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A B S T R A C T

The intrinsic air sensitivity of two-dimensional (2D) transition metal dichalcogenides (TMDs) poses a major challenge for their deployment in nanoelectronics 
devices. In this work, we present a comprehensive study of the oxidation-driven degradation of ZrSe2, revealing the time-dependent evolution of surface morphology, 
chemical composition, and device performance. Using a suite of experimental techniques including AFM, SEM, STM, EDX, XPS, and Raman spectroscopy, com
plemented by density functional theory (DFT) simulations, we track the spontaneous formation of Se-rich protrusions and nanowires resulting from oxidation. Our 
findings demonstrate that oxidation initiates both at defect sites and edges, leading to the formation of a native Zr oxide that promotes selenium segregation. EDX 
confirms Se-rich blisters and nanowires, while Raman spectroscopy reveals the loss of ZrSe2 vibrational modes and the emergence of Se peaks over time. DFT results 
further explain this behaviour by showing that oxygen adsorption weakens Zr-Se bonds and facilitates Se clustering. Encapsulation with a thin e-beam evaporated 
ZrO2 layer limits degradation and offers a path toward improved field-effect transistor performance under optimized conditions. This work provides new insights into 
the degradation pathways of ZrSe2 and underscores the critical importance of interface engineering and environmental control for reliable 2D semiconductor devices.

1. Introduction

Two-dimensional (2D) semiconductors have attracted great atten
tion for electronic devices, especially as alternatives to silicon, due to 
their potential to overcome short channel effects and provide new 
functionalities: Especially they enable ultrathin transistor channels with 
strong electrostatic control. Despite 2D materials such as MoS2 [1], WS2 
[2] or BP [3] being successfully used in field effect transistors (FETs) 
with high on-off ratio and high performance, creating a smooth, 
defect-free interface between the 2D materials and gate dielectric is still 
a critical challenge. Defective interfaces between the 2D semiconductor 
and the gate oxide can limit device switching properties and reduce 
ON-state current. Therefore, the preparation of clean interfaces with the 

dielectric is considered one of the key bottlenecks to overcome before 2D 
semiconductors can be fully applied in electronic devices [4].

Among IV-B group transition metal dichalcogenides (TMDs), 2D 
materials like Zr and Hf selenides and sulphides have gained increasing 
interest as potential silicon substitutes because, in addition to their large 
work function and high mobility, they can benefit from their native 
oxides [5]. Their kinetic energy barrier for oxidation is, indeed, very 
low. Even a short exposure to ambient air causes these materials to 
oxidize quickly, leading to the formation of the respective transition 
metal oxides (TMOs) on their surface [6]. Having a high-k dielectric as a 
native oxide makes these materials even more advantageous than group 
VI TMDs, since they do not need to be combined with a dielectric of a 
different metal, thereby minimizing interfacial incompatibility with the 
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deposited oxides. Therefore, ZrX2/ZrO2 and HfX2/HfO2, where X is a 
chalcogen, are intriguing options for semiconductor/insulator hetero
structures, such as Si/SiO2, with the advantage that ZrX2/HfX2 are 
layered materials that can be reduced to ultrathin 2D layers [7].

However, to obtain a reliable and smooth 2D semiconductor/oxide 
interface, it is necessary to first comprehend in detail how the oxidation 
process manifests itself, on what time scale, how it impacts the mate
rial’s morphology and whether it causes structural changes. Many 2D 
semiconductors, such as silicene [8], BP [9], and also some group 
VI-TMDs [10], exhibit a severe reaction to ambient air [11]. This re
duces the device’s performance because oxygen and water adsorption 
can significantly alter its physical, chemical and electronic properties [6,
12], or even result in complete degradation. Understanding the funda
mental aspects of the oxidation process would help in intentionally 
preventing 2D semiconductors from oxidation and in identifying 
appropriate methodologies to preserve them in specific conditions [13].

For IV-B group TMDs, as the radius grows from Ti to Hf, the mobility 
of MX2 composites increases, but the air stability dramatically drops 
[11]. Theoretical calculations reveal that the oxidation preferably takes 
place at the flake edges with 50 % terminated in sulphur or is initiated by 
a sulphur vacancy [6]. This is confirmed by experimental works showing 
that the oxidation region grows around 80 nm into the flake of TiS2 from 
the edges after 21 days in H2O [14]. Other studies confirm that moisture, 
more than oxygen, is the main obstacle to long-term stability in these 
materials [15].

Hf-based composites also exhibit significant degradation when 
exposed to air. The surface of HfS2 flakes displays small protrusions after 
oxidation while their thickness increases because of oxygen intercala
tion, according to optical images and AFM measurements [16]. Both 
humidity and oxygen molecules contribute to the occurrence of these 
features. In the case of HfSe2, Hf is oxidizing into HfO2, breaking the 
bonds with Se atoms that coalesce into blisters on the surface. The 
process is more dramatic and faster in HfSe2 compared to HfS2. Signs of 
degradation are visible on HfSe2 flakes after 1 day, while 9 days are 
needed for HfS2 [6].

The air stability of ZrX2 is also notably poor. Raman measurements 
have been shown to be unreliable to identify monolayer/bilayer ZrS2 
and the Raman peak of thin flakes disappears after a couple of days [17,
18]. As in the case of HfX2, the oxidation effects on the selenide coun
terpart were observed to be even more significant. ZrSe2 is particularly 
promising as it is a semiconductor with a bandgap of approximately 1 eV 
in its bulk form – similar to silicon – which increases to around 1.5 eV 
when reduced to a monolayer. A 1 eV bandgap is well-suited for 
low-voltage operation and helps to reduce direct tunnelling and leakage 
current [19]. Another notable feature of ZrSe2 is its demonstrated 
negative differential resistance in nanoribbon form, which makes it a 
promising candidate for spintronic devices [20]. Its native oxide, ZrO2, 
has a wide bandgap of 5.3 eV and belongs to the class of “high-k” di
electrics, which have increasingly replaced SiO2 in modern electronics 
due to their higher dielectric constant. However, despite extensive ef
forts using various deposition and growth methods – including thermal 
and plasma oxidation – a reliable approach for obtaining a smooth, 
homogeneous TMO layer has yet to be established [21].

Controlling and tuning the formation of oxides constitutes a new area 
of study that uses oxidized 2D materials and their heterostructures in 
several fields, such as metal-semiconductor interfaces, van der Waals 
heterostructures, memristors and photonic devices [22], materials 
growth processes, engineering concepts, and investigation of new 
condensed matter phenomena [23].

