Indeed, the growth and the properties of Ge-rich
Ge-Sb-Te/Sb,Tes (GGST/ST) and GeTe/Sb,Te; (GT/ST) PCM core-shell NWs have been
recently reported by our group [30,31].

In the present work, we examined the morphological and structural characteristics of
the GT/ST and GGST/ST core-shell NWs via Field Emission Scanning electron microscopy
(FESEM) and X-ray diffraction (XRD), respectively. A detailed investigation was carried
out on the elemental composition and chemical bonding of the MOCVD-grown NWs by
exploiting X-ray photoelectron spectroscopy (XPS) analysis on both core and core-shell
structures, to extract information on the existing nanointerfaces between the different core
and shell materials.

2. Experimental Section

The growth of the GGST and GT core NWs was carried out with an Aixtron AIX200/4
MOCVD reactor (Aixtron SE, Herzogenrath, Germany), employing the Vapor-Liquid-Solid
(VLS) mechanism catalyzed by Au nanoparticles (NPs), with average sizes of 20, 30, and
50 nm. Details about the growth methodology have been previously reported [30,31]. The
GT core NWs were obtained with optimized reactor temperature (T), reactor pressure
(P), and a growth duration (t) of 400 °C, 50 mbar, and 60 min, respectively. The required
precursor pressure for the GT growth was 3.35 x 1073 mbar for tetraisdimethylamino
germanium (Ge[N(CHj3),]s, TDMAGe), and 8.58 x 10~2 mbar for diisopropyl telluride
((C3Hy),Te, DiPTe). The GGST core NWs were obtained with the optimized T, P, and t
parameters of 400 °C, 50 mbar, and 60 min, respectively. The required precursor pressures
were 4.42 x 1073 mbar for tetraisdimethylamino germanium (Ge[N(CHs),]s, TDMAGe),
5.12 x 10~ mbar for antimony trichloride (SbCl3) and 6.98 x 10~2 mbar for diisopropyl
telluride ((C3Hy),Te, DiPTe. The chemical composition of the GGST NWs has been previ-
ously estimated by electron energy loss spectroscopy (EELS) to be 35% Ge, 10% Sb, 55%
Te, corresponding to the atomic ratio of Ge:Sb:Te = 3:1:5, with the Ge concentration higher
than regular Ge;SbyTes [30].

The ST shell deposition on the core NWs was performed at room temperature, by
employing the SbCl; and bis(trimethylsilyl) telluride (Te(SiMes3),, DSMTe) precursors, with
the partial pressures of 2.23 x 10~* mbar and 3.25 x 10~* mbar, respectively. The growth
rate of ST was optimized to be 20 nm/h.

The surface morphology in-plane and cross-section mode of the obtained NWs was
carried out using a ZeissR© Supra40 field-emission scanning electron microscope (FE-SEM)
(Cark Zeiss, Oberkochen, Germany). XRD analysis was performed using an Ital Structures
HRD3000 diffractometer system (Ital Structures Sas, Riva de Garda, Italy) to evaluate
the average crystal structure of the obtained NWs. The experimental XRD patterns were
analyzed by the MAUD program. XPS was performed by an XPS ESCA 5600 apparatus
(monochromatic Al K« X-ray source, 1486.6 eV) equipped with a concentric hemispherical
analyzer (Physical Electronics Inc., Chanhassen, MN, USA) to investigate the elemental
composition and the chemical bonding of NWs, and the interface between the core and
shell of the core-shell NWs. Pass energy was 58.50 eV with energy steps of 0.25 eV. Binding
energies were calibrated considering the C_1s peak at 285 eV. All the related XPS measure-
ments were analyzed and fitted by the XPSPEAK41 program, using a Voigt shape for each
experimental peak.



