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ABSTRACT: Two-dimensional transition metal dichalcogenides ek/ecﬁr’

(TMDs) have a promising future in the nanophotonics field due to Fo 532 nm Laser

their unique optoelectronic properties such as large exciton binding target

energies and carrier mobility. Among these properties, monolayer *?*Z\J,@A”
TMDs exhibit enhanced photoluminescence (PL) by utilizing micro-/ Fused sl / ’
nanostructure surface plasmon polariton (SPP) modes. In this work, we | s
present a unique technique to achieve substantial PL enhancement by ~aEeDeeus g8y
integrating MoS, monolayers to gold quasi-periodic nanoterrace ! _— 5’/ ;
morphology with gradient periods on fused silica substrates. Gold | T™Ds } :i"ﬂ " ; Gold coating
quasi-periodic nanostructures were fabricated through cost-eftective and & I

PDMS IBCD structure

fast ion bombardment with iron co-deposition followed by a gold
coating technique, and monolayers were deposited by a polymer-
assisted technique. Our results show clear evidence that the light emission is enhanced due to the SPP modes produced by the quasi-
periodic nanoterrace morphology. Comprehensive spectroscopy studies were performed on monolayer flakes with different laser
polarizations, morphology periods, and temperatures to offer detailed insights on the mechanism behind PL enhancement. Together
with numerical simulations, our results provided a basis for understanding the PL enhancement effects and shed light on future
directions of high-efficiency light-emitting devices such as diodes, lasers, and heterostructure solar cells based on TMD monolayers.

KEYWORDS: 2D TMDs, photoluminescence enhancement, ion bombardment, quasi-periodic terrace morphology, plasmonics

B INTRODUCTION vapor deposition (CVD) produces unavoidable and deleterious
defects responsible for low photoemission efficiency in many
TMDs. High-efficiency light-emitting devices are paramount
for current and future technologies that require ultralow
threshold lasers,”” light-emitting diodes (LEDs),”* and photo-
detectors.” ™ To advance these optoelectronic fields,
fundamental understanding of light—matter interactions in
these materials is essential.

Nanophotonic cavities can manipulate optical fields at the
nanoscale’*™* and enhance the fluorescence of nano-
emitters.*>~* Besides dielectric cavities, which can enhance
the electric field near-field with a distance of ~100 nm,*°
plasmonic cavities can penetrate several nanometers from the
structured surfaces.”” Utilizing surface plasmon polariton
(SPP) modes is one of the most effective ways to improve

Atomically thin 2D materials with strong spin—orbit
interaction are attracting significant interest due to their
novel optoelectronic,l’2 electrochemical,’ quanturn,4’S electri-
cal, and optical properties.”” Among these 2D materials,
transition metal dichalcogenides (TMDs) are an exciting class
of materials that exhibit many interesting properties, including
indirect to direct band gaps at monolayer limit,"” large exciton
binding energies,'" and charge density waves'” that arise from
quantum confinement effects.”” In these materials, transition-
metal atoms are sandwiched by identical chalcogen atoms (S,
Se, Te) at the top and bottom layers. It has been well
established that a lack of inversion symmetry'*~" in these
crystals enable spin valley polarization effects and unlock new
charge carrier degrees of freedom, which are believed to
achieve optical readout and room temperature electrical
modulation.””"*° Additionally, these properties can be applied Received:  September 2, 2020 —
to many different applications such as transistors, solar and fuel Accepted:  December 3, 2020
cells, photocatalysis, and sensing technologies.*"** Published: December 16, 2020
Due to size confinement effects, TMDs exhibit enhanced
photoluminescence (PL) and undergo indirect to direct band
gap transitions in their single-layer limits.*> However, chemical
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Figure 1. Process used for integrating TMD monolayers onto IBCD nanoterrace morphology. (a) Experimental geometry for ion bombardment
with iron co-deposition. (b) Gold shadow coating on IBCD. (c) TMDs on sapphire. (d—f) TMDs transfer on IBCD by PDMS. (g) PL

characterization of TMD-IBCD.

the PL performance of TMD monolayers."* " The resonance
frequency of surface plasmon strongly depends on the micro-/
nanostructure characteristics such as composition, shape, and
structure size.”' >* Precious metal plasmonic nanostructure
templates, as an effective method to improve the PL
performance of 2D materials, have received much attention
in recent years.”>*® However, previous methods to produce
plasmonic nanostructure templates for increasing the PL
intensity use relatively high-cost electron beam lithography
equipment or lithographic approaches.”” Therefore, finding a
simple and efficient plasmonic nanostructure template to
couple with TMD monolayers has become an emerging
research field.

