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ABSTRACT

Recent studies of transition metal dichalcogenides (TMDs) have revealed exciting optical properties, such as stable excitons and chiral
light-matter interactions. Chemical vapor deposition techniques provide a platform for the fabrication of nanostructures with diverse
geometries, ranging from horizontal flakes to flower-like structures. Raman spectroscopy is commonly used to characterize TMDs and their
properties. Here, we use polarization-resolved Raman spectroscopy to probe the nanogeometry and orientation of WS, nanoflower petals.
Exciting the nanoflowers with linearly polarized light, we observe an enhanced Raman response from flower petals oriented along the excita-
tion polarization direction. Furthermore, the helicity-resolved Raman response of vertically oriented wall-like flower petals exhibits clear dif-
ferences with horizontally oriented flakes. Although the photoluminescence from the nanoflowers is strongly reduced, the Raman response
upon excitation in resonance with the WS, excitonic transition does reveal the presence of the exciton, which results in a distinct tempera-

ture dependence of the Raman response.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0102381

I. INTRODUCTION

Recently, great scientific interest has been taken in transition
metal dichalcogenides (TMDs) and their fascinating optical proper-
ties." TMD materials, such as MoS,, WS,, MoSe,, and WSe;,, being
semiconductors with a bandgap in the visible wavelength range,
offer many possibilities for applications in opto-electronics.”’
In the TMD semiconductor valleys, electron and hole pairs form
stable excitons even at room temperature."l Moreover, the interac-
tion of TMDs with light is chiral, as their pseudospin allows selec-
tive addressing of each TMD valley by circularly polarized light
with opposite handedness.””

Chemical vapor deposition (CVD) provides a flexible platform
for the fabrication of TMD nanostructures.”"” While CVD can
reproduce naturally occurring flat-layered TMDs, it also offers the
possibility of fabricating vertical TMD walls,'* pyramids,"” and
flower-like nanostructures.'°"” Due to a large amount of edges and
chemically active sites, flower-like TMD structures are investigated for
applications ranging from catalysis'®'® to using their large field emis-
sion as a potential electron source. However, so far, TMD nano-
flowers have mainly been studied using electron microscopy tools,"”
and little is known about their interaction with light. It is interesting
to note that in contrast to flat layers, no photoluminescence (PL) but

16,17

only a Raman response is reported from vertical TMD walls,'*’

TMD pyramids,'” or flower-like TMD structures.'*™"*

Raman spectroscopy offers a powerful, fast, and non-invasive
tool for the investigation of TMD materials.”'~** Commonly studied
in TMDs are the characteristic vibrational modes, namely, Eég, which
corresponds to the in-plane displacement of the atoms, and Ajg,
which corresponds to the out-of-plane displacement of the chalco-
genide atoms, as well as the longitudinal acoustic phonon LA(M).
Interestingly, the TMD Raman response is highly enhanced when
the excitation is on resonance with an excitonic transition.”>*”~*" As
this resonance effect can be observed in the Raman response even in
the absence of photoluminescence, resonance Raman spectroscopy
offers a way to study the TMD exciton indirectly.”” Since the TMD
bandgap energy depends on temperature, varying the temperature of
a TMD material enables the tuning of the resonance condition for a
fixed excitation frequency. Therefore, studying TMDs at various
cryogenic temperatures provides insights on the influence of the exci-
tonic transition on the Raman response. Moreover, temperature-
dependent Raman spectroscopy can shed light on the structural
properties of TMD materials.”*”’

The Raman response of TMDs is influenced by the polariza-
tion of the excitation light, where the in-plane and out-of-plane
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vibrations of the atoms respond differently to either orthogonal or
in-plane polarization.”” Furthermore, given the chirality of the
TMD valleys and the resonant influence of the excitons on the
Raman response, studying the interaction of TMD phonons with
circularly polarized light is important.”’* As the Raman effect
depends on the polarizability of the material, the interaction of
TMDs with polarized light is described by a Raman polarizability
tensor.”>** It is important to note that these tensors are defined
with respect to the atomic axes, e.g., typically assuming flat-layered
TMDs with the excitation light perpendicular to it. Thus, the
polarization-resolved Raman response of, for instance, a vertical
TMDs wall will be completely different from that of a flat layer;
e.g., modes that are usually allowed/forbidden in cross-polarization
will now be absent/observed.”””**> Therefore, polarization-
resolved Raman studies will provide insight into the flowers’ nano-
geometry and orientation in the 3D space, e.g., its orientation with
respect to the substrate.

