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Although the field of two-dimensional (2D) materials has democratized materials science by making
high-quality samples accessible cheaply, due to the atomically thin nature of these systems, an integra-
tion with nanostructures is almost always required to obtain a significant optical response. Traditionally,
these nanostructures are fabricated via electron beam lithography or focused ion beam milling, which
are expensive, and large-area fabrication can be further time-consuming. In order to overcome this
problem, we report the integration of 2D semiconductors on a cost-effective and large-area fabricated
nanocone platform. We show that the plasmon modes of our nanocone structures lead to photolumines-
cence enhancement of monolayer WSe2 by about eight to ten times compared with the nonplasmonic
case, consistent with finite-difference time-domain simulations. Excitation power-dependent measure-
ments reveal that our nanocone platform enables a versatile route to engineering the relative exciton trion
contributions to the emission.
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I. INTRODUCTION

Monolayers of transition-metal dichalcogenides
(TMDCs) are optically active direct-band-gap semicon-
ductors [1–4] which have been shown to be promising
candidates for optoelectronic applications [5,6] such as
sensing [7], photovoltaics [8], and quantum information
[9,10]. The integration of these two-dimensional (2D)
semiconductor TMDCs with nanostructures can not only
strengthen the light-matter interaction [11,12] but also help
engineer their optical response for various applications
[13–16]. Although the field of 2D materials has democ-
ratized materials science [17] by making high-quality
samples accessible cheaply, due to the atomically thin
nature of these systems, an integration with nanostructures
is almost always required to obtain a significant optical
response [12]. Traditionally, these nanostructures are fab-
ricated via electron beam lithography or focused ion beam
milling, which are expensive, and large-area fabrication
can be further time-consuming [18]. In order to over-
come this problem, we report the integration of 2D semi-
conductors on a cost-effective and large-area fabricated
nanocone platform. We fabricate polytetrafluoroethylene
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(PTFE) nanocone structures and decorate it with a gold
(Au) film, enabling it to behave like a plasmonic antenna
array. We show that the plasmon modes of our nanocone
structures lead to photoluminescence (PL) enhancement of
monolayer WSe2 by about eight to ten times compared to
the nonplasmonic case. PL enhancement is further veri-
fied via finite-difference time-domain (FDTD) simulations.
Excitation power-dependent as well as the time-dependent
measurements reveal that our nanocone platform enables
a versatile route to engineering the relative exciton trion
contributions to the emission.

II. METHODS

A. Fabrication of nanocone array

Large-scale fabrication of nanocones was carried out
via a colloidal lithography approach [19,20]. First, PTFE
substrates, purchased from Sigma Aldrich (GF46787259-
1EA) were cleaned using ethanol for 5 min in an ultra-
sonicator and then washed with deionized water. Next, the
substrates were treated with an oxygen plasma for 2 min to
make them hydrophilic. Polystyrene (PS) microbeads were
deposited on this modified PTFE surface using convective
self-assembly [21,22].

The process flow diagram for the fabrication of the
cone array is shown in Fig. 1(a), where two glass slides
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FIG. 1. Fabrication of the TMDC integrated plasmonic nanocone structures. (a) Process flow diagram for the fabrication of PTFE
cone array. (b) SEM image of large-scale PTFE nanocone array after etching (inset showing an enlarged view of the cone). (c) Optical
microscopy image of the large-area CVD-grown WSe2 monolayer. (d) Raman spectrum confirming the monolayer. (e) PL spectra of
the monolayer WSe2. (f) Process flow diagram for the wet transfer method. (g) SEM image of the WSe2 monolayer transferred over
the cone array (inset showing the WSe2 over single cone).

were aligned to form 1◦ wedge angle for the deposition
of the PS microparticles and a diluted 1% suspension of
PS microparticle was then injected into the wedge. This
assembly was carefully kept undisturbed for 2 h, allow-
ing the suspension liquid to evaporate, leaving behind a PS
microbead monolayer covering the substrate. The surface
of the monolayer of PS microparticles was then exposed
to an oxygen plasma to reduce the size of the deposited
PS microparticles and, in turn, etch out the exposed PTFE
film below to form nanocones with the etching time. This
etching was carried out via reactive ion etching in an oxy-
gen plasma maintained at 0.2 mbar pressure and 40 sccm
gas flow rate with 100 W rf power. The etching parameters

were optimized to obtain an array of PTFE nanocones sur-
mounted by residues of PS microparticles. These residues
were removed by rinsing the sample in ethanol.

