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Screw dislocation-driven nanostructures of two-dimensional transition
metal dichalcogenides (2D TMDs) can feature chirality that enables
prominent asymmetric optical properties. One of the outstanding
representatives is WSe, as it can exhibit intriguing new size and
shape-dependent chemical and physical properties compared to its
bulk counterpart. Crystal growth control in nanostructures with screw
dislocation-driven growth is central for exploiting their structure-
related properties. However, bottom-up syntheses of 2D TMDs usually
contain ‘trial and error’ approaches. Here we report on the rational
synthesis planning and realizing for the binary system W:Se to achieve
chirality in nano-scale crystals by chemical vapor transport (CVT). For
that purpose, key parameters were modelled based on thermodynamic
datasets. Thus, crystal growth by CVT under addition of SeCl, succeeds
for right-handed spiral nanocrystals from 850 °C to 800 °C with a dwell
time of 60 min, while left-handed spirals are obtained from 915 °C to
860 °C. Surface-fused SiO, nanoparticles on an Si(100) substrate served
as potential nucleation points. Chirality of screwed WSe, was unpre-
cedentedly investigated by circular-polarized Raman Spectroscopy
and showed an intensity increase of the E3; mode of 29% and 15%
for right and left-handed spirals, respectively. Pyramid-like WSe,
analyzed by atomic force microscopy exhibits step heights of around
10 nm. Electron backscatter diffraction patterns reveal a convex
curvature for WSe, with the curvature radii determined as R, =
(270 + 32) pm and Ry = (141 + 9) pm, respectively.

Introduction

Unprecedented attention in research towards two-dimensional
(2D) materials has been gradually garnered since 2004 as
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New concepts

Chirality in screwed nanostructures in two-dimensional transition metal
dichalcogenides unlocks remarkable asymmetric optical characteristics,
making them highly desirable for advanced applications. We introduce a
pathway to create chirality through screw dislocation-driven growth in
nano-WSe, by chemical vapor transport. Usually, the majority of vapor
pressure-assisted synthesis routes contain ‘trial and error’ approaches.
Note that our concept is based on thermodynamic modelling to directly
determine the optimum temperature ranges and the amount of starting
materials, and thus avoid empirical procedures. Low supersaturation
linked to optimum synthesis conditions enables left and right-handed
spiral stacking geometries that exhibit step heights of around 10 nm.
Through circularly polarised Raman spectroscopy, we confirm the
differences in chirality linked to an intensity increase of at least 15% of
the active E;g mode, which is until now unprecedented. Furthermore, as-
grown highly crystalline WSe, exhibits varying curvature radii determined
by electron backscatter diffraction patterns. In summary, the application
of thermodynamic simulations opens up a pathway to create chirality in
nanocrystals for similar material systems.

experimental identification and systematic characterization
marked the beginning of research of this new compelling
materials class." All 2D materials open up an ideal platform
for creating artificial structures featuring intriguing and pecu-
liar properties by stacking different layers vertically.> Comple-
mentary to the semi-metallic electronic properties of graphene,
2D transition metal dichalcogenides, henceforth referred to as
TMDs, with the generally applied formula of MX, (M = Mo, W;
X =S, Se, Te) exhibit a finite bandgap which results in unique
structural,® magnetic® and optoelectronic®’ properties. One of
the outstanding representatives is tungsten diselenide WSe,.
For instance, the thermal conductivity differs between the
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monolayer and the bulk system with 3.935 W m~" K™ and
17 Wm ' K, respectively.®® Bulk-WSe, is stated as the p-type
semiconductor and exhibits an indirect bandgap in the visible
range of ~1.20 eV, while monolayer WSe, provides a direct
bandgap of ~1.39 eV at 300 K.'® WSe, exhibits a well-described
structure given a layer thickness of =~0.7 nm with layers
bonded by weaker interlayer forces that are of inherently
nonlocal van-der-Waals nature.* Several structural phases of
WSe, result from different coordination spheres of the transi-
tion metal atoms. Commonly encountered polymorphs are
characterized by either the trigonal prismatic (2H, space group
P63/mmc)"* or octahedral (1T, space group P3m1)" crystal
coordination. Additionally, tuning the twist angles between
stacked bilayers has been identified as an interesting degree
of freedom, which avoids challenging chemistry of (hetero)-
structures and thereby offers to fine-tune exotic correlated
electronic states,"* e.g., unconventional superconductivity,"
tunable Mott insulators'>'® and Moiré excitons.'”"*® Computa-
tional studies for twisted materials were constraint to systems
with twist angles at 7.34° and 67.34° with respect to Moiré flat-
band systems.'® To achieve twisted structures based on a
chemical point of view, the dislocation-driven growth contains
screw dislocation defects that provide self-perpetuating growth
steps. These steps, then, allow the anisotropic growth. One
essential prerequisite is the low supersaturation condition. The
growth rate of crystal growth modes can be viewed as a function
of the supersaturation.>® Beyond screw dislocations on non-
Euclidean surfaces, chiral inorganic structures have attracted a
great deal of attention as chirality of the crystals can sufficiently
alter their characteristic properties.>’”>*> Recent studies pin-
point to a broad range of materials, e.g.,, 4H-SiC,*® helical
nanotube structures of MoS,,”” NiMoO,4,?® and hexagonal crys-
talline platelets.>® Chirality in materials enables second-order
optical nonlinearity®® and chiral-induced spin selectivity*' as
well as topological transport.>*

