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H I G H L I G H T S

• Optimization of MoSe2 growth by RF-sputtering at room temperature.
• XRD/Raman study: 2H phase identification and 250 ◦C onset temperature.
• AFM analysis: increased density and c-axis oriented grain growth.
• Electrical behavior: increased resistivity post-annealing due to lamellar structure.
• MoSe2 stability as a confinement layer in GST225-based heterostructures.
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A B S T R A C T

Molybdenum diselenide (MoSe2) is attracting interest as interlayer material in phase-change memories, where it 
can limit elemental diffusion and stabilize device operation. Here, we investigate thin MoSe2 films deposited by 
RF sputtering at room temperature and analyze their structural and electrical response upon thermal treatment. 
As-grown films crystallize into a structure compatible with the 2H phase above 250 ◦C, with the appearance of 
diffraction peaks and vibrational modes typical of MoSe2. This transition is accompanied by a densification of the 
films and a reorganization of the surface into compact grains, as revealed by X-ray reflectivity and microscopy. 
Raman spectra show the coexistence of well-defined phonon modes and disorder-related features, while electrical 
measurements show anomalous behavior after annealing at 300 ◦C, which may be attributed to morphology- 
related effects. Importantly, MoSe2 maintains its stoichiometry after deposition and annealing, demonstrating 
chemical stability. When integrated into GST225/MoSe2 heterostructures, the material preserves its integrity and 
withstands annealing up to 300 ◦C, confirming its compatibility with phase-change layers to be switched back 
and forth between their as-grown and crystalline states. These findings support the use of sputtered MoSe2 as a 
robust interlayer in next-generation phase change memory devices.

1. Introduction

Phase-change memory (PCM) technology, which relies on chalco
genide materials such as Ge2Sb2Te5 (GST225), has emerged as a prom
ising candidate for next-generation non-volatile memory due to its fast 
switching speeds and scalability [1]. However, PCM encounters 

significant challenges, including resistance drift, high RESET currents, 
and limited thermal stability [2].

Among the different phase-change materials, GST225 is widely 
regarded as a benchmark for PCM technology because it offers a 
favorable trade-off between switching speed, electrical contrast, crys
tallization temperature, and long-term data retention. Other materials, 
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such as Sb2Te3, are frequently employed in fundamental studies of 
phase-change heterostructures, however the relatively low crystalliza
tion temperature of Sb2Te3, typically in the range of 100–130 ◦C, results 
in poor thermal stability and limited data retention, making pure Sb2Te3 
less suitable for practical non-volatile memory applications, unless it is 
combined with materials exhibiting higher crystallization temperatures. 
In contrast, GST225 typically exhibits a higher crystallization temper
ature of approximately 160 ◦C, while maintaining fast switching kinetics 
and excellent long-term data retention.

To address the limitations of conventional PCM materials, re
searchers have explored the use of heterostructures consisting of alter
nating layers of different phase-change materials [3] or phase-change 
layers separated by a confinement material, typically a transition metal 
dichalcogenide (TMD) [4]. For example, Ding et al. [5] demonstrated 
that phase-change heterostructures can suppress both electrical noise 
and resistance drift, resulting in more stable memory operation. Simi
larly, Bertelli et al. [3] reported that Ge–Sb–Te heterostructures exhibit 
higher crystallization-onset temperatures and reduced Ge segregation, 
thereby improving thermal stability.

Despite these advancements, heterostructures composed solely of 
phase-change materials do not fully overcome PCM's inherent limita
tions. Issues such as elemental diffusion and structural instability persist 
[6], necessitating alternative approaches. In particular, because adja
cent phase-change layers undergo substantial atomic rearrangement 
during crystallization and melting, intermixing and compositional 
changes can still occur across their interfaces.

One promising pathway involves the integration of two-dimensional 
transition metal dichalcogenides into PCM devices [7]. These materials 
can be introduced as thin layers between active phase-change layers, 
serving as confinement barriers against long-range atomic diffusion. 
This may help reduce the compositional fluctuations caused by the 
volume and density changes occurring during the phase transition [8].

However, not all TMDs are equally effective as confinement mate
rials. Their suitability depends on several factors, including chemical 
and thermal stability, electrical resistivity, thermal transport properties, 
defect concentration, and resistance to interdiffusion. For instance, 
TiTe2 has been found to diffuse excessively into adjacent layers [4], 
compromising the integrity of the heterostructure. Conversely, a highly 
resistive TMD layer may hinder electrical transport, whereas an unstable 
layer may degrade during the thermal treatments or switching cycles 
required for PCM operation. This highlights the importance of selecting 
and evaluating confinement materials according to the specific re
quirements of the intended heterostructure.

In this context, MoSe2 was selected because it combines structural, 
thermal, electronic, and technological characteristics that make it an 
interesting candidate for GST225-based heterostructures. MoSe2 has 
been reported to exhibit good thermal stability and tunable electronic 
properties [9]. Nevertheless, the thermal behavior of sputtered MoSe2 
films cannot be directly inferred from results obtained on exfoliated or 
highly crystalline few-layer materials. In sputtered polycrystalline films, 
heat transport and structural stability may be strongly affected by grain 
boundaries, defects, film orientation, thickness and deviations from 
stoichiometry. Therefore, the suitability of sputtered MoSe2 as a po
tential confinement layer should be experimentally assessed under 
thermal conditions representative of PCM processing.

