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Dense packing of sub-nanometer plasmonic gaps by cold-etching technique




Two main paths are identified to achieve sub-nanometer gaps. The first is to apply a stress to the PEI substrate that exceeds the critical value (to ensure the onset of the fracture across the metal strip/domain at width ) while approaching saturation (where the fracture across the metal strip/domain stops as the stress transferred from the PEI substrate is insufficient to further break the existing fragment strip/domain at width ) by selecting appropriate mechanical loadings1. The critical stress applied to the PEI substrate to break the fragment strip/domain with thickness of h, width of L (perpendicular to the loading direction), and fracture strength of  (which is a constant or varies slightly with the thickness of the metal film) is , showing that a narrower strip/domain requires a greater applied stress to break under the condition of fixed thickness. Thus, an appropriate mechanical loading can generate a new crack near the centre of a preformed strip/domain, while the stress transferred from the PEI substrate has an opportunity to saturate somewhere in the narrow region of the strip/domain, and the corresponding crack does not extend too far and stops before the narrow region completely breaks into two parts, resulting in a sub-nanometer fracture gap in the preformed strip/domain (Fig. S8). It should be noted that the strip/domain is not uniform in width (wider at some random locations and narrower at others due to the intergranular fracture), and the tensile stress is maximum at the centre of the strip/domain under mechanical loadings, which are the reasons why the newly generated crack starts from the centre of the wide part of the strip/domain. The second path is to use biaxial intergranular fractures to create sub-nanometer distances between adjacent fragment domains, where the deflected crack edges of one fragment domain are dragged close to the crack edges of the adjacent fragment at sub-nanometer spacings (Fig. S9).
In order to elucidate the mechanism of the packing of sub-nanometer plasmonic gaps in the cold-etched plasmonic metasurfaces, the fracture morphology and the stress-strain relationship were characterized in detail from a geometrical point of view. The strain-stress behaviour of the gold-amorphous PEI polymers with different gold film thicknesses is shown in Fig. S2a. In the x-directional stretching (Fig. S2a), the necking process is located in the middle strain range with constant stress, and the strain is localized in this region. The advantage of necking in plastic polymers is that, compared to elastic polymers (without necking process), the fragmenting of metal films can be well controlled with roughly homogeneous fractur strips2. The zigzag crack deflection angles (from the mechanical loading direction) were between 55° and 65° (Fig. S12), analogous to the crack deflection angles for mixed local thinning and intergranular fracture3. The strain-stress curve during the y-directional (2nd) stretching (Fig. S2b) behaves as in elastic polymers, where the stress in the polymer increases with increasing strain without necking because the polymer chains are already well aligned during necking, and the plastic polymer film (plastic refers to the irresversible deformation of the polymer when the tensile force is released) stretches homogeneously over the entire length. 
The packing density of the sub-nanometer plasmonic gaps in the gold film under tension is expected to be determined by the mechanical properties of the plastic polymer used for cold-etching (Fig. S2a), the thickness of the deposited gold film, and the fracture strain of the gold film/polymer sample. The SEM images of the fracture morphology clearly show the packing of sub-nanometer plasmonic gaps. 