Low-energy ion bombardment (IB) is a very promising
nanofabrication tool with the potential to generate large area
nanostructures in a single process. It can induce diverse
nanostructures on various materials, and is a cost-effective and
maskless bottom-up process. Nanotemplates produced by
direct IB are being increasingly applied in optical devices,”*™!
optoelectronic devices,”” and magnetic modulation.”® IB with
impurity co-deposition (IBCD)®**~%” or surfactant sputtering®®
offers the potential to tailor various nanopatterns with
enhanced dimensions in a deterministic way. Impurities play
an important role in the surface morphology of the nanoterrace
produced by IBCD (simplified as the IBCD structure in the
following). This allows for structures with gradient periods
produced in a single-step fabrication process, in particular,
promoting the terraced growth of nanostructures and adjusting
pattern symmetry.®”’° Based on the quasi-periodic nanoterrace
morphology produced by IBCD as a template, it demonstrates
a promising option for the plasmonic enhancement of light
emission for 2D TMD applications.

In this work, to expand the future applications of high-
efficiency light-emitting devices, we first utilized the IBCD
structure to fabricate plasmonic resonators. Through adjusting
the structural characteristic of the IBCD structure, we tuned
SPP modes and realized the enhancement and manipulation of
the light emission from TMD monolayers. Compared to the
plasma antenna structures processed by conventional nano-
fabrication methods,*”*° IBCD offers a number of advantages
including cost-effective approach and fast processing. After
coupling the TMD monolayers to gold-coated IBCD structures
with a conventional polymer transfer process (TMD-IBCD),
we can flexibly tune the PL enhancement by simply varying the
period of the IBCD-induced nanoterrace morphology (the
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IBCD period for brevity in the following). We observed great
enhancement in light emission from the TMD-IBCD device,
which directly correlated with the IBCD periods. Furthermore,
laser polarization, single monolayer mapping, and low
temperature PL measurement were performed to show that
the PL enhancement is dramatically influenced by the IBCD
structure directionality, strains that originate from the structure
periodicity and temperature variation.

B RESULTS AND DISCUSSION

The process used for integrating TMD monolayers onto IBCD
nanoterrace morphology is demonstrated in Figure 1. The
quasi-periodic nanoterrace morphology was fabricated on
fused silica substrates via IBCD (Figure la). In contrast to
structures fabricated with conventional IB, the nanoterraced
IBCD structures used in this work have a gradient change in
period and height along the x axis across the fused silica
surface, and the profile shape is very similar to that of a blazed
grating, allowing for the period and height to be tuned to
outline the structure shape features. Figure 2a—c shows the
atomic force microscopy (AFM) topographs at distances from
the iron target of 10, 20, and 30 mm, respectively. The rulers
represent the typical period in each topograph. Figure 2a’—c’
shows typical cross-section profiles corresponding to Figure
2a—c, respectively. Figure 2d demonstrates the gradation trend
of the IBCD structure’s representative period and height
estimated from AFM topographs. These figures show that as
the distance to the iron target increases, the period and height
of IBCD also increases. The sample is then sputter coated
(incident angle is 80° from the the normal) with 10 nm
99.99% gold (Figure 1b). The AFM topographs at distances
from the iron target of 10, 20, and 30 mm after 10 nm gold
coating are shown in Figure S1. The roughness (Ra) of the
IBCD morphology of each position before and after gold
coating is also provided. The positive-sloped facets of the
nanostructure were faced to the gold target and preferentially
coated with thicker gold than the negative facets, whose
thickness of gold coating is approximately 3 nm. We believe
that this can be attributed to the divergence of the ion beam
during gold coating, and asymmetric gold thickness plays a key
role in the formation of plasma resonance mode. In the
following discussion, the IBCD gold coating thickness will be
simplified as 10 nm, which is the thickness on positive-sloped
facets. So far, we fabricated the plasmonic nanostructure to
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Figure 2. (a—c) AFM topographs at distances from the iron target of
10, 20, and 30 mm of the IBCD structure sample. Area shown by each
topograph is 1 X 1 um? The rulers represent the representative
period in each topograph. (a’—c’) Typical section profiles of panels
(a—c). The ranges of them are 500, 1000, and 800 nm. (d)
Representative period and height from AFM topographs. (e) Lateral
force mode AFM topograph of the MoS, monolayer on the surface of
the IBCD structure. The area shown by the topograph is 20 X 20 ym>

bring about SPP modes, which can enhance the PL intensity of
the TMD monolayers.

