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ARTICLE INFO ABSTRACT
Keywords: Nanoplasmonics is a potential game-changer in the development of next-generation on-chip
Surface-enhanced light-matter interactions photonic devices and computers, owing to the geometrically controlled and amplified linear and

Amplified nonlinear optical processes
Surface-plasmon-resonance optimized metal
gratings

Two-dimensional van der Waals materials for
on-chip photonic devices

nonlinear optical processes. For instance, it resolves the limited light-matter interaction of the
unique two-dimensional (2D) crystalline materials like semiconducting monolayer molybdenum
disulfide (1L-MoSy). Metal grating (MG) substrates excel at this because their surface plasmons
(SPs) can lead to stark field confinement near the surface. This work studies optical amplification
of 1L-MoS; on the gold (Au) MG substrate, which was designed to operate in a glycerol envi-
ronment with SP resonance (SPR) at 850 nm excitation wavelength. Its design was verified by
simulated and experimental reflectances, and topographically inspected by atomic force micro-
scopy (AFM). Two advanced imaging modalities, second harmonic generation (SHG) and confocal
Raman microscopy (CRM) were used to evaluate its 170-fold SHG on- and 3-fold CRM off-
resonance optical amplifications, respectively. Some MoS,-to-grating adhesion issues due to
trapped liquid showed as image nonuniformities. Possible improvements to limitations like sur-
face roughness were also discussed. These Au MG substrates can boost conventional linear and
nonlinear backscattering microscopies because they are tunable in the visible and near-infrared
range by selecting geometry, metal, and environment.

1. Introduction

Nanoscale manipulation and boost of light-matter interaction via plasmonic metal nanostructures have enabled many attractive
applications such as miniaturization of photonic devices [1-5], amplification of optical processes (nonlinear [4,6,7], refractive index
[8,9], absorbance [6,10]), reduction of light-induced damage [11], and improvement of existing implementations (light-emitting

Abbreviations: 1L-MoS,, monolayer molybdenum disulfide; 2D, two-dimensional; AFM, atomic force microscopy; Au, gold; BF, bright field; CRM,
confocal Raman microscopy; EBL, electron-beam lithography; MG, metal grating; RMS, root-mean-square; SHG, second harmonic generation; SP,
surface plasmon; SPR, surface plasmon resonance; VLS, vapour-liquid-solid.
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diodes [12], biological [8,13,14] and chemical [13,15,16] sensors). Localized optical amplification is enabled by SPs, which are
collective oscillations of free electrons in the metal, coupled with the incoming electromagnetic radiation [1]. There are two types of
SPs, localized SPs [15] and propagating SP polaritons [4], both of which require specific excitation wavelengths to resonate. Inter-
estingly, in the SPR-active MGs, both have been shown to contribute to the strong field confinement in the vicinity of the metal surface
[7,17]. Such plasmonic MGs can be used with conventional microscopes [6,13] to obtain the same optical signal but with much lower
laser power, reducing the laser-induced effects like sample damage. They are particularly attractive when applied to nonlinear optical
processes like SHG due to the quadratic or higher amplification [4,6,7], which can be used to improve applications such as optical
frequency conversion [7,18,19], optical switching [5], and nonlinear spectroscopic detection of chemical fingerprints [4,6,7,13].

The recent rise of 2D crystalline materials, such as graphene, hexagonal boron nitride, and transition metal dichalcogenides, has
sparked many new developments in electronics and photonics [20-23]. However, their light-matter interaction can be too limited for
practical use due to their subwavelength thickness, which can be remedied by a hybrid structure of 2D materials and MG substrate [3,5,
10,19,24-27]. This work studies the hybrid of a semiconducting 1L-MoS; and an Au MG, which may enable promising optoelectronic
devices [3,10,26] like photodetectors [3]. The Au MG substrate was geometrically SPR-optimized to 850 nm excitation wavelength
and glycerol environment. A 170-fold on-resonance SHG amplification is reported with some spatial inhomogeneities due to the
MoS,-to-grating adhesion issues. The Au MG substrate was also intentionally tested beyond its design in an off-resonance regime using
a 532 nm laser and air environment, but it still showed a 3-fold increase in CRM of 1L-MoS,. The design flexibility and fabrication
issues like surface roughness were also discussed and improvements were proposed. These MG substrates are particularly useful in
biological imaging applications due to the reduced photobleaching and the selective optical amplification, and are already being sold
for this purpose [28]. Interestingly, they may even have uses as label-free biosensors based on the recent developments of
plasmonic-based viral diagnostics [29,30].