While materials such as MoS2, WS2, or MoTe2 have been widely 
investigated for micro- and optoelectronic applications, their integration 
in GST-based heterostructures for phase change devices has been studied 
and reported to a much lesser extent.

In particular, limited information is available on the structural evo
lution and thermal compatibility of sputtered MoSe2 combined with 
GST225 during the phase transition. Investigating these aspects is 
essential because a confinement layer must maintain its structural and 
chemical integrity during the crystallization of the adjacent phase- 
change material.

In this work, we studied the radio-frequency (RF) sputtering 

deposition at room temperature (RT) and the subsequent crystallization 
of single MoSe2 films on Si(100). While various growth strategies have 
been developed for transition metal dichalcogenides, including chemical 
vapor deposition (CVD), molecular beam epitaxy (MBE), and thermally 
assisted selenization, RF sputtering was selected as a scalable and 
industry-compatible technique [10–12]. In addition, room-temperature 
sputtering limits the thermal exposure of the underlying materials and is 
therefore particularly suitable for the fabrication of GST225-based 
multilayers.

At the same time, room-temperature-sputtered MoSe2 films may 
initially exhibit structural disorder, small grain size, selenium defi
ciency, or deviations from the ideal stoichiometry. Subsequent anneal
ing may improve their crystallinity but may also induce selenium loss, 
morphological changes, interdiffusion, or reactions with adjacent layers. 
A detailed investigation of their crystallization process and thermal 
behaviour is therefore required before their integration into functional 
PCM devices.

In this framework, the present work was conceived to investigate the 
structural evolution and thermal compatibility of sputtered MoSe2 under 
conditions relevant to PCM technology, therefore GST225 was selected 
as the active phase-change material, and MoSe2 films were inserted 
between GST225 layers and evaluated as potential confinement layers in 
a technologically relevant multilayered structure.

During annealing, the structural properties of the samples were 
studied by means of temperature-dependent X-ray diffraction mea
surements in grazing-incidence geometry, while atomic force micro
scopy was used to investigate the surface morphology. The vibrational 
properties were investigated by means of Raman spectroscopy. Elec
trical measurements in a four-point-probe configuration using a linear 
resistance-to-length method were performed to determine the film re
sistivity. X-ray fluorescence measurements were carried out to assess the 
elemental composition of both the MoSe2 sputtering target and the 
deposited thin films. Two complementary annealing experiments were 
performed to investigate the crystallization behavior of MoSe2 and its 
structural stability when integrated with GST225. It has to be empha
sized that this work focuses on the materials aspects of MoSe2 and 
MoSe2/GST225 heterostructures rather than on device-level perfor
mance. For this reason, the goal is to assess whether sputtered MoSe2 
maintains its structural integrity during annealing and remains 
compatible with GST225 under processing conditions relevant to phase- 
change memories. Device fabrication and performance evaluation are 
beyond the scope of this study and will be addressed in future work.

2. Results and discussion

Fig. 1a shows the GID X-ray (ω - 2θ) scans of a single 20 nm thick film 
of MoSe2 capped with a 20 nm thick Si3N4 film during annealing in N2 
atmosphere (within the temperature range T = 30 ÷ 350 ◦C). The GID 
measurement at 30 ◦C shows that the as-grown film is not crystalline, as 
no diffraction peak expected for MoSe2 is visible. However, we observed 
a weak feature at 44◦, which can be attributed to the Inconel clips used 
to secure the sample to the heating stage and a sharp peak at 51.3◦ that 
originates from the (− 311) reflection of the silicon substrate. The sample 
crystallization sets in with the temperature increasing from 250 ◦C to 
300 ◦C. The spectrum at 300 ◦C exhibits the main peak of MoSe2, cor
responding to the (0002) reflection located at 13.2◦, compatible with 
previous literature reports [13]. This annealing experiment was carried 
out by increasing the temperature in steps of 50 ◦C and maintaining the 
temperature constant for 30 min, during the time needed for measuring 
the spectra.

When the highest temperature of 350 ◦C was reached, the sample 
was cooled down to RT and the spectrum was collected during a 2-h 
measurement. By proceeding in this way, we only detected the MoSe2 
(0002) peak, which indicated that the sample was crystallized with a 
strong preferential orientation along the (000ℓ) orientation. Such a 
finding suggests that our MoSe2 crystallizes in a structure compatible 
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with the 2H phase and a a layered hexagonal crystal structure, where 
each molybdenum atom is sandwiched between two selenium atoms in a 
trigonal prismatic coordination, forming Se–Mo–Se layers stacked by 
weak van der Waals forces.

