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Two-dimensional (2D) TaSe, has recently garnered significant attention due to its intrinsic
physical properties e.g. charge density wave (CDW) states, Mott insulator transitions, and
superconductivity. In this study, we optimized the synthesis conditions for preparing highly
crystalline 3R-TaSe, by chemical vapor transport (CVT) approach. We systematically
investigated the influence of substrate type on the morphology of the resulting nanocrystals
(NCs) and elucidated the underlying growth mechanisms. The NCs were grown on various
substrates, including Si0,/Si, c-sapphire, and mica, under optimal conditions. The deposited
crystals were characterized using various techniques, including optical microscopy (OM),
atomic force microscopy (AFM), scanning electron microscopy (SEM), energy dispersive X-
ray spectroscopy (EDX) and high-resolution transmission electron microscopy (HRTEM). In
addition, magneto-transport measurements were carried out. Of particular interest, the prepared
3R-TaSe, crystals showed a signature of CDW at around 100 K and an onset of
superconductivity below 2.2 K. Such highly crystalline NCs are interesting for fundamental
research of properties such as CDW phenomena and superconductivity at the nanoscale. This
work provides insights into substrate-mediated growth and paves the way for advancing the

knowledge on 2D TaSe, material for potential applications in next-generation nanodevices.
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INTRODUCTION o 00
Two-dimensional (2D) metallic transition metal dichalcogenides (TMDs) such as TaS, [1-4],
TaSe; [5-7], TiSe, [8-12], and NbSe, [13-16], have attracted significant research attention due
to their diverse physical properties like superconductivity, charge density wave (CDW), and
metal-insulator transitions, making them particularly intriguing for fundamental studies and
applications. [17] Multilayer TMDs have repetitive layers of X-TM-X, where TM and X
represent transition metal and chalcogen, respectively. These materials commonly exhibit three
basic possible stacking structures, include octahedral (1T), trigonal prismatic hexagonal (2H)
and trigonal prismatic rhombohedral (3R). More complex mixed-phase arrangements, such as
4H, and 6R were also reported. [18-21] These stacking variations play a crucial role in
governing phenomena such as CDWs, superconductivity, and quantum spin liquid behavior,
making these materials an exciting platform for exploring novel electronic and quantum
materials. [17] In particular, 3R stacked TMDs (Figure 1a, b) show interesting properties, due
to their unique crystal structures and broken inversion symmetry, making them highly attractive

for potential applications of nonlinear optical and ultrafast devices. [22-26]

Given the strong correlation between crystal quality and physical properties, it is crucial to
synthesize highly crystalline pure 3R-TMDs nanocrystals (NCs) using suitable growth
methods. To date, 3R-TaSe, NCs or thin films have been prepared by various methods,
including chemical vapor deposition (CVD) [27], molecular beam epitaxy (MBE) [28], and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

mechanical exfoliation from bulk crystals [29, 30], using a variety of substrates such as Si0,/Si

[27], sapphire (Al,O3) or SiC [28].

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:15 PM.

In general, the choice of substrate significantly influences not only the growth process, but also
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the intrinsic properties of 2D materials such as the degree of charge transfer and mechanical
stability, resulting in alteration in the carrier mobility and device operation. [31] Besides, the
different nature of strain, caused by various substrates, can result in the modification of the
band gap and the onset of magnetism, creating a variety of promising property changes. [31]
Synthesis of pure bulk 3R polytype by CVT is still extremely challenging due to the potential
formation of mixed 2H and 3R polytopes in products. [7, 27] This work presents, for the first
time, thermodynamically guided synthesis of pure 3R-TaSe; nanocrystals on various substrates
by direct CVT approach. Notably, HRTEM investigations of the CVT-grown nanocrystals
reveal high crystalline quality, with no evidence of Ta vacancies or Ta self-intercalation. In
contrast, such defects were reported in crystals grown by CVD (Deng) and MBE (Tanaka),
respectively. These results highlight the advantage of the CVT method for synthesizing high-