In this work, we present a comprehensive, time-resolved study of the 
ambient degradation of ZrSe2, with particular emphasis on the 
morphological and structural evolution induced by oxidation. Using 
complementary surface-sensitive techniques – including scanning elec
tron microscopy (SEM), atomic force microscopy (AFM), scanning 
tunnelling microscopy (STM), and Raman spectroscopy – we capture 
both the early stages and long-term effects of air exposure, identifying 

the formation and transformation of Se-rich nanostructures over time. 
We further investigate the impact of electron-beam exposure on surface 
evolution, revealing that SEM scanning alters the natural oxidation 
progression. Chemical and structural analysis via STEM, EDX, and XPS 
confirms Se segregation and Zr oxidation, providing insights into blister 
formation and nanowire nucleation. To gain an atomistic understanding 
of these transformations, we perform density functional theory (DFT) 
simulations, which show how oxygen adsorption weakens Zr-Se bonds 
and promotes Se detachment and clustering – consistent with the 
emergence of Se-rich protrusions observed experimentally. To mitigate 
oxidation, we propose a ZrO2 encapsulation strategy, enabling the 
fabrication of ZrSe₂-based field-effect transistors with promising 
mobility. Our findings, supported by density functional theory (DFT) 
simulations, uncover critical degradation pathways and propose prac
tical strategies for stabilizing ZrSe2 in device environments.

2. Methods

All the ZrSe2 flakes were mechanically exfoliated from their bulk 
crystal using the scotch tape technique. The flakes on the scotch tape 
were then gently pressed on intrinsic silicon substrates or Si/SiO2 (85 
nm) substrates. AFM measurements were performed with Bruker AFM 
(Dimension Icon Model) in tapping mode using an FMV-A 7 nm tip to 
avoid any contact between the AFM tip and the surface. For each sample, 
a 20 × 20 μm2 scan was performed with 512 scan lines and a frequency 
of 0.4 Hz, trying to repeatedly scan the same location. The acquired data 
was analysed using Gwyddion Software. A Tescan Amber X FIB-SEM 
with Oxford Ultim Max Energy Dispersive X-ray Spectroscopy (EDX) 
was used for surface and elemental characterization. The energy of the 
beam was set to 5 keV and the BC was 1 nA to properly detect all the 
features of the surface. Raman spectra were acquired with a Horiba 
XploRA™ Plus confocal Raman microscope equipped with a 70 mW, 
532 nm laser. All the Raman spectra, if not otherwise specified, were 
acquired with a power of 0.5 %, with an acquisition time of 10 s and an 
accumulation time of 10 s, using a 50x objective.

The cross-sectional lamellas were prepared using a Tescan Solaris Ga 
+ DualBeam focused ion beam (FIB) system for high-resolution struc
tural analysis. Prior to ion milling, protective layers were sequentially 
deposited over the region of interest to minimize beam-induced damage. 
The lamellas were then extracted and mounted onto a copper grid. 
Thinning to electron transparency was performed at an accelerating 
voltage of 30 kV, while final polishing was carried out at 5 kV using an 
in-situ ion beam to minimize surface damage and amorphization. Sub
sequent cross-sectional imaging was conducted directly on the Tescan 
Solaris system using dark-field scanning transmission electron micro
scopy (DF-STEM) at 30 kV, employing a 100 pA beam current in im
mersion mode, enabling measurement of structural features. All imaging 
and data acquisition were performed using the Essence™ software. Be
tween the different measurements, all flakes under investigation have 
been stored in the cleanroom environment. STEM imaging and corre
lated EDX was performed on a Tescan Tensor rapid precession 4DSTEM 
microscope at an accelerating voltage of 100 kV, a probe current of 50 
pA and a convergence angle of 9.78 mrad. The probe size during EDX 
measurement was 1.5 nm. Cross-sections were aligned to the Si substrate 
axis using a double tilt holder. EDX frame acquisition time was 56 μs. 
Between the different measurements, all flakes under investigation have 
been stored in the cleanroom environment.

X-ray Photoelectron Spectroscopy (XPS) was performed using a 
monochromatic Al Kα source (Ek = 1486.7 eV) and an Omicron EA125 
hemispherical analyzer that was calibrated using three different metals 
Au (83.9 eV), Cu (932.6 eV), and Ag (368.2 eV). XPS spectra were ac
quired using a pass energy of 15 eV and an energy resolution of 0.05 eV 
ZrSe2 crystals were then loaded into an ultra-high vacuum XPS chamber, 
with a base pressure of ~2.0 × 10− 10 mbar. XPS analysis was conducted 
on a freshly exfoliated sample, an aged (oxidized) sample, and on a 
sample after 24 h of air exposure. The sample was exfoliated twice using 
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Scotch tape in a fume hood. It was then transferred to the load-lock 
chamber of the XPS instrument, where a final exfoliation was per
formed under N2 atmosphere. The analysis of XPS data was conducted 
using the analytical software Analyzer [24].

Scanning tunnelling microscopy (STM) measurements were con
ducted on a bulk ZrSe2 crystal exfoliated in the load-lock chamber of an 
ultrahigh-vacuum (UHV) system at a pressure of 5 × 10− 7 mbar. The 
exfoliated sample was immediately transferred to the measurement 
chamber, maintained at a base pressure of 5 × 10− 10 mbar. STM imaging 
was performed at room temperature in constant-current mode using an 
Omicron system equipped with an electrochemically etched tungsten 
tip. To assess the effects of air exposure, additional measurements were 
carried out on aged samples following exposure to ambient conditions 
for varying durations.

Density Functional Theory (DFT) calculations were performed using 
the Generalized Gradient Approximation (GGA) for the exchange- 
correlation potential, as implemented in the QuantumATK simulation 
package [25]. A medium-basis set Linear Combination of Atomic Or
bitals (LCAO) approach was employed, utilizing GGA norm-conserving 
pseudopotentials from the PseudoDojo library [26]. For Brillouin zone 
integration, a k-point grid was generated using the Monkhorst-Pack 
scheme [27], achieving a density of approximately 10 k-points per 
Å− 1. An energy cutoff of 105 Hartree was applied to the discretized 
real-space grid. Van der Waals (vdW) interactions were included using 
the Grimme DFT-D3 dispersion correction method [28]. All atomic po
sitions were fully relaxed during structural optimization until the re
sidual forces on each atom were reduced below 1 × 10− 2 eV/Å, ensuring 
well-converged geometries. A vacuum layer exceeding 2 nm was intro
duced in the in-plane direction to prevent interactions between periodic 
images of the nanoribbons, effectively simulating bulk-like behaviour.