MoS, monolayers are transferred by the polymer-assisted
method aligned on the surface of the IBCD structure.”" Figure
2e shows the AFM image at lateral force mode of the MoS,

monolayer on IBCD. The contrast between the IBCD
structure and the MoS, monolayer is presented by the current
due to the difference of friction between diverse surfaces. The
MoS, monolayers side lengths are approximately 10—15 pm,
making them large enough to cover more than 20 of the IBCD
fabricated maximum 500 nm periods.

To ensure the consistency of the MoS, monolayers in PL
measurement, all transferred MoS, monolayers were selected
from the same growth process. Furthermore, to enable direct
comparison of PL intensity from different structure periodicity
regions, it is necessary to discuss the polarized PL intensity
distribution and the PL intensity consistency of MoS,
monolayers at the same transfer region. The PL intensity
curves plotted in Figure 3a show the MoS, monolayers’ light
emission on gold IBCD structures for the IBCD main axes
orthogonal and parallel to the laser polarization (laser TM
mode and TE mode) and on the non-IBCD region,
respectively. The MoS, monolayers on IBCD show a striking
anisotropic behavior as the angle between the polarization
direction and the IBCD main axis, 6, varies from 0 to 90° by
changing the in-plane orientation of the sample mounted on a
rotating stage. The PL intensity is strongly amplified for laser
polarized along the IBCD main axis. It also shows that when
the laser polarization is parallel to the IBCD main axis, the PL
intensity is still greater than the non-IBCD case. This
phenomenon is due to the quasi-periodic feature and
discontinuity of the IBCD structure. As shown in Figure 2, a
small part of the IBCD structure has structural components
perpendicular to the main axis, although their ratio is much
lower than the parallel component. This part of the
nanostructure brings a small amount of SPP enhancement
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Figure 3. (a) Polarized PL intensity curves of the MoS, monolayers on gold IBCD structures and unpolarized PL intensity curve of the MoS,
monolayer on the non-IBCD region. Laser transverse-magnetic (TM) and transverse-electric (TE) modes correspond to the polarization directions
perpendicular and parallel to the IBCD structure main axis, respectively (see insets). (b) Polar plots of the PL intensity as a function of 6, i.e., the
angle between the laser polarization and the IBCD main axis. The orange trace is proportional to the ~sin?(¢) function. (c) Image of the MoS,
flakes transferred onto IBCD with a 320 nm period obtained by optical microscopy with a 20X magnification. (d) Raman spectra of flakes A—D.
(e) Mapping result of flake E from panel (c), showing the PL intensity distribution of a single MoS, monolayer flake. The color scale indicates the
PL intensity in arbitrary units. (f) PL spectra of flakes A—D measured at the center region of each MoS, monolayer. The inset shows the mean
intensity, taking into account the statistical error of the four flakes measured.
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effect as shown in the Figure 3a TE mode PL intensity curve.
The signals (black squares) in Figure 3b appear with two-lobe
behavior orthogonal to the IBCD main axis (6 is 90 and 270°)
and with an angular distribution qualitatively described by a
~sin’6 trigonometric law (orange curves).72 The above
experimental results can be rationalized in terms of the
variation in resonance intensity of SPP modes due to the
anisotropic IBCD morphology and also can be confirmed in
the simulated electric field intensity near-field distribution
results in Figure 6.

Figure 3c shows the optical image of the MoS, flakes
transferred onto the IBCD with 320 nm periodicity. Different
triangular monolayer flakes (A—E) are identified.”> These
flakes were analyzed by Raman and PL spectra. Figure 3d
shows the Raman spectra of different selected flakes (A—D);
they are almost consistent and overlapped. The two main
peaks are located at 385 and 405 cm™’, which belong to the
main phonon vibrations Elzg and Ay, respectively.”* The 20
ecm™! wavenumber difference between these two peaks
confirms the monolayer characteristic of the MoS, flakes.”
The PL intensity is another indicator for a monolayer
characteristic.”® In order to analyze the PL intensity
distribution in a single flake, we carried out a PL mapping in
flake E (Figure 3e). The intensity in the center region of the
monolayer is basically constant and higher than the PL
intensity of the periphery. To ensure the PL stability of
different flakes within the same periodicity region, PL intensity
curves obtained in the central region of the selected flakes (A—
D) are shown in Figure 3f, and all curves showed similar peak
energy ~1.85 eV, indicating the 2D MoS, characteristic. The
inset shows that the PL intensity barely changes within the
same periodicity region, confirming the similar quality of the
flakes. Therefore, in the following PL intensity measurement,
we utilized the laser polarization perpendicular to the IBCD
main axis (TM mode) and measure the central region of the
MoS, monolayer flakes to ensure the reliability of PL intensity
measurement.