For the synthesis of WSe, crystals, bottom-up approaches
such as chemical vapor-assisted methods are employed.
Bulk-WSe,, crystals have predominantly been prepared by the
classic chemical vapor transport (CVT) method, using both
well-established transport additions such as Se(s),** Br,(1)****
and I,(s)** as well as chlorinating additions such as SeCly(s)**
and TeCl(s).>® Regardless of the bulk material, thin films
of WSe, were achieved by atmospheric pressure chemical
vapor deposition (CVD).*” Based on the flat structures, screw
dislocation-driven nanomaterials were only synthesized using a
CVD set up. Thus, few-layer and pyramid-like WSe, were
synthesized by sulfur-assisted CVD,*® while spiral growth was
achieved by CVD with NaCl(s) acting as a co-solvent.*® A closer
look at the literature on controlled growth of screw dislocation-
driven crystals, however, reveals a number of knowledge gaps
as nanostructures with those characteristics have not been
reported yet for the classic CVT set-up. Questions to be
addressed are how to evade ‘trial and error’ approaches in the
CVT synthesis for a rational crystal growth design®® and which
temperature ranges are appropriate to achieve chiral nano-
WSe, crystals.

This journal is © The Royal Society of Chemistry 2025
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Herein, the key focus is set on the binary system W/Se
investigated with regard to a rational approach of planning
and realizing of a bottom-up synthesis of chiral WSe, nano-
crystals with screw dislocations. Therefore, the frame para-
meters of the CVT experiments are based on thermodynamic
modelling of the reaction according to CalPhaD (calculation of
phase diagrams) methods. This study addresses several further
questions on how the applied temperature affects the screw
dislocation-driven growth in terms of topography characteristics,
and the change of orientation in the direct environment of the
screw dislocation zones compared to a reference system. We
show WSe, nanostructures with different chiralities can be
realized and were investigated by TEM, AFM and EBSD, while
the chiralities of crystals have been verified by Raman spectro-
scopy. Thus, rational synthesis routes ascended as essential in
order to realize desirable dimensionalities and the respective
morphologies.

Experimental section
Thermodynamic simulations using TRAGMIN software

In order to determine optimum reaction conditions, the vapor
transport of the W:Se system was modelled initially. For that
purpose, CalPhaD methods were applied. Thermodynamic
modelling experiments were performed by the TRAGMIN soft-
ware V. 5.2 for both single equilibrium room arrangement and
two-room model linked equilibrium spaces of dissolution and
deposition.** Partial pressures for the species were calculated
in a wide temperature range and finally evaluated for the
relevant range of 800 °C < &3 < 850 °C. Simulations were
performed by using an equidistant gradient of AT = 5 K between
each step. The constant volume of V = 9.4 mL corresponds to
the real experimental ampoule dimensions. For all modelling
experiments, a framework of parameters was set. In order to
represent actual experimental conditions, a small amount of
Argon was used as the inert/reference gas: n(Ar) = 10~ ® mmol,
and traces of moisture/oxygen were set with n(H,0) =
10~° mmol. Selenium tetrachloride SeCl,(s) was used as trans-
port addition with n(SeCl;) = 0.004 mmol. With respect to the
use of SeCly(s), the stoichiometric ratio between W and Se was
set as W:Se = 1:2001. Thermodynamic data of all entities used
for simulations and information considering the calculation of
the transport efficiency are enlisted in the ESL ¥

Preparation of the ampoules

Oxygen- and moisture-sensitive starting materials and the
products of the synthesis for the bulk materials were stored
in an argon-filled MB 200B Eco glovebox (M Braun; p(H,0)/p° <
1 ppm and p(0,)/p° < 1 ppm). Tungsten W powder (abecr,
99.95%) and selenium Se powder (Alfa Aesar, 99.999%) were
weighed and thoroughly ground to prepare a mixture according
to the stoichiometric ratio of W:Se = 1:2. For the bulk
material, (40 + 1) mg of the mixture from the elements and
(2 £ 1) mg of SeCl,(s) powder (Sigma Aldrich, 99.999%) were
weighed and funneled in a one-chamber silica glass ampoule.
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Fig. 1 Concept of the experimental work-up of the CVT experiment using
a two-chamber silica glass ampoule. Starting materials are placed on
the source side (T,) and the SiO,@Si(100) substrate is positioned on the
sink side (Ty), with T, > T;. An applied temperature gradient is given as
the red line.

No pre-reaction of the components was necessary before the
actual transport experiments. Synthesis for the WSe, nano-
structures was performed with (5 + 1) mg of the mixture and
(1 £ 0.5) mg of the SeCly(s) powder that were funneled in the
source side of a two-chamber silica glass ampoule (diffusion
distance: d, & 12 cm, inner diameter: d; ~ 10 mm, inner taper
diameter: d;; ~ 5.3 mm), see Fig. 1. Additionally, approaches
with pre-synthesized WSe, were conducted; nevertheless,
screwed nanostructures could not be obtained. In order to
force the materials to form screw dislocation-driven growth,
SiO, nanoparticles were seeded on a Si(100) substrate (ESIT).
Subsequently, a standard Schlenk-line (p = 1.0 x 10~> mbar)
was employed for sealing. The source side was additionally
cooled by a woven fabric saturated in liquid nitrogen in order to
avoid early evaporation of starting materials.