Nanomaterials 2022, 12, 1623

30f10

3. Results and Discussion

Figure 1a,b shows the top-view SEM images of the GT and GGST core NWs grown on
Siand SiO; substrates, respectively. It is useful to recall here the results of the morphological
analysis from our previous works [30,31], Au catalyst NPs were observed at the NWs' tips,
confirming that the growth occurs via the VLS mechanism; the as-grown GT NWs were of
an average length and diameter of about 5 um and 50 nm, while the GGST NWs were about
1.40 pm long and 60 nm in diameter, respectively; the diameter of the NWs turned out to
be directly dependent on the size of the catalyzed Au NPs [30,31]. Figure 1c,d depicts the
GT/ST and GGST/ST core-shell NWs having shells of about 10 nm thickness, and the insets
show the magnified view of a single NW. The 10 nm shell revealed a lower granularity in
comparison to the 30 nm shell [30,31]. The shell was continuously deposited all over the
core NWs. Such nanostructures with 10 nm and 30 nm shell thicknesses (obtained for a
deposition time of 30 and 90 min, respectively) were, therefore, the subject of the present
study, with a special focus on the core-shell interface.

GeTe/Sb,Te,

Figure 1. Top-view SEM image of (a) GT, (b) GGST core; and (c¢) GT/ST, (d) GGST/ST core-shell
NWs with 10 nm shell thickness, insets show the magnified view of a single NW.

Figure 2 shows the XRD patterns obtained from the core and core-shell NWs. The
patterns were simulated by taking into account not only the peak position but also the
existing background and peak broadening, using the open-source software Maud [32].
Figure 2a shows a set of XRD patterns obtained for the GGST core and GGST /ST core-shell
NWs. The GGST core NWs exhibited broad diffraction peaks centered at the 20 values
expected for the face-centered cubic Ge,Sb,Tes phase, along with the presence of the cubic
Au NPs diffraction peak at about 38.1° (Figure 2a). Thus, the crystallized cubic GGST,
exhibits the lattice parameters of cubic Ge;Sb;Tes [30]. In the case of GGST /ST core-shell
NWs, the Ge;Sb, Tes peak is revealed as a shoulder close to the (015) reflection of ST, while
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the diffraction peaks from the Sb,Te; phase are clearly visible (Figure 2a). Further, Figure 2b
shows the XRD patterns of the GT and GT/ST core-shell NWs. The GT NWs were found to
exhibit rhombohedral structure. The extracted lattice parameters of the NWs were found to
bea=828A, and ¢ = 10.55 A. In the pattern of the GT/ST core-shell NWs in Figure 2b, there
is a shoulder at the right side of the (015) reflection of ST, at around 26 = 29.6°, that could
be attributed to the (202) main reflection of the GT structure, confirming that the core GT
NWs preserve their crystallinity after the ST deposition. The extracted lattice parameters of
Sb,Tez by Rietveld refinements were found to be a = 4.22 A and ¢ = 30.46 A [31]. This also
confirms that no structural disordering occurred with the deposited shell.

(a) pm Ge-rich Ge-Sb-Te/Sb,Te, (b) p— Ge Te/Sb,Te,
= Ge-rich Ge-Sb-Te GeTe
e T e
t——— Ge-Sb-Te cubic powder (202) for GeTe GeTe powder
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Figure 2. XRD patterns of (a) GGST, and GGST /ST core-shell NWs; (b) GT, and GT/ST core-shell NWs.

XPS analysis was employed to investigate the elemental composition and chemical
bonding of the NWs in the form of core and core-shell nanostructures. In order to study
the interfacial interaction between the core NWs and their corresponding shells, the XPS
analysis of core-shell NWs was compared to the same analysis over the corresponding NWs
without their shells. A detailed list of the samples analyzed and their related experimental
XPS peak positions and FWHM are reported in the Supplementary Materials (Table S1).

The ex-situ XPS characterizations were performed straightaway after the NWs growth,
to prevent the oxidation of the samples. The measurements were recorded with different
take-off angles, i.e., the angle between the surface and detector. When samples are probed
with a larger take-off angle, up to 90 degrees, the probed thickness through them is larger.
By decreasing the take-off angle, shallower volumes are probed. Thus, upon changing the
take-off angle, different volumes below the sample surface can be investigated, and this
will be particularly relevant when different shell thicknesses are investigated.

If the relative intensities of the probed signals change by varying the take-off angles,
we can predict that the signals are generated from our investigated material (NWs and
Sb,Tes thin film over the surface, as well as on the NWs) and not from the environmental
contamination (such as carbon). The NWs grew uniformly over the surface, although
along random orientations; most of them grew horizontally parallel to the surface, thus are
suitable for XPS investigation. Exploiting the angle dependence of the measured depth,
when no signal from the Ge atoms was detected, that were not expected in the shell, we
were sure in particular to measure in the shell only.