According to the previous AFM measurement result, the
surface of the MoS, monolayers was transferred on the top of
the IBCD structure and formed a plateau within the material
region. Due to the nature of the IBCD structure as well as the
weight of the transferred monolayer, the contacts of the IBCD
structure and MoS, only happen at the IBCD structure’s peaks,
while MoS, sinks into the valleys between the peaks of the
structure. To understand how the IBCD structure and the
MoS, monolayers interact, we performed PL mapping
measurement with a scan step of 0.1 ym. As shown in Figure
4a, the PL intensity of the MoS, monolayer is characterized
under a 100X objective lens, and the red square represents the
mapping range 1 X 1 ym”. The inset in Figure 4a shows the
IBCD structure profile beneath the MoS, monolayer with a
period of approximately 200 nm, and Figure 4b shows a
representative PL spectra of MoS,, highlighting the curve peak
position and intensity integral (from 1.75—1.93 eV energy
range), which is the basis for the following results. Figure 4c
shows the PL intensity mapping result, where the yellow and
blue regions represent higher and lower PL intensities,
respectively. The period observed in the PL mapping directly
correlates to the IBCD nanostructure period. Taking a closer
look, the yellow region is narrower than blue region in width.
Furthermore, the gaps between the yellow regions are
approximately 190—215 nm, which is in excellent agreement
with the IBCD structure period of 200 nm. To show the broad
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Figure 4. (a) MoS, monolayer on the optical characterization
platform under a 100X objective lens, and the red square is the
mapping range which is 1 X 1 um”. The inset profile shows the IBCD
structure profile beneath the MoS, monolayer. (b) Schematic
illustration of the PL curve peak position and PL intensity integral
area. (c, e, g) PL intensity mapping results in 200 and 500 nm
periodicity and non-IBCD regions. The range of images is 1 X 1 ym?.
(d, £, h) Energy of the PL intensity curve peak mapping results in 200
and 500 nm periodicity and non-IBCD regions. The range of images
is 1 x 1 um® (i, j) Raman mapping (1 X 1 gm?) of the E',, mode for
the monolayer MoS, on IBCD with periods of 200 and 500 nm,
respectively. The Raman maps are superimposed on each AFM
topograph (2 X 2 um?).

applicability of this technique, we repeated the PL mapping
measurement previously described using the IBCD structure
with a 500 nm period (Figure 4e), and it is observed that this
technique can be applied to a wide period range of the IBCD
structure.

To better understand how the enhancement effect varies
within one monolayer, a closer look was taken to determine
the relationship of blue or yellow mapping regions and the
structure geometry. Based on the previous literature, it is
known that the band gap of MoS, will redshift under tensile
strain,”’ indicating that the higher PL peak center is
representative of a lower strain; in other words, the material
that contacts with the top part of the IBCD structure will have
a greater strain and lower band gap; while the material that
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freely sinks in the valley of IBCD structure will have a lower
strain as well as a larger band gap. In Figure 4f, the yellow
region, which represents a higher energy and lower strain
region, exists from 0.1 to 0.6 ym in the longitudinal direction,
indicating that the valley of the IBCD structure is located in
between. Combining the plot in Figure 4d, we can confidently
conclude that the valley of the IBCD structure produces a
lower PL intensity and thus a lower PL enhancement effect,
and the period of enhancement effects matches well with the
period of the IBCD structure. Our results are repeatable on
different samples as well as different periods. As a reference,
MoS, monolayers were also transferred to flat fused silica
substrates and were studied. Figure 4gh shows that the PL
intensity and band gap are uniform while supported on flat
fused silica substrates.

Compared with PL spectra, Raman spectra more signifi-
cantly depends on the local strain of TMDs. The physical
source of the Raman frequency offset of the Elzg mode of
TMDs is usually closely related to the strain of the monolayer
flake induced by underlying nanostructured templates.”*~*" In
this study, the Raman frequency offset indicates the local strain
of the monolayer MoS, flake induced by the IBCD structure.