By repeating the annealing experiment with a different thermal 
treatment - heating the sample directly to 350 ◦C and cooling it down 
before collecting the spectrum during a 3-h measurement - we obtained 
the spectrum in Fig. 1b, (black curve labelled as ‘fast annealing’) where 
some additional peaks can be observed. All of the peaks were identified 
by fitting the experimental spectrum and assigned to MoSe2 reflections. 
In particular, the peaks found at 13.02◦, 26.55◦, 32.09◦, 38.05◦ and 
56.43◦ were assigned to the (0002), (0004), (1010), (1013) and (1120) 
reflections, respectively [14]. This confirmed the formation of a 
preferred orientation (texture) in grains having their c-axis perpendic
ular to the substrate, corresponding to the (0002) peak. In addition, 
some degree of disorder was evidenced by the presence of prismatic 
plane reflections such as (1010) and (1120), while the observation of 
off-axis reflections like (1013) indicates tilted grains and poly
crystallinity. The red curve in Fig. 1b, labelled as ‘slow annealing’, 
corresponds to a sample annealed by following the first annealing pro
cess described above, and the spectrum was obtained after cooling the 
sample down to RT. It was possible to identify the same diffraction peaks 
in both samples after the two different annealing processes. The peak 
assigned to the (0002) reflection, however, appears slightly shifted, 
being located at 13.02◦ in the “fast annealing” sample and at 13.15◦ in 
the “slow annealing” one. This angular shift corresponds to a variation of 
the lattice parameter Δc = 0.014nm. Although small, this difference 
reflects a relaxation of the lattice towards its bulk value (13.15◦) in the 

slow-annealed sample, indicating a reduction of internal strain and 
improved crystalline quality compared to the fast-annealed one [15,16].

In conclusion, it turned out that the step-by-step annealing may 
promote the (000ℓ) orientation, but, in some cases, additional peaks are 
still observed, suggesting that other factors also play a significant role in 
determining the final crystalline orientation. To have a deeper insight 
into the structural feature of the MoSe2 film, we performed specular 
θ–2θ scans on our samples (not shown here). The obtained diffraction 
pattern shows the (0002) reflection of MoSe2 together with the re
flections of the Si substrate, while no additional MoSe2 reflections are 
observed. This result is consistent with a polycrystalline film exhibiting a 
possible preferential alignment along the c-axis. Such preferential 
alignment is commonly reported for layered transition metal dichalco
genide thin films, where the van der Waals layered structure favors the 
growth of crystallites with their basal planes parallel to the substrate. 
We concluded that the absence of additional reflections in both the 
GIXRD and θ–2θ analysis is also consistent with limited crystallographic 
coherence and/or small grain size. As shown in Fig. 1c, the XRF spectra 
exhibit the characteristic emission lines of Se (blue) and Mo (red), 
consistent with the presence of both elements in the film. In particular, 
the intensity ratio between the Mo Lβ and Lα lines is preserved (Lβ/Lα ≈
0.54 in both target and film), suggesting that the Mo spectral signature 
remains consistent after deposition. Small discrepancies in the Kβ/Kα 
ratio are attributed to the lower signal-to-noise of the Kβ line.

Despite the different scaling of the L and K lines, the Mo and Se peaks 
scale consistently relative to each other. Within the limitations of XRF, 
this is compatible with the nominal target composition. Accordingly, 
quantitative XRF analysis confirmed that the stoichiometry of the 

Fig. 1. (a) X-ray GID (ω − 20) scans on MoSe2 sample annealed with slow treatment from 30 ◦C to 350 ◦C 
(b) Comparison of samples annealed with fast treatment (black) and step-by-step annealing (red), both presenting the same diffraction peaks. 
(c)XRF spectra of MoSe2 target (blue) and as deposited sample (black line). 
(d)X-ray reflectivity (XRR) of a MoSe2 sample before and after fast annealing. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)
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deposited MoSe2 film (Mo ≈ 33.8 at. %, Se ≈ 66.2 at.%) closely re
produces that of the sputtering target (Mo ≈ 33–35 at.%, Se ≈ 65–67 at. 
%), within ~5%.

To further investigate the structural modifications induced by the 
annealing process, X-ray Reflectivity (XRR) measurements were per
formed on both the as-deposited and annealed MoSe2/Si3N4 films. The 
comparative XRR profiles are reported in Fig. 1d. It is worth noting thata 
both samples exhibit Kiessig fringes, indicating high morphological 
quality with smooth and parallel interfaces between the film and the 
substrate.

The XRR curves were analyzed using the Parratt formalism imple
mented in Bruker LEPTOS software, allowing extraction of film thick
ness and roughness parameters. The fitting yields a thickness of 
approximately 130 nm and a surface roughness of about 3 nm for the as- 
deposited film. After annealing, the thickness slightly decreases to 
approximately 125 nm, while the roughness increases to about 3.6 nm.