Chemical vapor transport experiments

CVT experiments were conducted using a horizontally mounted
LOBA two-zoned Tube Furnace (HTM Reetz). For a quantitative
transport, the mixture for the bulk synthesis was thermally
treated from 900 °C to 820 °C with a heating rate of f§ =
10 K min~" towards the temperature gradient targeted and a
dwell time of ¢gwen = 72 h. Subsequently, the ampoules were
quenched with water. Nanostructures were synthesized from
850 °C to 800 °C with a heating rate of =10 K min~" towards
the temperature gradient aimed and an applied dwell time of
tawen = 60 min. Consequently, ampoules were first cooled on the
source side in order to avoid contamination of the crystals
grown and stored in the glovebox. Upon cooling in air or
quenching with water, crystals appeared in a similar shape
which leads to the assumption that quenching has no effect on
the result.

Characterization of the as-grown crystals

Powder X-ray diffraction (pXRD). To achieve the identifi-
cation of the bulk crystals synthesized during the CVT process
and to aim clarification about phase purity, powder X-ray
diffractograms were recorded. Bulk material was ground thor-
oughly, and fixed with collodion glue on an X-ray amorphous
polyacetate foil. pXRD was performed on a Stadi P Dual
Source Diffractometer (STOE) in the Bragg-Brentano geometry.
Experiments were performed in a diffraction angle range of
10° < 20 < 120° with a step size of 0.015° and 60 s per step.
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Measurements were conducted in transmission mode at room
temperature. Cobalt served as radiation source A(Co K,;) =
1.788965 A. A curved Ge(111) primary beam monochromator
and a nickel filter were applied. A semiconducting MYTHEN
1 K strip detector (1280 strips) was used. An acceleration voltage
of U, =40 kV and a filament current of I = 10 mA were utilized.
PXRD patterns were analyzed using the WinX"°" software V.
3.12.4. For identification, reference samples based on the ICSD
database (Inorganic Crystal Structure Database) were used.

Light microscopy. Morphology and habitus of the as-grown
crystals in nanoscale and bulk materials were analyzed with a
light microscope. Images of the as-grown bulk samples in the
sealed ampoules were immediately taken after quenching with
a Leica Microscope M80 (Leica) equipped with a Leica MC170
HD camera. The LAS software V. 4.8 was used. Microscopic
investigations of the as-grown nanoparticles were performed
using a KEYENCE VHX-7000 Digital Microscope (Keyence) with
a VHX-7020 high-performance camera with a CMOS image
sensor and several objectives to adjust the magnification (Key-
ence VHX-E series) under ambient conditions. Images were
taken from the VHX software V. 2.3.16.295.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray (EDX) analysis. Analytical scanning electron microscopy
(SEM) of the as-grown crystals was recorded using a NOVA
NanoSEM 200 (FEI Company) device, which facilitated vacuum
conditions to analyze the WSe, surface properties. Substrates
were scattered on a double-sided carbon tape that was glued on
an aluminum stub (d & 10 mm). Secondary electrons were
detected using an Everhart-Thornley detector. All samples were
analyzed with a secondary electron detector with an applied
acceleration voltage between 5 kV and 15 kV. Experiments were
conducted in standard operational mode at high magnifica-
tions. Elemental analysis was performed by the EDX that is
built into the SEM and analyzed by the EDAX Genesis Spectrum
software V. 6.32. The energetic resolution was set to be 10 eV,
and the detection limit was >1 wt%. The EDAX Genesis
Spectrum software V. 6.32 directly calculated the relative ele-
mental composition.

Focused ion beam (FIB) lamella preparation. Cross-
sectioning and high-resolution imaging on both the SiO,@
Si(100) substrates and FIB lamella of WSe, crystals were con-
ducted with a Helios 5 CX (Thermo Scientific). As a protective
layer for the crystals selected, a C/Pt cover was applied for the
cutting. The cutting process was executed by using an accelera-
tion voltage of U, = 30 kV. Gallium was used as the ion beam
source. The milling current was set at I = 86 pA and the milling
depth was d,, ~ 8 um. Images were taken in the SE-mode and
exhibit a tilt-corrected scale bar. The acceleration voltage for
the SEM images was U, = 3 kV.

High-resolution transmission electron microscopy (HR-TEM).
Cross-sectional aberration-corrected HR-TEM of the FIB lamella
was performed with a Cy-corrected FEI Titan® 80-300 transmis-
sion electron microscope (ThermoFisher Company) at an accel-
eration voltage of 300 kV. To index the reflections of the
diffractograms, the Single-Crystal software V. 3.1.5 (CrystalMaker
Software Ltd) was used.

This journal is © The Royal Society of Chemistry 2025
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Electron backscatter diffraction (EBSD). To obtain crystal-
lographic information about the WSe, samples, EBSD was
utilized. EBSD measurements were performed in an Ultra 55
SEM (Carl Zeiss AG) equipped with a Nordlys EBSD system
(HKL Technology A/S). The measurements were done with a tilt
angle of 6 = 70° at an acceleration voltage of U, = 10 kV and a
sample current of 7= 0.5 nA. The step size was set to 0.5 pm in a
rectangular grid. EBSD acquisition as well as data evaluation
were performed using the Channel 5 software V. 5.0.9.0 (HKL
Technology A/S).