Raman mapping results (1 X 1 pm?) of the frequency
positions of Elzg modes are shown in Figure 4i—j. The maps
are superimposed on the AFM topographs (2 X 2 um?*) of the
corresponding IBCD 200 and 500 nm periodicity regions,
respectively. Similar to the PL maps, both Raman maps show
strong anisotropy and reproduce the actual morphological
characteristics of the IBCD structure even better than PL
maps. This indicates that the Raman peaks of the monolayer
along a specific nanoterrace ridge or valley are approximately
same. A large frequency shift, i.e, the Raman peak shift is
observed perpendicular to the direction of the IBCD main axis,
especially those between the peaks and valleys of the IBCD
structure. The spatial distribution of the frequency offset
depends on that of the morphology of the IBCD. The
nanosheets at the top of the peak are subjected to greater strain
and lead to the redshift of Elzg mode frequency as in the
references.”* ™ As the peak spacing increases from 200 to 500
nm, the strain increased, which corresponds to the redshift of
Raman peak from 1.7 and 2.8 cm™’, respectively.

Above, we demonstrated how the separate IBCD period
impacts the PL intensity of MoS, monolayers. However, as
mentioned earlier, the period of the IBCD structure increases
across its surface. This allowed for the observation of how
gradient periods of the IBCD affects PL enhancement. Using a
similar setup as previously discussed, the MoS, monolayers
were transferred onto the IBCD structure with 80, 140, 320,
410, and 480 nm periods and onto a non-IBCD region as a
reference. The MoS, monolayers images from the optical
characterization platform under a 20X objective lens are shown
in Figure S2. As shown in Figure Sa, PL spectra of MoS,
transferred onto different periodicity regions are compared,
and various positions were measured at the same respective
period before being averaged and compared in Figure 5d. In
Figure Sa, the PL intensity drops monotonically from the
smallest to the largest periodicity regions but is still stronger
than that of MoS, on a non-IBCD region. The PL intensity at
the 80 nm periodicity region is enhanced by approximately
seven-fold compared with the non-IBCD region. This
phenomenon shows that the PL intensity is very sensitive to
the period of the IBCD structure, and the coupling between
MoS, monolayers and the IBCD structure plays a significant
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Figure S. (a—c) PL average intensity curves in 80, 140, 320, 410, and
480 nm periodicity regions and non-IBCD regions of MoS,, MoSe,,
and WSe,. (d) Summary curves of PL intensity at each region of three
TMD-IBCD devices. Dashed lines link to the non-IBCD region PL
intensity.

role in the amplification of the PL intensity. To show the broad
applicability of this novel approach, other TMD monolayers
(Figure Sb,c), MoSe, and WSe, monolayers were also
transferred onto the five IBCD fabricated structure regions
and one flat, non-IBCD substrate. Figure 5d shows that the PL
intensity peak of MoSe, appears at the 140 nm periodicity
region, which is about 13-fold stronger than that of the non-
IBCD region, while the intensity peak of WSe, appears at the
320 nm periodicity region, which is about eight-fold stronger
than that of the non-IBCD region.

To explore the principles governing the PL enhancement of
MoS,-coupled IBCD devices, we simulated the near-field
distribution originating from the SPP modes from the
underlying IBCD structure (Figure 6a). We used the finite-
difference time-domain (FDTD) method for numeral simu-
lations,*' ™®® and the near-field distribution simulation
performed was carried out using 10 nm-thickness gold coating
ideal blazed grating lines as a simplified IBCD structure with a
period of 80 nm and an incident laser wavelength of 680 nm
(the wavelength corresponding to the MoS, monolayer’s PL
curve peak at room temperature). Representative structure
parameters such as period, height, and blazed angle are from
AFM topographs. For transverse magnetic (TM) wave guide
modes, the amplitude of the electric field decays exponentially
away from the surface of the gold film and maximizes at the
tips of IBCD structure, indicating the excitation of SPP
resonance modes. For transverse electric (TE) wave guide
modes, the electric field intensity distribution does not change
with the structure profile. We chose the TM modes
transmittance instead of TE modes to characterize the
resonance wavelength of the SPP modes since it is necessary
that the electric field is bounded at the surface of gold film and
propagates along the surface.”*"