Additional ZrSe2 flakes were mechanically exfoliated onto Si/SiO2 
substrates (85 nm oxide thickness) within an inert atmosphere glovebox. 
The samples were subsequently transferred to an electron beam 

evaporator for encapsulation with a nominal 2 nm thick ZrO2 film. Air 
exposure during this transfer process was strictly limited to approxi
mately 40 s, solely for mounting the substrates into the evaporator. 
Following encapsulation, back-gated field-effect transistors (FETs) were 
fabricated by patterning and depositing Cr/Au (15/150 nm) contact 
electrodes via electron beam evaporation. All completed devices were 
stored in the glovebox between measurements to minimize ambient 
exposure.

3. Results and discussion

3.1. Time-dependent degradation process of ZrSe2 under ambient 
conditions

This section summarizes the results of the continuous SEM/AFM 
investigation conducted for a month on mechanically exfoliated ZrSe2 
flakes, transferred on a Si substrate. In order to capture the initial stages 
of the oxidation process, the samples were loaded into the SEM imme
diately after exfoliation and were exposed to air only briefly - just long 
enough for the chamber to be pumped down (a few minutes). We 
selected large flakes with multiple terraces to maximize the exposed 
surface area and enable the examination of different types of edges, as 
shown in Fig. 1 and S1.

Fig. 1a shows a zoomed-out optical image of a representative ZrSe2 
flake - another example is provided in Section S.1 - highlighting its 
characteristic contrast on the Si substrate. The slight colour variations 
between the terraces correspond to differences in thickness. Immedi
ately after exfoliation, ZrSe2 exhibits early-stage degradation, as shown 
in the SEM image in Fig. 1b, even though the oxygen atomic percentage 
is below the EDX detection limit, according to the EDX spectrum in 
Fig. 1c. The Zr:Se stoichiometric ratio is approximately 0.61, indicating 
a non-stoichiometric composition and the presence of selenium va
cancies, which likely act as adsorption sites for oxygen.

Fig. 1. Early signs of ambient oxidation. (a) Optical image of a freshly exfoliated ZrSe2 flake. The dashed orange box indicates the region examined in subsequent 
analyses. (b) SEM image of the selected area taken within minutes of exfoliation, showing early-stage degradation. (c) EDX spectrum acquired from the same region. 
(d) AFM image acquired 3 h later, showing increased density of hemispherical protrusions (bright spots), mostly along step edges. These features correspond to raised 
structures, not pits, with heights up to ~35 nm. (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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Numerous small hemispherical protrusions are located mainly along 
the step edges of the terraces, with some also scattered on the surface. 
Oxidation at the edges of 2D materials is a common phenomenon that 
has been previously reported [29,30]. The step-edges are optimal 
nucleation sites for the growth of these features because they contain 
broken bonds. The AFM measurement shown in Fig. 1d, carried out 3 h 
later, reveals a significantly higher density of these features, which 
appear prominently as white dots across both edge and surface regions. 
The AFM profile in Fig. S2 confirms that these protrusions are not holes, 
but raised features extending to a height of around 35 nm, which is 
thicker than the thinnest region of the flake.

The same AFM and SEM analyses were performed on different ZrSe2 
flakes 1, 5, 12 and 30 days after the exfoliation, shown in Fig. 2a, 2b, 2c, 
and 2d, respectively. For this study we selected multi-terraced flakes 
with similar thicknesses. Fig. 2a reveals that the degradation process is 
very fast, since a high density of protrusions has already formed after 24 
h both at the edges and on the surface of the flake. Fig. 2b and 2c show a 
higher density of larger protrusions, compared with the freshly exfoli
ated flakes. However, the protrusions are not homogenously distributed 
over the surface. Indeed, some areas are clean, suggesting that this 
process is triggered by point defects on the surface rather than by the 
edges [31,32]. Even bigger protrusions are then clearly visible on the 
flake scanned after 30 days, revealing a persistent growth process of 
these features.

It was also seen using optical microscopy that the flakes in Fig. 2
underwent a dramatic colour change after the oxidation process, as 
shown in Fig. S3. The apparent colour of ZrSe2 flakes, boosted by 
oxidation, has been investigated for both Si and Si/SiO2 (85 nm) sub
strates in Section S.3. The colour variation - and the time scale over 
which it occurs - are strongly thickness dependent. Moreover, optical 
microscopy can also capture the development of the protrusions on the 
surface of the flakes.

The reason why measurements at specific time intervals after exfo
liation were performed on different flakes rather than repeated on the 
same flake is that SEM dramatically modifies the surface of the flake 
when it is repeatedly scanned, interfering with the natural degradation 
process, as described in Section S.4. Therefore, for each flake in Fig. 2, 

SEM analysis was performed after acquiring AFM images.
To complement these results with atomic-scale information, we 

performed scanning tunnelling microscopy (STM) on freshly cleaved 
ZrSe2 crystals. This technique allowed us to track surface changes during 
controlled air exposure with high spatial resolution. After an initial 
exfoliation under ultrahigh vacuum (UHV) conditions, a bulk ZrSe2 
crystal was subjected to successive air exposures of increasing time 
duration in the load-lock of the UHV system. Following each exposure, 
the sample was reintroduced into the analysis chamber under UHV 
conditions for STM measurements. The results are summarized in Fig. 3. 
The pristine sample exhibits an atomically flat surface with a root-mean- 
square (RMS) roughness of approximately 0.21 nm, measured over an 
880 nm lateral area, as shown in Fig. 3a. A higher-magnification image 
over an 18 × 18 nm2 area clearly resolves the atomic lattice of ZrSe2. The 
in-plane lattice parameter is 0.37 ± 0.02 nm, in good agreement with 
literature values [33,34].

After 4 min of air exposure, the surface roughness increases by a 
factor of ~3, while remaining sub-nanometric (Fig. 3b). The magnified 
view reveals the formation of numerous surface defects, primarily con
sisting of vacancy aggregates, often decorated with adsorbates and sub- 
nanometric clusters (see also Fig. S12). For longer air exposures, the 
atomic lattice is no longer visible, and the surface appears fully amor
phous, with RMS roughness values reaching 4.88 nm and 7.39 nm after 
17 and 47 min of total exposure, respectively (Fig. 3c and 3d). Inter
estingly, after 17 min, the surface corrugation becomes anisotropic, 
which is also evident in the corresponding Fast Fourier Transform (FFT) 
image as shown in the inset of Fig. S13(a). This anisotropy is lost after 
47 min, with the surface appearing rougher and the FFT showing isot
ropy (Fig. S13(b)).

3.2. Oxidation-induced Se segregation and blister formation

While sections 1 and 2 concentrate on the initial phases of oxidation, 
immediately after exfoliation, this section investigates the oxidation 
process over extended exposure times. Fig. 4 shows a remarkable 
transformation in the morphology of the ZrSe2 flake, after prolonged 
exposure to ambient air.