As a first step, the sample containing GGST NWs catalyzed with Au NPs size of 50 nm
size, was examined. The dots in the figures are the raw data, and the solid lines are the
fitted data. In addition, in some figures, there are some lines of a gray color that show the
individual deconvoluted peaks used for fitting. Figure 3a shows the XPS spectra of Ge, Sb,
and Te obtained by analyses of the Ge_3d, Sb_4d, and Te_4d core level peaks. The gray
color shows the inelastic background, fitted by the Shirley method, and the individual
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deconvoluted peaks used for fitting. The same data representation and analysis apply to
Figure 4. Figure 3b shows the XPS spectrum of the Ge_2p core level, which has higher
binding energy (1218 eV), and thus a smaller mean free path.

The inelastic mean free path (IMFP) is an index of how far an electron travels on average
through a solid before losing energy, and can be calculated by the following formula:

= Iy el~4/A®)

I 1

where [(g) is the intensity after the primary electron beam has traveled through the solid
to a distance d. Ij is the intensity of the primary electrons, and A is the interaction mean
free path [33].

By considering IMFP for Ge_2p orbital electrons, which is about 0.9 nm, we can
exclude that these electrons can probe an under layer buried by a 10 nm thick layer. On the
contrary, if the shell thickness was not uniform, a Ge signal should emerge from the core,
provided that, in some parts, the thickness is definitely thinner than 10 nm, comparable
with the IMFP.
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Figure 3. XPS spectra for (a) Te_4d, Sb_4d; and (b) Ge_2p region for GGST core NWs; (c) Te_4d,
Sb_4d region for GGST/ST core-shell NWs with 30 nm shell thickness; (d) Te_4d, Sb_4d region for
GGST/ST core-shell NWs with 10nm shell thickness; (dots—experimental data; solid lines—fit).
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Ge-rich Ge-Sb-Te/Sb,Te,
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Figure 4. XPS spectra for Ge_2pj, orbital of GGST /ST core-shell NWs with 10 nm shell thickness;
(dots—experimental data; solid lines—fit).

In the Ge_2p range of energy, except Ge_2p, none of the NW shell (Te and Sb) XPS
peaks present. So, we could study only the Ge signal from the NW core without any
disturbance from the SbyTe; contributions, that could overlap with the peak, making the
analysis more difficult and noisier. Ge is important for core and core-shell interface probing,
because it is the only element present in the core of NWs but not in their shell. Thus,
the Ge signal can give us information about the bulk and the interface of the NWs. The
measurements confirmed the stability of Sb and Te [34]. The GGST experimental peak
positions were clearly identified for each element and located at 30.20 £ 0.1 eV (Ge_3d),
1218.3 £ 0.1 eV (Ge_2p3/2), 32.70 £ 0.1 eV (Sb_4d), and 40.15 £ 0.1 eV (Te_4d). The
obtained spectrum confirmed the absence of oxidation on the NWs, as no extra peaks or
shoulder tips related to oxidation were detected, within our experimental accuracy.

Next, we analyzed the GGST/ST core-shell NWs with different shell diameters.
Figure 3c shows the XPS results on the NWs having 30 nm of shell thickness. The spec-
trum demonstrates the presence of Sb and Te elements only, with the peaks located at
32.70 £ 0.1 eV (Sb_4d) and 40.15 £ 0.1 eV (Te_4d), respectively. No presence of Ge was
detected. This could be due to the fact that the ultimate depth that our XPS system could
get data from is about 6 nm, this being a plausible reason for not observing the core contri-
bution. Thus, in order to have a complete characterization of the core-shell structure and
validate our results from an interdiffusion point of view, a lower shell thickness is required
to probe the interface between the GGST and the ST shell. Moreover, it could be interesting
to see whether Ge still remained unaffected as a core material after the shell’s growth. Thus,
we investigated the GGST/ST NWs with a conformal shell of 10 nm; Figure 3d displays
the obtained XPS measurements. Only the presence of Sb and Te was detected, with peaks
positions at 32.9 = 0.1 eV (Sb_4d) and 40.2 &= 0.1 eV (Te_4d), respectively. Here, the absence
of the Ge peak means that the core-shell interface is sharp and no Ge diffusion towards
the shell takes place. A possible reason can be the room temperature shell deposition,
that prevents interdiffusion. Thus, from the obtained results, we could confirm that the
GGST core NWs are completely covered with the ST shell, and that Ge does not diffuse into
the shell.