The TM polarization transmittance of the 10 nm-thickness
gold coating IBCD structure with periods of 80, 140, and 320
nm was simulated using 250—900 nm incident wavelengths by
the FDTD method. Since IBCD structures with a period larger
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Figure 6. (a) Near-field distribution (Left-TM Re{Ey}, Right-TE
Re{Ez}) produced by ideal grating lines similar to the IBCD structure
at the 680 nm wavelength with an 80 nm period (indicated by the
ruler) and 10 nm gold thickness. (b) Transmittance curves simulation
(gray, 80 nm; red, 140 nm; blue, 320 nm) in the 250—900 nm
incident light wavelength range. The purple (orange/green) dashed
line represents the PL spectrum of the MoS, (WSe,/MoSe,)
monolayers at room temperature. TMy, TM,, and TM2 indicate the
peaks of gray, blue, and red curves, respectively.

than 350 nm break seriously in the vertical direction and it
cannot be simulated with ideal grating lines (Figure 2c), we
only simulate the structure whose period is below 350 nm.
Figure 6b shows that the three transmittance curves (gray, 80
nm; red, 140 nm; blue, 320 nm) have peaks at different
positions from 600—850 nm in the spectrum, which are
marked as TMy, TM,, and TM,. The purple (orange/green)
dashed line represents the PL spectrum of the MoS, (WSe,/
MoSe,) monolayers overlapping the resonance peak at room
temperature. According to Figure 6b, the excitation wavelength
of the MoS, PL curve is relatively close to TM,, that is, the 80
nm periodicity region will produce stronger SPP modes when
MoS, is excited than the other two period structures.
Therefore, it is inferred that when the MoS, monolayers are
transferred to the 80 nm periodicity region, the PL intensity
will have the most obvious enhancement effect. Similarly,
transferring WSe, to the 320 nm periodicity region and MoSe,
to the 140 nm periodicity region will produce a stronger PL
enhancement effect than other regions. The results of the
numerical simulation agree very well with the aforementioned
experiment results and also reflect the significant influence of
SPP modes on the regulation of the TMD monolayers’ PL
intensity. We provided the measured transmittance curves of
IBCD nanostructures at 80, 140, and 320 nm periodicity
regions after 10 nm gold coating in Figure S3 for comparison.
Compared with the transmittance simulation results obtained
by the FDTD method, the main variations of the measured
transmittance curves are as follows: (1) the transmittance peak
value is decreased; (2) the resonance peak width is broadened;
and (3) the gold absorption peak at ~S00 nm and the
resonance peak are merged. Note that the broadening of
plasmonic spectra is intrinsic for self-organized nanostructures.
This has been experlrnentally observed®*®” and theoretically
reproduced.”®® To clearly show that the resonance wave-
length changes at different periodicity regions of IBCD and
their coupling relationship with the peak of the TMDs, we
used the FDTD simulation results of ideal grating lines here.
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Previously, we applied large incident angle gold coating on
the surface of the IBCD structure, and it was transformed into
plasmonic resonator because of SPP modes. Plasmonic
nanostructures are especially effective for enhancing light—
matter coupling in TMD monolayers because the electro-
magnetic field can be strongly localized and enhanced in the
near field region of the plasmonic nanostructure. The electric
field within our resonator formed by the IBCD structure has a
strong TM mode component, ensuring intensive interaction
with exciton resonances in TMD monolayers. The effective
TMD-IBCD coupling is enhanced, and PL intensity enhance-
ment of up to 13 times is produced within different TMD
monolayers. In addition, it is also possible to manipulate the
degree of enhancement of the PL intensity at different
structure periodicity regions from Figure S.

In order to understand the temperature-dependent excitonic
behavior of MoS, when coupled to the IBCD structure, we
conducted low temperature PL measurements on two MoS,
samples from 10 to 300 K that were transferred onto the 80
nm periodicity region in which enhancement is strongest, and
a flat fused silica substrate, which was not subjected to any ion
bombardment process. In Figure 7a, the solid lines and dashed
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Figure 7. (a) PL spectrum from MoS, PL intensity measurement in
the temperature range of 10 to 300 K, corresponding to the MoS, on
the 80 nm periodicity region (dashed lines) and Mo$S, on the non-
IBCD region (solid lines). (b) Center wavelengths of the X, peak
(IBCD region, blue circle; non-IBCD region, orange circle) and the
Xg peak (IBCD region, blue square; non-IBCD region, orange square)
as a function of temperature from 10 to 300 K. (c) PL intensity ratio
as a function of temperature corresponding to the MoS, on IBCD
(red) and MoS, on the non-IBCD region (blue).

