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Abstract: Twisted stacking of two-dimensional materials with broken inversion symmetry, such
as spiral MoTe2 nanopyramids and supertwisted spiral WS2, emerge extremely strong second-
and third-harmonic generation. Unlike well-studied nonlinear optical effects in these newly
synthesized layered materials, photoluminescence (PL) spectra and exciton information involving
their optoelectronic applications remain unknown. Here, we report layer- and power-dependent
PL spectra of the supertwisted spiral WS2. The anomalous layer-dependent PL evolutions that
PL intensity almost linearly increases with the rise of layer thickness have been determined.
Furthermore, from the power-dependent spectra, we find the power exponents of the supertwisted
spiral WS2 are smaller than 1, while those of the conventional multilayer WS2 are bigger than
1. These two abnormal phenomena indicate the enlarged interlayer spacing and the decoupling
interlayer interaction in the supertwisted spiral WS2. These observations provide insight into
PL features in the supertwisted spiral materials and may pave the way for further optoelectronic
devices based on the twisted stacking materials.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Atomically thin two-dimensional (2D) transition metal dichalcogenides (TMDCs) with the
chemical formula MX2 (M=Mo, W, and X=S, Se) have attracted great interest, due to their
unique electric and optical properties [1,2], such as reduced dielectric screening [3], tunable optical
bandgap [4], large binding energy [5], strong spin-orbit coupling [6], spin and valley degrees
[7]. The promising applications of these layered materials in electronic and optoelectronics,
including phototransistors [8], photodetectors [9], light-emitting devices [10], and solar cells
[11], have been extensively explored in recent years. One of the unique properties of TMDCs
is their layer-dependent features, which will undergo remarkable changes in the electronic
structures and optical performance depending on the number of layers. For example, TMDCs
will evolve from an indirect-band gap to a direct-band gap when the number of layers decreases
to a monolayer, which results in strong photoluminescence (PL) for the monolayer materials
[12]. Accordingly, the multilayer TMDCs typically emerge with reduced optical features and
fragile PL intensity [12,13]. However, for some practical applications (such as nonlinear optics),
multilayer TMDCs are highly desired because of the limited light-matter interaction at atomic
thickness [14–16]. Two predominant solutions are widely used: improving the features by
external stimuli (including chemical/electric doping [17,18], defect engineering [19,20], and
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plasmonic enhancement [21,22]) and fabricating new layered materials with specific atomic
structures that suppress or even eliminate the layer-dependent properties.

Very recently, spiral nanosheets or nanopyramids, representative of new layered materials
with specific atomic structures [23–25], have been successfully fabricated by chemical vapor
deposition. Experimental results have demonstrated that the strong nonlinear optical effects
(including second- and third-harmonic generation) emerge in these spiral structures [26,27],
where the intensity of the second-harmonic generation quadratically increases with the layer
numbers, rather than diminishes the oscillation of 2 H stacking TMDCs [24]. The nonlinear
susceptibility of the spiral structures is estimated to be around 1-2 orders of magnitude larger than
those conventionally reported TMDCs [24]. This enhancement is mainly enabled by their broken
inversion symmetry, weak interlayer coupling, and strong light-matter interaction. Analogous to
the spiral TMDCs, the supertwisted spirals are another representative layered material [28–31].
The growing model of the supertwisted spiral has been described as the growth of layered
materials with screw-dislocation spirals on non-Euclidean surfaces (such as TMDCs draped
over nanoparticles near the centers of the spirals), leading to continuously twisted multilayer
superstructures [28]. The second harmonic generation and the rotational symmetry of the
supertwisted WS2 have also been investigated [32]. Unlike well-studied nonlinear optical effects,
little is known about the PL properties of supertwisted spiral layered materials, which is of great
importance for their optoelectric applications.

In this work, we produced the supertwisted spiral WS2 by chemical vapor deposition and
investigated their layer-dependent and power-dependent PL spectra. The optical features, including
PL intensity, photon energy of the neutral and charged excitons, and the power exponents of the
supertwisted spiral WS2, have been determined and compared with the conventional multilayer
WS2, synchronously growth on the substrate around the spiral WS2. The anomalous layer-
dependent PL intensity that increases with the lift of the layer thickness has been observed. This
novel property eliminates the PL decay in conventional multilayer TMDCs, and may offer new
opportunities to fabricate high-quality optoelectronic devices with thick layered materials.