It should anyway be considered that all the surfaces of substrate and NWs are covered
with Sb,Tes, whereas Ge falls only below the NWs’ shell surface, and there is a low density
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of NWs compared to the substrate surface area. This makes the Sb and Te signals naturally
larger than the Ge one, because they come from a wider region. Even when the few NWs
are looked at, the Ge signal is attenuated by the shell thickness. The Sb_4d peak buries the
Ge_3d (IMFP (A), for Ge_3d is ~2 nm [35] in this energy region, so that the latter is hardly
or not recognizable in the core-shell samples. For this reason, we considered a different
energy region in which to study the Ge signal without any disturbance from other elements
in the sample, such as Te and Sb. As mentioned before, (IMFP (A) for Ge_2p is ~0.9 nm [36].
Thus, it is a suitable peak for looking at the Ge signal in core-shell NWs with 10 nm shell,
as being isolated from other relevant peaks of ST.

Figure 4 shows the XPS spectra for Ge_2p3/, region of GGST core NWs and GGST/ST
core-shell NWs with 10 nm shell thickness. The dots in the figures are the raw data, and
the solid lines are the fitted data. The gray color shows the inelastic background, fitted
by the Shirley method, and the individual deconvoluted peaks used for fitting. Thus, we
were able to detect the Ge_2p peak in core-shell NWs with 10 nm shell thickness. Upon
comparing such results with Figure 3b, an increase in the binding energy of the Ge_2p peak
on the core-shell NWs was observed.

Moreover, looking at the increase in the binding energy of the Ge_2p peak, we con-
cluded that the Ge atoms on the surface of the core GGST NWs tended to bond chemically
with the Sb atoms from the shell, as the Ge-Sb bonding energy is more stable and has a
low equilibrium potential. These results validated the existence of the chemical interaction
between the GGST core and the ST shell. We noted that the same interaction appeared in
the GT /ST case (data not shown).

We further analyzed the GGST/ST core-shell NWs having the shell thickness of 10 nm
with different photoelectrons take-off angles. Figure 5a displays the fitted XPS spectra, with
the same procedure as in Figure 3, featured by peaks at 32.70 & 0.1 eV and 40.15 + 0.1 eV,
for Sb_4d and Te_4d, respectively. The increase in the peak intensity with the same peak
position as a function of the incident angle was observed. However, the Ge peak was not
observed. As discussed above, the very high peak intensity from the Te and Sb signals,
which are related to the Sb,Te; conformal coating, would overcome the Ge peak generated
by the core NWs, having much less intensity. So, the Ge_2p peak at a higher binding
energy was considered. Figure 5b shows the fitted XPS measurements of Ge_2p repeated
with three different incident take-off angles, namely 30, 45, and 75 degrees. The Ge_2p
core peak was observed for all angles at 1219.3 & 0.1 eV (Ge_2p3,2). By comparing the
obtained results from different incident angles, an increase in peak intensity with the angle
was observed, and it could demonstrate the existence of GGST as the core material in the
core-shell NWs.

(a) Ge-rich Ge-Sb-Te/Sb,Te, 10 nm ——75° (b) Ge-rich Ge-Sb-Te/Sb,Te; 10 nm ——75°

—as° —45°

Te 4d —30° Ge 3p 322 —30°
5 El
s s
2 -
b @
= =
& &
£ £

T T T T T T T T T T T T T
46 44 42 40 38 36 34 32 30 28 26 1224 1222 1220 1218 1216
B.E.(eV) B.E. (eV)

Figure 5. XPS spectra for (a) Te_4d, Sb_4d; and (b) Ge_2p regions collected at 30° (blue), 45°
(red) and 75° (black) take-off angles for GGST/ST core-shell NWs with 10 nm shell thickness;
(dots— experimental data; solid lines—fit).
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Next, upon comparing the position of Ge_2p3,, in GGST /ST core-shell NWs (1219.3 eV)
and GGST NWs (1218.3 eV, Figure 3b), a chemical shift in the binding energy of 1 eV was
observed. Such a shift could be due to the chemical bond of GGST with ST.