The increased roughness is consistent with the stronger damping of 
the Kiessig fringes observed in the annealed sample. These results 
indicate that annealing induces a slight reduction in thickness along 
with an increase in roughness. These XRR results, when considered 
together with the XRD data, support the conclusion that the annealed 
sample undergoes a transition to a crystalline state. This structural 
reorganization results in increased roughness at the nanoscale, a typical 

signature of polycrystalline growth. It has to be noted that some of the 
XRD spectra collected at RT prior to the annealing treatment showed the 
presence of the MoSe2 (0002) diffraction peak. This observation was 
further investigated; after ruling out any correlation with growth pa
rameters (such as chamber gas pressure and RF power), we found that 
achieving a fully amorphous film required performing a pre-sputtering 
step before each deposition run. This procedure was essential to mini
mize target surface contamination and stabilize the sputtering 
conditions.

Given the unexpected presence of the MoSe2 (0002) diffraction peak 
in some as-deposited samples, and the structural modifications evi
denced by XRR after the annealing, in particular the increased surface 
roughness, we further investigated the morphological evolution of the 
films by means of atomic force microscopy (AFM). This technique en
ables direct assessment of surface topography and nanoscale roughness, 
providing complementary insights to the XRR data and clarifying the 
effects of both the deposition process and thermal treatment on the 
structural properties of the films.

The AFM images (Fig. 2a and c) confirmed that the as-grown MoSe2 
films are continuous and fully cover the substrate, with no significant 
discontinuities in the scanned area. The apparent depressions observed 
in the AFM scans correspond to topographic height modulations be
tween nanograins, rather than discontinuities in the MoSe2 layer. These 

Fig. 2. Panel (a) displays the as grown sample, from which the line profiles shown in (b) were extracted to investigate surface roughness and morphological features. 
Panels (c) and (d) show AFM images of the as grown and crystalline samples, respectively. In panel (c) some spiral-like features are highlighted (black) for the reader's 
comprehension.
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features are typical of the initial stages of grain formation in sputtered 
layered materials deposited at room temperature.

Spiral-like surface features can be observed in several regions of the 
film, highlighted with black

lines in panel (c), which are indicative of screw dislocation-driven 
growth mechanisms typically associated with layered materials [17,
18]. In our case, their presence in the as grown films (Fig. 2a and c) may 
indicate the onset of slight crystallization in the samples grown without 
pre-sputtering, in agreement with the structural characterization illus
trated above. To further investigate this aspect, line profiles were 
extracted from selected regions to estimate the height differences be
tween terraces and assess whether such features could be related to a 
layered structure. The extracted line profiles are shown in Fig. 2b, and 
they are consistent with the presence of terrace-like features with sig
nificant thickness variations across the film. In the as grown film, the 
surface exhibits prominent, rounded grains with radii on the order of 
several tens of nanometers. In the as grown sample, the topography is 
textured, with well-defined features and significant height modulations 
across the surface, as confirmed by the line profiles.

To assess the impact of annealing on surface morphology, AFM 
measurements were carried out on both as-deposited and annealed 
(crystalline) films.

Fig. 2c and d displays the AFM images of the two samples. The 
crystalline film in Fig. 2d shows densely packed nanograins and a 
generally smoother topographic appearance. Despite this, a slight in
crease in RMS roughness is observed following the crystallization pro
cess, with values of 3.4 nm for the as grown film and 3.6 nm for the 
crystalline one. This suggests that crystallization induces surface reor
ganization, possibly associated with grain rearrangement and localized 
vertical growth.

To further quantify the morphological evolution, grain size analysis 
was performed on the AFM images. Grains were identified through 
watershed-based segmentation, and their equivalent radii were extrac
ted to construct size distributions, which were normalized to account for 
differences in density. The grain size distributions highlight the 
distinction between the two samples. The as grown film exhibits a broad 
distribution, with a most frequent grain radius of approximately 7 nm 
and a significant tail toward larger grain sizes, consistent with a less 
uniform morphology. In contrast, the crystalline film displays a nar
rower distribution centered around 10 nm, reflecting increased unifor
mity and higher density, with limited grain coarsening. These results 
indicate that the thermal annealing promotes both grain growth and a 
more homogeneous grain structure. Such morphological trans
formations are expected to play a crucial role in determining the func
tional properties of the MoSe2 films, particularly in terms of their 
electronic and optical behavior, which are highly sensitive to surface 
roughness, grain size distribution, and overall crystallinity. Despite the 
apparent grain growth, the increase in lateral size remains modest, 
suggesting limited coarsening during the amorphous-to-crystalline 
transition.

In addition to this analysis, a secondary segmentation was performed 
using a lower height threshold, aimed at identifying and quantifying 
depressions or unfilled regions between grains. This analysis revealed 
that, upon crystallization, the number of unfilled regions decreases and 
their average size shrinks, pointing to improved film compactness and 
reduced surface porosity. Additionally, a slight increase in the overall z- 
scale (perpendicular to the sample surface) was observed after anneal
ing, consistent with the formation of vertical crystalline domains and 
localized out-of-plane growth. Taken together, these findings demon
strate that the thermal annealing not only enhances grain ordering and 
size uniformity, but also reduces void density and promotes vertical 
growth. Such morphological transformations are crucial for tuning the 
electrical and optical performances of MoSe2 thin films, particularly in 
heterostructure-based devices where interface quality and film conti
nuity are critical.