Fig. 2. Time evolution of ZrSe2 surface modification under ambient condition. SEM (top) and AFM (bottom) images of flakes (a) one, (b) five, (c) twelve and (d) 
thirty days after exfoliation.
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To understand the chemical composition of the features on the ZrSe2 
surface, multiple aged flakes were analysed using EDX. Fig. 4a shows a 
thin 1-month-old flake, in which two distinct features can be observed: 
localized hemispherical blisters of different dimensions and planar 
surface modification that might be the initial stage of the formation of 
the protrusions. They grow both on the surface and laterally from the 
edges and have diameters up to ~300 nm. Oxidation-induced surface 
deformations have been observed in other materials [6,16]. EDX maps of 
the flake showing the spatial distribution of Zr, Se and O, reveal Se 
segregation. Oxygen likely causes the displacement of Se atoms to form 
ZrO2. Similar mechanisms have been reported in previous works for 
other materials [35]. Se migration is supported by EDX point spectra 
acquired from several protrusions and protrusion-free areas - see Fig. 4b. 

The concentration of Zr and Se is almost the same far from the pro
trusions, as shown by the spectra 1 and 3. This confirms that the sample 
becomes chemically inhomogeneous after prolonged oxidation.

The oldest flakes, such as the 4-month-old samples shown in Fig. 5, 
exhibit this mechanism even more clearly. The largest hemispherical 
protrusions reach diameters of approximately 500 nm. As the oxidation 
process proceeds, densely-packed groups of protrusions appear to coa
lesce into a single, larger one, leaving a smoother, flatter area sur
rounding them. These results highlight that the process is not self- 
limiting, and that Se aggregation occurs readily at room temperature 
without any external stimulus. EDX maps confirm the absence of both Zr 
and O at the protrusions, as highlighted by the triangular shapes in 
Fig. 5a. EDX spectra collected on the oldest flakes confirm a non-uniform 

Fig. 3. Atomic-scale evolution of ZrSe2 surface under ambient conditions. (Top panels) 3D STM topographic images illustrating the evolution of surface roughness 
following incremental air exposure durations. a–d: freshly cleaved ZrSe2 crystal in UHV, and the same sample after 4, 17, and 47 min of air exposure, respectively. All 
images are presented with the same height scale; the corresponding height ranges and root-mean-square (RMS) roughness values are noted. (Bottom panels) STM 
images showing 18 × 18 nm2 zoom-ups of the surface in each condition. STM scanning parameters: (a) V = − 1.0 V, I = 40 nA; (b) V = − 0.5 V, I = 21 nA; (c) V =
− 3.9 V, I = 4.7 nA; (d) V = − 3.8 V, I = 4.0 nA.

Fig. 4. Se segregation and blister formation in aged ZrSe2. (a) EDX elemental maps (Se, Zr, O) of a ZrSe2 flake one month post-exfoliation, showing Se-rich blisters 
and surface modifications. (b) EDX point spectra confirm Se enrichment in protrusions and Se depletion in nearby regions (Zr:Se ≈ 1.1), indicating chemical in
homogeneity from oxidation-driven Se displacement and ZrO2 formation.
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distribution of the chemical species. The Zr:Se stoichiometric ratio 
ranges from 0.7 to 0.91 on bubble-free regions and from 0.57 to 0.29 on 
them – see the Table in Fig. 5b. Additionally, aged flakes - such as the 
one shown in Fig. 5b, also reveal that Se not only grows in the form of 
protrusions, but also forms nanowires.

Furthermore, Fig. S14b shows the morphology of the flake in Fig. 5a 
after a 20-min continuous SEM scan, confirming that SEM can alter the 
surface even after oxidation occurs and demonstrating that it causes a 
redistribution of selenium atoms through interaction with the electron 
beam [36].

Cross-sectional EDX was performed normal to the flake surface from 
the top of the protrusion deep into the Si/SiO2 substrate. Fig. 6a and b 
show an SEM image of a ZrSe2 flake with the approximate location of FIB 
lamella extraction highlighted, and the FIB-SEM cross-section image of 
the ZrSe2 flake on Si/SiO2, respectively. Looking at Fig. 6c, from left to 
right, we have the Si substrate, then the 85 nm thick SiO2 that appears as 
a dark region, the ZrSe2 flake and the protrusion on top of it. The oxygen 
concentration is at its maximum at the interface between the SiO2 and 
the flake, and then it decreases. The Zr concentration is at its maximum 
in correspondence with the flake, but only a low amount is detected in 
the protrusion, which is predominantly made of Se, as expected. Two 
peaks can be identified in the Se spectrum, one in correspondence with 
the flake and the other at the centre of the protrusion.

A Focused Ion Beam (FIB) cross-section of a protrusion was measured 
in a Tescan Tensor 4DSTEM system with correlated EDX operated at an 
accelerating voltage of 100 kV and a probe current of 1 nA. The 
convergence angle was 9.78 mrad. The cross-section region and lamella 
survey are shown in Fig. 6d and e. During the measurement of the 
protrusion, voids began to form in the lamella, necessitating a reduction 
of the beam current to 500 pA, which stabilized the sample. Fig. 6d 
shows the structure of the protrusion and underlying flake. The pro
trusion is embedded in a ZrO2 layer measuring 20–50 nm which extends 
beneath the protrusion, separating it from the underlying ZrSe2. The 
ZrSe2 layer exhibits phase separation into alternating layers of Se-rich 
and Se-depleted regions. The dark band at the surface is composed of 
almost pure Se, while the bright voids are composed of almost pure 

ZrO2. The darker central region is well mixed, with a Zr:Se ratio of 
~20:50, making the flake slightly Se-rich. A thin layer of carbon, less 
than 5 nm thick, resides between the substrate and ZrSe2 flake, which is 
likely a residue from the transfer process. Since the ZrO2 layer extends 
beneath the protrusion, this indicates the blister formed on top of the 
oxide, not through it - suggesting the Se blister may have formed as a 
consequence of Se segregation from the ZrSe2 due to oxidation. The 
formation of a native ZrO2 layer on ZrSe2 has previously been observed 
[7] as has the segregation of Se as a consequence of oxidation [21]. Se 
poorly wets oxide substrates at room temperature, which can lead to the 
formation of blisters in selenium melts. The segregated Se near the ZrO2 
layer may therefore have spontaneously aggregated into blisters on the 
surface oxide [37].