2. Experiment

Optical experiments were conducted at room temperature using a homemade scanning confocal
microscope testing system. The experimental schematic, which can also be found in the
Supplement 1 (Fig. S3), has been described in detail elsewhere. Particularly, a 532 nm
continuum-wave (CW) laser was used as the excitation source to perform layer-dependent and
power-dependent PL spectra. The laser was collimated by a beam expander (BE) and filtered
by a band-pass filter (BFP, Semrock, LL01-532-12.5). After being reflected by a dichroic
mirror (DM, Semrock, Di01-R532-25× 36), the laser was focused by a dry objective (100×,
NA= 0.9, NIRLT-APO, Attocube). The supertwisted spiral WS2 was placed on a motorized
three-dimensional piezoelectric translation nano-stage (PZT, nanoFaktur, PXY 102 CAP) with
typical repeatability of less than 35 nm. The high spatial resolution guarantees that the laser
spots can be located at specific positions on the different layers. PL intensity was collected by
using the same objective. After passing through the D and a long-pass filter (570LP) to block the
back-scatted laser and the background noise, PL was further filtered spatially using a 100 µm
pinhole and analyzed by a spectrometer (Andor, SR500I-A) with a cooled charge-coupled device
(CCD, Andor, DR-316B-LDC-DD).

The optical image of the supertwisted spiral WS2 was captured by optical microscopy
(OLYMPUS TH4-200). The morphology of the sample was characterized by atomic force
microscopy (AFM, Flex-Axi). Raman spectroscopy was performed using a commercial Raman
spectrometer (LabRAM HR, Horiba) using the 532 nm laser excitation.

https://doi.org/10.6084/m9.figshare.25272985
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3. Results and discussion

The supertwisted spiral WS2 used in this experiment was produced by chemical vapor deposition
(CVD) growth on a non-Euclidean substrate (cone surface) using screw-dislocation-driven
growth techniques [27]. The details of the production can be found in previous works [23].
Non-protrusions were specially introduced during the preparation. Thus, we proposed that
some nanoparticles (such as the nucleates or nanocrystals of W) occasionally serve as the
protrusion, leading to the spontaneous growth of the supertwisted spiral structures. In this
case, the supertwisted spiral WS2 is low-yield and randomly distributed on the substrate among
other structures of layered WS2 (such as film, multilayer triangular nanosheets, and aligned
spirals). As the optical image shown in Fig. 1(a), a supertwisted spiral structure can be clearly
determined, with near three-fold symmetric and clockwise-like screw rise. The morphology of
the supertwisted spiral WS2 has also been characterized by atomic force microscopy (AFM), as
the image presented in Fig. 1(b). Normally, the lateral size of the entire spiral structure is less
than 10 µm, and that of each successive layer ranges from about 2 µm to less than 1 µm, from the
edge to the center. The twist angle, α, between successive layers of this spiral WS2 is about 13°.
We also prepared the supertwisted spiral WS2 with different twist angles in the experiment, as Fig.
S1 shown in the Supplement 1. The thicknesses of the successive layers are also determined by
AFM; the results are displayed in Fig. 1(d). For the sake of simplicity, if not explicitly mentioned,
the three-fold-like structures are named the upper, left, and bottom petals, and shorted as U, L,
and B, respectively (Fig. 1(c)). It can be found that the thicknesses of each layer on the three
petals are similar, proving the excellent quality of the supertwisted spiral structures. Note that the
thickness of the outside (i.e., 1st layer) is about 0.77 nm, consistent with that of the conventional
monolayer WS2 [33]. In contrast, the thickness difference between the 4th and 5th layers is
about 1.71 nm, indicating the possibility of an enlarged interlayer spacing and overlapping two
dislocations [29,34]. We further characterized the supertwisted WS2 using Raman spectroscopy,
as shown in Fig. 1(e). Two strong and distinct peaks can be found at 350.6 cm−1 and 420.3 cm−1,
which can undoubtedly be attributed to in-plane E1

2g and out-of-plane A1g modes, respectively.
Compared to conventional monolayer WS2 [35,36], the out-of-plane mode presents a significant
blue shift, indicating the multilayer features of the spiral WS2 and the possible interlay coupling.
This result is also consistent with previous reports.