To complement the morphological analysis and further investigate 

the short-range structural order of the films, Raman spectroscopy was 
performed on both as-grown and annealed (crystalline) MoSe2 samples 
(130 nm), as shown in Fig. 3a. While AFM provides direct insight into 
the surface topography and grain distribution, Raman spectroscopy 
probes the local vibrational properties and bonding environment, 
enabling the identification of short-range structural changes. The com
bined use of both techniques provides a comprehensive picture of the 
film's evolution upon thermal treatment. As shown in Fig. 3a, the Raman 
spectrum of the as grown film (blue) exhibits a peak attributable to the 
substrate, along with a feature around 250 cm− 1 that probably can be 
ascribed to the unresolved A1g and E2g modes. This suggests a signifi
cant degree of short-range structural order and the formation of char
acteristic MoSe2 local bonding units already during the sputtering 
process at room temperature. Following thermal annealing, as displayed 
in Fig. 3a (orange), Raman-active modes of few-layer MoSe2 were 
clearly observed, including the E1g (~169 cm− 1), A1g (~242 cm− 1), and 
E2g1 (~287 cm− 1) modes, all compatible with literature values reported 
for the 2H phase of MoSe2 [19]. The observation of these modes in
dicates trigonal prismatic coordination of Mo by Se, consistent with the 
local structural motifs of layered MoSe2. In addition to the expected 
features of the 2H phase, three additional peaks are observed in the 
crystalline sample, located at approximately 148 cm− 1 (labelled with *), 
442 cm− 1 (labelled with **), and 582 cm− 1 (labelled with ***). These 
peaks are not predicted by the group theory for the ideal 2H structure 
and do not correspond to known fundamental phonon modes.

Their presence suggests the activation of otherwise forbidden 
vibrational processes, often attributed to local symmetry breaking, dis
order, or multi-phonon scattering. The low-frequency peak at 148 cm− 1 

(*) lies close to the longitudinal acoustic mode at the M point (LA(M)) 
and is likely associated with it [15]. Its activation is commonly inter
preted as a signature of structural disorder or finite-size effects that relax 
the Raman selection rules [20].

The spectrum feature at 442 cm− 1 (**) does not correspond to any 
single-phonon vibration, but falls within the spectral region of known 
two-phonon combinations involving acoustic and optical modes [20]. 
Similarly, the peak at 582 cm− 1 (***) is compatible with higher-order 
phonon processes. According to the resonance Raman study by Soube
let et al. [20], these features can be attributed to combinations such as E′ 
(M) + LA(M) and E′(M) + 2LA(M), which emerge under resonant exci
tation. In particular, (**) matches well with the E′(M) + 2LA(M) process, 
while (***) can be associated with either LA(M) overtones or mixed 
acoustic–optical combinations. The presence of these peaks supports the 
interpretation of a structurally disordered material in which symmetry 
breaking allows the activation of multi-phonon processes. Following 
thermal annealing, the Raman spectrum exhibits a general sharpening of 
the main phonon modes, consistent with the formation of textured 
crystalline grains. However, the persistence of the additional peaks in 
the crystalline state indicates that local disorder and 
resonance-enhanced phonon interactions remain relevant even after the 
transition to a more ordered phase. This observation is compatible with 
the presence in GID spectra of prismatic planes and off-axis reflections.

Overall, the Raman results, together with the XRD data, indicated an 
increase in crystallinity of the films after annealing. Additionally, the 
observation of both fundamental and combination modes provides 
further insight into the complexity of vibrational behavior in MoSe2 thin 
films and reinforces the impact of thermal treatment on their micro
structural properties. Given that the vibrational spectra reflect a disor
dered or partially ordered structure, we proceeded to investigate 
whether such structural characteristics also impact the electrical 
behavior of the films. To this end, four-point probe measurements were 
carried out to evaluate the resistivity of the MoSe2 film. To characterize 
the transport properties of the MoSe2 films, we performed resistance 
measurements using a four-point probe configuration on two sets of 
samples, with thicknesses of 20 nm and 80 nm, deposited on quartz 
substrates. Notably, these samples were grown in the same deposition 
runs as those on Si (100) substrates used for the other characterizations, 
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ensuring material consistency across all measurements. For both thick
nesses, measurements were collected in the as-grown state and after 
thermal annealing (crystalline phase). Preliminary I-V characterizations 
confirmed the formation of ohmic contacts in all configurations, 
ensuring that the measured resistance values reflect the intrinsic bulk 
properties of the material.