In this work, we study the polarization- and temperature-
dependent optical response of WS, nanoflowers. The nanoflowers
exhibit a highly reduced PL enabling the study of, therefore, the
unobscured Raman response. At first glance, no spectral differences
are observed between WS, flowers of different geometry except
for differences in Raman intensity. However, polarization- and

b
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helicity-resolved Raman spectroscopy reveals underlying structural
differences between flowers. We find that petals of the flowers ori-
ented vertically exhibit a different response to circularly polarized
light than more flat flower petals. Moreover, we find that the rela-
tive in-plane orientation of the flower petals with respect to the
polarization direction of linearly polarized light affects the optical
response. Surprisingly, the polarization- and helicity-dependent
behavior of the characteristic in-plane and out-of-plane WS,
Raman modes is similar, indicating the similarity of the underlying
Raman tensors. Studying the temperature-dependent spectral
response of WS, nanoflowers, we observe the influence of the exci-
tonic resonance on the Raman intensity, helicity, and the ratio
between the two characteristic WS, Raman features.

Il. RESULTS AND DISCUSSION
A. Optical response of WS, nanoflowers

Figure 1(a) depicts a scanning electron microscopy (SEM)
image of the flower-like WS, nanostructures (nanoflowers) studied
in this work. In the same way as natural flowers, these WS, nano-
structures consist of randomly oriented flakes (the petals) expanding
from a common point. The nanostructures are fabricated using CVD
on an SizN; membrane (200 nm thickness) with an array of holes
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FIG. 1. Optical response of WS, nanoflowers. (a) SEM image of the WS, nanoflowers on an SiN membrane with circular holes. The flowers grow mainly around the
holes, forming diverse flower-like shapes ranging from circles (red) and half-circles (green) to vertical walls (brown, pink) and more chaotic structures (orange, pink, lilac).
The size of the excitation laser spot (500 nm) is in yellow. (b) A schematic representation of the SiN substrate (gray) with holes (black), WS, nanoflowers (green), and the
excitation laser (yellow). (side panel) A schematic representation of one WS, nanoflower petal with its crystallographic axes. While the out-of-plane crystallographic axis is
always oriented perpendicular to the flake, the in-plane crystal axes lie in the plane of the flake with an unknown azimuthal angle. (c) Map of the peak intensity of the first
Raman feature [denoted with an arrow in (d)], where the shape of the flowers can be clearly correlated with the SEM image in (a) (see colored circles as a guide to the
eye). (d) Spectra at different positions indicated with stars in (c) on flowers (red and pink) and on the substrate (green). Note that, even though the flowers have a diversity
in shapes, the only difference between spectra of flowers is the intensity of the Raman features.
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[2um radius and 4um pitch, see Fig. S3(a) in the supplementary
material]. A description of the fabrication of the WS, nanoflowers,
together with an extensive characterization of their electronic and
crystallographic properties, is presented in Van Heijst et al'’ We
emphasize that the crystallographic analysis of Ref. 19 is performed
exactly on the same sample as the one studied optically here, with
the advantage that optical characterization is relatively fast with
respect to electron microscopy, and can be performed on larger and
even wafer-scale areas. The WS, nanoflowers arise mainly around
the holes in the substrate [see Fig. 1(a)], forming diverse shapes
ranging from circles (red) and half-circles (green) to vertical walls
(brown, pink) and more complex structures (orange, pink, lilac).
The larger structure to the right of Fig. 1(a) is probably a con-
glomeration of WS, grown around a dust particle. Figure 1(b)
schematically presents the nanoflowers (green) around the holes
(black) in the substrate (gray). The excitation light is along the z axis,
and the orientation of the flower petals ranges from completely flat
(in the x-y plane) to standing up (the x-z or y-z plane). The
nanoflower petals are composed of multiple terraces with different
thicknesses, varying between 2 and 30 nm."” The high-resolution
scanning transmission electron microscopy (HRSTEM) study in
Ref. 19 reveals that the nanoflowers exhibit a crystallographic
2H/3R polytypism (see Sec. II B in the supplementary material for
details). While the out-of-plane crystallographic axis is always ori-
ented perpendicular to the flake, the in-plane crystal axes lie in
the plane of the flake with an unknown azimuthal angle [see the
side panel of Fig. 1(b)]. The basal plane is common for all of the
analyzed WS, nanostructures, and it is given by the (0001)
direction."”