3
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purity 3R-TaSe; with superior structural quality and a reduced density of defects. Of particulaiss oo
interest, the prepared 3R-TaSe, crystals on SiO,/Si substrate showed a signature of CDW and
a high superconducting critical temperature of 2.2 K. These results establish a direct correlation
between growth conditions, substrate choice, and the resulting layer morphology and thickness,
providing a framework for tailoring structural quality to enable precise investigations of CDW

and superconductivity.
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EXPERIMENTAL SECTION 0L 10,1050 e S
Materials. Ta-100 mesh (metals basis 99.98%, Alfa Aesar), Se (99.999%, Alfa Aesar), and
sublimated I, (double sublimed, analytical grade, Merck) were used as starting materials for
preparing the targeted compounds. All materials were stored and handled in a glovebox (M

Braun; p(H,0)/p° < 1 ppm and p(O,)/p° < 1 ppm).

Preparation and Pretreatment of Substrates. All wafers were coated with a photoresist layer
on the polished surface as a protection during the cutting process and then cut into specific
dimensions substrates. Following this, they were thoroughly cleaned with acetone and
isopropanol by ultrasonic treatment for 10 minutes, and the remaining solvent was removed
with compressed nitrogen. Finally, the substrates except mica were annealed in air at 1000 °C

for one hour and allowed to naturally cool down to room temperature. [32]

Synthesis of TaSe, NCs by CVT. Two-chamber fused silica ampoules (internal diameter of
diffusion tube d; = 10 mm, diffusion length s = 12 cm, neck d, = 6 mm, and volume of 9.4 ml)
were used for the CVT experiments (see Figure 1c¢). The ampoules were filled with a few
milligrams (ca. 1-2 mg) of a mixture of Ta and Se in the ratio Ta: Se = 1:2 along with (ca. 1-2
mg) of I, per of ampoule as a transport additive. To promote the formation of 2D TaSe,
nanocrystals, the precursor amount was deliberately kept low. Increasing the precursor quantity
led to higher supersaturation in the growth zone, which resulted in (i) thicker crystals due to

enhanced vertical growth and (ii) increased nucleation and agglomeration on the substrate

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

surface. Therefore, we intentionally used a small precursor amount (1-2 mg of the Ta and Se

mixture) and a short transport time (30 min) to maintain optimal supersaturation conditions,

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:15 PM.

prevent vertical growth, and ensure high-quality 2D nanocrystals.

(cc)

Then, the ampoules were sealed under vacuum with an oxygen-hydrogen flame. To prevent
iodine evaporation during sealing, a sponge soaked in liquid nitrogen was used around the
source side of the ampoules. The valves were gradually opened, allowing the pressure to
stabilize at approximately 2 x 1073 mbar. The CVT growth process involved varying conditions,
including a temperature gradient (A7), growth duration (Zqwe;), and the amount of starting
material. The growth procedure was repeated multiple times under identical conditions,
consistently yielding phase-pure 3R-TaSe, nanocrystals on SiO,/Si with comparable

morphology.
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Figure 1. (a) Schematic of structural polytypes of 3R-TaSe, shown alongside view (Se—Ta—Se
layers), and (b) top view. (¢) Schematic illustration of the CVT setup using a two-chamber fused
silica ampoule for growth of TaSe,. The starting materials were positioned on the source side

(T»), while the substrate was placed on the sink side (77), ensuring that 7, > T7.

Characterization of TaSe, NCs

Preparation of the TEM Lamella. Lamellas were prepared from selected crystals by focused
ion beam (FIB) cutting. The preparation process was conducted using a Helios 5 CX (Thermo
Scientific) system. Initially, a 10 nm carbon layer was deposited onto the sample via sputter
coating. This was followed by electron beam-induced deposition (EBID) and ion beam-induced
deposition (IBID) to provide enhanced protection and structural stability. FIB milling was
performed at an acceleration voltage of 30 kV with a current of 2.5 nA to create the initial
trenches. Final polishing was carried out using a reduced current to minimize sample damage

and achieve superior surface quality.