Figure 1(b) shows the post-etching scanning electron
microscopy (SEM) image of the as-fabricated PTFE cone
array on PTFE substrate, with the inset showing a high-
resolution image of a single nanocone. The periodicity of
the nanocones is 1 µm. A 70-nm-thick Au layer was then
sputtered over these cone arrays using an AJA Interna-
tional, Inc./Orion Sputter PHASE. The sputtering param-
eters used were 50 W power, 7.4 × 10−7 torr chamber vac-
uum, and a deposition rate of 6 nm/min. A chemical vapor
deposition (CVD) grown WSe2 monolayer was transferred
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over the as-fabricated cone array using a poly(methyl
methacrylate) (PMMA-)assisted wet transfer method [23].

B. Monolayer TMDC growth and integration

We optimized the CVD process to obtain large-area
growth of the monolayer of around centimeter scale. The
optical microscopy image of the as-grown WSe2 monolay-
ers is shown in Fig. 1(c). Raman spectra with characteristic
E1

2g peak at 249.82 cm−1 and the absence of B2g peak at
303 cm−1 and PL spectra with emission peak at 1.67 eV
in Figs. 1(d) and 1(e) confirm the presence of the mono-
layer [24,25]. This CVD-grown WSe2 monolayer was then
transferred over SiO2 substrate using the PMMA-assisted
wet transfer method as demonstrated in Fig. 1(f) over both
the PTFE cone and Au-coated PTFE cones. The wet trans-
fer method relies on weakening the interaction of the 2D
material with the substrate by using solutions such as water
[26] or NaOH/KOH [23], whereas the strong interaction of
the 2D material with the top coated polymer (PMMA in
our case) remains unaffected by these solutions. The SEM
image in Fig. 1(g) shows the as-transferred monolayer over
the cone array. These monolayers form a tent-like structure
due to the tip of the cone, as shown in the inset of Fig. 1(g).

C. FDTD simulation

To simulate the excitonic emission in a WSe2 mono-
layer integrated with the Au and PTFE nanocone array, the
FDTD numerical method (using Ansys/Lumerical com-
mercial simulation software) was employed. In the sim-
ulation setup, the system is enclosed inside a 1000 ×
1000 × 4500 nm3 FDTD boundary. The mesh size of
the whole simulation was fixed to 2 nm. PL enhance-
ment consists of two factors, excitation enhancement and
emission enhancement factor. Excitation enhancement is
calculated as the ratio of electric field intensity in the pres-
ence and absence of the plasmonic nanocone, given by
F = |E|2/|Eo|2, where |E| and |Eo| are the electric field
magnitudes with and without the plasmonic structure. For
emission enhancement, the exciton in the monolayer was
simulated as a horizontal dipole source, sitting 5 nm on
the top of the cone surface. Emission enhancement is
calculated using [27]

Q = Prad

(Ptot + (1 − η)Po
rad/η)

. (1)

Here Prad is the far-field radiated power, which is col-
lected over the numerical aperture (NA) of the microscope
(NA = 0.4) in the presence of the nanocone structures, Ptot
and Po

rad are the total power radiated by the dipole with and
without the structure, respectively, and η corresponds to
the intrinsic PL quantum yield of the WSe2, taken with a
typical range of values from the literature [28–30] as 0.001,
0.01, 0.015, and 0.03.

For our system, we draw a comparison between PL
enhancement factors obtained for only PTFE and Au-
covered PTFE cones to explain the experimental results.

D. Optical characterisation

Raman spectroscopy was used to confirm the presence
of WSe2 monolayers. Raman spectra for the as-fabricated
samples were recorded using an HR800-UV confocal
micro-Raman spectrometer with the help of a 100× objec-
tive with an excitation source of 532 nm laser light having
1.1 mW power. The Raman spectrometer was initially cal-
ibrated with the standard Raman peak of crystalline silicon
at 520.7 cm−1. The acquisition time for Raman scattered
light collection was 20 s. PL measurements were carried
out by using a custom-made PL setup using a 532 nm exci-
tation source, collected with a 20× Mitutoyo Plan Apo
NIR Infinity Corrected Objective. Spectra were recorded
using a Kymera 328i Andor spectrometer.