2. Fabrication and characterization

The studied 1L-MoS, was vapour-liquid-solid (VLS) grown in a dual-zone thermal tube furnace [31,32]. Initially, the SiOy/Si
substrates were spin-coated with a 5 mg/mL NayMoOy4 solution. Then, the zone 1 upstream was loaded with 100 mg of sulphur, and the
Ar carrier gas flow rate was set to 70 sccm. To begin, the zone 1 and 2 temperatures were simultaneously heated up to 200 °C at
2.3 °C/min (for sulphur evaporation) and 800 °C at a rate of 10 °C/min (for NaMoO4 evaporation and MoS, growth), respectively.
Then, their temperatures were kept constant for 5 min, during which triangular MoS; flakes with S-terminal zigzag edges [33] started
to form at the sulphur-Na;MoO4 mixture droplets. Finally, the substrate was allowed to cool down naturally to room temperature. The
prepared 1L-MoSy was transferred to the patterned Au/Si-substrate manufactured and patented [34] by Xfold Imaging Oy. The Au MG
substrate was fabricated using electron-beam lithography (EBL) and evaporation techniques. Its SPR was geometrically optimized for
850 nm plane wave excitation and glycerol solution, which was observed as a resonance dip in the unpolarized reflectance
measurements.

The fabricated samples were characterized by two advanced imaging techniques, SHG and CRM. The focused laser beam width was
about 1 pm in all cases. The SHG scans were done with Leica TCS SP8 CARS microscope using a 25x/0.95 water-immersion objective
lens and a tunable 800-920 nm picosecond laser (APE PicoEmerald) at 0.7-1.0 W power (5-6 ps pulse duration and 80 MHz repetition
rate). The CRM scans were performed with WITec alpha300 RA+ microscope using a 20x/0.40 dry objective lens and a 532 nm
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Fig. 1. The BF images of the triangular 1L-MoS, flakes transferred on the Au MG substrate. Image (a) shows the 5 x 5 mm SPR-active grating area,
where a 1L-MoS; flake marked on the bottom-right was ideal for the resonance test due to its location on the grating edge. Image (b) zooms in to this
flake with 9-10° clockwise rotation and depicts its 633 nm laser-scanned BF response. The incident light polarizations were always perpendicular to
the grating groove direction to excite the SPR-active area.
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continuous-wave laser at 6 mW power. In addition, the bright field (BF) images were taken with Leica by a HeNe 633 nm laser. The
unpolarized reflectance response for another Au MG substrate of the same batch was obtained under similar measurement conditions
using a custom-built setup. Finally, the topographic images were taken with the Bruker Dimension Icon system by AFM in peak-force
tapping mode. All data analysis, lossless image-to-image alignment and downscaling, and other post-processing steps were done by
MATLAB software and MATLAB data evaluation toolbox, WITio v2.0.0 [35] (for the WITec microscope datasets).

3. Surface topography and optical amplification

The optical amplification of 1L-MoS; and the grating surface morphology that enables it are presented and discussed in the
remainder of the paper. The studied VLS-grown 1L-MoS, transferred on the 850-nm/glycerol-optimized Au MG substrate were mostly
three-point stars as is optically shown in Fig. 1a,b. About 6% of the 5 x 5 mm Au grating area was covered with 1L-MoS, flakes. One
particularly interesting flake in Fig. 1b was found to overlap the grating edge, allowing quick evaluation of the optical amplification.
All measurements were performed in only the cross-polarized case because SPs can only be excited by the light polarization
perpendicular to the vertical grating direction, which has been shown by previous studies and simulations [10,26].

3.1. Surface morphology by AFM scans

The nanoscale topography of the Au MG substrate in the vicinity of the 1L-MoS; flake is revealed by the AFM scans in Fig. 2a—c. The
grating pitch was estimated from the cross-section profile in Fig. 2b and is 486 + 1 nm on average. The average grating spacing and
height are 87 nm and 61 nm, respectively. The grating vertical edges were also slightly sloped at a 26.6 + 0.8° angle. Some surface
granularity is seen in Fig. 2b with 2 nm root-mean-square (RMS) roughness. The quantile-based 95% confidence interval shows that the
parameters may vary up to 19 nm in width and 11 nm in depth directions. It is noteworthy that the AFM scan in Fig. 2b also revealed
unintentional alternating-pitch, in which the grating spacing remains constant, but the grating pitch is 466 nm for odd lines and 506
nm for even lines. Although the exact cause is unknown, it is expected to be related to the EBL pixel resolution of 20 nm. Another Au
MG substrate from the same batch was checked and it had a 488 + 1 nm pitch on average, but showed no pitch alternation. Secondly,
Fig. 2c also showed occasional horizontal lines every 4.5 pm, which occur due to the subfield stitching errors at the EBL patterning.
These imply that the product-to-product consistency still has room for improvement, but is expected to be resolved after Xfold Imaging
Oy transitions to utilize the low-cost, high-resolution, and high-throughput nanoimprinting fabrication technique.