Understanding the spectral features of nanomaterials is crucial for their optical and opto-
electronic applications. However, to our knowledge, PL spectra and the corresponding exciton
information of the supertwisted spiral WS2 remain unclear. Thus, we performed layer-dependent
and power-dependent PL spectra of the supertwisted spiral WS2 under the excitation of a 532 nm
continuous-wave laser, to comprehensively explore their optical features. Figure 1(f) presents the
PL spectra of the bottom petal (abbreviated as B) in the supertwisted spiral WS2. As expected,
PL spectra show two distinct peaks in the region of 1.2 eV to 2.2 eV, where the high-energy peak
(∼1.95 eV) is usually attributed to the direct band transition (marked as X), while the low-energy
peak (∼1.45 eV) can be classified as the indirect band transition (marked as I). This phenomenon
agrees well with the previous reports [37]. Second, and in particular, with the increase of the layer
thickness, the PL intensity of the direct band transition of the supertwisted spiral WS2 constantly
lifts, while their peak position shows ignorable change. This anomalous PL enhancement is quite
different from conventional TMDCs, where PL intensities generally decline with the increase
of layer number [12,38,39]. Last, the PL intensities of the indirect band transitions display
insignificant change, as the inset shown in Fig. 1(f).

To explore the underlying mechanism of unique spectral evolution shown in Fig. 1(f), we fitted
the direct band transition of the supertwisted spiral WS2 with two Gauss functions and compared
them with the other multilayer (ML) WS2 nanosheets, as illustrated in Fig. 2. Generally, these
two peaks can be attributed to the neutral (X0, ∼2.0 eV) and charged exciton (X−, ∼1.95 eV),
respectively. As shown in Figs. 2(g) and 2(h), the photon energy and the spectral width of the
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Fig. 1 Characterization of the supertwisted spiral WS2. (a) The optical microscopy image of the 

prepared sample, the supertwisted spiral WS2 has been highlighted by the dashed circle. Scale 

bar: 10 μm. (b) Atomic force microscopy image of the supertwisted spiral WS2. Scale bar: 1 μm. 

(c) Schematic illustration of the three-fold-like structures, which are named the upper, left, and 

bottom petals. The layer indexes have also been marked. (d) The thickness of the first five 

successive layers for the three petals. (e) Raman spectra of the supertwisted spiral WS2 and 

conventional monolayer WS2, respectively. The excitation source was a 532 nm continuous-

wave laser. The dashed line at 419 cm-1 is provided to guide the eye. (f) Photoluminescence (PL) 

spectra of the bottom petal, the high- and low-energy peaks are assigned as the direct band 

(marked as X) and indirect band transitions (marked as I). The inset shows the enlarged region 

of the indirect band transition.

indirect band transitions display insignificant change, as the inset shown in Fig. 1f.

To explore the underlying mechanism of unique spectral evolution shown in Fig. 1f, we 
fitted the direct band transition of the supertwisted spiral WS2 with two Gauss functions and 
compared them with the other multilayer (ML) WS2 nanosheets, as illustrated in Fig. 2. 
Generally, these two peaks can be attributed to the neutral (X0, ~2.0 eV) and charged exciton 
(X-, ~1.95 eV), respectively. As shown in Figs. 2g and 2h, the photon energy and the spectral 
width of the two excitons as a function of layer thickness present subtle shifts, except for the 
PL spectra of the second successive layer (noted as 2B). We will show that the energy difference 
between the first and second successive layers for the up and left petals (1U and 2U, 1L and 2L) 
is also pronounced, as illustrated in Fig. 4. These variations indicate that the interlayer coupling 
and thus the optical properties of the first two layers are sensitive to their thickness. For even 
thicker layers (such as 3B to 5B), these variations are neglected. The broader spectral width for 