Atomic force microscopy (AFM). Spiral stacking morpholo-
gies were characterized using an AFM icon Dimension Nano-
Scope 9.1 (Bruker) in a standard tapping mode in air. An etched
Si single-crystal was used as a cantilever with a spring constant
of k=3 N m™*. Measurements were conducted with an Olympus
AC 160TS-R3 tip. For each image, the scan rate was set to be
0.5 Hz, the drive amplitude was set to be ~100 mV and 1024
samples per line were taken. To characterize the thickness and
surface topography of the crystals, the NanoScope Analysis
software V. 1.8 was used. Suitable crystals were pre-selected
using optical microscopy under ambient conditions.

Raman spectroscopy. Raman spectra were recorded using a
Raman Spectrometer T64000 (Horiba Scientific) in the range of
700 cm ' < ¥ < 50 ecm ' at room temperature. As the
excitation source, a 660 nm linear-polarized torus laser (Laser
Quantum) with a spot size of 1 pm was applied. The maximum
power was chosen to avoid destruction of the sample and the
grating used was 1800 ¢ mm . A 50x Mplan N objective
(Olympus) with an aperture of 0.75 was used. A Symphony
II 2048 x 512 Cryogenic Back-Illuminated CCD detector
(400 nm < 1 < 1000 nm) was used. The device was calibrated
using Si-1 with the main peak at ¥ = 520.2 cm ™. Analyses of the
Raman spectra were performed with the Labspec 6 software. A
scheme of the spectrometer and information about circularly
polarized Raman measurements are given in the ESL
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Results and discussion
Rational design of crystal growth by modelling of CVT

Thermodynamic modelling was used as a tool to render ‘trial and
error’ approaches for the W/Se/Cl system with a tightened
temperature window for essential CVT parameters, such as
temperature and the temperature gradient. For this, TRAGMIN
simulations allowed bridging theoretical considerations
through modelling with experimental methods by chemical
vapor precipitation. Based on considerations regarding the
ternary phase diagram W/Se/Cl and respective stationary simu-
lations of complex equilibria, the conditions for the endother-
mic CVT with respect to the temperature and temperature
gradient as well as the reaction system composition were
chosen to be in the range 800 °C < & < 850 °C (ESIf).
Additionally, small excess of selenium species is essential in
order to enhance the activity of Se(g) during the crystal growth
process that can be realized by the addition of SeCl,(s). Here,
SeCl,(s) is the initial experimental addition, while the actual
active species and thus also the transport agent are formed in
subsequent equilibria. The gaseous species WCl,(s), Se,(g) and
SeCl,(g) then become relevant for the transport, while the
formation of HCI(g) results from the assumption of experi-
mental conditions that cannot completely avoid the presence of
traces of water or moisture. Other oxygen-containing species,
such as SeO(g), SeO,(g), and WO,(g) are non-effective in a
realistic experimental scenario (p; < 10~° bar), see Fig. 2. That
is, no oxidic contamination should be precipitated at the
crystallization site. Finally, a formal dominating transport
equation concludes eqn (1).

WSe,(s) + 2SeCl,(g) = WCly(g) + 2Se,(g) (1)

An allocation of essential parameters for the evaluation of
the CVT experiments is given by Table 1.

60
B

40+
204

—-20 {—— Se, (relative)
——Wwcl,
_40 4~ — ~ Other species
—— Se,Cl,

SeCl,

Transport efficiency «, (i)
o

-60 T T T T
850 840 830 820 810 800

9/°C

Fig. 2 Simulation of the partial pressure behavior in a sealed ampoule. (a) Partial pressure for different gas species in the temperature range of 800 °C <
9 < 850 °C for an endothermic CVT. Area for log(p,) > —4 is marked grey. Non-effective pressure area for p < 10~° bar is marked red with species shown
as the dashed line. Condensed phases shown as the dark grey rectangle. (b) Calculated transport efficiency w(i) for the temperature range given.
Wy rel(S€2) corresponds to the homogeneous equilibria in the gas phase for Se,, species.
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Table 1 Essential CVT parameters for bulk and nano-WSe, as simulated by TRAGMIN. Two-room modelling represents simulations for the CVT.

Calculated transport rates are given by Mcaic.

n(i)/mmol
Material Modell w Se® Cl source/ C sink/°C AT/K Meare/mg h™* Boundary phases
Bulk Two room 1 2.001 0.002 1900 820 80 3.36 —
Nano Two room 1 2.001 0.004 1915 860 55 1.63 —
Nano Two room 1 2.001 0.004 1890 840 50 1.61 —
Nano Two room 1 2.001 0.004 1850 800 50 2.15 —

¢ Excess for two-room modelling related to addition of SeCl,(s).

Synthesis and characterization of bulk-WSe,

The CVT process for the bulk material was conducted based
on the modelling data acquired by TRAGMIN to achieve
WSe, crystals that serve as the reference material (ESIt).
Optimized synthesis parameters correspond to the quantitative
transport from 900 °C to 820 °C. Bulk-WSe, crystals show
predominantly a hexagonal shape. Crystals occur in slightly
varying size, see Fig. 3(a) and (b). Smaller particles on the bulk-
WSe, crystals can derive from broken larger crystals during the
sample preparation. SEM images underline the variety in the
crystal shape, see Fig. 3(c)-(e). pXRD analysis gives a strong hint
for phase purity of the pre-synthesized WSe,, see Fig. 3(f).
Reflexes that appear within the diffraction angle range 10° <
20 < 120° can all be attributed to the 2H modification. The
main reflex at 36.6° (20) is associated with the preferred (100)
orientation. All other reflexes in the diffractogram are in
accordance with hexagonal primitive 2H-WSe, (ICSD: 40752,
Space group: P63/mmc).42 Complementary to pXRD, EDX ana-
lyses reveal a stoichiometric ratio of the elements of W:Se =
1:2, see Fig. 3(g).