The analysis of the resistance dependence on probe spacing (Fig. 3b) 
reveals a consistent behavior across both film thicknesses. In the as- 
grown state, the experimental data display a clear linear trend with 
increasing length, indicating homogeneous conductivity throughout the 
as-grown matrix. Specifically, for the 20 nm film, the calculated re
sistivity is ρ ≈ 8.6 × 10− 1 Ω cm, while the 80 nm as-grown sample shows 
a resistivity of ρ ≈ 2.2 Ω cm. Upon thermal annealing, the transition to 
the crystalline phase—confirmed by the appearance of characteristic 
peaks in the XRD spectra—leads to a significant modification of the 
transport properties. For both film thicknesses, the resistivity increases 
markedly when transitioning to the crystalline phase, reaching values of 
ρ ≈ 1.5 × 10− 1 Ω cm and ρ ≈ 9.3 × 101 Ω cm for the 20 nm and 80 nm 
samples, respectively. The electrical measurements reveal a counterin
tuitive increase in resistivity upon annealing, despite AFM evidence of 
improved grain uniformity. This behavior is not unprecedented. In 
particular, Bichsel and Lévy [21] have reported that MoSe2 films grown 
at low substrate temperatures exhibit relatively low resistivity in the 
as-deposited state, but, after annealing, their RT resistivity increases by 
more than one order of magnitude. They have attributed this effect to 
the development of a lamellar microstructure with reduced intercon
nection between crystallites. Similarly, Mallouky and Bernède [16] have 
investigated MoSe2 thin films obtained by a solid-state reaction and have 
reported room-temperature resistivity values for crystalline/as-grown 
films ranging from 0.1 × 103 to 15 × 103 Ω cm. They have found that 
the resistivity increases as the grain size decreases and/or the crystallite 
order deteriorates, emphasizing the strong influence of film morphology 
on charge transport. A comparable behavior has also been observed for 
MoS2 thin films [22], suggesting that this mechanism is a general feature 
of layered TMDs.

Building upon the structural characterization of MoSe2 films, we 
extended our investigation to a vertically stacked heterostructure that 
combines MoSe2 as TMDC layer material and Ge2Sb2Te5 (GST225) as 
active PCM memory material in a controlled multilayer geometry. The 
heterostructure under investigation consists of a multilayer stack 
designed to study the structural and thermal behavior of phase-change 
and TMD materials in close contact. The structure is composed of two 
repetitions, each consisting of 20 nm of GST225, 5 nm of MoSe2, and 
another 20 nm of GST225, all deposited on a Si(100) substrate. The 
specific layer thicknesses within the heterostructure were selected to 
balance technological growth limits with device performance. Physi
cally, the 5 nm thickness represents the lower limit to ensure a 

continuous, uniform, and closed MoSe2 potential confinement barrier 
over the underlying GST, preventing discontinuities during room- 
temperature RF sputtering. From an electrical perspective, while the 
20 nm GST layers provide sufficient active volume to preserve a high 
and detectable resistance contrast, the highly resistive MoSe2 interlayer 
must be kept ultrathin. This minimizes parasitic resistance, preventing 
an unwanted increase in the device's programming voltage. Notably, the 
GST225 layer used in this study was deposited using sputtering condi
tions specifically optimized to delay full trigonalization at 300 ◦C. To 
provide further insight into the layered structure, we would need 
additional investigation such as Time-of-Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS) to obtain a depth profile exhibiting a modu
lated intensity as a function of the sputtering time, evidencing the 
presence of periodically alternated MoSe2 and GST layers in the struc
ture. Furthermore, additional local area structural analysis such as cross- 
sectional TEM would be required for a complete structural analysis. 
Although the trigonal phase of GST is typically favored at higher 
annealing temperatures [22], here we deliberately selected a more sta
ble, slightly under-crystallized GST, to reduce surface corrugation and 
prevent excessive undulations in the stacked heterostructure. As dis
cussed by Raoux et al. [1], the trigonal phase of GST is associated with 
increased atomic ordering and denser packing, which can induce surface 
roughening during growth or annealing. By maintaining a largely cubic 
or partially as-grown phase at 300 ◦C, we aimed to preserve a flatter 
interface and minimize strain propagation into the MoSe2 layer. To 
probe the evolution of the structural phases, GID measurements were 
performed at various temperatures, from 30 ◦C up to 300 ◦C, as well as 
after quenching the sample and repeating the measurement at RT. After 
evaluating the effect of the two different annealing procedures described 
above, we selected the slower thermal ramp to ensure the formation of a 
more ordered crystalline MoSe2 phase within the heterostructure. The 
resulting diffraction patterns reveal distinct peaks corresponding to both 
the cubic and trigonal phases of GST (all reflections labelled in Fig. 4a), 
as well as a peak attributed to the MoSe2 (0002) reflection. The data 
show the progressive crystallization of GST upon heating, with 
well-defined reflections emerging above 150 ◦C. Observing the XRD 
spectra, we noted that, as expected, GST225 does not undergo a com
plete phase transition even at 300 ◦C. This behavior is consistent with 
the sputtering conditions adopted during the deposition. Specifically, 
the GST225 layer was grown at a lower pressure than that commonly 
used in standard recipes.