Fig. 1. Characterization of the supertwisted spiral WS2. (a) The optical microscopy image
of the prepared sample, the supertwisted spiral WS2 has been highlighted by the dashed
circle. Scale bar: 10 µm. (b) Atomic force microscopy image of the supertwisted spiral
WS2. Scale bar: 1 µm. (c) Schematic illustration of the three-fold-like structures, which
are named the upper, left, and bottom petals. The layer indexes have also been marked. (d)
The thickness of the first five successive layers for the three petals. (e) Raman spectra of
the supertwisted spiral WS2 and conventional monolayer WS2, respectively. The excitation
source was a 532 nm continuous-wave laser. The dashed line at 419 cm−1 is provided
to guide the eye. (f) Photoluminescence (PL) spectra of the bottom petal, the high- and
low-energy peaks are assigned as the direct band (marked as X) and indirect band transitions
(marked as I). The inset shows the enlarged region of the indirect band transition.

two excitons as a function of layer thickness present subtle shifts, except for the PL spectra of the
second successive layer (noted as 2B). We will show that the energy difference between the first
and second successive layers for the up and left petals (1U and 2U, 1L and 2L) is also pronounced,
as illustrated in Fig. 4. These variations indicate that the interlayer coupling and thus the optical
properties of the first two layers are sensitive to their thickness. For even thicker layers (such as
3B to 5B), these variations are neglected. The broader spectral width for the 2B layer may be
attributed to the unpredictable defect and impurity in the measured areas. On the other hand,
PL intensities linearly increased with the lift of the layer thickness, as the solid fit line shown in
Fig. 2(i). Furthermore, the analysis also uncovers that the spectral weight of neutral excitons
increases for the first three layers and then stands at a plateau level, as illustrated in Fig. 2(j). For
comparison, we also conducted PL spectra of WS2 with other multilayer structures, surrounding
the supertwisted spiral WS2, as shown in Fig. 2(a). These multilayer nanosheets are preparation
synchronous through CVD method while forming diverse structures due to different growth
mechanism. To simplify, we marked these multilayer nanosheets from the thinnest to the thickest
layer as 1st to 5th, as illustrated in Fig. 2(a). Note that the 1st layer is not monolayer (the thickness
of which is about 1.5 nm). PL spectra of these nanosheets and their analysis are presented in
Figs. 2(k) to 2(o), respectively. First, we can note that the full widths at half maximum (FWHM)
of both neutral and charged excitons are broader than that of the supertwisted spiral WS2, as
summarized in Fig. 2(h). Second, with the increase of the layer thickness, PL intensities show
slight decline rather than significant rise. Interestingly, even for the similar thickness in the
two kinds of structures (such as 5B with 7.9 nm vs. 5th with 8.2 nm), PL intensity of 5B in
the supertwisted spiral WS2 is almost 15 folds stronger than the 5th layer in the conventional
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WS2. This enhanced light-matter interaction in the supertwisted spiral WS2 makes potential
applications that only emerge in bulk materials, such as laser emission and strong coupling
between photons and excitons [40–42]. Third, in these multilayer nanosheets, the charged exciton
predominates PL intensity, indicating heavy doping electrons arising from surface defects or
substrate effects [43]. This phenomenon might originate from their large surface, compared to
the small surface of the supertwisted spiral WS2. Lastly, from the fitting results, we can also find
that the photon energy of the neutral exciton presents a significant blueshift with the increase of
the layer thickness. The underlying mechanism is still inconclusively explained and needs further
work.

We also investigated the excitation power dependence of the PL spectra for the supertwisted
spiral WS2. The results of the bottom petal are shown in Fig. 3. As expected, PL intensities
of the spiral WS2 (the 2B layer in Fig. 3(a)) increased with the increasing excitation power in
the range of 50 µW to 400 µW, and some saturation phenomena can be determined when the
excitation power increases further. However, for the enlarged excitation power, the spiral WS2
may be broken. Thus, we kept the maximum excitation power at 400 µW in the experiment. The
power dependence PL intensities (I) can be fitted by the power law equation, I= a×Pn, where
P represents the excitation power. The fitting results of different layers in the spiral WS2 are
presented in Fig. 3(g), with the exponent n ranging from 0.81± 0.05 to 0.90± 0.10, in reasonable
agreement with the linear behavior. We also fitted the power-dependent PL spectra with two
Gauss functions to further understand their power-dependent optical features. Figures 3(b) and
3(c) present the fit results for the excitation powers of 50 µW and 400 µW, respectively. Note that
photon energies of both X0 and X− excitons manifest a continuous red-shift with the increase
of the excitation power, as presented in Fig. 3(d). This result may be attributed to the rise in
carriers density and thus the band structure renormalization, as reported in the previous works
[44]. Interestingly, the trion dissociation energy, ∆E (i.e., the energy difference between X0 and
X− excitons) [45], as a function of excitation power for different layers in the spiral WS2 presents
distinct behavior, as shown in Fig. 3(e). For example, the trion dissociation energy in the 1B layer
shows a slight increase (from 35.0 meV to 38.4 meV, as depicted in Fig. 3(e)1), while that in the
3B layer shows a significant decrease (from 58.8 meV to 46.0 meV, as illustrated in Fig. 3(e)3).
Contrasting these, the spectral weight of X0 and X− excitons for different layers (except the 4B