22222233337
SRRERENENE

=

Synthesis and characterization of crystals with screw
dislocations

Surface morphology. The rational bottom-up crystal growth
corresponds to thermodynamic modelling and led to condi-
tions that resulted in spiral stacking crystals. Triangular and
hexagonal pyramid-like crystals were yielded with concomitant
formation of irregularly shaped WSe, crystals within three
proper temperature windows for screw dislocation-driven
growth, namely 915 °C — 860 °C, 890 °C — 840 °C and
850 °C — 800 °C. In contrast to that, experiments without
seeded SiO, nanoparticles, i.e., on a flat substrate resulted in
only flat crystals. Surface-fused SiO, nanoparticles serve as
potential nucleation points for the crystal growth. These take
up the role as defects on the substrate and affect (lower) the
surface energy on the substrate. Thus, substrates with seeded
nanoparticles resulted in screw dislocated WSe, particles.
Compared to the formed crystals during the open-system
CVvD**** in which the growth is affected by the continuous
gas flow, the closed-system CVT in this study generally contains
certain equilibria in both the gas phase and between the gas

MCo K,,) = 1.788965 A
¥ 2H-WSep
S
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o
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Fig. 3 Bulk-WSe; crystals synthesized by CVT. (a) and (b) Light microscopy images from the as-grown crystals on the sink side of the ampoule and of
selected crystals showing a shiny surface. (c)—(e) SEM images showing flat, hexagonally shaped WSe, crystals. (f) pXRD pattern of bulk-WSe, within the
diffraction angle range 10° < 20 < 120°, A(Co K,4) = 1.788965 A. Measured in transmission mode. WSe, reference based on the ICSD database. (g) EDX

analysis indicating an elemental ratio of W:Se = 1: 2.
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phase and over the solid. Hexagonally shaped WSe, were
formed with a distinct symmetry with angles of ~120° at the
crystal edges, see Fig. 4(a)-(d). The elemental ratio was con-
firmed by EDX analysis (ESIt). Cross-sectional HR-TEM analysis
of a fabricated FIB lamella (Fig. 4(e)) confirms that as-grown
WSe, nanostructures represent the 2H phase. Representative
HR-TEM images taken in the [100] zone axis orientation shown
in Fig. 4(f)-(g) reveal the layered atomic arrangement along the
c-axis, which is characteristic to the 2H structure.'? Lattice
parameters of @ = 3.291 A and ¢ = 13.06 A of the 2H modification
were obtained from the measured lattice fringe spacings in the
HR-TEM micrographs which agree very well with the literature
values.*> Remarkably, we also observed atomic steps of the
WSe, crystals at the interface to the oxidized silicon substrate
as highlighted with green lines in Fig. 4(f). Additionally,
Fig. 4(g) displays a cross-sectional cut through a 10 nm step
at the surface of the WSe,, gradually changing within the 25 nm
range and including a crack due to stacking faults. Fourier
transform (FT, diffractogram) of Fig. 4(g) depicted in (h) can be
indexed corresponding to the [100] zone axis of the hexagonal
2H-WSe,. The lattice plane distance dy;o, was determined to be
2.85 A again consistent with the assumed crystal structure.

An important question associated with the pyramidal
growth is how the crystal orientation is affected at the screw
dislocation zones. Subsequently, EBSD was applied to initially
analyze the as-grown WSe, on the substrate without time-
consuming sample preparation. Experimental data were fit
with theoretical structure parameters from both the 2H and
1T-bulk reference. Hence, Kikuchi lines were indexed, see
Fig. 5. Generally, the EBSD pattern fits with both modifications.
However, in the case of 1T-WSe, it appears that some few of the
simulated Kikuchi bands do not fit the observed lines. Thus,
EBSD suggests a better fit with the 2H structure type. Considering
the bulk synthesis under similar growth conditions, the fitting
provides a complementary identification to the pXRD data. This
can be taken qualitatively to indicate good crystallinity. Interest-
ingly, further characterization revealed an observable pattern shift
along the horizontal as well as the vertical orientations across the
sample (ESIt). This orientation change indicates a convex curva-
ture of the sample morphology. The pattern shifts measured at
the [001] zone axis via cross correlation result in a horizontal
pattern shift of S, = (0.362 + 0.039) mm. With respect to the
pattern on the top and bottom of the sample, the vertical pattern
shift of S, = (0.626 £ 0.024) mm is noteworthily larger than along
the horizontal and thus corresponds to a convex curvature. The
curvature radii were determined as R, = (270 & 32) pm and R, =
(141 £ 9) pm, respectively. Any orientation change can be induced
either by plastic deformation via dislocations or by elastic strain/
strain relaxation at boundaries.*

Topography and classification by AFM. Screw dislocation-
driven growth was investigated with the intention for a
more profound quantitative analysis. Previous studies stated
spiral growth is most favorable under low supersaturation
conditions.*®*” Key parameters of step height (%), terrace width
(w) and slope (s) allow a more quantitative description accord-
ing to eqn (2). Hence, growth conditions can be mirrored at a

This journal is © The Royal Society of Chemistry 2025
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certain degree.