III. RESULTS AND DISCUSSION

We measured the emission from monolayer TMDC inte-
grated with both PTFE and Au-coated PTFE nanocone
arrays to understand the difference between TMDC inter-
action with plasmonic and dielectric antennae platforms.
The standard PL spectrum of the WSe2-coated PTFE and
Au cones recorded with a 532 nm laser excitation in
Fig. 2(a) shows about eight to ten times enhancement in the
PL intensity with Au coating. We attribute this enhance-
ment in PL emission of the monolayer WSe2 in the case
of Au-coated cones to the plasmonic properties of Au. We
found that this enhancement is strongly dependent on the
excitation power, hence we performed systematic PL mea-
surements with varying laser fluences for the two cases.
Figures 2(b) and 2(c) clearly shows higher PL intensity for
Au-coated cones at all excitation powers. The color map of
the ratio of PL intensity of the two cases (Au-coated/PTFE)
is presented in Fig. 2(d), which shows an eight to ten times
enhancement for low fluence to high fluence, respectively,
for Au-coated cones as compared with the dielectric PTFE
cones (inset shows the line plot where the PL enhancement
is approximately eight to ten times).

A. Plasmonic enhancement

If the plasmon resonance of the plasmonic-TMDC sys-
tem matches with the excitation frequency, the excitation
rate of the TMDC will be enhanced. Further, a plasmon
resonance at the particular PL frequency can enhance the
emission rate [31–33]. This means that the PL enhance-
ment in the plasmonic-TMDC system contains two terms,
which are the excitation and emission enhancement [27].
We calculated both excitation and emission enhancement
[27] using Lumerical FDTD simulation (see the Meth-
ods section) for both types of nanocones. In Figs. 2(e)
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FIG. 2. PL enhancement at various excitation powers and the explanation with FDTD simulation. (a) Micro-PL spectra of the
transferred WSe2 over PTFE and Au nanocone structures. (b)–(d) PL intensity with the variation of the excitation energy for (b) PTFE
cones, (c) Au cones, and (d) ratio (R) between Au and PTFE (inset shows the line plot for ratio R for maximum of the PL peak intensity
(Au/PTFE) with the excitation power). (e), (f) FDTD simulation for the calculation of field enhancement for (e) PTFE cone and (f) Au
cone. (g) Line spectra for the electric field enhancement showing resonance.

and 2(f), the excitation enhancements for the PTFE and Au
cones are shown. Here the periodicity for the nanocone is
1 µm because it is resonant with the excitation wavelength,
whereas 0.8 µm and 1.2 µm, which are not resonant at 532
nm, are shown in Fig. 1 within the Supplemental Material
[34]. A clear enhancement of more than ten times for posi-
tions close to the cone tip can be observed for the Au cone
as compared with the dielectric cone.

We further calculated emission enhancement for a
dipole placed in close proximity of the tip, that is, at
x = 70, 80, and 90 nm, denoted by black dots in the inset
of the Fig. 2(f), as discussed in the Methods section. For
the further confirmation of the plasmonic resonance at the
excitation wavelength and emission wavelength, the abso-
lute square of the electric field at x = 70 nm is plotted for
both PTFE and Au cones in Fig. 2(g). In the PTFE cone
case there is no resonance seen, whereas in the Au case
there is about 20 times electric field intensity enhancement
at the excitation wavelength and around ten times at emis-
sion wavelength. If we account for the internal quantum
yield, these simulations show that, for positions close to

TABLE I. Theoretically calculated PL enhancement ratios
(Au/PTFE) at positions x = 70, 80, and 90 nm for different
values of η.

x (nm) η = 0.001 η = 0.01 η = 0.015 η = 0.03

70 4.96 5.06 3.84 3.1
80 5.82 4.5 4 3.01
90 6.57 4.19 4.49 3.3

the cone tip, an enhancement of ≈ 3 to ≈ 6.5 times can be
observed for different values of quantum yield in an Au-
coated cone as compared with the PTFE cone (see Table I,
which is in the same range as the experimentally measured
PL enhancement.

B. Excitation-dependent PL enhancement

To explain the nonlinear PL enhancement as discussed
here, we fitted the PL spectra for the PTFE and Au cases
with a double Lorentzian as shown in Figs. 3(a) and 3(b),
respectively. This provides information about the relative
exciton and trion contributions and their role in the PL
enhancement. We plotted the integrated PL intensity for
the exciton and trion as a function of excitation fluence
for both samples and observed a linear relation as shown
in Fig. 3(c). The slopes for the Au cones for exciton and
trion intensities are found to be 1.03 and 1.07, respectively,
whereas for the PTFE cones they were 0.97 and 0.95,
respectively. This suggests that we are in a linear regime
where the excitation power and the exciton and trion inten-
sities are proportional. At higher excitation powers, we
might encounter exciton-exciton interactions, which can
result in a sublinear dependence [35].