lines represent the recorded PL spectra of MoS, transferred
onto the non-IBCD fused silica substrate and the 80 nm
periodicity region, respectively. As the temperature decreases,
the PL blueshifts and the FWHM narrows, and a new peak
appeared. To distinguish the new emerging peak from the A
exciton peak, we labeled them Xy and X, respectively. The Xg
peak is broader than the X, peak and is thermally quenched for
temperatures above 90 K. For the IBCD and non-IBCD
regions, the center wavelengths of the X; peak and Xj peak are
plotted as a function of temperature in Figure 7b. For MoS,
monolayers on the non-IBCD region, the X, peak of the PL
spectrum will produce a stronger redshift at higher temper-
atures. The Xj peak will also be redshifted until it disappears at
90 K. At all temperatures, the X, peak of the PL spectrum on
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IBCD region has a systematic blueshift relative to the X, peak
on non-IBCD region. At temperatures below 150 K, the
displacement is about 0.02—0.03 eV. The degree of blueshift
decreases with increasing temperature and basically vanishes
above 150 K. However, the Xg peak of the IBCD region has a
certain redshift relative to the Xj peak of the non-IBCD region.
When temperature increases, bound excitons can be thermally
activated into the delocalized states and captured by the
competing nonradiative decay channels or recombine as free
excitons. Therefore, it can be expected that the intensity of
localized exciton emission will decrease monotonically with
increasing temperature, while the intensity of free exciton
emission will increase, which is exactly what we observed for
the ones labeled as X and X,,. The weakly localized carriers are
first thermally activated to the delocalized state, so when the
temperature rises from a low temperature, the peak positions
will show a redshift. In addition, except the direct strain effect
on the exciton energy, localized excitons are also affected by
strain-induced defect changes. It should be noted that the
MoS, monolayer has a positive thermal expansion coeflicient
ranging from 8 X 1076 K" at 300 K to less than 1 X 107° K™*
at 10 K.°””" The IBCD structure (fused silica) has a relatively
small thermal expansion coefficient of 0.55 X 107 K™! at 300
K. The mismatch of thermal coefficients results in a uniaxial
tensile strain inside MoS, as the temperature varies. The
different shapes of the fused silica profile in the IBCD and non-
IBCD regions exacerbate the strain variation at low temper-
atures. The difference between the peak displacements of
localized excitons and the free excitons in the IBCD/non-
IBCD region shows that the strain-induced defect changes
dominate the localized exciton peak displacement. As shown in
Figure 7c, the relationship between the PL intensity of the
IBCD and non-IBCD regions as a function of temperature is
plotted. We set the intensity of the non-IBCD region on 10 K
as 1 to show the ratio of PL intensity. When the temperature
increases, the PL intensities of both the IBCD and non-IBCD
regions decrease. Also, at each temperature, the PL intensity of
the IBCD region is greater than that of the non-IBCD region.
However, as the temperature increases, the difference between
them gradually narrows. Also, until 300 K, it reaches the room
temperature measurement state as described above, and the
IBCD region has a seven-fold enhancement in PL intensity
relative to the non-IBCD region. Therefore, even if the PL
intensity of MoS, monolayers increases naturally at low
temperature conditions, the SPP modes can still ensure that
the PL intensity of IBCD regions is significantly higher than
that in non-IBCD regions, which proves the stability of
plasmonic enhancement in temperature variation.

B CONCLUSIONS

In summary, we demonstrated the enhancement and
manipulation of light emission from MoS, monolayers
integrated on the ion bombardment with iron co-deposition
(IBCD)-induced quasi-periodic nanoterrace morphology.
Combined with gold shadow coating, the IBCD structure
exhibits remarkable features of rapid fabrication, simple
process, and structural characteristic diversification, generating
significant SPP modes for MoS, monolayers and even other
TMD monolayers (MoSe,, WSe,) on a single device.
Compared with other PL enhancement methods, """~ the
gradient periods of IBCD in our work not only bring about
efficient light emission but also directly correlates with tunable
enhancement performance. In addition, comprehensive spec-
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troscopy studies on laser polarizations and intensity variations
within single TMD monolayers and under low temperatures
down to 10 K also offer detailed insights on the mechanism
behind PL enhancement. Our work therefore develops
common understanding of SPP mode-induced light emission
from excitonic semiconductors and paves the way for chip-
integrated light-emitting devices for application in enhanced
light—matter interaction and photodetection.