(2)

h
s==
W
Height profiles depict symmetric hexagonally shaped crystals
with a height of # ~ 370 nm, see Fig. 6. Each individual step is
around 10 nm and all height plateaus are of comparable size.
The crystals exhibit the same angles of 60° at the corners of the
screw dislocation, while at the outer zones the dislocation
spirals emerge with angles slightly higher than 120° similar
to that described by Shearer et al.*® Geometry is the origin of
aligned spirals with Euclidean geometry governing the transla-
tional symmetry of the WSe, crystal lattice.*>** Thus, the fixed
angle between two adjacent edges by crystallographic indices*®
and the sum of the measures of the exterior angles which is
360° are two geometric properties.’® This is referred to any
convex polygon.”" Layered WSe, shows the shear along the out-
of-plane direction and exhibits a continuous layer. The Eshelby
twist® as the stress effect can be categorized negligible. In line
with the global translational symmetry of the WSe, crystals, the
orientation of each layer is preserved by the screw dislocation.
Hence, aligned spirals with all step edges in parallel were
formed. Similar characteristics were recently reported for 2D
materials.”* ™

The terrace widths vary from 637 nm at smallest to 711 nm
at largest for the crystal shown in Fig. 6(c) and (d). Conse-
quently, the slope for each step varies in the range 0.0145 <
s < 0.0180. The average slope for the WSe, crystal is 0.0156 and
is similar to the slope of 0.0126 reported by Chen et al.*®

The majority of the features can be categorized into small
steps and slopes as well as general low supersaturation condi-
tion per definition, see Fig. 7(a). Indeed, our data suggest that
growth conditions are linked sufficiently accurate to low super-
saturation. All examined height profiles indicate that WSe, was
grown under conditions of low supersaturation.

Additional TRAGMIN modelling and CVT experiments per-
formed in the predicted temperature range from 800 °C to
950 °C revealed comparable vapor pressure characteristics and
thus similar growth. Indeed, WSe, crystals show step heights
that correlate with smaller slopes at elevated temperatures.
Differences in step heights and slopes should be linked to
varying deposition temperatures and temperature gradients,
whereas calculated transport rates are similar (915 °C —
860 °C: Iiteqe. = 1.63 mg h™' vs. 890 °C — 840 °C: ficqe. =
1.61 mg h™"). Crystals grown at 860 °C exhibit small slopes
(w < 400 nm) and low step heights (# < 5 nm). Lower
deposition temperatures indicate broader terrace widths (w >
500 nm) with height steps of around 10 nm. Crystals with a
pyramid-like topography (Jsinx = 800 °C) correlate with small
steps and terrace widths, which results in narrowly arranged
surface characteristics.

A semi-quantitative approach to further link theoretical
considerations and the CVT experiments is to plot the differ-
ence of the respective equilibrium constant AKp, ie., Ky(T5) —
Ky(T1), for the dominant transport equilibrium eqn (1) from
T, — Ty, with T, > T, against the terrace width of the crystals.
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Fig. 4 Surface morphology and atomic structure analysis for as-grown WSe, with screw dislocations using SEM and TEM. (a)-(d) SEM images of
triangular and hexagonal WSe, grown on an SiO,@Si(100) substrate. Screw dislocation-driven growth is redrawn for the triangular crystal. (e) FIB cut of
the hexagonally shaped WSe, crystal (c) with areas selected for high-resolution TEM highlighted. (f) and (g) Cross-sectional high-resolution TEM images
of the back (f) and frontside (g) reveal individual steps of the fabricated FIB lamella of the crystals demonstrating a continuous 2H-phase over a larger area.
Individual steps are highlighted in orange and depicted enlarged in the inset of (f). (h) Fourier transform (FT) of the area shown in (g).

Hereby, AK, is a representative for the growth conditions
chosen. The data for the average terrace width for each synth-
esis condition give a strong hint for a linear trend, see Fig. 7(b).
Thereby, TRAGMIN simulations is a tool to predict a tightened
temperature window for controlled growth of crystals with

Fig. 5 EBSD characterization for as-grown 2H-WSe, with screw disloca-
tions with simulated Kikuchi lines and indexed zone axes.

950 | Nanoscale Horiz., 2025, 10, 944-956

screw dislocations and to fine-tune the characteristic features
of the crystals.

Raman spectroscopy: confirmation of chirality. Alternation
of interlayer interactions in layered materials by screw disloca-
tions can change their electronic and vibrational properties. To
address an effect of this factor, bulk-WSe, and the nm-scale
WSe, samples with screw dislocations were investigated by
Raman spectroscopy. Fig. 8 compares non-polarized spectra
obtained with laser excitation at 532 nm (2.33 eV) and 660 nm
(1.88 eV). The former is close to the energies of A’ and B
excitons in bulk WSe, at x~2.20 eV and induces resonance
effects in the spectra,””*® while 660 nm is further away from
energies of electronic excitations and is usually considered as
non-resonant. We also used a 785 nm laser (1.58 eV), which
matches the energy of the A exciton (1.59 eV),*® but the spectra
appeared similar to those excited at 660 nm and will not be
discussed explicitly (ESIT).