As shown in Fig. 7a, aged flakes reveal that selenium not only ac
cumulates as hemispherical protrusions but can also spontaneously self- 
assemble into nanowires, with widths reaching up to ~100 nm. The FIB 
cross-section of the flake in Fig. 7a, presented in Fig. 7b, shows two such 
nanowires embedded in the structure. These nanowires are coated with 
a thin carbon layer, although distinguishing it from the surrounding e- 
beam deposited platinum - used to protect the sample during FIB pro
cessing - is challenging (see Fig. 7c–e). Interestingly, the nanowires have 
etched into the underlying SiO2 substrate. However, this is not due to 
reduction processes, as they contain negligible oxygen (Fig. 7c). Instead, 
EDX point scans confirm that the wires are composed of pure Se, as 
further demonstrated in Fig. 7d and e. Their high crystallinity, supported 
by structural data in Fig. S15, suggests that these nanowires result from a 
spontaneous growth mechanism during ageing.

The nanowires emerging from the flake in Fig. 7f were captured 
through AFM-see Fig. 7g. The AFM profile in Fig. 7h indicates that the 
maximum diameter of the nanowires protruding from the substrate is 
around 44 nm, while it reaches up to 124 nm for those lying flat on the 
surface, as reported in Fig. 7i. Additionally, their lengths range from a 
few microns up to 10–15 μm, as observed in representative flakes in 
Fig. S16, enabling us to identify them as 1D Se nanostructures, opening a 
new area of investigation. A statistical analysis of the blister sizes and 
nanowire lengths is provided in Section S.8.

Fig. 5. Enhanced Se aggregation and nanowire formation in aged ZrSe2. (a) EDX elemental maps (Se, Zr, O) of a flake aged 4 months, showing large Se-rich 
protrusions (~500 nm) and Se redistribution due to prolonged air exposure. (b) EDX point spectra from blistered and flat regions reveal strong Se enrichment 
(Zr:Se as low as 0.29) at blisters, indicating significant chemical inhomogeneity. Nanowire formation is also observed in aged samples.
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Considerable research has focused on synthesizing Se-based nano
structures such as nanowires, nanotubes, and nanorods, given sele
nium’s intriguing physical properties - notably high photoconductivity, 
piezoelectricity, thermoelectricity, and nonlinear optical responses 
[38]. Se exists in several allotropic forms, including trigonal, mono
clinic, and amorphous phases. Of these, the trigonal structure is ther
modynamically the most stable, and its chain-like configuration 
naturally supports 1D anisotropic growth [39].

Se nanowires are typically grown from precursor solutions or solid 
compounds [40,41]. They can be synthesized using various methods - 
for instance, by dispersing amorphous selenium (a-Se) nanoparticles in 
ethanol and storing them in the dark at room temperature, which 
gradually dissolves the a-Se and leads to the formation of trigonal Se 
(t-Se) seeds and eventually t-Se nanowires. According to the literature, 
an alternative approach involves dispersing the nanoparticles in water 
and heating them to 85 ◦C. A modest temperature increase is sufficient to 
trigger the amorphous-to-trigonal phase transition, given its relatively 
low transformation energy of only 6.63 kJ/mol [42]. SEM images of 
several aged flakes suggest that Se nanowire growth initiates at Se-rich 
protrusions - both at the flake edges and across the surface. Fig. S16a and 
S.16b show how nanowires can extend from multiple protrusions and 
merge into longer continuous structures.

As further discussed in the following section, identifying the phase of 
Se in the hemispherical protrusions is challenging. We tentatively as
sume it to be amorphous, as these features result from air exposure- 
induced oxidation. However, the tubular morphology of the nanowires 
and the diffraction pattern in Fig. S15 suggest that they adopt a trigonal 

phase. This transition is likely favoured by the lower surface energy of t- 
Se compared to a-Se [43]. Thus, the formation of Se nanowires from 
oxidized ZrSe2 warrants deeper investigation, with the aim of enabling 
controlled growth and the exploitation of their intrinsic properties [44,
45].

The growth of nanowires appears to be a gradual process, typically 
requiring 3–4 months. To accelerate the Se phase transition, we 
annealed several aged flakes (exfoliated on Si and Si/SiO2) in air at 
200 ◦C for 1 h. This temperature is sufficient to promote Se evaporation 
[46], as confirmed by SEM and EDX. However, Raman spectra indicated 
that Se was not completely removed, suggesting that residual atoms may 
crystallize into trigonal nanocrystals - thereby accelerating nanowire 
nucleation [22]. A comparison of pre- and post-annealed flakes is shown 
in Fig. S18. This result suggests that controlled annealing of aged flakes 
could serve as a viable method for oxidizing ZrSe2, although further 
study of the resulting surface ZrOx layer is needed to determine its 
structure and quality.

3.3. Phase evolution and chemical modification

Raman spectroscopy provides further insights into how the oxidation 
process evolves over time. ZrSe2 flakes were mechanically exfoliated 
onto a p+-Si/SiO2 substrate, and the Raman spectrum was acquired 
multiple times over a month on the same flake, only changing the 
location of the laser spot. During this period, the sample was stored in 
the cleanroom environment.

ZrSe2 presents a 1T structure with a P-3m1 space group and the unit 

Fig. 6. Cross-sectional STEM and EDX analysis of blisters. (a) SEM image of ZrSe2 flake with the approximate location of the FIB lamella extraction highlighted. (b) 
FIB-SEM cross-section image of the ZrSe2 flake on a Si/SiO2 substrate. (c) Cross-sectional EDX line spectra, showing elemental distribution across the substrate, flake, 
and protrusion. (d) STEM survey image of the large protrusion and underlying layers. The red box highlights the region where correlated EDX was recorded. (e) 
Correlated EDX maps of the protrusion, showing strong Se segregation. (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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Fig. 7. Spontaneous formation of Se nanowires on aged ZrSe2 Flakes. (a) SEM image of an aged ZrSe2 flake showing surface nanowires, with the FIB lamella 
extraction region marked in purple. (b) STEM cross-sectional image highlighting two Se nanowires embedded in the flake structure. (c–e) EDX elemental maps 
confirming the nanowires are composed of pure Se with negligible oxygen or zirconium content. (f) SEM image of another aged flake displaying nanowires, with AFM 
scan regions outlined. (g) AFM topography images of selected regions. (h–i) AFM profiles showing the height and width of nanowires. (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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cell is given by α = β = 90◦, γ = 120◦ and a = b = 3.772(2) Å, c = 6.1258 
(5) Å. The Raman spectrum acquired immediately after exfoliation is 
shown in Fig. 8a. A small peak corresponding to the in-plane mode Eg 
appears at (145.3 ± 1.7) cm− 1 and a sharp one, associated with the out- 
of-plane A1g mode, is visible at (193.51 ± 0.03) cm− 1. These values are 
consistent with the ones reported in literature [47]. In addition, we 
detect the IR-active modes Eu, around 211 cm− 1 and the A2u at (261 ± 2) 
cm− 1 [48,49].