The AFM scans of the 1L-MoS; flake in Fig. 2a—c reveal that it nearly completely follows the grating topography due to the capillary
and van-der-Waals forces at play. In Fig. 2a, the 3 nm tall and 4 pm wide edge around it is supposed to be MoOs that has formed due to
extended water exposure [36-39] upon transfer and glycerol cleanups. Other flakes also appear to have similar edges, which were
observed to be stable, albeit 8 months in air. Interestingly, the MoOg edge height slightly sloped down by 0-1 nm inwards, which were
found to be 4 nm lower than the surrounding grating, thus indicating that the malleable gold grating has deformed by a few nano-
meters upon transfer.

These AFM images are helpful in the later discussion of the SHG nonuniformity in Fig. 3c—f, which point to imperfections in the
MoSs-to-grating adhesion. For instance, some meta-stable suspended 1L-MoS; is seen as the occasional light-shaded vertical stripes in
Fig. 2c. Their meta-stability was observed by subsequent AFM scans, where the former scan in Fig. 2a had visibly 20-30% more
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Fig. 2. The AFM scans of the Au MG substrate visualizes its grating uniformity and geometry. Image (a) shows an 80 x 80 pm wide grating area,
where the 1L-MoS, flake is visibly surrounded by a 4 pm wide MoO3 oxidation edge. Image (b) shows a close-up view of the surface granularity with
2 nm RMS roughness. Profile (b) is the horizontal cross-section of Image (b), where the purple fill shows the 95% confidence interval and the black
line its mean value. This interval translates into 19.4 nm width and 10.6 nm depth variations on average. The grating pitch is 486 nm on average,
but exhibits alternating-pitch, where odd and even lines have 466 nm and 506 nm pitches, respectively. Image (c) magnifies into a 20 x 20 pm wide
area to better illustrate imperfect adhesion between the flake and the grating, leading to suspended 1L-MoS, and nonuniform SHG response.
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Fig. 3. The SHG response of the VLS-grown 1L-MoS, flake, partially on top of the Au MG substrate pattern. Graph (a) represents the area-averaged
SHG intensities on- and off-grating vs. the pump laser wavelength, plotted in log-scale. Image (b) shows the used mask regions to evaluate the
corresponding color-coded lines in (a). Images (c), (d), and (e) illustrate the 820, 860, and 900 nm SHG responses, respectively. White lines were
added to show the MoS, layers (solid), the MoS, grain boundaries (dashed), and the Au grating (dotted). Image (f) magnifies into a 20-by-20 pm
wide area at Image (d), which corresponds to the AFM scan in Fig. 2c. White scalebars are 30 pm long.

suspended 1L-MoS; than that of the latter scan in Fig. 2c. Hence, they are hypothesized to be caused by the trapped pockets of liquid in
between the flake and the grating structure. After all, the sample was exposed to KOH solution in one of the steps of the wet-etch
transfer [40], where the PMMA/MoSy-layer is detached from the growth substrate and is fished up with the Au MG substrate.
Then, PMMA was dissolved by 1 min acetone bath, releasing the flakes at the target substrate, and rinsed by 1 min isopropanol and
water baths. Therefore, the trapped liquid is most likely a mixture of these, which could permeate under the relaxing flakes along the
grating grooves and through the tiny pores of the evaporated Au walls. The capillary and van-der-Waals forces would then (eventually)
make the flakes take their final shapes, locking some pockets of liquid under them.