layer) exhibit similar behavior. These phenomena indicate the diverse interaction in separate
layers and prove that the supertwisted spiral WS2 can offer a facile and versatile platform for
the exploration of low-dimensional physics. For comparison, power-dependent PL spectra of
conventional multilayer WS2 have also been performed, as shown in Fig. 3(f). Spectral analysis
determined that the photon energy of the charged exciton also manifests a continuous red-shift
with the increase of the excitation power, while that of the neutral exciton presents ignorable
variation (Fig. S2 in Supplement 1). What’s more, the power low fits of the multilayer WS2 show
quite different behaviors compared to the spiral WS2 (as illustrated in Figs. 3(g) and 3(h)), with
the power exponents ranging from 1.19 to 1.42 (Fig. 4(e)1). These distinctions further reveal the
unique optical properties of the supertwisted spiral WS2.

The PL spectra of the upper and left petals are also performed to illustrate the versatile features
of the spiral WS2, as presented in Fig. 4. Note that the PL spectrum of the 1U layer exhibits a
broad width, where the photon energy of the charged exciton is much lower than other layers, as
presented in Fig. 4(d). This result hints strong substrate effects in this layer, such as heavy doping
electrons. The substrate effect combined with interlayer coupling also leads to insignificant
variations in the PL intensities of the 1U to 3U layers. Even so, the unique rule that PL intensity
almost increases linearly with the lift of the thickness in the supertwisted spiral WS2 remains
active, as shown in Figs. 4(b) and 4(c). We speculate that the increased PL intensity can be
attributed to the enlarged interlayer (Fig. 1(d)) spacing and the interlayer decoupling. Thus,
the total PL intensity of the thick layers (such as the 5U and 5L layers) can be treated as the
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with two Gauss functions to further understand their power-dependent optical features. Figs. 
3b and 3c

Fig. 2 Layer-dependent PL spectra of the supertwisted spiral WS2. (a) Identifications of 

multilayer (ML) WS2 nanosheets beyond the supertwisted spiral WS2, which have been named 

1st to 5th from the thinnest to the thickest layers, respectively. The circles represent the excitation 

areas. (b-f) PL spectra of the first five successive layers (1B to 5B) in the bottom petal of the 

supertwisted spiral WS2. All the spectral profiles are deconvoluted into two peaks (blue shade 

for neutral exciton, X0, and orange shade for charged exciton, X-) using Gauss curves. The 

dashed lines at 1.99 eV are provided to guide the eye. Photon energy (g), the full width at half 

maximum (FWHM) (h), integral intensity (i), and spectral weight of X0 and X- of both the 

supertwisted spiral WS2 and other multilayers WS2 as a function of layer index. The hollow 

squares and circles represent the neutral and charged exciton in the supertwisted spiral WS2, 

while the solid squares and balls represent those in the multilayer WS2. The solid line in (i) is a 

linear fit. (k-o) PL spectra of five-kind multilayer WS2 highlighted in Fig. 2a. The five layers 