Further, we performed XPS measurements on the GT core and GT /ST core-shell NWs.
Figure 6a,b shows a clear and sharp presence of Ge_3d, Te_4d and Ge_2p3,, core peaks
originating from the GT core NWs. The dots in the figures are the raw data, and the solid
lines are the fitted data. The gray color shows the inelastic background, fitted by the
Shirley method, and the individual deconvoluted peaks used for fitting. The same data
representation and analysis apply to Figure 6¢. Figure 6¢ reports the XPS analysis from the
GT core NWs coated at room temperature with a 10 nm thick shell of ST. The spectrum
shows clear Sb_4d and Te_4d peaks and an absence of the Ge_3d peak, suggesting the
uniform coating of the ST shell over the GT core NWs. In addition, the Te_4d and Sb_4d
peaks have exactly the same energy as in the GGST core-shell NWs with ST as the shell. It
demonstrates that the shell has preserved its properties independently of the core material.
The XPS analysis over the Ge_2p3,, peak was also acquired (see Supplementary Materials,
Figure S1); the peak binding energy at 1218.5 eV is slightly increased in comparison with
the value from the GT core NWs (1218.1 eV, Figure 6b), possibly claiming for the existence
of a chemical interaction between the core and shell also for the GT /ST NWs.

T T T

T
46 44 42 40 38 36 H

——GeTe (b) —GeTe (C) ——GeTe/ Sh,Te,
Ted4d
Ge 2p 3/2
[1218.1 eV| _‘
el 3
< S
2 3
7]
c
]
£
Ge 3d|
e
T T T r r r v . T T T T T T T T T T
32 30 28 26 1224 1222 1220 1218 1216 46 44 42 40 38 36 34 32 30 28 26
B.E. (eV) B.E. (eV) B.E. (eV)

Figure 6. XPS spectra for (a) Ge_3d and Te_4d; (b) Ge_2p region for GT core NWs; (c) Sb_4d and Te_4d
region for GT /ST core-shell with 10 nm shell thickness; (dots—experimental data; solid lines—fit).

Further, it is worth noting that the binding energy of Ge 2p3,, in GGST (1218.3 & 0.1 eV)
matches within the error bar, the value in GT (1218.1 4+ 0.1 eV) meanwhile moves to
higher energy in Ge;Sb;Tes (1219.5 £ 0.1 eV), as reported in the literature [37]. Therefore,
the chemical bonding of Ge in GGST is more similar to the Ge in GT than to the Ge
in GeZszTeg,.

However, after the growth of the shell, the Ge_2p peak binding energy is 1219.3 £ 0.1 eV
in the GGST, being close to the value of 1219 £ 0.1 eV found in Ge;SbyTes and 1218.4 4 0.1 eV
in the GT cases. Such an observed trend may be related to the Ge atoms from the core
NWs bonded with Sb atoms from the shell of NWs at the core—shell interface, supported
by the tendency to form Ge-Sb bonding to reduce the overall potential energy of the alloy.
When the value of Ge-Sb chemical bonding increases, the potential energy of the Ge atom
decreases, however a detailed investigation on this mechanism is beyond the scope of this
paper and would deserve more investigation.

4. Conclusions

In summary, Ge-rich Ge-Sb-Te and GeTe core NWs with a Sb,Tes shell with thickness
down to 10 nm were synthesized via MOCVD. The morphology showed a continuous shell
coating all over the core NWs. The XRD analysis revealed that the core structure of the
NWs was not altered by the shell deposition. The XPS measurements gave insight into
the interaction between the NWs core and shell, with an indication about the Ge chemical
state at the interface. The chemical shift of the Ge_2p peak was observed, confirming the
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interaction of the core and the shell. Angular-resolved XPS spectra indicated the absence of
interdiffusion between the core and shell elements, suggesting that their structural phase
can change independently, based on the alloy composition. This work demonstrated a
straightforward method to provide efficient core-shell NW heterostructures, formed by
two-phase change materials having different crystallization temperatures and reversible
switching speed. This is particularly useful for comparison with corresponding planar
multilayered PCM cells. Our results could be helpful in the fundamental understanding
of phase change materials for the realization of memory devices and, in particular, for a
comparison with corresponding planar multilayered PCM cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
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