B EXPERIMENTAL SECTION

Fabrication of Gold Quasi-Periodic Nanoterrace Morphol-
ogy (IBCD Structure). First, the end of a 60 X 20 X 2 mm?> fused
silica (SiO,) sample was attached to an iron target (purity: 99.9%, 30
X 20 X 0.5 mm®) and placed in the IB chamber. The iron target and
SiO, sample were bombarded with Ar* ions for 30 min.”" After
bombardment, the structure region of 40 X 20 mm? was created on
the sample. Next, the sample was placed in an ion beam coating
machine and deposited with 10 nm 99.99% purity gold. The base
pressure was approximately 1.5 X 107 Pa, and the coating rate was
4.4 nm/min. The incident angle of the ion beam was 80° from the
normal to the sample.

Synthesis of TMD Monolayers. MoS, monolayers are grown
with chemical vapor deposition (CVD) in a single-zone Lindberg tube
furnace. A total of 3 mg MoOj is placed in an alumina boat and mixed
with 0.5 mg NaCl. A 285 nm SiO,/Si substrate is placed on top of the
alumina boat, and S is placed 16 cm upstream from the alumina boat.
A 20 sccm N, serves as the carrier gas. The furnace is heated up to
580 °C in 15 min and kept at 580 °C for 10 min before natural
cooling.

MoSe, monolayers are grown in the same setup with MoO; and S
as precursors. A total of 3 mg MoOj is placed in alumina boat with
285 nm SiO,/Si substrate on top. Se is placed 18 cm upstream in an
alumina crucible. A 20 sccm N, is used as the carrier gas. The furnace
is heated up to 680 °C in 18 min and kept at 680 °C for 10 min
before natural cooling.

WSe, monolayers are grown using WO; and Se as precursors. A
total of 60 mg WO; is placed in an alumina boat, and 1.5 g Se is
placed 18 cm upstream in an alumina crucible. Polished sapphire
substrates are placed directly on top of a WO; precursor. An 80 sccm
carrier gas (Ar:H, = 9:1) is used to flush the system before heating for
15 min to eliminate air. The furnace is heated up to 850 °C in 17 min
and kept at 850 °C for 20 min before natural cooling.

Monolayers Transfer onto the IBCD Structure. As-grown
TMD monolayers are transferred onto the IBCD structure with the
polymer-assisted transfer method. Polydimethylsiloxane (PDMS) is
covered on the TMD sample and then together etched in a 2 mol/L
potassium hydroxide (KOH) solution at 130 °C for 2 min. Then, the
PDMS layer was lifted off from the substrate and washed in distilled
water. Then, the dried PMDS was attached on the IBCD structure
with help of the transfer stage to realize point to point transfer.”'

Spectroscopy Measurements. Photoluminescence (PL) of
TMD-IBCD samples were performed with a homemade system in
backscattering configuration. A 532 nm laser with a polarization
perpendicular to the IBCD main axis was used as the excitation
wavelength, and the excitation laser power was 1.3 uw to avoid
heating, damaging, and nonlinear optical effects. The laser spot was
around 2 ym. PL mapping of MoS,-IBCD in Figure 3 was obtained in
the 10 X 10 um? region on the MoS, monolayer. One scan took 2 s
for a specific point, and the scan step size was 1 gm. PL mapping of
MoS,-IBCD in Figure 4 was obtained in the 1 X 1 ym” region on the
MoS, monolayer. Raman mapping of MoS,-IBCD in Figure 4 was
obtained in the 1 X 1 ym® region on the MoS, monolayer. One scan
took S s for a specific point, and the scan step size was 0.1 ym. Low
temperature photoluminescence was carried out in a continuous flow
He cryostat. The signal was collected and analyzed using a single
spectrometer and a nitrogen-cooled charge-coupled device. To
eliminate as many external factors besides temperature, we used
same batch MoS, monolayers grown under same parameters and
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transferred it to the structure and non-structure regions using the
polymer-assisted transfer method.

Atomic Force Microscopy (AFM). NT-MDT modular AFM is
used for AFM measurement. The topographs are plotted with
Gwyddion software.””

Numerical Simulations. Numerical simulations were conducted
by the finite-difference time-domain (FDTD) method with
determined graphical structure parameters. First, select an incident
laser wavelength of 680 nm (the wavelength position corresponding
to the MoS, monolayers PL peak at room temperature) on an 80 nm
period of ideal blazed grating lines as the simplified IBCD structure
for near field simulation to illustrate the electric field distribution of
SPP modes. Representative structure parameters such as period,
height, and blazed angle are from AFM topographs. Afterward, take
representative periods of 80, 140, and 320 nm into transmittance
simulation. TM polarization transmittance within the 250—900 nm
wavelength range of incident laser in three periodicity regions was
simulated.

B ASSOCIATED CONTENT
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