Fig. 8b shows the spectra acquired at 1, 2, 5, 8, 12, and 30 days after 
exfoliation. Over the first 12 days, both Eg and A1g ZrSe2 peaks are 
clearly visible, and no significant shift is observed. The A2u peak, nor
mally located around 261-264 cm− 1 in fresh exfoliated flakes, is 
replaced by a broad peak around 253 cm− 1 that gradually increases over 
time (see Section S.10 for more details). After one month, the Eg and A1g 
are no longer detectable. The top spectrum, also shown in Fig. 8c, dis
plays only a peak besides the Si peak, which we attribute to likely 
amorphous Se (a-Se) [49,50]. This assignment is consistent with the 
formation of blisters through a spontaneous aggregation process, where 
an initially amorphous structure is expected. This result further confirms 
the nature of the hemispherical protrusions described in the previous 
section. The disappearance of the ZrSe2 peaks after a certain period, 
which likely depends on the thickness of the flake, reveals that the 
exposure to air dramatically and irreversibly modifies the chemical 
structure of the material.

It is not straightforward to identify the precise structure of Se 

through Raman spectroscopy. As mentioned above, the two principal 
crystalline Se allotropes are the trigonal form (t-Se), consisting of or
dered polymeric Sen chains, and the monoclinic Se (m-Se) with ordered 
Se8 rings. However, the structural parameters of these two phases are so 
similar that Raman spectroscopy itself can induce a photo- and heat- 
driven ring-to-chain transition. To minimize this effect, above- 
bandgap excitation lasers with low photon flux and below-bandgap 
excitation lasers at low temperature are needed [50,51].

Our Raman setup, as described in the methods section, does not fully 
meet the stringent requirements needed to ensure that photo- or heat- 
induced transformation in Se is prevented. Based on the collected 
spectrum, the Se peak, shown in Fig. 8c, can be fitted as an envelope of 
one weaker peak at (233.9 ± 0.2) cm− 1 and a more distinct one at 
(253.45 ± 0.05) cm− 1. The first peak might be attributed to the bond- 
stretching vibrational mode of ordered Se chains in t-Se, which typi
cally occurs at 236 cm− 1, while the second corresponds to the bond- 
stretching vibrational mode of Se rings [46]. Raman spectroscopy thus 
confirms the Se-rich nature of the blisters and suggests that they may be 
a mixture of ordered chains and disordered rings, but additional struc
tural analyses would be required for confirmation.

The spectra were acquired again two months later, varying the ab
solute power from 0.175 to 0.7 mW (corresponding to 0.25–1 % of the 
nominal laser intensity), as reported in Fig. 8d, over the 100-500 cm− 1 

range. The two Se peaks are clearly visible and well separated, the first 
one located around 234-235 cm− 1 and the other one around 252-253 

Fig. 8. Time evolution of ZrSe2 Raman spectra during ambient air exposure. (a) Raman spectrum of freshly exfoliated ZrSe2 showing Eg, A1g, Eu, and A2u modes. (b) 
Raman spectra acquired at multiple time points over 30 days; the shaded region highlights the emerging broad peak. (c) Spectrum after 30 days, showing the 
disappearance of ZrSe2 modes and the appearance of a Se peak; inset: peak fitting reveals contributions at 234 and 254 cm− 1. (d) Raman spectra after 3 months 
acquired at different excitation wavelengths and powers.
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cm− 1. The relative intensities of the two peaks change with laser power, 
in agreement with previous reports in the literature. The response was 
also analysed under a below-bandgap excitation laser (785 nm), which 
required a higher power intensity of 6 mW. The spectrum shows a peak 
at (235.6 ± 0.2) cm− 1 and the other one at (251.9 ± 0.9) cm− 1 where 
the 251 nm peak is associated with a disordered chain structure. A 
spectral profile similar to that reported in Fig. 8c was also observed at 
several intensities on other flakes on the same chip. However, for the 
reasons discussed above, these results cannot be considered conclusive 
about the nature of selenium within the blisters.

3.4. Chemical status of the exposed ZrSe2 surface

Fig. 9 presents high-resolution XPS spectra of the Zr 3d and Se 3d 
core levels for a freshly exfoliated ZrSe2 surface, compared with the 
same flake after 1 h of air exposure. Prior to exfoliation, the as-received 
bulk crystal already shows surface oxidation, as indicated by the XPS 
data in Fig. S19. This spectrum reveals the presence of zirconium oxide 
(Zr-O), along with signals corresponding to elemental selenium (Se-Se). 
Notably, the core-level peaks in the as-received sample are shifted by 
~1.0 eV to higher binding energy (BE) due to the formation of native 
ZrO2. In contrast, the surface of the freshly exfoliated crystal is domi
nated by the Zr-Se chemical state, as detected in both the Zr 3d5/2 and Se 
3d5/2 spectra at BE positions of 181.2 eV and 53.8 eV, respectively [52]. 
A secondary chemical state in the Zr 3d spectrum appears at 182.5 eV, 
attributed to Zr-O [53], indicating minor oxidation even though exfo
liation was performed under an N2 atmosphere. A small Zr 4s peak is also 
observed at 52.4 eV [54]. After 1 h of exposure to ambient air, further 
oxidation is clearly evident from the increased intensity of the Zr-O 
peak. Additionally, the Se 3d spectrum displays a new peak at BE of 
54.9 eV, associated with the formation of Se-Se compound [55]. These 
XPS results are consistent with the EDX analysis, which reveals Se-rich 
blisters on the oxidized ZrO2 surface.

3.5. Theoretical insight into Se segregation via DFT simulations

To provide further insight into the experimental observation of Se- 
rich protrusions and nanowire formation, we performed density func
tional theory (DFT) calculations modelling the early and advanced 
stages of oxidation on ZrSe2. The simulations consider increasing con
centration of oxygen atoms adsorbed into a ZrSe2, representing the 
progression of ambient exposure. The simulation results are illustrated 

in Fig. 10, which shows how oxygen incorporation leads to progressive 
Se detachment and clustering.

Our DFT simulations show that oxygen atoms preferentially adsorb 
onto undercoordinated Zr atoms, especially at edge sites and surface 
defects. This leads to a progressive weakening and eventual breaking of 
nearby Zr-Se bonds. The simulations indicate that as oxygen concen
tration increases, oxygen penetrates the top layers of ZrSe2, forming Zr- 
O bonds and destabilizing the Zr-Se lattice. These effects emerge at 
relatively low oxygen coverage, consistent with our experimental 
observation that degradation begins within seconds to minutes of 
ambient air exposure (see STM results in Section 1 and XPS data in 
Section 4).