Geometrical and optical isotropy
We have investigated the isotropic/anisotropic properties of the WS2 monolayer coupled multi-singular metasurface system from geometrical and optical perspectives, by exploring the fracture morphology and the corresponding polarization dependence of the PL emission and the coupling strength (between the WS2 excitons and plasmons). Geometrical isotropy/anisotropy refers to the average fragment domain size in different directions, which depends on the elongation extents of the biaxial stretching. Anisotropy here means that the average fragment domain size is different in one direction than in the other. When the elongation is 0%, the gold film breaks into approximately uniform strips with the greatest geometrical anisotropy (Fig. S10a). The geometrical anisotropy decreases and becomes isotropy at about 80% of elongation (Fig. S11) as it increases from 0% to 80%, and the opposite geometrical anisotropy appears above 80% (Fig. S11). It should be noted that the cracks under mechanical loading are along random grain boundaries of the gold film, so only two perpendicular mechanical loadings can produce isotropic cold-etched metallic metasurfaces. The optical isotropy/anisotropy was investigated by polarization resolved PL and strong coupling measurements. Polarization-resolved PL of WS2 monolayer based plasmonic metasurfaces with different y-directional elongation shows that the isotropy/anisotropy of the PL (Fig. S15a) is the same as the geometrical isotropy/anisotropy. During the measurements, the pump laser was linearly polarized and the sample was rotated clockwise in steps of 5°. Polar plots for PL of WS2 on plasmonic metasurfaces and PDMS are presented, where the PL emission intensity is plotted as a function of the sample rotation angles. For the WS2 monolayer coupled 20 nm thick gold metasurfaces, the anisotropy of the PL is maximized at 0% elongation in the y-direction and becomes opposite when the elongation (100%) in the y-direction is greater than the elongation (80%) in the x-direction. For WS2 monolayer based metasurfaces at 80% y-directional elongation with different gold film thicknesses, isotropic PL (where PL intensity is independent of the laser polarization) is achieved. The polarization resolved coupling strength (Fig. S15b) further confirms the isotropic/anisotropic optical properties. The coupling strength between WS2 excitons and plasmons was fitted by the full Hopfield Hamiltonian). The isotropic and anisotropic behaviour of the coupling strength is in good agreement with the PL (Fig. S15a), i.e., for metasurfaces with different gold film thicknesses, the coupling strength is isotropic at 80% y-directional elongation, for the 20 nm thick metasurface case, the maximum anisotropy occurs at 0% y-directional elongation, and the opposite anisotropy occurs at 100% y-directional elongation. Thus, there is a one-to-one correspondence between optical isotropy/anisotropy and geometrical isotropy/anisotropy. Among the geometrically isotropic metasurfaces, the metasurface with a 20 nm thick gold film has the best PL enhancement and coupling. This best performance is provided by the smallest plasmonic mode volume of the 20 nm thick gold isotropic metasurface due to its dense sub-nanometer plasmonic gaps and a certain thickness of the gold film.
Our results show that cold-etching is effective in modifying the in-plane fracture behaviour (i.e., in-plane crack extension) of metal thin films by controlling the packing of the sub-nanometer plasmonic gaps of the plasmonic metasurfaces, and the corresponding isotropic/anisotropic properties. The cold-etched metasurface has a unique ease of manufacture and a high degree of tunability. 

WS2 coupled antennas fabrication
The bowtie and dimer antennas were fabricated using the electron beam lithography (EBL) lift-off process. EBL patterning was achieved by a series of line exposures at 30 kV energy and 15 pA beam current on 80 nm-thick PMMA e-beam resist, followed by cold development in a mixture of MIBK and isopropyl alcohol. A 20 nm-thick gold film was then deposited on the sample using an e-beam evaporator, and the lift-off pattern transfer was performed in acetone for 10 min. WS2 monolayers were transferred to the antennas using a dry transfer method. 

Polariton enhanced SHG
Without coupling to plasmons, we analyze the SHG near the resonance of the WS2 monolayer excitonic state with the nonlinear susceptibilities4

		(S1)
where  and  correspond to the one- and two-photon resonant SHG, respectively. The two possible schemes () are sketched in Fig. S19a.  is the exciton energy of the WS2 monolayer. Under strong coupling, we analyze the SHG in the vicinity of two polariton resonances and write the nonlinear susceptibilities as4

		(S2)
where () and () correspond to the one- and two-photon resonant SHG processes, respectively, to adequately describe the splitting of the polariton enhanced SHG spectrum. The four possible schemes ( and ) are sketched in Fig. S19b.  and  are the energies of the lower and upper polariton branches. 





When a plane wave fundamental beam (field ) is incident on the plasmonic system, the generated SHG wave (field ) is governed by the wave equation , where  is the speed of light in vacuum,  and  are the vacuum permittivity and permeability, and  is the second-order nonlinear susceptibility tensor. SHG from the substrate surface is neglected. SH signal field  can be obtained by solving the wave equation as  

		(S3)






Thus, the SH signal intensity is , where  and  are the plasmonic enhancements at fundamental and SH fields. Due to the  symmetry of the WS2 monolayer, the corresponding second-order nonlinear susceptibility tensor has non-vanishing in-pane elements , where  (is along the armchair direction) and  represent the crystal axes in crystal coordinates4. The total SH signal intensity therefore follows , where  is the angle between the  crystal axis and the polarization of the incident light (Fig. 4b).
During the calculation and FDTD simulation (Fig. 4a), the local SH signal intensity follows

		(S4)