Light Microscopy (OM). OM images of as-grown NCs were captured using an optical
microscope (Keyence VHX-7000) equipped with a VHX-7020 CMOS image sensor in ambient

conditions.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX).
Morphological and compositional analyses were carried out using SEM at varying
magnifications in conjunction with EDX (ZEISS microscope equipped with an Oxford

6
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Instruments detector). Elemental mapping was performed to evaluate the spatial diggribution gf-c =70
the constituent elements across the NCs. The elemental composition of the NCs was determined

using AZtecWave software (v. 6.1 SP2).

Micro-Raman Spectroscopic Investigations. For Raman investigations, a “T64000
Spectrometer” (Horiba Jobin Yvon) was utilized. The measurements were conducted under

532 nm laser excitation at room temperature using 1800 gr/mm grating.

Transmission Electron Microscopy (TEM). TEM analysis was performed on the prepared
lamella. High-resolution TEM (HRTEM) measurements were carried out using a “FEI Titan?

80—300” instrument (ThermoFisher Scientific), operated at an acceleration voltage of 300 kV.

Atomic Force Microscopy (AFM). At ambient conditions, the thicknesses of TaSe, NCs were
measured by AFM using a TESPA-V2 cantilevers in tapping mode on a “Dimension ICON”

(Bruker, USA). The raw data were analyzed using “Nanoscope Analysis” software, version 1.8.

Magneto-transport Properties. Magneto-transport measurements were performed on
relatively thick (~ 200 nm range) individual nanoflakes connected with Ti/Au ohmic contacts
patterned by e-beam lithography and metal lift-off, in an unetched Hall-bar geometry. The
samples were mount onto the cold finger of an Oxford 3He Heliox system, fitted into the bore
of 18 T superconducting magnet. The resistance was measured with ac-lockin amplifiers (f =

32 Hz) in a current-polarisation configuration with a 5 A maximum current, and the magnetic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

field was applied perpendicular to the sample plane.
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THEORETICAL BASIS

A simulation of the vapor pressures of relevant species and the corresponding condensed phases
in thermodynamic equilibrium was performed in order to estimate suitable conditions for the
CVT growth of TaSe, NCs, using iodine as a transport additive. The results of these simulations
are displayed in Figure 2. Details of the used thermodynamic data and the procedures of their

estimations can be found in the supplementary information (SI).
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Figure 2: Simulated temperature-dependent partial pressures of vapor species above 0.01 mmol
TaSe, in combination with 0.05 mmol I, and 5:10° mmol H,O traces, filling a volume of
9.4 mL. The parameters were selected to be close the performed growth experiments. The grey

area marks partial pressures that are considered too low for macroscopic transport processes.

In order to enable a volatilization of the tantalum of TaSe, to perform CVT, TaH; (g) (H =Cl,
Br, 1) are known to be by far the most stable gaseous tantalum halide species, while other
potential gaseous tantalum compounds like e.g. TaO, (g) require conditions that are
incompatible with presence of TaSe, (s) and would e.g. oxidize the latter. According to the
simulations, a CVT of TaSe, should be possible at even lower temperatures compared to the
case of TaS,, being a consequence of its higher free enthalpy of formation in combination with

a basically identical transport mechanism:
TaSe, (s) +2.51, (g) = Tals (g) + Se; (g)

However, due to the lack of accurate thermodynamic data for the full description of all
condensed TaSe, phases (in particular for the main compound TaSe,), the simulated vapor

pressures in Figure 2 may contain some inaccuracies, especially at the lower temperatures.

Despite the fact that TaSe, is known to be TMD’s that can feature metal self-intercalation
leading to off-stoichiometric compounds Ta;.,Se;, the endothermic nature of their CVT
transport reaction would typically lead to a decrease of the off-stoichiometric parameter x,

particularly in case of a metal rich source compound is used. [33] Therefore, using

8
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stoichiometric mixtures of Ta:Se with 1:2 ratio as starting materials, CVT experiments should-s 7o

result in the growth of stoichiometric TaSe, in the sink during actual experiments.