When studied in back-scattering geometry with the laser
beam perpendicular to the basal plane, WSe, in the Dg}, factor
group has only three first-order Raman-active vibrations at the
I'-point, one out-of-plane A;; and two in-plane 2 E,; modes.
Experimental spectra of WSe, are usually dominated by nearly-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 AFM measurements of three representative nm-scale WSe, crystals with a right-handed spiral stacking topology. Depicted green measurement
lines correspond to the respective height profiles below. For further characterization each height and terrace width were measured. Each step is indexed.
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1 1

degenerate Eég and Ay, peaks at 247 cm™ and 250 cm™,
accompanied by a broader band at ~260 cm ™" associated with
the two-phonon 2 LA(M) feature. In fact, the latter band has an
asymmetric shape with 2-3 unresolved components, whose
assignment is not completely clear yet. For instance, in ref.
60, the feature at 256 cm ™' was ascribed to the B,z(M) mode,
while the 2 LA(M) proper identified at 260 cm ™, an assignment
for the shoulder at 263 cm™ " to A(M) mode as was proposed in
ref. 57. As the 220-280 cm ™' range has the highest Raman
activity and narrow spacing of the peaks, we plot it enlarged in
insets of Fig. 8. Aside from the first-order phonons, Raman
spectra of WSe, are rich with a number of second-order

This journal is © The Royal Society of Chemistry 2025

features, whose relative intensity depends on the excitation
wavelength and is stronger for the resonant excitation at
532 nm. A tentative assignment for prominent second-order
peaks and formally inactive modes is given in Fig. 8(a) and
supplement based on the data from ref. 57 and 60-64.

All Raman modes detected for the bulk-WSe, reference were
also ascribed for the nm-scale crystals. Second-order features
are observed for the latter with similar relative intensities and,
within accuracy limits of 0.1-0.2 ecm™', at the same peak
positions as for the bulk WSe,. However, there are also certain
differences between the spectra, particularly visible in the 220-
280 cm™ ' range encompassing Ej,, A, and 2 LA(M) modes.
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(@) Raman spectra of pre-synthesized bulk-WSe,, and nm-scale WSe; crystals excited with depolarized lasers at 660 nm and 532 nm. (b) Polarized

spectra of bulk and nano-WSe, excited at 660 nm and measured with step-wise rotation of the laser polarization plane with respect to the crystal and
polarization direction of the detector (angles of 0° and 90° correspond to xx and xy polarization geometries). (c) Polarized spectra of bulk and nano-WSe;

excited at 532 nm with two polarization geometries, parallel (xx) and cross-

1

polarized (xy). In each panel, insets show the range of 226 cm™ < ¥ <

274 cm™, depicted enlarged for better comparison of the most prominent features. Additional inset in (c) compares the range of low-frequency shear
mode (Egg) of bulk and nano-WSe, measured in the cross-polarized geometry.

Under the 660 nm excitation, A;, has considerably higher
intensity than E;, both in bulk and nm-scale crystals. The main
difference between the samples is in the 2 LA(M) band, which
in the bulk-WSe, has lower relative intensity but a better-
defined shape with two features at 256 cm ' and 261 cm ™.
In the nano-WSe,, the 2 LA(M) band has higher intensity, but
the peak shape is more asymmetric and encompasses at least
three unresolved features at 255, 256, and 261 cm™*. Under the
532 nm excitation, the intensity ratio of the Eég/Alg peak
changes considerably when compared to that of the spectra
obtained with the 660 nm laser. In the bulk-WSe,, only the Eég
peak is clearly visible, while A, is much weaker than Ej, and
the 2 LA(M) bands and cannot be resolved. The nano-WSe,
exhibits quite a different pattern in that A, is only slightly
weaker than Ej, and is clearly visible, while intensity of the 2
LA(M) band is reduced considerably relative to the E;,/A,, pair.

To confirm symmetry assighments and to find if crystals with
screw dislocations have different angular dependence of polariza-
tion, we performed polarized Raman measurements. Fig. 8(b)
shows the spectra of bulk and nano-WSe, obtained by rotation of
the 660 nm laser polarization in 10° steps, from the parallel
orientation of the laser and analyzer (0°, xx) to the cross-
polarized geometry (90°, xy). For Dy, symmetry and propagation
of incident and scattered light along the z-axis, A;, modes are active
in xx and forbidden in xy orientations, while intensity of E,; mode
should not depend on the angle. In accordance with symmetry, we
do observe a strong modulation of the A, peak from the full-scale
at 0° to zero at 90°, whereas the E,, peak remains nearly constant.
The angular dependence is identical for bulk and nano-WSe,,
showing that the screw dislocation does not affect the local
symmetry. Similarly, xx and xy-polarized measurements with the
532 nm excitation confirmed assignments of A;; and E,; modes
and their regular polarization dependence (Fig. 8(c)). For the bulk
sample, a weak signal of the A;, mode became visible in the xx
polarization, while enhanced intensity of the A;; mode in the nano-
WSe, is further corroborated in the xx-polarized spectrum.

952 | Nanoscale Horiz., 2025, 10, 944-956

Low-frequency interlayer modes can be particularly interest-
ing for the analysis of the morphological aspects in 2D materi-
als as they are sensitive to the interlayer stacking geometry and
interactions. While interlayer breathing mode of bulk-WSe, has
B§g symmetry and is optically silent, the shear mode with Egg
symmetry, in which layers are displaced in the antiparallel
direction, is Raman active and occurs near 25 cm™ .