Under extended oxidation, detached selenium atoms migrate across 
the surface and cluster atop or near the ZrO2 regions, consistent with the 
poor wettability of Se on oxides and the phase-separated structures seen 
in cross-sectional TEM and EDX analysis. Our simulations show the 
emergence of stable Se-Se bonds, supporting this clustering behaviour.

These findings correlate with our experimental results, where 
hemispherical Se blisters and nanowires were observed via AFM, SEM, 
STM, and STEM. Experimentally, we observe Se-rich protrusions (blis
ters) forming as early as 3 h post-exfoliation (Fig. 1d), with a significant 
increase in density and size after 1 day (Fig. 2a). Over longer periods 
(1–4 months), these features evolve into larger aggregates and eventu
ally Se nanowires (Figs. 5 and 7). Thus, the Se clustering begins within 
hours and continues progressively over weeks to months.

3.6. Encapsulation strategy: suppressing oxidation and preserving 
material’s integrity

The previous sections highlight that preventing or limiting the 
degradation process is critical for ZrSe2, both for fundamental studies 
and for device fabrication. To address this, we propose an encapsulation 
strategy as follows. As mentioned in the Methods section, after exfoli
ating ZrSe2 flakes on Si/SiO2 (85 nm) substrates in a glovebox, a ZrO2 
film (2 nm nominal thickness) was e-beam evaporated to encapsulate 
the samples. Air exposure is limited to 40 s solely to mount them in the 
evaporator. We chose ZrO2 because it minimizes compatibility issues 
between the semiconductor and the dielectric layer, as both materials 
share Zr as a constituent.

The reliability of the process is initially evaluated by AFM mea
surements performed two months after encapsulation on multi-stepped 
flakes. AFM images, reported in section S.12, do not show any appre

Fig. 9. Surface chemical evolution of ZrSe2 upon air exposure. High-resolution XPS spectra of Zr 3d and Se 3d core levels in bulk ZrSe2 comparing a freshly exfoliated 
flake and the same flake after 1 h of air exposure. The Zr 3d core level overlaps with Se LMM Auger peaks.
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ciable signs of degradation in the regions thicker than ∼ 12 nm. How
ever, the higher density of protrusions observed in thinner flakes (≲ 6 
nm) is likely due to their brief exposure to air prior to encapsulation, 
which is more critical for thin layers because of their higher surface-to- 
volume ratio and the greater presence of structural defects and edge 
sites. Moreover, possible incomplete coverage of the flake edges by the 
ZrO2 layer, along with structural imperfections in the oxide, facilitates 
oxidation throughout the entire thickness, unlike in thicker flakes. AFM 
on encapsulated flakes helps in qualitatively linking the thickness of the 
ZrSe2 flakes to their apparent colour on 85 nm of SiO2 under optical 
microscopy, which is a useful way to rapidly identify thin flakes – see 
Fig. S21.

Raman spectroscopy, also performed a couple of months after 
fabrication, provides more quantitative and precise information than 
AFM. Raman spectra reveal signal from ZrSe2 regions of different 
thickness. To have a visual understanding of the situation, some spectra 
are displayed in Fig. 11, while the whole set of data is collected in 
Fig. S22 and S23. The parameters extracted for the peaks are reported in 
Table S2. The thickness values reported in the respective column include 
the ZrO2 layer thickness. For flakes with a thickness ≳ 4.42 nm, both Eg 
and A1g mode are detected. In contrast, A1g peak alone is visible for the 
4.11 nm thick flake, and neither of the two peaks can be identified for 
the 3 nm-thick flake [18]. The oxidation status of the different parts can 
be qualitatively identified by examining the A2u peak, as previously 
asserted. Focusing on the position of the peak, we observe a transition 
from the A2u to the Se peak, as the thickness of ZrSe2 decreases and the 
respective degradation increases. Precisely, the additional peak, 

highlighted by a blue arrow in Fig. 11a, is found at ∼ 262–264 cm− 1 in 
regions thicker than 6 nm. At the critical thickness of 6 nm, it shifts to ∼
260 cm− 1, and for thinner flakes, it further shifts to ∼ 252–254 cm− 1.

Fig. 11b, on the other hand, displays the peaks’ height of the two 
vibrational modes as a function of the thickness of the flake. The peaks’ 
intensity does not have a monotonic behaviour but instead shows a 
peak-shape profile. Moving from 115 nm down to thinner flakes, it in
creases, reaching a maximum for ∼ 8 nm thick flakes, and then it de
creases again until the peaks are not detectable anymore. Moreover, 
Raman signal of bulk ZrSe2 is weaker than that of 4.42 nm thick flake. 
This nonmonotonic dependence of Raman intensities on the sample 
thickness has been previously observed in graphene [56] and in other 
TMDs, like MoS2 [57], TaSe2 [58], and others [59]. It is attributed to 
optical interference effects arising from multiple reflections of both the 
excitation laser and the emitted Raman signal within the material, at the 
upper interface, and at the SiO2 substrate. The presence of the oxide 
layer on top of the silicon substrate leads to optical field enhancement, 
which strengthens the Raman signal of thinner flakes and results in a 
peak when constructive interference occurs.

3.7. ZrSe2-based field-effect transistor

As described in the Methods section, back-gated field effect transis
tors (FETs) were fabricated by depositing Cr/Au (15/150 nm) contact 
leads by e-beam evaporation on ZrSe2 flakes exfoliated on Si/SiO2 (85 
nm) substrates and encapsulated with a 2 nm thick ZrO2 layer. The 
encapsulation layer is expected to act as a thin tunnel barrier for charge 

Fig. 10. DFT simulation of oxidation progression in ZrSe2. Density functional theory models showing how oxygen incorporation disrupts Zr-Se bonds, resulting in the 
progressive detachment and clustering of Se atoms. Left: initial stage with low oxygen concentration showing Zr-O bond formation and Se atoms beginning to 
displace. Right: advanced stage with higher oxygen concentration forming Se-rich clusters detached from the ZrSe2 lattice.

Fig. 11. Thickness dependence of ZrSe2 Raman modes. (a) Raman spectra of ZrSe2 flakes with varying thicknesses (3–115 nm), showing the evolution of the Eg and 
A1g peaks. (b) Maximum intensity of A1g (top) and Eg (bottom) Raman peaks as a function of flake thickness, extracted from the spectra in (a). Both modes exhibit 
strong thickness-dependent behaviour.
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injection between the metal contact and the ZrSe2 flakes. The schematic 
of the device, along with the measurement setup, is depicted in Fig. 12a. 
Drain current vs. drain voltage (Ids-Vds) and drain current vs. gate 
voltage (Ids-Vgs) measurements were performed at room temperature in 
the dark.