It has been reported that higher sputtering pressures lead to lower 
phase transition temperatures, due to increased disorder and internal 
stress accumulation during growth [22]. Films grown at lower pressure 
are typically denser and more homogeneous, as the increased kinetic 
energy of incident species promotes compact atomic packing and re
duces porosity [23]. In such tightly packed configurations, the 

Fig. 3. (a) Raman measurements on a MoSe2 single layer at RT as grown (blue) and after annealing at 350 C. The inset shows a scheme of the main MoSe2 
vibrational modes E1g, E2g, A1g. 
(b) Resistance, normalized to a thickness of 100 nm, as a function of probe spacing. Square markers correspond to as-grown samples, while circular markers represent 
annealed samples; filled and open symbols distinguish the 20 nm and 80 nm films, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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activation energy for crystallization is higher and the transition to the 
trigonal phase requires higher thermal input. Additionally, 
stress-induced nucleation, which often facilitates crystallization at lower 
temperatures in defective or porous films [1] is minimized. This com
bination of higher structural cohesion and reduced defect-driven 
nucleation pathways results in partial retention of the cubic GST pha
ses even after annealing at 300 ◦C.

To further investigate the structural evolution, Raman spectroscopy 
was performed before and after annealing up to 300 ◦C on a hetero
structure similar in composition to the one analyzed by XRD but 
differing in layer configuration. This sample consists of four repetitions 
of alternating GST225 (20 nm)/MoSe2 (5 nm) bilayers, capped by a 
topmost GST225 (20 nm) layer. The corresponding Raman spectra are 
shown in Fig. 4b for the as-grown (red) and annealed (black) sample. 
The coexistence of the two crystalline phases of GST225 is confirmed by 
the identification of distinct vibrational modes: the band at 123 cm− 1 is 
consistent with the cubic phase, while the peak at 172 cm− 1 indicates 
the emergence of the trigonal phase upon annealing, in agreement with 
literature values [15].

No Raman features attributable to MoSe2 are observed. This absence 
is consistent with the optical geometry of the stack. At 532 nm excita
tion, cubic GST exhibits a short absorption depth (δ ≈ 13 nm), so that the 
first 20 nm GST already reduces the excitation reaching the underlying 
MoSe2 to ~22%, and the corresponding Raman scattering signal must 
cross the same GST layer again on the way out. A simple Beer–Lambert 
attenuation estimate indicates that the Raman contribution of the top 
GST layer is about 30 times larger than that of the first MoSe2 layer, 
while deeper MoSe2 layers are even more strongly suppressed. As a 
result, the Raman spectrum is dominated by GST modes, and MoSe2 
vibrations remain undetectable.

To position the proposed MoSe2/GST225 heterostructure within the 
state of the art, a targeted comparison with select reference studies on 
TMD-based interlayers is summarized in Table 1. While advanced 
telluride interlayers, such as TiTe2 and HfTe2, offer excellent lattice 
matching [8,24,25] they often exhibit limited thermal budgets that 
trigger elemental interdiffusion during high-temperature processing. 
Overall, this baseline comparison shows that different TMDs have been 
explored for PCM heterostructures, each offering specific advantages 
depending on the intended application; in this context, our approach 
provides a promising trade-off. The utilization of room-temperature RF 
sputtering avoids any high-thermal-budget steps, ensuring full 
back-end-of-line industrial compatibility.

In this work, we investigated the structural, morphological, vibra
tional, and electrical evolution of sputtered MoSe2 thin films and their 
integration into GST225-based heterostructures. As-deposited MoSe2 
films are crystallize into the a structure compatible with the 2H hex
agonal structure upon annealing above 250 ◦C, developing in some cases 
preferential (000ℓ) orientation and increased density. AFM and XRR 
revealed that crystallization leads to a reorganization into compact 
nanograins, accompanied by a modest increase in roughness and 

Fig. 4. (a) X-ray GID (ω − 20) scans at different temperatures and after annealing. The measurements refer to the multilayer heterostructure illustrated schematically 
in the inset. XRD peaks show the coexistence after annealing of both cubic and trigonal phase of GST225 as well as the MoSe2 (0002) reflection. 
(b) Raman spectra of as grown (red) and crystalline (black) GST225/MoSe2 heterostructure. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Table 1 
Comparative analysis of different transition metal chalcogenide interlayers in 
phase-change memory (PCM) heterostructures: deposition methods, thermal 
budget, and performance trade-offs.

Interlayer/ 
Heterostructure 
Thermal 
Stability Limit

Deposition 
Method

Enhanced 
Features

Open 
Challenges

Reference

TiTe2/Sb-based 
PCM 
250 ◦C

Sputtering 
(often 
requiring 
substrate 
heating)

Outstanding 
lattice 
matching, 
exceptionally 
low resistance 
drift.

Prone to minor 
Te 
interdiffusion 
at higher 
thermal 
budgets.

Kim et al. 
(Small, 
2024) 
[24]

HfTe2/Sb2Te3 

250-280 ◦C
Chemical/ 
Physical 
Vapor 
Deposition

High 
crystalline 
quality, sharp 
initial 
interfaces.

Restricted 
thermal 
budget, high 
susceptibility 
to ambient 
oxidation.

Park et al. 
(JMST, 
2025) 
[25]

MoS2/GST 
350 ◦C

HighTemp.- 
CVD/ 
Sputtering

Excellent 
mechanical 
robustness and 
local thermal 
isolation.