Although the low intensity and overlap with the strong
Rayleigh background of the laser precluded detection of the
Eig mode under 660 nm excitation, a sharp and very strong
peak at 24.6 cm™ ' was observed for the bulk sample excited
with the 532 nm laser (Fig. 8(a)). The peak has similar intensity
in xx and xy polarization geometries, confirming its assignment
to the E,, symmetry. For the nano-WSe, sample, we could not
reliably detect the shear mode in non-polarized or xx-polarized
spectra because of the strong laser tail, but suppression of the
Rayleigh background in the xy polarization allowed a detection
of the weaker signal at 22.2 em™" (Fig. 8(c)). The E3, mode
intensity in nano-WSe, is three times smaller than the intensity
of the Eig mode, while in the bulk-WSe, the shear mode is
stronger than Ej, by a factor of 2.5. The frequency shift of 2.4
cm ! between the bulk and nano-WSe, is also quite character-
istic and is in line with the earlier report by Shearer et al.,*® who
found that the crystals with a hexagonal spiral dislocation had
the shear mode at the same frequency as in bulk-WSe,, and
crystals with a triangular dislocation did not show a shear
mode at all, while mixed hexagonal-triangular crystals exhib-
ited a downshift by 3 ecm™".

Chirality of the crystals with screw dislocations suggests that
they should show an optical activity,**"®” which we addressed
by circularly polarized (CP) Raman spectroscopy.®® According to
the selection rules for CP-Raman, A;, mode of WSe, is active
when both incident and scattered lights have the same helicity
(c'c" and 6~ o~ configurations), whereas the E,, mode is active
for opposite polarizations of the incident and scattered lights
(6"~ and 6~ 6" configurations).®® Indeed, CP-Raman spectra

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) and (b) SEM images of WSe; crystals with screw dislocations and
opposite chiralities: (a) left-handed, nano-WSe;,-L, (b) right-handed, nano-
WSe,-R. (c) Circular-polarized Raman spectra of bulk-WSe, and crystals
with screw dislocations, whose SEM images are shown in (a) and (b).
Spectra were excited with a 532 nm laser.

of bulk and nano-WSe, samples demonstrate mutually exclu-
sive activity of E3, and A;, modes (Fig. 9). For the achiral bulk-
WSe,, E%g mode has the same intensity in the c'c~ and ¢ "
spectra. However, in the crystals with screw dislocations (Fig. 9a
and b), c'c~ and ¢ &' intensities of the Eég peak are noticeably
different. The 6'c~ intensity exceeds the ¢~ ¢ intensity in the
right-handed crystal by 29%, whereas in the left-handed crystal the
o o' peak is higher than the c'c™ peak by 15%. The less
pronounced Raman optical activity of the left-handed crystal is
presumably caused by the larger size of the terraces. Interestingly,
the vast majority of synthesized nano-crystals appeared to be right-
handed, whereas left-handed crystals were only observed from
915 °C — 860 °C. We studied one of the crystals in different places
and did not find a considerable variation of the polarization (ESIt).
Based on the identical substrate preparation but different deposi-
tion temperatures for right and left-handed spirals, we assume the
sink temperature to be the main factor to affect the growth, and
thus the temperature ranges can serve as selectivity criteria to
differentiate between the two types of WSe, spirals by CVT.

This journal is © The Royal Society of Chemistry 2025
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To summarize, while demonstrating a similarity in the
overall vibrational pattern, Raman measurements also revealed
clear distinctions between bulk-WSe, and nano-WSe, crystals
with screw dislocations. The most pronounced differences are
in the intensity and frequency of the interlayer shear mode, and
in the relative intensities of E;g, A;g, and 2 LA(M) modes. While
the former points to the changes in the interlayer interactions,
the latter highlights the alterations in the Raman resonance
conditions and can therefore evidence the variation in the
electronic structure of WSe,.

Conclusion

In summary, triangular and hexagonal pyramid-like WSe,
nano-scale crystals with screw dislocations were synthesized
by custom-designed CVT experiments based on a rational
synthesis approach applying thermodynamic modelling. The
simulations allowed designing a temperature range for opti-
mized growth conditions during the CVT process. Vibrational
spectroscopy using Raman revealed all modes detected for bulk
and nano-WSe, were found with similar peak intensities and
positions with main differences including both the intensity
ratio of the Ej./A,, peak changed significantly and the 2 LA(M)
band characterized with a more asymmetric shape for nano-
WSe,. The screw dislocation was found to have no effect on the
local symmetry according to the angular dependence. Right
and left-handed spiral stackings affected the intensity of the E;,
mode by 29% and 15%, respectively. With EBSD, we were able
to elucidate the high crystallinity of the as-grown WSe, directly
on the substrate, index Kikuchi lines and link it to the 2H
modification. The EBSD patterns indicate a gradual orientation
change across the sample which corresponds to a convex
curvature. We determined the horizontal and vertical pattern
shifts and calculated the respective curvature radii, with the
curvature radius along the horizontal orientation found to be
significantly larger. Key features of the screw dislocation were
found to be a step height of around 10 nm with the respective
terrace widths varying depending on the modelled temperature
ranges. In addition, characteristics are linked to theoretical
considerations. Thereby, the terrace widths correlate linearly
with the supersaturation conditions during the crystal growth,
which is represented by the temperature-dependent equili-
brium constant. Connecting thermodynamic considerations
with actual CVT experiments enabled determining the opti-
mum reaction conditions for the low supersaturation and thus
opens up a pathway for further rational design of screw
dislocation-driven growth by CVT.
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