The inset of Fig. 12b shows the optical image of one of the devices 
with a channel length of L ∼ 2.5 μm and a width of W ∼ 7.5 μm. The Ids- 
Vds characteristic in Fig. 12b shows an asymmetric behaviour, with a 
maximum current of about 1 μA at Vds = 1 V, suggesting a Schottky-like 
behaviour at the metal contacts [60,61]. Fig. 12c presents the output 
curves, obtained by sweeping Vds from − 1 to 1 V and stepping Vgs from 
− 40 to 40 V. Positive gate biases result in a higher current compared to 
the negative ones, indicating n-type conduction in ZrSe2, despite the 
weak gate dependence. The n-type current transport is further 
confirmed by the transfer curve in Fig. 12d, obtained by double 
sweeping the gate bias from 40 to − 40 V at a fixed Vds = 0.5 V. The gate 
current is in the order of pA, which indicates that there is no gate 
leakage. A relatively high mobility of μ = (1.67 ± 0.17) cm2 V− 1 s− 1, 
comparable with other works on ZrSe2 [7], is calculated by the slope of 
the linear fit of the upper part of the transfer curve at positive biases, 
using the following formula: 

μ=
L

(Cox Vds W)

(
dId

dVgs

)

where Cox is the oxide capacitor per unit area (Cox = 4.06 x 10− 8 F/cm2). 
Despite this result, the device exhibits a limited Ion/Ioff ratio and a 
pronounced hysteresis. These effects can be attributed to intrinsic 

defects in the ZrSe2 flake, and to the defective interfaces with both SiO2 
substrate and ZrO2 encapsulation layer [62,63]. The inhomogeneous 
potential landscape usually associated with non-ideal semi
conductor/SiO2 interface in terms of roughness, along with the presence 
of trapped charges at the semiconductor/dielectric interface can 
degrade the device performance and compromise electrostatic control 
[64]. Moreover, damage induced by emitted electrons and ions during 
evaporation of ZrO2 onto the material surface may have introduced 
additional surface defects [65]. Finally, the charge injection mechanism 
through the encapsulating layer at the metal contacts may also limit 
overall device performance.

These results underscore the need to address material and interface 
quality issues. To achieve these objectives, several strategies can be 
considered while maintaining the transistor structure presented in this 
section. These include performing the entire fabrication process in an 
inert glovebox to prevent air exposure, enabling the safe use of few-layer 
flakes, which is beneficial for improving gate control and current 
modulation. Additional improvements involve optimizing ZrO2 deposi
tion parameters to reduce interface damage, exploring alternative gate 
dielectrics such as hexagonal boron nitride (hBN) to minimize charge 
trapping [66], and refining contact geometry to enhance charge injec
tion and overall device stability.

By refining the fabrication process and interface quality, ZrSe2-based 
FETs have the potential to reach performance levels comparable to those 
of well-established 2D semiconductors, as their unoptimized mobility is 
already relatively high. For comparison, MoS2 in similar devices exhibits 
mobilities ranging from less than one tenth to a few dozens, Ion/Ioff ratios 
of 105–108, and subthreshold swings (SS) of few V/decade [67]. 

Fig. 12. Back-gated ZrSe2 FET device. (a) Schematic illustration of the ZrSe2 FET with the electrical measurement set up. (b) Ids-Vds characteristic measured in the 
dark at room temperature. The inset shows the optical image of the device, with a channel length of ~2.5 μm. (c) Output curves under different gate voltages. (d) 
Transfer characteristic at a fixed Vds = 0.5 V.
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Monolayer WS2 FETs report mobilities up to ∼33 cm2/V⋅s with similar 
switching ratios [68], while black phosphorus (BP) can exceed 100 
cm2/V⋅s in mobility but suffers from severe environmental instability 
[69].

However, as shown in Fig. 6, a key advantage of ZrSe2 is that 
oxidation naturally forms a native high-κ ZrO2 layer, a property not 
shared by MoS2, WS2, or BP. This feature directly addresses a central 
challenge in 2D semiconductor integration: the identification and 
fabrication of suitable gate dielectrics for practical electronics. In 
contrast, the native oxides of Mo- and W-based dichalcogenides are 
typically leaky and unsuitable as dielectrics [70], and BP does not form a 
stable native oxide. Thus, the ability to obtain a native functional gate 
dielectric represents a promising integration pathway for ZrSe2. Our 
findings provide further insight into this mechanism.

4. Conclusions

In this work, we have systematically investigated the air-induced 
degradation of ZrSe2, revealing that oxidation dramatically alters both 
the morphology and electronic performance of this promising 2D 
semiconductor. Through a combination of AFM, SEM, STM, EDX, XPS, 
Raman spectroscopy, and FIB-TEM, supported by density DFT simula
tions, we uncover the progressive formation of Se-rich hemispherical 
blisters and one-dimensional nanowires, arising from selenium segre
gation triggered by native Zr oxide growth. EDX analysis shows Se 
enrichment in oxidized domains, Raman spectroscopy tracks the corre
sponding spectral evolution – disappearance of ZrSe2 peaks and emer
gence of Se signatures over time, and XPS confirms the formation of Zr-O 
and Se-Se bonds, providing further evidence for chemical oxidation and 
selenium segregation. DFT simulations offer mechanistic confirmation 
that oxygen adsorption weakens Zr-Se bonds, enabling Se detachment 
and clustering at the surface. We demonstrate that oxidation begins 
within minutes of air exposure, initially at edge sites - consistent with 
known TMD oxidation pathways - but rapidly spreads across the basal 
plane. Protrusions identified via SEM/AFM are composed of Se in mixed 
trigonal and amorphous phases, as confirmed by Raman and cross- 
sectional STEM analysis. Over time, smaller blisters coalesce into 
larger ones (up to 500 nm in diameter), eventually giving rise to Se 
nanowires up to 10–15 μm long, either protruding from the flake edges 
or lying atop the surface. These nanostructures form without any 
external stimulus. Interestingly, repeated SEM imaging was found to 
inhibit protrusion growth, highlighting the beam’s irreversible impact 
on surface evolution. Our encapsulation strategy using thin e-beam 
evaporated ZrO2 offers partial protection, underscoring the need for 
more robust passivation techniques. Despite the challenges, preliminary 
FETs fabricated from encapsulated ZrSe2 exhibit n-type conduction and 
a promising mobility of ~1.7 cm2V− 1 s− 1. This study not only advances 
the mechanistic understanding of ZrSe2 surface degradation, but also 
highlights the broader importance of surface chemistry in determining 
2D device stability. The insights gained are relevant for a wide range of 
TMDs, where native oxide formation and chalcogen segregation may 
both degrade and enable new functionalities in next generation nano
electronics and optoelectronics.
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