3.2. On-resonance increase in SHG

The optical amplification was put to the test by first collecting dozen nonlinear SHG images of the 1L-MoS; flake at 800-920 nm
pump laser wavelengths. The laser spot diameter was approximately 1 pm. Fortunately, this flake has a nonzero rotation angle of 9-10°
with respect to the grating direction, allowing it to still generate about 23% of its SHG’s six-petal polarization pattern maximum [41,
42]. Fig. 3a displays three SHG response curves in log-scale, which were formed by area-averaging each SHG image at the color-coded
regions in Fig. 3b. It is immediately evident that the 1L-MoS; regions on-grating show at least one order of magnitude larger signal than
that of the 1L-MoS; region off-grating, peaking around 850 nm. Three SHG images for 820, 860, and 900 nm in Fig. 3c-e reveal a
peculiar nonuniform response, better seen in the magnified 860 nm SHG image in Fig. 3f. The AFM scans in Fig. 2a,c, taken 8 months
later, helped to determine that the SHG intensity always peaked in the center of the grating grooves. This was possible after metic-
ulously overlaying data together from every kind of used imaging technique. Fig. S1-S33 in Supplementary Information show the final
images prior to their careful comparison for deeper insights. However, due to the inherent diffraction limit, it was not possible to verify
if the SHG amplification is strongest near the grating top corners like the simulations [10,17,26] suggest. Additionally, unlike the
conformal 1L-MoS,, the suspended 1L-MoS, was always found to produce an amplified SHG signal. This is explained by the simulations
[10,17,26], which show that the suspended monolayer directly intersects the enhanced near-field of the incident light. This and the
observed meta-stability of the suspended 1L-MoS; imply that initially there has been far more suspended 1L-MoS,. Fig. 3f also displays
that the SHG amplification is sometimes turned off over the distance of a few grating pitches, which is presumed to be caused by the
local adhesion issues of the transferred 1L-MoS; flakes on the Au grating. Some trapped liquid is believed to locally detach the flake and
act as a dielectric screen, impeding the transfer of plasmon-induced hot carriers between 1L-MoS; and Au observed in direct contact
[43-46], which is essential for the electron-hole pair generation. In fact, the transfer of hot carriers between them has been shown to
weaken exponentially as a function of distance, halving every 0.99-1.39 nm [43]. The key mechanism behind the turning off is the
dielectric screening, which weakens the long-range Coulomb force driving the electron-hole interaction [45,47] that governs the
electronic and optical properties of 1L-MoS; [47]. Interestingly, previous studies have also shown that the SHG intensity of MoS; is
strongly dependent on the electron-hole interaction [48,49] that in turn is highly sensitive to the dielectric screening [43,45,47-49].
For these reasons, the nonuniformity is attributed in general to the dielectric screening due to trapped liquid also causing imperfect
MoS,-to-grating adhesion, as inferred previously from Fig. 2a,c.
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A more detailed look at the SHG amplification can be taken by dividing all the SHG response curves in Fig. 3a by the 1L-MoS; off-
grating case. The resulting ratios are shown in Fig. 4 (left y-axis) and directly convey the amount of amplification due to the use of the
Au MG substrate. The amplification ranges from 30-fold to 170-fold, peaking at 870 nm, and depends strongly on the pump laser
wavelength. However, it is important to note that as the SHG of MoS; has quadratic pump laser power dependence [42], the linear
optics amplification would approximately be 5-13-fold or the square root of the SHG’s quadratic amplification. Such an increase is
possible thanks to the combined effect of the localized SP at the corners and the propagating SP polaritons. Interestingly, when the
unpolarized reflectance (right y-axis) is overlaid with the ratio curves, then the amplification maximum matches well with the un-
polarized reflectance curve minimum or the SPR dip at 873.7 + 1.1 nm, confirming that the amplification has truly occurred due to the
use of Au MG substrate. The 2D simulation of slanted MG on a coarse grid had the strongest SPR for the 879 nm cross-polarized 0° plane
waves, showing as much as 470,000-fold SHG amplification at the grating top corners. Line averaging resulted in 5,700-fold, 20,
000-fold, and 14,000-fold SHG amplifications for the grating top, the suspended 1L-MoS; at the grating groove, and the conformal
1L-MoS; at the grating groove, respectively. The conformal case gets its value mostly from the grating slopes because the groove
bottom itself only contributes to 29-fold SHG amplification when averaged. In reality, the simulated SHG’s quadratic amplifications
cannot be reached due to the fabrication imperfections like high surface roughness [50] caused mainly by Au-evaporation. Other
influencing factors are EBL patterning of Si-substrate, RIE etching, O,-plasma cleaning, and absorption by 1L-MoS; (both radiant and
nonradiant).

3.3. Off-resonance increase in CRM

The 850-nm/glycerol-optimized Au MG substrate was also tested beyond its design, in suboptimal wavelength range and air
environment. As the refractive index was changed from 1.47 (glycerol) to 1 (air), the simulated SPR wavelength blueshifted to 619 nm
with its dip tail extending down to 560 nm. As the Raman peaks for green laser occur at the 533-534 nm wavelength range, only a
minor amplification can be achieved by SP polaritons because the Au absorption impedes their free propagation due to interband
transitions.