Fig. 2. Layer-dependent PL spectra of the supertwisted spiral WS2. (a) Identifications of
multilayer (ML) WS2 nanosheets beyond the supertwisted spiral WS2, which have been
named 1st to 5th from the thinnest to the thickest layers, respectively. The circles represent
the excitation areas. (b-f) PL spectra of the first five successive layers (1B to 5B) in the
bottom petal of the supertwisted spiral WS2. All the spectral profiles are deconvoluted into
two peaks (blue shade for neutral exciton, X0, and orange shade for charged exciton, X−)
using Gauss curves. The dashed lines at 1.99 eV are provided to guide the eye. Photon
energy (g), the full width at half maximum (FWHM) (h), integral intensity (i), and spectral
weight (j) of X0 and X− of both the supertwisted spiral WS2 and other multilayers WS2 as a
function of layer index. The hollow squares and circles represent the neutral and charged
exciton in the supertwisted spiral WS2, while the solid squares and balls represent those
in the multilayer WS2. The solid line in (i) is a linear fit. (k-o) PL spectra of five-kind
multilayer WS2 highlighted in Fig. 2(a). The five layers are named 1st to 5th, respectively,
from the thinnest to the thickest layer. All the spectral profiles are deconvoluted into two
peaks using Gauss curves as well.
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1, while these of the supertwisted spiral WS2 are smaller than 1, as illustrated in Fig. 1e. We 
speculate that the big power exponents indicate the strong interlayer coupling and the possible

Fig. 3 Power-dependent PL spectra of the supertwisted spiral WS2. (a) Power-dependent PL 

spectra of the 2B layer. (b, c) Representative PL spectral analysis using two Gauss curves. The 

dashed lines at 2.0 eV are provided to guide the eye. (d) The power-dependent photon energies 

of X0 and X- of the 2B layer in the supertwisted spiral WS2. (e) Power-dependent trion 

dissociation energy ΔE of the five layers for the bottom petal in the supertwisted spiral WS2. (f) 

Power-dependent PL spectra of the 2nd multilayer WS2. (g, h) Power-dependent integral PL 

intensities (I) of the supertwisted spiral WS2 and conventional multilayer WS2, respectively. The 

solid lines are the power-law fits with the equation I=a×Pn, where P represents the excitation 

power. The power exponents n for each case have been marked in the figure.

nonlinear effect in the conventional multilayer WS2. In contrast, the relatively small power 
exponents in the supertwisted spiral WS2 further reveal the enlarged interlayer spacing and the 
interlayer decoupling. From this conclusion, we can derive that the spiral structure with 
different thicknesses (i.e., for different layers) may share the same band structure and thus the 
similar photon energies of PL emissions, which has been evidenced by their PL spectra, as 
illustrated in Fig. 2h. Furthermore, the misalignment between 2D lattices in different layers 
always emerges in the supertwisted spiral structure, which should contribute to the band 
structure of diverse layers as well. However, non-interlayer excitons and energy difference 
have been observed in this experiment, possibly due to the weak interlayer coupling. To explore 

Fig. 3. Power-dependent PL spectra of the supertwisted spiral WS2. (a) Power-dependent
PL spectra of the 2B layer. (b, c) Representative PL spectral analysis using two Gauss curves.
The dashed lines at 2.0 eV are provided to guide the eye. (d) The power-dependent photon
energies of X0 and X− of the 2B layer in the supertwisted spiral WS2. (e) Power-dependent
trion dissociation energy ∆E of the five layers for the bottom petal in the supertwisted spiral
WS2. (f) Power-dependent PL spectra of the 2nd multilayer WS2. (g, h) Power-dependent
integral PL intensities (I) of the supertwisted spiral WS2 and conventional multilayer WS2,
respectively. The solid lines are the power-law fits with the equation I= a×Pn, where P
represents the excitation power. The power exponents n for each case have been marked in
the figure.