We investigate the optical response of the WS, nanoflowers,
which consists mainly of a Raman response. Figure 1(c) presents
the intensity of the first Raman feature [see the arrow in Fig. 1(d)]
of the flowers depicted in Fig. 1(a). The Raman map can be corre-
lated with the SEM image by comparing the shape and relative
position of the flowers [e.g., compare the colored circles in
Figs. 1(a) and 1(c)]. Not surprisingly, the more dense flowers, for
instance, the circular flower (red) and the half-circle (green),
exhibit a larger Raman intensity than the structures with mainly
upstanding walls (brown, the upper part of pink). It is important to
note in this context that the size of our diffraction-limited excitation
spot (500 nm, see Experimental Section) is much larger than the size
of an individual flower petal. For an easy comparison, the size of the
excitation spot is indicated on scale in yellow in Fig. 1(a). The
Raman signal of the flowers in the Raman map is “smeared out,”
and the area of the plain substrate is actually much larger than it
seems on the Raman maps [compare Fig. 1(c) with the SEM image
in Fig. 1(a)]. The reason for the “smearing out” is that we measure a
convolution of the excitation and detection volume with the spatial
distribution of the optical response of the flowers. It is to be expected
that the spatial distribution of the optical response of the nanoflower
response is related to the size of the flower features.

Figure 1(d) presents optical spectra of the WS, nanoflowers.
The spectra contain 8-10 Raman features, where the first two
features are the characteristic vibrational modes of WS, (see Fig. S2
in the supplementary material). The first feature is a combination
of the in-plane vibrational mode E,; and the longitudinal acoustic
phonon 2LA(M) (in WS, the frequency of these modes is almost

ARTICLE scitation.org/journalljap

the same), and the second feature is the out-of-plane vibrational
mode Aj,. We attribute the higher frequency Raman features to
multiphonon resonances involving the LA(M) phonon, excited
because the 595 nm laser is in resonance with the A-exciton, in
accordance with the attribution for WS, pyramidsIS (see Sec. ITA
in the supplementary material for details).

The spectra in Fig. 1(d) are collected from different positions
of the sample: on the Si3N4 substrate (green), on a dense nano-
flower (red), and on a vertical-wall nanoflower (pink) [indicated
with stars in Fig. 1(c)]. It is interesting to note that the only differ-
ence between the red spectrum of the more dense flower and the
pink spectrum of the vertical-wall flower is in the overall Raman
intensity and not in the spectral position of the Raman peaks.
In other words, there are no specific Raman features more or less
pronounced for flowers with different nanogeometries.

The WS, nanoflowers exhibit a strongly reduced photolumi-
nescence (PL) with respect to horizontally layered WS,. On some
flowers, no PL can be observed from the nanoflowers within our
detection efficiency. Specific parts of some nanoflowers do exhibit a
low PL, which becomes apparent especially at cryogenic tempera-
tures [see Fig. S1(d) in the supplementary material, which depicts
the PL from an exfoliated trilayer and five layers of exfoliated WS,,
measured under the same conditions as the optical response of
the nanoflowers]. At 4K, the optical response of a WS, nano-
flower is at most 2% of the PL of a monolayer WS,. Assuming
that the absorption and the effective collection efficiency remain
constant, we conclude that the CVD grown WS, nanoflowers
have a lower quantum efficiency than horizontal WS, flakes.
Here, the assumption of constant absorption is reasonable given
the petal thickness, whereas the assumption of constant effective
collection efficiency is related to the unknown emission pattern
from the nanoflower petals and, therefore, less strong. We attri-
bute the decrease in the quantum efficiency to the increase in
possible non-radiative loss channels due to the presence of all the
edges of the nanoflower petals. This leads to severe quenching of
the exciton photoluminescence, without influencing the Raman
response.

B. Polarization-resolved Raman response

To investigate the optical differences between different flowers
in more detail, we study the interaction of the flower Raman
response with linearly polarized light. Here, we excite the WS,
nanoflowers with linearly polarized light, rotating the polarization
direction from vertical to horizontal, and analyze the resulting
emission intensity [see Fig. 3(a) for a schematic of our setup, where
the quarter-wave plate and the polarization analyzer are not used
in the current section]. The absence of a polarization analyzer in
this measurement scheme allows us to study only the material
response to the polarization direction of the excitation light, sepa-
rating the influence of polarized excitation from the polarization of
the emission. The additional experimental advantage of collecting
all the emitted Raman intensity, independent of polarization, is the
higher signal.