Sulfides 
exhibit high 
chemical 
mismatch and 
high interface 
state density.

Ning et al. 
(ACS 
AMI, 
2022) [8]

MoSe2/ 
Ge2Sb2Te3 

300 ◦C

Room 
Temp.- RF 
Sputtering

Industry- 
compatible 
low thermal 
budget, 
potential 
diffusion 
barrier up to 
300 ◦C, 
improved 
electro- 
thermal 
confinement.

Resistivity 
increase upon 
annealing 
requires ultra- 
thin layer 
optimization 
(≤5 nm).

This 
Work
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improved film compactness. Raman spectroscopy confirmed the onset of 
crystallinity, while also highlighting the presence of disorder-related 
features. Electrical measurements highlighted a counterintuitive in
crease in resistivity after crystallization, pointing to the critical role of 
film morphology and grain connectivity in charge transport. When in
tegrated into GST225/MoSe2 heterostructures, the MoSe2 films preserve 
stoichiometry and structural integrity under annealing up to 300 ◦C. 
Although the Raman response of MoSe2 films was strongly suppressed 
by the limited optical penetration depth of GST, XRD confirmed their 
crystalline stability within the stack. These results demonstrated that 
sputtered MoSe2 combines chemical robustness, thermal stability, and 
structural compatibility with GST225, establishing it as a promising 
candidate as interlayer material for next-generation phase-change 
memories. he results show that sputtered MoSe2 remains structurally 
stable after annealing and is compatible with GST225. Although this 
work does not address device performance, it provides the experimental 
basis needed before investigating the role of MoSe2 interlayers in com
plete PCM devices.

The results show that sputtered MoSe2 remains structurally stable 
after annealing and is compatible with GST225. Although this work does 
not address device performance, it provides the experimental basis 
needed before investigating the role of MoSe2 interlayers in complete 
PCM devices.

3. Experimental methods

3.1. Samples growth

The MoSe2 thin films were deposited by RF-sputtering in a custom- 
made high vacuum chamber system (IONVAC PROCESS srl, Pomezia, 
Italy), equipped with a planetary system for deposition and four 
confocal targets. The heterostructures were grown at RT on Si(100) 
substrates (p-type, ρ = 1 ÷ 10 Ωcm) with a thin native oxide layer on top. 
The MoSe2 targets were provided by Robeko GmbH & Co. KG (Meh
lingen, Germany), with a 99.99% purity. The chamber pressure was kept 
at 6.5×10-3 mbar.

Standard pre-sputtering was performed for 5 min at working power 
with the target shutter closed, prior to growth from the MoSe2 and Si3N4 
targets.

The sputtering forward power was 30 W or 50 W, and a flow 5.86 
SCCM of pure argon was sent to the growth chamber. The GST growth 
rate was monitored with an STM-2 rate monitor (INFICON Holding AG, 
Bad Ragaz, Switzerland).

3.2. X-ray fluorescence (XRF)

Energy dispersive X-ray Fluorescence (XRF) measurements were 
performed ex-situ using a RIGAKU Nex DE VS spectrometer (APPLIED 
RIGAKU TECHNOLOGIES INC., Austin, Texas, USA) equipped with a 60 
kV X-ray tube and a silicon drift detector.

3.3. X-ray diffraction (XRD)

XRD measurements were performed ex-situ by a D8 Discover 
diffractometer (BRUKER, Billerica, Massachusetts, USA) equipped with 
a Cu X-ray source (Cu-Kα1 radiation λ = 1.54 Å, 40 kV and 40 mA) and a 
DHS1100 dome-type heating stage (ANTON PAAR, Graz, Austria) for 
temperature measurements in N2 atmosphere. Grazing incidence 
diffraction (GID) (ω - 2θ) scans were acquired at different temperatures 
(T = 30 – 350 ◦C) during sample annealing.

3.4. Raman

Raman spectra were acquired ex situ by means of a DXR2xi Raman 
imaging microscope (Thermo Fischer, Waltham, Massachusetts, USA) 
equipped with a 532 nm laser source and a 50x objective. The Raman 

data acquisition was performed at RT in back-scattering geometry, using 
a 4 mW laser power at the sample surface.

3.5. Atomic force microscopy

The surface morphology of the MoSe2 films was examined ex situ 
with a Veeco Multimode Nanoscope IIIa atomic force microscope 
operating in tapping mode under ambient conditions. Height maps were 
collected over scan areas ranging from 0.6 × 0.6 μm2 to 5 × 5 μm2. Raw 
images were flattened to remove background tilt, and roughness and 
grain size statistics were extracted via watershed-based segmentation in 
Gwyddion.

3.6. Electrical measurements

The R-L characteristics were measured in air in a probe station 
equipped with sourcemeters (KEITHLEY 2470 and 236, TEKTRONIX 
INC.). The four-point collinear probe technique was used to calculate the 
resistivity as ρ = π/ln2 × R × t× R1, where R is the resistance, t is the 
film thickness and R1 is the Haldor Topsøe correction factor for thin 
samples of finite rectangular shape [19].
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