For the reasons stated above, it was rather surprising to obtain as high as 2-3-fold increase in the Raman peaks so far away from the
SPR wavelength in air. These figures exclude the slightly amplified gold fluorescence baseline in the background. Fig. 5a depicts the
area-averaged Raman spectra of the 1L-MoS, flake, which correspond to the colored regions in Fig. 5b. The Raman peaks at 385 cm ™
and 404 cm ™! in Fig. 5a are the Elzg and A optical phonon modes of 11-MoSp, respectively. Fig. 5c,d show the E! 2g peak intensity and
position, respectively, and Fig. 5e,f show the A;¢ peak intensity and position, respectively. Correlating these images with those of AFM
and SHG reveals that the suspended 1L-MoS; always resides at the bright spots of Fig. 5c,e. Like in the SHG case, the suspended parts
can be more amplified by local fields. As expected, many suspended regions had minor tensile strain with respect to their surroundings,
according to Fig. 5d,f using previously reported —5.2 cm™'/% and —1.7 cm™/% conversion ratios [51], respectively. Due to
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Fig. 4. The Au MG substrate SPR wavelength range and its effects are illustrated by the measured SHG amplifications (left y-axis) and the measured
unpolarized reflectance (right y-axis). The evaluated amplification curves correspond to the colored regions in Fig. 2b. The SPR dip approximately at
873.7 nm has a fine structure with two local minima at 867.5 and 879.8 nm, which were determined by (not shown) moving geometric mean
window size of 20.
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Fig. 5. The Raman characterization of the VLS-grown 1L-MoS, flake, partially on top of the Au MG substrate grating. Graph (a) represents the area-
averaged Raman spectra on- and off-grating without baseline subtraction. Image (b) shows the used mask regions to evaluate the corresponding
color-coded lines in (a). Images (c), (d), (e) and (f) illustrate the Lorentz-fitted I(Eég), POS(Elgg), I(A1g), Pos(A;g) responses, respectively. Black and
white scalebars are 30 pm long.

diffraction-limited low-resolution images, it is difficult to determine why some supposedly suspended regions did not show clear
tensile strain, but their strain may be partially relieved by possible underlying trapped liquid. Once again the evidence points towards
far more suspended 1L-MoS; earlier, because of more bright spots in Fig. 3c—f (SHG) and Fig. 5c,e (CRM) than in Fig. 2a,c (AFM).

4. Conclusions and future perspectives

This work studied the optical amplification of the VLS-grown 1L-MoS, on the Au MG substrate in on- and off-resonance cases by two
advanced imaging techniques, SHG and CRM, respectively. Interestingly, the hybrid combinations with 2D materials like 1L-MoS, may
spark breakthroughs in optoelectronic devices like photodetectors [24]. The MG substrate with 486 nm grating pitch was geometri-
cally SPR-optimized for a glycerol environment and 850 nm excitation wavelength. It was validated by (simulated and experimental)
reflectance and AFM measurements.

The on-resonance case was tested in the 800-920 nm range by the SHG technique in glycerol, where a 170-fold amplification
peaked at 870 nm. It was strongest for the suspended 1L-MoS; and weakest for the collapsed 1L-MoS; at the bottom of the grating
grooves, matching the simulations. However, the simulated values as high as 20,000 did not consider the limiting metal surface
roughness [50]. The sample was also purposefully tested in the suboptimal 532 nm off-resonance case by the CRM technique in air,
where an unexpected 3-fold amplification was achieved. Hence, it may be worth investigating if these MG substrates can be optimized
for a broader wavelength range.

The AFM scans linked the abrupt image nonuniformities to the suspended 1L-MoS; destabilized by the trapped liquid pockets upon
the transfer. The nonuniformity had also degraded over time due to the meta-stable MoS»-to-grating adhesion and is likely linked to the
unintentional horizontal barriers every 4.5 pm by the EBL substitching errors. This trapping issue could be mitigated by adding
horizontal grooves. Alternatively, the grating grooves could be infilled with solid dielectric material, likely also improving the
amplification average and uniformity.

Despite the limitations, these MG substrates can flexibly be tuned to many use cases in the visible or near-infrared range by
choosing geometry, metal, and environment. The simple design is quick and easy to tune and test with simulations. Even so, some
properties like the polarization sensitivity can be too limiting in some applications. That said, these MG substrates can boost con-
ventional backscattering microscopy due to the reduced laser power, mitigating the photobleaching of biological samples as an
example. The manufacturer even claims to use these as nanophotonic biosensors for quick label-free detection of single SARS-CoV-2
viruses [28]. Such a claim is realistic based on the latest rapid developments of the plasmonic-based viral diagnostics [29,30] and is a
welcome addition to the joint fight against the upcoming viral threats like the COVID-19 pandemic.
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