Figure 2(a) depicts an SEM image of a flower-like WS, structure
[indicated in brown in Fig. 1(a)] with mainly wall-like petals, ori-
ented in the x-z plane (see the coordinate system). Figures 2(b)-2(d)
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FIG. 2. Excitation polarization. (a) SEM image of a WS, flower-like structure [brown circle in Fig. 1(a)] with mainly petals oriented in the x-z plane. (b)-(d) and (g)—(i) Map
of the intensity of the Aj; Raman mode of the flower-like structure upon (b) and (g) vertically polarized, (c) and (h) diagonally polarized, and (d) and (i) horizontally polar-
ized excitation. (€) Raman intensity of the flower in (a) [used pixels are marked with full circles in (b)—(d)] as a function of excitation polarization angle, where the error
bars represent the effect of a random position error in the image alignment procedure (see Sec. Il B in the supplementary material). Note that the intensity increases dras-
tically when the polarization direction is parallel to the WS, flower petals. (f) SEM image of a WS, flower [orange circle in Fig. 1(a)] with mainly petals oriented in the y—z
plane. (j) Raman intensity of the flower in (f) [used pixels are marked with full circles in (g)—(i)] as a function of excitation polarization angle, where the error bars represent
the effect of a random position error in the image alignment procedure (see Sec. Il B in the supplementary material). Note that the intensity decreases drastically when

the polarization direction is perpendicular to the WS, flower petals.

depict the intensity of the A}, Raman mode upon vertical polariza-
tion excitation, excitation polarization at 45° and horizontal polariza-
tion excitation. The Raman intensity is the highest when the
excitation polarization direction is parallel to the orientation of the
nanoflower petals, in this case upon horizontal excitation [Fig. 2(d)].
Even though the diffraction-limited spotsize of the excitation light is
relatively large compared to the size of the WS, nanoflowers, the
measured Raman response exhibits a clear polarization dependence.
This becomes even more apparent in Fig. 2(¢), where the normalized
Raman intensity of different parts of the nanoflower [positions are
indicated in Figs. 2(b)-2(d)] is plotted as a function of the polariza-
tion angle (depicted by the arrows). The noise in the data is most
probably caused by sub-pixel positioning imprecisions (see Sec. III B
in the supplementary material). The Raman intensity upon vertical
polarization is 60%-80% of the Raman intensity upon horizontal
polarization. Note in Fig. 2(b) that the small flower petal to the right
of the flower, oriented vertically in the y-z plane, can only be dis-
tinguished upon vertical polarization: it is not visible anymore in
Figs. 2(c) and 2(d).

To illustrate the correlation between the Raman intensity of
differently oriented flower-like structures and the excitation polari-
zation even more, Fig. 2(f) depicts a nanoflower [indicated in
orange in Fig. 1(a)], which exhibits petals oriented in the y-z plane
(see the coordinate system). Here, the Raman intensity upon verti-
cal y polarization excitation [Fig. 2(g)] is higher than upon

horizontal x polarization excitation [Fig. 2(i)]. Figure 2(j) depicts
the normalized Raman intensity of different parts of the nano-
flower [positions are indicated in Figs. 2(g)-2(i)] as a function of
polarization angle (depicted by the arrows). For this flower, the
Raman intensity upon horizontal excitation is now 70%-90% of
the Raman intensity upon horizontal polarization. The lower con-
trast can be explained by the angular distribution of the petal of
this nanoflower. This nanoflower also contains petals oriented dif-
ferently from strictly in the y-z plane, which demonstrates the sen-
sitivity of this method. Flowers with petals oriented in random
different directions do not exhibit polarization dependence (see
Fig. $4 in the supplementary material).

The response of Raman modes to polarized light is described
by Raman polarizability tensors based on the crystal symmetries
in the material.”>”*~*" It is interesting to point out that the mea-
sured Ey, and Aj; Raman features exhibit the same polarization
response (see Fig. S5 in the supplementary material). This indi-
cates that the Raman polarization tensor for both the in-plane
(Ez) and the out-of-plane (A;,) Raman modes are the same.
We also found that the polarization dependence of the Raman
intensity does not depend on temperature and is also observed
upon 561 nm excitation (see Fig. S5 in the supplementary material).
We conclude that linear-polarization-resolved Raman measurements
provide a way to distinguish between differently oriented WS, petals
and to identify the dominant orientation.
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C. Helicity of Raman features

Another tool to investigate potential optical differences between
nanoflowers with diverse geometries is helicity-resolved Raman mea-
surements. Figure 3(a) depicts a schematic representation of our
setup. The excitation light (595nm wavelength) passes through a
quarter-wave plate and is focused on the sample through an objective
lens (see Experimental Section for details on the setup). The emission
is collected through the same objective lens, passes a quarter-wave
plate, and is directed to a spectrometer through a polarization ana-
lyzer. This allows the detection of the polarization state of the emitted
light; ie., it allows for helicity-resolved measurements. Figures 3(b)
and 3(c) depict helicity-resolved nanoflower spectra. Here, the
flowers are excited with o circularly polarized light, and the