RESULTS AND DISCUSSION
Optimization of Growth Conditions for 3R-TaSe, NCs

Realizing high-quality TaSe, NCs by CVT requires a simultaneous tuning of various synthesis
conditions. In this study, we systematically investigated the effect of growth temperature on
TaSe, formation across different substrates SiO,/Si, c-sapphire, and mica while maintaining a
constant growth duration of 30 minutes. Based on our thermodynamic simulations, we choose
the growth temperature of 550 °C as a temperature for crystal growth on all studied substrates.
Importantly, the substrate type exhibited a pronounced influence on the growth behavior and
morphology of the resulting TaSe, NCs, underscoring its essential role in the synthesis process.
On SiO,/Si (Figure 3a), TaSe, NCs exhibited a predominantly flat, hexagonal shape, with
domain sizes reaching up to 30 um, uniformly distributed on the surface. In contrast, on c-
sapphire (Figure 3b) the screw dislocation/spiral growth mode was dominant, with well-defined
hexagonal crystal shapes. In this case, lateral and layer-by-layer growth are likely inhibited,
while spiral growth driven by screw dislocations is preferred. This behavior may be attributed

to the crystalline nature of the c-sapphire substrate, which promotes the spiral growth of TaSe,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

through an epitaxial alignment with the substrate lattice. [34] Notably, this substrate also

promoted simultaneous vertical and horizontal aligned crystals. On mica (Figure 3c), NCs of

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:15 PM.

both small and large domain sizes were observed, exhibiting flat half-hexagonal and truncated
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triangular morphologies.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr05129k

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale Page 10 of 22

View Article Online

(a) TaSe,/SiO,/Si (b) TaSe,/sapphire (c) TaSey/mica  pol101039/D5NRO5129K

« Spirals

L]
-

! Vertically
grown TaSe,

S

20 pm

Figure 3. OM images of TaSe, NCs stacked in different sizes and morphologies on (a) SiO,/Si,
(b) c-sapphire, and (c) mica substrates under the same growth conditions (growth temperature

=550 °C with t4ye = 30 minutes).

Reducing the growth temperature below 500 °C resulted in formation of nucleation points for
crystal growth on SiO,/Si and c-sapphire (Figure 4a, b). This may be attributed to weak
supersaturation during the induction period of the vapor transport, decreasing the likelihood of
nanocrystal formation. On mica, crystals appeared but exhibited thermal degradation and were
relatively thick (Figure 4c). Conversely, when the growth temperature was gradually increased
to 650 °C, the transport rate further increases, leading to the formation of larger crystals (several

um in size), although thermal degradation was also observed.

10
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Figure 4. OM images of TaSe, NCs grown in different growth temperature on (a) SiO,/Si, (b)

c-sapphire and (c) mica substrates while maintaining the same growth time (#4y.;1 = 30 minutes).

Interestingly, TaSe, crystals grown on c-sapphire substrate under optimal growth conditions
(growth temperature = 550 °C with #4,,e; = 30 minutes) exhibited different growth mechanism
on the same substrate area: non-spiral (Figure 5a) and screw dislocation-driven spiral (Figure

5b, ¢). This phenomenon might be partially attributed to a temperature gradient across the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

substrate, creating relatively hotter and colder zones at opposite ends. In the higher temperature

zone, crystal growth is limited due to enhanced desorption or decreased supersaturation,

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:15 PM.

whereas in the lower temperature zone, growth is favored, resulting in preferential crystal

nucleation and growth. The growth mechanism of TaSe, on different substrates is schematically

[{ec

illustrated in Figure 5d. Initially, nucleation points or seeds were formed, which then expanded
in substrate-dependent ways. This variation in growth behavior highlights the influence of

substrate type on the nucleation and morphology of TaSe, crystals.
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Figure 5. OM images of TaSe, NCs on c-sapphire substrate under same growth conditions,
along with a schematic illustration of the formation mechanisms. (a) Non-spiral, (b) pyramid-
like growth driven by screw-dislocation, (c) spiral-shaped growth driven by screw-dislocation,
and (d) schematic representation illustrating the growth mechanism for growing TaSe, crystals

on different substrates.