We plot the calculated average SH field intensity enhancement  in Fig. 4a, where  represents the mode area of the incident fundamental field.
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Fig. S1| Schematic illustration of the fabrication process of the WS2 monolayer coupled multi-singular plasmonic metasurface. A thin gold film was deposited on a PEI polymer substrate (125 μm thick, smooth on both sides) using an electron beam evaporator at a deposition rate of 2 Ås-1. During the evaporation, the temperature of the vacuum chamber was kept below 60 °C throughout the whole process, to prevent the thermal expansion or deformation of the PEI film due to built-in stress, which would cause wrinkles or defects in the gold film. For cold-etching, the first stretch was conducted by stretching the gold/PEI film in the x-direction. The second 2D stretch was conducted by re-stretching the as-fabricated film in the y-direction. After the cold-etching, the resulting gold nanopattern was transferred to a flexible TPU polymer substrate (2 mm thick) using a dry peel-off method. WS2 monolayers were mechanically exfoliated from the purchased commercial bulk WS2 crystals using a PDMS tape and transferred to the gold nanopatterns (on TPU) using a dry transfer method.
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Fig. S2| Stress-strain curves. Stress-strain curves for the gold film (20 nm thick )/PEI (125 μm thick) substrate in a, x-directional and b, y-directional stretching processes, respectively.
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Fig. S3| Optical microscopy images of two representative WS2 monolayer coupled multi-singular plasmonic metasurfaces. Top: mechanically exfoliated WS2 monolayer (1L) on PDMS tape. Bottom: WS2 monolayer on flexible plasmonic metasurface substrates. 
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Fig. S4| Experimental setup to apply uniaxial strain by bending the flexible substrate. a, The positive strain (upward bending) is tensile on the ‘outside’ surface. b, The negative strain (downward bending) is compressive on the ‘inside’ surface.
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Fig. S5| Near-field of the gap plasmons. Calculated near-field of the gap plasmons of WS2 coupled to a, 10 nm and c, 30 nm thick gold multi-singular metasurface. 

[image: ]
Fig. S6| Functional controllability of the WS2 monolayer coupled cold-etched multi-singular plasmonic metasurface. Reprehensive a, scattering spectra of the plasmonic metasurface (without WS2 monolayer on top) and b, photoluminescence (PL) intensity of the WS2 flake on the plasmonic metasurface under different strain. The plasmonic resonance is continuously red-shifted from 645 nm to 653 nm with increasing positive strain from 0 to 0.75% and blue-shifted from 645 nm to 634 nm with decreasing negative strain from 0 to -1%. The corresponding PL intensity decreases from 1651 to 980 for the positive strains and increases from 1651 to 2760 for the negative strains. 



[image: ]
Fig. S7| Raman scattering intensity of the WS2 monolayer on the plasmonic metasurface under different strains. 
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Fig. S8| Transmission electron microscopy (TEM) images of the 20 nm thick gold multi-singular metasurface showing the densely packed sub-nanometer plasmonic gaps from the first path. A new crack is created in the preformed strip/domain, extends and stops before the strip/domain completely breaks into two53, resulting in a sub-nanometer fracture gap in the preformed domain.



[image: ]
Fig. S9| TEM images of the 20 nm thick gold multi-singular metasurface showing the densely packed sub-nanometer plasmonic gaps from the second path. Biaxial intergranular fractures are used to create sub-nanometer distances between adjacent fragment domains, where the deflected fracture edges of one fragment domain is dragged close to the fracture edges of the adjacent fragment domains at sub-nanometer spacing.



[image: ]
Fig. S10| Scanning electron microscopy (SEM) images of the metasurface with y-directional elongation at 0%. The gold layer thicknesses are a, 10 nm and b, 30 nm, respectively.


[image: ]
Fig. S11| SEM images of the metasurface with different y-directional elongation. a-c, SEM images of cold-etched isotropic metasurfaces with metal layer of (a) 10 nm, (b) 20 nm, and (c) 30 nm, respectively. Isotropic refers to the case where the y-directional stretching has the same elongation as the x-directional stretching (~80%). d-f, SEM images of the anisotropic metasurface with a gold layer thickness of 20 nm with y-directional elongation at 0% (d), 56% (e), and 100% (f), respectively. Anisotropy here means that the average fragment domain size is different in one direction than in the other.

[image: ]
Fig. S12| Statistical analysis of the zigzag crack deflection angles (from the loading direction) in the x-directionally stretched plasmonic metasurface. The gold film thicknesses are a, 10 nm, b, 20 nm, and c, 30 nm, respectively. The zigzag crack deflection angles are between 55° and 65°.
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Fig. S13| Statistical analysis of the average strip width in the x-directionally stretched plasmonic metasurface. The gold film thicknesses are a, 10 nm, b, 20 nm, and c, 30 nm. d, Average strip width in the x-directionally stretched plasmonic metasurface as a function of the gold film thickness. The nearly linear relationship between the average strip width and gold film thickness is in good agreement with the shear lag model.
[image: ]
Fig. S14| Statistical analysis of the average crack width between strips in the x-directionally stretched plasmonic metasurface. The gold film thicknesses are a, 10 nm, b, 20 nm, and c, 30 nm. d, Average crack width in the x-directionally stretched plasmonic metasurface as a function of the gold film thickness. 
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Fig. S15| Optical characterization of the WS2 monolayer coupled multi-singular plasmonic metasurface. e, Plasmonic enhanced PL and f, coupling strength (right panel) for different plasmonic systems. The percentage indicates the y-directional elongation extent. Curves in the figure labelled only with the thickness value but not with elongation extent represent isotropic samples.
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Fig. S16| Active ultrastrong coupling of different plasmonic metasurfaces from Fig. 4 of the main paper. a, Representative dark field scattering spectra at different uniaxial strains. The strain value gradually increases from red (-1%) to blue (0.75%) and the interval is ~0.06%. b, Dark field scattering spectra as a function of excitation wavelength and strain. c, Normalized coupling strength as a function of the uniaxial strain. The horizontal dashed line marks the onset of ultrastrong coupling.