ARTICLE scitation.org/journalljap

helicity of the Raman features is determined from the difference
in o4 and o_ emission. In Fig. 3(b), the blue spectrum with the
same polarization as the excitation light has a higher intensity
(o4, helicity is conserved) than the red spectrum with the oppo-
site polarization (o_, helicity is reversed). We calculate the helic-

ity of the Aj; Raman mode H = leonsered —lreversed 1 he 0.138. In

Lonserved + Ireversed

Fig. 3(c), the helicity-reversed spectrum (red) has a higher inten-
sity than the helicity-conserved spectrum (blue), with H = —0.10.

The helicity of the Raman response of the WS, nanoflowers is
position dependent. Figure 3(d) presents a map of the nanoflower
intensity of the Aj; Raman mode [compare Fig. 1(c)]. Figure 3(e)
presents a map of the experimentally determined helicity of the
A, Raman mode [stars indicate the position of spectra in

a b x10° o+ excitation C xi1? o+ excitation
1.5 y " 1.5
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FIG. 3. Helicity of Raman features. (a) Schematic of our setup, where the excitation light (595 nm wavelength) passes through a quarter-wave plate and is focused on the
sample. The emission is collected in epi-configuration and passes through the same quarter-wave plate. Then, it is directed to a spectrometer through a polarization ana-
lyzer. (b) and (c) Helicity-resolved nanoflower spectra, where the flowers are excited with o, light, and the helicity is determined from the difference in o, and o emis-
sion. In (b), the spectrum with the same polarization as the excitation light (blue) has a higher intensity (helicity is conserved). In (c), the spectrum with opposite
polarization to the excitation light (red) has a higher intensity (helicity is reversed). (d) Map of the intensity of the A1; Raman mode of the nanoflower spectra. () Map of
the same region of the helicity of the A, Raman mode. Note that the helicity of the Raman features around the WS, nanoflowers is negative (green star), whereas the
Raman helicity is positive in regions next to the larger nanoflowers (lilac star). (f) Temperature-dependent helicity of the WS, nanoflower marked in green in Fig. 1(a)
(taking into account all pixels associated with this flower). The lines present the temperature dependence of three locations on the flower marked in green [see Figs. S6(a)
and S6(b) in the supplementary material for the taken pixels]. The overall helicity decreases slightly at room temperature.
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Figs. 3(b) and 3(c)]. Note again that the measured position-
dependent Raman intensity and helicity are a convolution of the
excitation and detection volume with the spatial distribution of
the optical response of the flowers related to the size of the flower
features. This convolution does not prevent the observation of
structure dependence of the Raman helicity. The Raman helicity of
the WS, nanoflowers is negative: the intensity is higher for the
helicity-reversed spectrum. Note, however, that the locations
where the most negative Raman helicity is located are not in the
middle of the nanoflower but toward the edge [e.g., compare
the green star in Figs. 3(e) and 3(d)]. We, therefore, conclude that
we detect the negative Raman helicity at locations where the excita-
tion spot interacts with the side of a nanoflower. The helicity is
most positive on locations in between the WS, nanoflowers, for
instance, at the position of the lilac star: here, the intensity is
higher for the helicity-conserved spectrum. The Raman response
from these regions confirms the presence of WS;; e.g., this is not
the bare substrate. Comparing the position of the lilac star in
Fig. 3(d) with the SEM image in Fig. 1(a), it seems that the region
of positive helicity is actually related to the WS, structure to the
left of the flower indicated in orange in Fig. 1(a). As this structure
looks more flat than the wall-like petals in other flowers, we con-
clude that the sign of the Raman helicity becomes positive when
the WS, is oriented in the x-y plane, horizontally with respect to
the surface [see Fig. 1(b) for a coordinate system].

The Raman helicity response of the WS, nanoflowers is
completely different from that of flat layers of WS,. As alluded to
before, the WS, nanoflowers exhibit a crystallographic 2H/3R poly-
typism, whereas naturally occurring WS, is crystallized in the 2H
phase. The response of Raman modes to polarized light is
described by Raman tensors’ > (see Sec. V in the supplementary
material). Since the Raman tensor of the A;; mode has the same
symmetrical shape for 2H-WS, and 3R-WS,”° (see Sec. V in the
supplementary material), it is reasonable to assume that the shape
of the Raman tensor is the same for the WS, nanoflowers with a
crystallographic 2H/3R polytypism. For all TMD materials, the
Raman tensor dictates that the A;, mode is helicity—conserved.‘m";]
This means that the second Raman feature in Figs. 3(b) and 3(c)
should only have had contributions with the same polarization as
the excitation (o), leading to H = 1.0. However, we observe a
large contribution of light with the reversed helicity; in Fig. 3(c),
the helicity even becomes negative in places.