cumulative of each successive layer, resulting in enhanced PL intensity and linear increase
behavior. Similar to the bottom petal, the photon energy of the two excitons as a function of
layer thickness presents subtle shifts, as shown in Fig. 4(d). Beyond PL enhancement, another
novel phenomenon is that the power exponents of the multilayer WS2 are more significant than
1, while these of the supertwisted spiral WS2 are smaller than 1, as illustrated in Fig. 1(e). We
speculate that the big power exponents indicate the strong interlayer coupling and the possible
nonlinear effect in the conventional multilayer WS2. In contrast, the relatively small power
exponents in the supertwisted spiral WS2 further reveal the enlarged interlayer spacing and the
interlayer decoupling. From this conclusion, we can derive that the spiral structure with different
thicknesses (i.e., for different layers) may share the same band structure and thus the similar
photon energies of PL emissions, which has been evidenced by their PL spectra, as illustrated in
Fig. 2(h). Furthermore, the misalignment between 2D lattices in different layers always emerges
in the supertwisted spiral structure, which should contribute to the band structure of diverse
layers as well. However, non-interlayer excitons and energy difference have been observed in
this experiment, possibly due to the weak interlayer coupling. To explore all these phenomena
entirely, the ultimate mechanism resulting in the enlarged interlayer spacing of the supertwisted
spiral WS2 might require further investigation.
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all these phenomena entirely, the ultimate mechanism resulting in the enlarged interlayer 
spacing of the supertwisted spiral WS2 might require further investigation.

Fig. 4 The universality of the anomalous layer-dependent PL spectra in the supertwisted spiral 

WS2. (a, b) Layer-dependent PL spectra of the upper and left petals (abbreviated as U and L), 

respectively. (c, d) Layer-dependent integral PL intensities and photon energies of the neutral 

(X0) and charged excitons (X-) of the upper and left petals, respectively. The solid lines in c are 

the linear fits. (e) Layer-dependent power exponents of the conventional multilayer WS2 and the 

supertwisted spiral WS2, respectively.

4. Conclusion

In conclusion, we have investigated the PL spectra of the supertwisted spiral WS2 and 
demonstrated the anomalous layer-dependent PL feature that the integral PL intensity of the 
spiral WS2 almost linearly increases with the increasing of the layer thickness, rather than 
significantly decays for the conventional WS2 as reported in the previous works. Although the 
underlying mechanism of this phenomenon remains unclear, we tentatively attribute the 
anomalous layer-dependent PL enhancement to the enlarged interlayer spacing and the 
decoupling interlayer interaction in the supertwisted spiral WS2. Thus, the total PL intensity of 
the thick layers can be understood as the cumulative of each successive layer. We also 
performed power-dependent PL spectra and determined the varied dissociation energy of the 
charged excitons as a function of the excitation power. Compared to the conventional 
multilayer WS2 with power exponents bigger than 1, the relatively minor power exponents in 
the supertwisted spiral WS2 further hint their decoupling interlayer interaction. Our findings 
not only reveal the novel PL spectra in the supertwisted spiral WS2 but also offer a facile and 
versatile platform for exploring low-dimensional physics and fabricating layered optical and 

Fig. 4. The universality of the anomalous layer-dependent PL spectra in the supertwisted
spiral WS2. (a, b) Layer-dependent PL spectra of the upper and left petals (abbreviated as U
and L), respectively. (c, d) Layer-dependent integral PL intensities and photon energies of
the neutral (X0) and charged excitons (X−) of the upper and left petals, respectively. The
solid lines in c are the linear fits. (e) Layer-dependent power exponents of the conventional
multilayer WS2 and the supertwisted spiral WS2, respectively.

4. Conclusion

In conclusion, we have investigated the PL spectra of the supertwisted spiral WS2 and demonstrated
the anomalous layer-dependent PL feature that the integral PL intensity of the spiral WS2 almost
linearly increases with the increasing of the layer thickness, rather than significantly decays for
the conventional WS2 as reported in the previous works. Although the underlying mechanism of
this phenomenon remains unclear, we tentatively attribute the anomalous layer-dependent PL
enhancement to the enlarged interlayer spacing and the decoupling interlayer interaction in the
supertwisted spiral WS2. Thus, the total PL intensity of the thick layers can be understood as
the cumulative of each successive layer. We also performed power-dependent PL spectra and
determined the varied dissociation energy of the charged excitons as a function of the excitation
power. Compared to the conventional multilayer WS2 with power exponents bigger than 1, the
relatively minor power exponents in the supertwisted spiral WS2 further hint their decoupling
interlayer interaction. Our findings not only reveal the novel PL spectra in the supertwisted spiral
WS2 but also offer a facile and versatile platform for exploring low-dimensional physics and
fabricating layered optical and optoelectric devices without considering the rapidly decaying PL
intensity in the multilayer TMDCs.
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