A thickness of around 75 nm was measured for TaSe, crystals on SiO,/Si substrate by AFM,
indicating multilayer crystal growth (Figure 6a, b). On c-sapphire substrate, the height typically
reached into sub-micro crystals (see Figure S1 of the SI). The morphology and elemental
composition of the TaSe,/Si0,/Si and TaSe,/mica crystals were also examined through SEM-
EDX, as depicted in Figures S2 and S3, respectively. The SEM results showed half-hexagonal
or complete hexagonal crystals with variable thickness. On the other hand, the EDX data
confirmed good matching between the measured atomic percentages of Ta and Se and the

targeted TaSe, composition. To further verify the compositional uniformity of the synthesized

12
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nanocrystals, EDX mapping was performed on representative 3R-TaSe, NCs growp.on Si0p/8icc 00
substrate(Figure S4). The elemental maps confirm a homogeneous spatial distribution of Ta
and Se across the entire crystal area, with no detectable elemental segregation within the
instrumental sensitivity. In addition, point EDX analyses acquired at multiple locations on
individual nanocrystals (Figure S4 and S5) yield nearly consistent Ta:Se atomic ratios (close to
1:2) , further confirming chemical stoichiometry and the absence of foreign impurities. In the
following discussion, we focus on investigating the TaSe, grown on Si0,/Si substrate, since it

is - compared to sapphire or mica - widely used in electronic and optoelectronic device

fabrication, due to its compatibility with standard microfabrication processes. [2, 35]

(

-[(b)

Height (nm)

Distance (um)

Figure 6. (a, b) AFM and height profile (along the marked yellow line) images of a 75 nm
TaSe, on Si0,/S1 substrate.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Investigations of TaSe, grown on SiO,/Si substrate
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To determine the crystal structure of TaSe, NCs grown on SiO,/Si substrate, cross-sectional

(cc)

TEM investigations were carried out. For this purpose, a TEM lamella was cut out from a
typical NC by FIB milling. The HRTEM image and the corresponding Fourier transform (FT)
shown in Figure 7a, b demonstrates a high crystallinity of the investigated TaSe, crystal. The
FT agrees with the simulated diffraction pattern corresponding to 3R-TaSe, crystal structure
oriented in [100] zone axis orientation (ICSD 24315, R3m space group). This match is also
illustrated by a comparison of the zoom-in of the HRTEM micrograph (Figure 7c) with the unit
cell model (Figure 7d). Overall, TEM investigations confirm the formation of 3R-TaSe,
polytope on SiO,/Si substrate, agreeing well with Raman investigations shown in Figure S6.
To further explore the physical properties of the grown 3R-TaSe,, magneto transport
measurements have been conducted a on 200 nm-thick crystal in a four-probe configuration.
The temperature dependence of the longitudinal resistance shows a metal-like behavior with a

13
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residual resistance ratio R(300K)/R(4K) = 6.3, as well as the signature of the CDW, transitidi-c e