Interpreting the helicity behavior of the first Raman feature is
less straightforward, as this feature contains both the 2LA(M)
phonon and the E,g, and the Raman tensor of the Ey, is different
for the 2H and 3R polytypes (see Fig. S6 in the supplementary
material for a helicity map of the E;, mode). Moreover, for the 2H
polytype, the Raman tensor depends on the resonance of the exci-
tation. The tensor dictates that the E,, mode is helicity-reversed
under non-resonant excitation’’ and helicity-conserved under reso-
nant excitation of 2H-WS,.>""*” It is reasonable to assume that the
resonance of the excitation will also influence the Raman tensor of
3R-WS, and 2H/3R polytypical WS,, making the calculation of the
correct tensor a non-arbitrary task. Therefore, we will focus our
discussion on the Raman response of the A}, mode.

It is important to note that the Raman polarization tensors
are typically defined with respect to the crystal axes of flat TMDs
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layers, which for flat layers are readily connected to a suitable
frame of reference of the incident light. The petals of the WS,
nanoflowers exhibit a variety of orientations with respect to the
incident light. Mathematically, a change of WS, flake orientation
corresponds to a base transformation changing the Raman tensor,
which may lead to allowed modes becoming forbidden and forbid-
den modes becoming allowed (see Fig. S8 in the supplementary
material). From Fig. 3(e), it is apparent that the Raman helicity of
the WS, nanoflowers is, in general, slightly negative, with a larger
helicity-reversed than helicity-conserved contribution. This corre-
sponds to the nanoflowers on average having more wall-like petals
[oriented in the x-z or y-z plane, see Fig. 1(b) for a coordinate
system], which is in agreement with the SEM images of the flowers.
However, the fact that the helicity is at most —0.2, the contribution
of both flat and vertically oriented flower petals within the
diffraction-limited excitation spot is relatively large, and the mea-
sured Raman helicity is almost averaged out.

Based on the Raman tensor, flat flower petals (oriented in
the x-y plane) should exhibit positive helicity (see Sec. V in the
supplementary material). Comparing the helicity map with the
SEM image in Fig. 1(a), it is not always straightforward to corre-
late the regions of positive helicity with the orientation and nano-
geometry of flower petals. We hypothesize that there might be flat
flakes present that cannot be clearly distinguished from the SizNy
substrate, but that do contribute to the positive Raman helicity.
We conclude that the surprising helicity values for the nanoflower
Raman response can be explained by the different orientations of
the flower petals.

We determine the position-dependent helicity of the Raman
features at different temperatures (see Fig. S7 in the supplementary
material). Figure 3(f) depicts the temperature dependence of the
Raman helicity of the flower marked in green in Figs. 1(a) and 1(c).
At all temperatures, the intensity is depicted of the A;; Raman
mode of all spectra associated with this flower. The lines present
the temperature dependence of three specific places on the flower
marked in green [see Figs. S6(a) and S6(b) in the supplementary
material]. The helicity at room temperature seems to be slightly
lower than the helicity at cryogenic temperatures, but the trend is
not clear. The helicity of the first Raman feature and of the A,
mode of spectra of other flowers also decreases at room tempera-
ture [see Figs. S6(d) and S6(e) in the supplementary material]. The
lower helicity at room temperature can be explained by the excitation
energy being more out-of-resonance with the excitonic bandgap
energy (see Fig. 4). We conclude that the main mechanism that
determines the Raman helicity is the flower petal orientation and,
therefore, independent of temperature. Therefore, helicity-dependent
Raman spectroscopy can be readily used to determine the orientation
of WS, flakes and the contribution of flat vs wall-like petals in WS,
nanoflowers.