[image: ]
Fig. S17| Strong exciton-plasmon coupling in a WS2 monolayer coupled to bowtie and dimer antennas. The upper and lower polariton branches of the WS2 coupled bowtie (circles) and dimer (triangles) antenna systems are fitted (solid lines) with a coupling strength of 80.9 meV and 86 meV, respectively, in the Jaynes-Cummings Hamiltonian, respectively. The plasmonic mode frequencies for the two traditional plasmonic systems are almost overlap (oblique dashed lines). The scale bar is 100 nm.
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Fig. S18| Comparison of the normalized coupling strength η in this work (diamonds) with that of TMD monolayers in other dielectric microcavities (squares) and structures with plasmonic components (circles) (Table 1). The horizontal dashed line marks the onset of USC.


Table S1. TMD monolayers in dielectric microcavities and structures with plasmonic components.
	System
	Temp(k)
	
	(meV)
	(eV)

	WSe2/PC
	5
	0.006
	9.5
	1.65

	DBR/MoSe2
	5
	0.0138
	23
	1.666

	DBR/MoSe2
	50
	0.005
	7.6
	1.667

	WS2/DBR
	80
	0.01
	20.8
	28

	DBR/WS2
	110
	0.010
	20.3
	2.0789

	
	130
	0.010
	19.8
	2.072

	
	210
	0.009
	18.8
	2.05

	
	230
	0.009
	18.3
	2.042

	DBR/WS2
	300
	0.008
	16.5
	210

	DBR/MoS2
	300
	0.015
	28
	1.85511

	Ag microcavity/WS2
	300
	0.025
	50
	1.9812

	Ag Prism/WS2
	6
	0.024
	50
	2.0713

	
	300
	0.037
	74
	2.012

	Ag Prism/WS2
	77
	0.023
	48
	2.0514

	Ag NP/MoS2/Au
	300
	0.051
	95
	1.86415

	Au/SiO2 core shell sphere/Wse2/Au
	300
	0.036
	65
	1.816

	Au/SiO2 core shell sphere/Wse2/Au
	300
	0.043
	68
	1.617

	Au nanorod/WS2
	300
	0.025
	50
	1.9718

	WS2/FP cavity and nanohole array
	300
	0.025/
0.015
	50.5/30
	2.01619

	Ag Nanorod/WSe2
	300
	0.015
	24.75
	1.65920

	Au Nanorod/WS2
	300
	0.027
	53
	1.95021

	Ag disk array/MoS2
	300
	0.033
	63
	1.93722

	Au metasurface/WS2
	300
	0.012
	24
	2.0123

	Au Prism/WS2
	300
	0.041
	82
	1.9924

	Au nanoantenna/WS2
	300
	0.035
	69
	225

	Au nanoantenna/WS2
	300
	0.032
	64
	2.0226

	Ag particle/WS2
	300
	0.032
	65
	2.0327
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Fig. S19. Transition schemes for polariton enhanced SHG processes. The schemes (, ) and (, ) correspond to the one- and two-photon resonances in SHG. , ,  and  are the ground, exciton, lower polariton, and higher polariton states, respectively.
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Fig. S20| Second harmonic generation from different substrates. a, SHG from pure plasmonic metasurface substrate (without WS2 monolayer on top). b, Quadratic dependence of SHG intensity on the fundamental laser power for WS2 monolayer on PMDS (green), bowtie antenna (purple), and 20 nm thick isotropic plasmonic metasurface (orange). Error bars are standard errors from multiple samples. c, Anisotropic SHG from the WS2 based 20 nm thick gold metasurface at different y-directional elongation.
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Fig. S21| Polariton enhanced second harmonic generation from the WS2 monolayer coupled bowtie system.
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Fig. S4| Experimental setup to apply uniaxial strains by bending the flexible
substrate. a, The positive strain (upward bending) is tensile on the ‘outside’
surface. b, The negative strain (downward bending) is compressive on the
‘inside’ surface
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