R0O5129K
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(slope change around 100 K) and of superconductivity below 2.2 K (see Figure 8a) in good
agreement with a previous study on CVD-grown 3R-TaSe,. [27] The transition to the
superconducting state spans over a rather broad range, between 2.2 K and 800 mK (see Figure
8a, lower inset), suggesting some inhomogeneous properties due to disorder. At 500 mK, this
bulk superconductivity is destroyed by applying a small magnetic field, with a critical induction
of about 1T (Figure 8b), and the high-field magneto-resistance shows a quadratic behavior AR
= (uB)?, where p is the carrier mobility. Similar findings have been reported in 3R-TaSe,
polytype, which may be attributed to the formation of vortices upon applying perpendicular
magnetic field, resulting in dissipation and inhibition of superconductivity. [36, 37] This
transition is also observed in the low-field transverse magneto-resistance, followed by the
standard linear Hall response at higher magnetic fields (Figure 8c). The high-field data give
access to the carrier density of 2.1x10%? cm™3 (Hall) and the carrier mobility of 130 cm?V~!s™!
(longitudinal magneto-resistance). The superconducting critical temperature (7;) observed here
(2.2 K) is notably higher than that reported for the 1T and 2H polytypes of TaSe,, as well as for
3R-TaSe, nanocrystals with 7 nm thickness prepared by CVD (7. = 1.6 K). [27] The
superconducting 7;. observed here (2.2 K) is notably higher than that reported for the 1T and
2H polytypes of TaSe,, as well as for 3R-TaSe, nanocrystals with 7 nm thickness prepared by
CVD (T.= 1.6 K). [27] However, it should be noted that, the observed Ta vacancies and line
defects in the CVD-grown crystals together with the substrate-induced strain at low thickness
might influence 7. Tanaka et al. reported 7. values up to 3 K for thin films of self-intercalated
3R-Ta;.Se,, which gradually decreased with reduced thickness [28]. In contrast, both TEM
and EDX analysis of the 3R-TaSe, crystals studied here revealed no evidence of Ta self-
intercalation or noticeable Ta vacancies, suggesting that the enhanced 7, may arise from

dimensionality effects [16] and minimal structural defects.

Future work will focus on determining the precise structural phase of CVT-grown TaSe, on c-
sapphire and mica substrates and investigating whether screw-dislocations or other extended

defects influence the superconducting properties.
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Figure 7. Cross-sectional HRTEM of 3R-TaSe; on SiO,/Si. (a) HRTEM image recorded in
[100] zone axis orientation close to the surface of a 100 nm thick crystal. The c-axis points in
vertical direction. (b) Fourier transform of the HRTEM image (a) with indexed reflections 012
and 003 according to the trigonal space group R3m (ICSD 24315). (¢) Zoom-in at the position
marked by the red box in (a), and (d) unit cell model of 3R-TaSe, with Ta atoms in purple

golden and Se atoms in green.
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Figure 8. Magneto-transport properties of a 200 nm-thick 3R-TaSe, NC. (a) Temperature
dependence of the longitudinal resistance. The upper inset is an OM image of the flake
connected to Ti/Au contacts, while lower inset shows the very-low temperature behavior, on a
logarithmic scale. The grey zone corresponds to the resolution limit. (b,c) Longitudinal (b) and
transverse (c) magneto-resistance under a magnetic induction applied perpendicular to the

sample plane, as measured around of 500 mK. Insets show the low-field behavior.
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In conclusion, we report, for the first time, the synthesis of highly crystalline 3R-TaSe,
nanocrystals on various substrates (Si0,/Si, c-sapphire, and mica) using a thermodynamically
optimized CVT approach. Distinct screw-dislocation-driven growth morphologies were
observed on c-sapphire, whereas layer-by-layer growth mechanism was preferred on mica. On
Si0,/Si substrates, both growth modes were identified, highlighting the critical role of growth
conditions and substrate choice in tailoring the structural properties of 3R-TaSe, nanocrystals.
EDX mapping and point analyses confirm a homogeneous distribution of Ta and Se across the
crystals, with nearly consistent Ta:Se ratios and no detectable secondary phases or impurities,
demonstrating high chemical uniformity. Interestingly, transition due to CDW was observed by
charge transport measurements around 100 K, and superconductivity was evidenced below 2.2
K. A deeper understanding of the initial growth stages is a key aspect to control the
morphological evolution of these high-quality nanocrystals, enabling investigating their novel

physical and electronic properties at the nanoscale.
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SUPPORTING INFORMATION
In the SI section, further details on the thermodynamic simulations as well as AFM images,
Raman spectroscopy, SEM-EDX measurements, including elemental mapping of TaSe, NCs,

are provided.
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