D. Temperature-dependent Raman spectroscopy

Given the phononic nature of Raman scattering, studying the
temperature dependence of the Raman spectra of the WS, nano-
flowers provides valuable information. Figures 4(a) and 4(b) present
the spectral response of the flower indicated in red in Fig. 1(a) (see
Fig. $4 in the supplementary material for an SEM image) upon
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FIG. 4. Temperature dependence Raman intensity. (a) Nanoflower spectra [flower indicated in red in Fig. 1(a)] upon a 595 nm excitation at temperatures ranging from
room temperature down to 4 K. Note that the intensity of all Raman features increases. (b) Nanoflower spectra [flower indicated in red in Fig. 1(a)] upon 561 nm excitation
at room temperature and 4 K. Note that the A mode is almost absent at room temperature. (c) (inset) Temperature-dependent intensity of the first Raman feature
[Ezq,2LA(M)] of the nanoflower spectra upon 595 nm excitation (orange) and 561 nm excitation (green). Here, at every temperature, the intensity is taken from all pixels
associated with the flower [indicated in red in Fig. 1(d)]. (main) The Raman intensity is plotted as a function of the wavelength difference between the WS, bandgap and
the excitation. Upon cooling down, the WS, bandgap energy blue shifts. With constant excitation energy, the difference between excitation and WS, bandgap energy will
become smaller at lower temperatures, bringing the excitation more in resonance with the excitonic transition. (d) Temperature-dependent ratio of the first two Raman fea-
tures of the nanoflower spectra. Upon 595 nm excitation, the ratio changes from 0.8 at 4 K to 1.6 at room temperature, as can already be seen by comparing the intensity
of the first two Raman features in (a). Upon 561 nm excitation, the Ay is almost absent at room temperature. Therefore, the ratio between the two WS, flower Raman fea-

tures increases drastically from 1.0 at 4 K to 7.5 at room temperature.

595 nm and 561 nm excitation at different temperatures. There are
8-10 Raman features distinguishable at room temperature and at
cryogenic temperatures (see Fig. S2 in the supplementary material),
but the intensity of the features increases drastically with decreas-
ing temperature. At 4K, there is a broad background visible
under the Raman features [at 200-700 cm™! in Fig. 4(a) and at
1200-1500 cm ™2 in Fig. 4(b)]. We attribute this background to
highly reduced WS, photoluminescence (see Sec. IIA in the
supplementary material). The intensity of the Raman features is
much lower for the 561 nm excitation than for the 595nm

excitation. This is attributed to the fact that the 595 nm excitation
light is close to the A-exciton resonance of WS,, whereas the
561 nm one is out-of-resonance with the A-exciton. Raman
modes of TMDs can be greatly enhanced when they are excited
in resonance with an excitonic transition.””**”**° The inset of
Fig. 4(c) depicts the temperature-dependent intensity of the first
Raman feature (E,2LA(M)) upon 595nm excitation (orange)
and 561 nm excitation (green). Here, for every temperature, the
Raman intensity of all the spectra associated with the nanoflower
is taken [flower indicated in red in Fig. 1(c)]. The lines present
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the temperature dependence of three specific places on the flower.
For an excitation at 595 nm, the Raman intensity decreases with
increasing temperature, but for an excitation at 561 nm, the
Raman intensity is independent of temperature. Figure 4(c)
depicts the intensity of the first Raman feature as a function of
the difference between the WS, exciton and the excitation wave-
length. The WS, bandgap energy and, therefore, the exciton
energy are temperature dependent, experiencing a blue shift with
decreasing temperature [see Fig. S1(f) in the supplementary
material for the temperature dependence of the exciton PL].
Therefore, varying the temperature of the WS, nanoflowers
enables the tuning of the exciton resonance condition for a fixed
excitation frequency. Since the exciton energy is experiencing a
blue shift with decreasing temperatures, cooling down the WS,
nanostructures will bring the excitation more in resonance with
the excitonic transition. It is clear in Fig. 4(c) that the Raman
intensity exhibits a resonant-like enhancement as the excitation
wavelength approaches the excitonic transition. Since the 561 nm
excitation is relatively far away from the WS, bandgap, the reso-
nance effect on the Raman intensity upon cool down is much
less visible.

When comparing the spectra upon 595nm excitation in
Fig. 4(a), it becomes apparent that the ratio between the two char-
acteristic WS, Raman features (Ep,/Ajg) is temperature dependent.
At room temperature, the E;; mode is 1.5 times as intense as the
Ay, mode, and at 4K, the Aj; mode is 1.5 times as intense as the
Ej, mode. It has been reported before that the different TMD
Raman modes respond differently to the excitonic resonance.””*"”
When comparing the nanoflower spectra upon 561 nm excitation
in Fig. 4(b), the low intensity of the second Raman feature (A,) at
room temperature draws immediate attention. Figure 4(d) depicts
the temperature dependence of the E,,/A), ratio. At room temper-
ature, the ratio between the characteristic WS, Raman features is
around 7.0 for an excitation at 561 nm. From Fig. 4(d), we deduce
that the A;; Raman feature is more sensitive to the resonance con-
ditions than the Ey;,2LA(M) feature. Even if the 561 nm excitation
is relatively far away from the exciton wavelength, the A;; Raman
mode is enhanced greatly at cryogenic temperatures, as the excita-
tion is closer to the excitonic resonance. Therefore, we conclude
that the absence of photoluminescence does not prevent an indirect
study of the exciton, the presence of which is revealed by resonant
Raman spectroscopy.