We further plotted the intensity spectral weight Im/(IE +
IT) for excitons and trions in Fig. 3(d), where subscript E
represents exciton, T represents trion, and m denotes either
E or T. This quantity provides information about the elec-
trostatic charge neutrality of the monolayer. We can see
that the spectral weight for the excitons in Au and PTFE
is approximately 60% and 55%, respectively, whereas the
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FIG. 3. Exciton-trion characteristics with excitation power after fitting with double Lorentzian. (a), (b) PL spectra at the 532 nm
pump laser fitted with double Lorentzian for (a) WSe2 transferred over PTFE cone and (b) WSe2 transferred over Au cone. (c) PL
intensity at various excitation energies with linear fitting (α denotes the slope), (d) intensity spectral weight for the exciton and trion,
(e) FWHM of the exciton and trion, and (f) peak position for the exciton and trion, in PTFE and Au cones.

trion spectral weight in Au and PTFE is approximately
40% and 45%, respectively. It is known that the trion
recombination pathway is mostly nonradiative [36]. From
here, it is clear that the population of excitons is increasing,
whereas trions are decreasing in the case of the Au. This
increased population of the excitons in Au-coated cones
can also contribute to the PL enhancement as compared
with the bare PTFE cones [37]. PL enhancement has pre-
viously been reported due to substrate-dependent changes
[38,39] and hot electron doping [40]. In our case, from the
calculated local fields shown in Figs. 2(e) and 2(f), there

is an order-of-magnitude enhancement in cones deposited
with Au compared with those without Au coating.

Next we measured the features of the exciton and trion
peaks, full width at half maxima (FWHM) and peak posi-
tions with increasing excitation powers. As shown in
Fig. 3(e), the FWHM for both these cases increases slightly
with increase in excitation power. This can be attributed to
an increased dephasing of these excitons and trions due
to interaction with the increasing background of free car-
riers. Further, the increased FWHM can also occur due
to heating of the samples due to laser irradiation, which
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(a) (b) (c)

FIG. 4. Time-dependent analysis for the exciton-trion characteristics. Intensity of the integrated peak as a function of time for (a)
PTFE and (b) Au. (c) The variation of intensity spectral weight with excitation power.

causes an increased phonon excitation and the exciton-
phonon coupling results in broadening of the spectra [41,
42]. This photoinduced heating effect is more dominant
for the plasmonic case versus nonplasmonic, as reported
elsewhere [43]. Next, we observe a small redshift in the
exciton and trion peak positions with increasing excitation
power. Usually, the band-gap renormalization effect and
carrier-screening-induced exciton-binding-energy lower-
ing change oppositely with increased excitation power
[44,45]. However, because we observe only the redshift of
the peak, the former effect dominates in our case. However,
in our range of powers, these shifts are small compared
with the respective peak positions, hence should not impact
the performance of nanophotonic devices built using our
platform.

Next we measured the time evolution of the excitonic
and trionic features by recording PL for several minutes
at fixed values of pump power. We plot the intensity of
the integrated PL peak as a function of time and the exci-
tation power in Fig. 4. For both PTFE and Au cones, the
intensity did not change much with the time [see Figs. 4(a)
and 4(b)]. We also plotted the intensity spectral weight for
the fourth minute and observed that the excitonic spectral
weight has the same trend as that observed previously in
Fig. 3(d), hence confirming the stability of our system with
time.

IV. CONCLUSION

In summary, we have presented the integration of
2D TMDCs with a low-cost and large-area plasmonic
nanocone array platform. We studied the exciton character-
istics and resulting PL enhancement when the nanocones
are covered with a plasmonic material. We observed
a PL enhancement of eight to ten times, which was
explained using FDTD simulations and higher exci-
tonic spectral weight. Other than the traditional avenues
of plasmon-enhanced optoelectronics [13], our platform
would enable unique applications to deterministic strain
[46] and dielectric-screening-based periodic modulation
of the optical response of 2D semiconductors [47,48],

including the development of quantum emitter arrays
[49,50], exciton-funneling-based devices [51–54], and the
observation of dark excitons [55–57]. The purpose of
choosing WSe2 is to study the dark excitonic states in
tungsten-based TMDCs [58].
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