11l. CONCLUSION

We have studied the optical response of CVD grown WS,
nanoflowers. In contrast to flat WS, flakes, the nanoflowers exhibit
a highly reduced photoluminescence enabling the study of their
clear Raman response. Even though the WS, exciton emission is
reduced in the nanoflowers, the presence of the excitons is still
notable in the Raman response upon resonance excitation. We
study the temperature-dependent Raman intensity and observe an
enhancement for cryogenic temperatures, where the intensity of the
out-of-plane Raman mode Aj; is enhanced more than the intensity
of the in-plane Raman mode Ej,. We conclude that, due to the
temperature-dependent bandgap and, thus, the exciton energy
shift, the WS, nanoflowers are excited more in resonance with the
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excitonic transition at cryogenic temperatures, leading to a resonant
effect on the Raman intensity.

Furthermore, we study the interplay between flower geometry
and a spectral response. Even though the WS, nanoflowers have
completely different geometries; at first sight, the only spectral dif-
ferences between them seem to be the Raman intensity. However,
helicity-resolved and polarization-resolved Raman spectroscopy
reveals underlying structural and geometrical differences between
flowers. Studying the Raman response upon excitation with circu-
larly polarized light reveals completely different behavior of the
Raman helicity of the flowers with respect to flat WS, flakes.
The Raman helicity of nanoflowers with many vertical walls is
slightly negative, and the Raman response of flat lying WS, flower
petals is slightly positive. We attribute the differences between the
nanoflowers and the flat WS, to a difference in the Raman polari-
zation tensor, induced by the differently oriented flower petals.
Studying the Raman response upon excitation with linearly polar-
ized light, we observe that we can selectively address nanoflower
petals oriented parallel to used polarization. We conclude that
there is an interplay between the orientation of the flower petals,
the atomic vibrational modes, and the polarization direction of the
excitation light.

Therefore, we envision that temperature-dependent Raman
spectroscopy will open the way to study excitonic resonance effects,
and polarization-resolved Raman spectroscopy will open the way to
determine the nanogeometry and orientation of WS, flakes.

IV. EXPERIMENTAL SECTION

The WS, nanoflowers are directly grown on a microchip using
chemical vapor deposition (CVD) techniques. The sample prepa-
ration method is described in Ref. 19. The optical measurements
are performed using a home-built spectroscopy setup, depicted
schematically in Fig. 3(a). The sample is placed on a piezo stage
in a Montana Cryostation S100. Measurements are performed at a
range of temperatures between room temperature and 4 K. The
sample is illuminated through an 0.85NA Zeiss 100x objective.
Measurements are performed using a continuous wave laser with
a wavelength of 595 nm and a power of 1.6mW/mm” (Coherent
OBIS LS 594-60), and the excitation light is filtered out using
color filters (Semrock NF03-594E-25 and FF01-593/LP-25). For
the measurements depicted in Fig. 4, a continuous wave laser with
a wavelength of 561 nm and a power of 3.6 mW/mm” is used
(Cobolt 08-01/561). To avoid the depolarization consequences of
tight focusing on (circular) polarization, a 2 mm laser diameter is
used, slightly underfilling the objective in the excitation path.
Polarizers (Thorlabs LPVIS100-MP2) and superachromatic waveplates
are used to rotate linear polarization (Thorlabs SAHWP05M-700) and
create circular polarization (Thorlabs SAQWP05M-700), respectively.
The sample emission is collected in reflection through the same objec-
tive as in excitation and projected onto a CCD camera (Princeton
Instruments ProEM  1024BX3) and spectrometer (Princeton
Instruments SP2358) via a 4f lens system.

SUPPLEMENTARY MATERIAL

See the supplementary material that includes a comparison of
spectra of flowers and monolayer and few-layer WS, flakes; an
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overview of the measured Raman features; polarization-resolved
Raman intensity at different flowers, temperatures, and upon differ-
ent excitation energies; helicity-resolved Raman spectra of different
modes and at different temperatures; and a derivation of the
Raman helicity of horizontal vs vertical WS, flakes.
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