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Supplementary material
Achieving pattern uniformity in plasmonic lithography by spatial frequency selection
S1 Comparison of the rough surfaces in measurement and simulation
[bookmark: _Toc417376787][image: C:\Users\lgf\AppData\Local\Microsoft\Windows\INetCacheContent.Word\fig 1-AFM and COSMOL rough plane.tif]
Figure S1. Images of the rough surfaces from (a) AFM measurement and (b) COMSOL simulation. (c) Two curves are extracted from (a, b) respectively. (d, e) Distributions of height and spatial frequency spectrum of curves in (c).

The root-mean-square (RMS) roughness i.e.   used in the main text is determined via topography values of the rough films with a quantitative and statistic surface analysis. For a rough surface in the - plane, the roughness can be calculated by the following equation:
	 	(S1)
where is the height of the point at  position;  is the average height of the entire rough surface;  and  are the total number of the topography points along  and  directions, respcetively. Figure S1 gives a comparison of rough surfaces with RMS = 1 nm generated from simulation and measurement, respectively. The image in Figure S1a is a surface topography of  area (256×256 pixels) scanned by atomic force microscope (AFM) from a silver (Ag) film with the thickness of 20 nm. The rough surface in Figure S1b is generated by a numerical software (COMSOL Multiphysics© 4.4) with random functions, where the standard deviation (SD) of the height is set to be 1 nm, and the average height is set to be 0 nm. Because the SD of a rough surface in the simulation is defined as
	 	(S2)
meaning the value of SD in simulation is equal to the RMS roughness. Two curves with length of 2 in Figure S1c, extracted randomly from the measurement and simulation images separately, show similar zero-mean Gaussian contour and spatial frequency spectrum distribution (Figure S1d-e). These comparisons illustrate that the two images have proximate surface properties, which confirm the software is feasible to simulate rough surfaces. 
The number of mesh elements in simulation is related to the parameter of knots, which are connected together to form a rough surface distribution. Here, the spacing between the two adjacent knots is set to 6 nm. It is possible to create finer meshes with higher density in the areas of interest. However, the increase of the mesh density does not change the result significantly while the computing time raises dramatically.
S2 Design process of the proposed HMM structure
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[bookmark: OLE_LINK19][bookmark: OLE_LINK22]Figure S2. OTF plots in logarithm scale as function of (a) the thickness of a periodic unit  and (b) the metal film filling factor  in the Al/SiO2 multilayers. (c) OTF curves of the 3 films (black curve) and 9 films (red curve) multilayer. Black arrows mark the positions of the diffraction orders of the mask in k-space. (d) Uniformity (solid square/black data) and contrast (blank square/blue data) of the interference patterns in the PR vs. the number of the alternating films.

Many parameters of the multilayer including filling ratio of the metal, thickness of a unit, and number of films affect the performance of the hyperbolic metamaterial (HMM) lithography system. To understand these variables, optical transfer function (OTF) as well as uniformity and contrast of the patterns in the photoresist (PR) are estimated to achieve the optimized design. Figure S2a-b shows that the OTF passband of the HMM can be tuned by changing the unit thickness  and the filling factor of metal  in the Al/SiO2 multilayers, respectively. The thickness of a periodic unit is  and the metal filling factor is calculated by , where  is the thickness of a metal layer and  is the thickness of a dielectric layer. As  and  increase, the passband in -space becomes narrower, which is beneficial as a filter to block the unwanted diffraction orders. However, the transmission drops down simultaneously due to the accumulated inherent loss of the metal films. Thus, there is a tradeoff considering  and  in the design of the HMM structure. As elaborated in reference [7], uniformity and contrast of the interference patterns are mainly determined by the number of the alternating films. When the desired diffraction orders are transmitted layer by layer, uniformity and contrast of the pattern in the PR are improved accordingly. As compared in Figure S2c-d, HMM with 3 films is able to generate interference patterns; however, with purified diffraction waves, 9 films deliver patterns with higher uniformity and contrast. Therefore, adequate films are necessary in the HMM system. The uniformity in Figure S2d is calculated by , where  is the mean peak intensity of the interference patterns in the intensity distribution;  is the maximum difference among the peaks. The contrast of the pattern is defined as , where   is the mean valley intensity of the interference patterns. 
[bookmark: _Toc417460982][bookmark: _Toc417376788]S3 OTF curves with the reflective layers
The OTF curve shown in the main text only considers the single Ag film in the superlens system, similarly, only the multilayer structure in the HMM system. In the real lithography cases, the reflective layer and the finite thickness of the PR also affect the light distribution in the near field, especially at the resonance. If the PR and reflective Ag layers are involved in the superlens system, the OTF curve abstracted from the middle of PR film is given in Figure S3a. It presents a broad passband, though the amplitude of the high- region drops down quickly. The low transmission amplitude in the high- range explains the wavevector distribution shown in Figure 3h of the main text, where the spatial frequency spectrum is transformed from the  field in the middle of PR film. The refletive layer helps to form the optical cavity and enhance the field intensity in the PR film. Therefore, the amplitude of the 2nd order diffraction wave is much smaller than those of the 1st order and the 0th order. 

[image: C:\Users\lgf\AppData\Local\Microsoft\Windows\INetCacheContent.Word\OTF-whole structure.tif]
Figure S3. OTF curves calculated for (a) the superlens system and (b) the HMM system with PR and reflective layers involved. Arrows give the -space positions of wave orders diffracted from the masks in respective lithography systems.

If the PR and reflective Al layers are considered in the HMM lithography system, the OTF curve presents narrower passband (Figure S3b) compared with that shown in Figure 3a. While, the peak of the passband still coincides with the spatial frequency spectrum of the 2nd order diffraction of the grating. Additionally, the narrower bandwidth shows better filtering effects, which further illustrates the reflective layer can enhanced the performance of plasmonic lithography.
S4 Fourier transform of 2D field distribution
According to the Fourier transform theory, the electromagnetic field in the - space can be transformed to the wave vector -  space.
	 	(S3)
where  is the field component at (x, y) position;  and  are the maximum positions in  and  direction, respcetively;  and  are horizontal and vertical coordinates in Fourier space, respectively. If we define , equation S3 can be transfered to:
	 	(S4)
In the main text, the distributions of the spatial frequency spectrum shown in Figure 2g-i and Figure 3g-i are transformed using equation S4, where  is the magnetic field  component in the real space.
S5 The resonant peaks in the OTF of the HMM
[image: C:\Users\lgf\AppData\Local\Microsoft\Windows\INetCacheContent.Word\loss(0.2+2+3.6) (9 films).tif]
Figure S4. (a, b, c) OTFs for 9 films multilayer with variant imaginary permittivity of Al at the wavelength of 365 nm.
 
To illustrate the behavior of the HMM, the light propagation inside HMM can be treated as the coupling of the surface plason (SP) waves generated at each metal/dieletric interface. The HMM presents diverse characteristics at different working wavelengths. The multilayer composed of 9 aluminum (Al) (15 nm)/ silicon dioxide (SiO2) (30 nm) films is a type Ⅱ HMM at the wavelength of 365 nm [1-3]. Considering the surrounding dielectric materials, the multilayer emerges 6 peaks in the OTF curve (TM0 to TM5 modes) [4-5]. The loss of metal films results in damped resonances, and hence much less resonant peaks present in the OTF curve. It is demonstrated in Figure S4a-c with varied imaginary parts of Al permittivity (0.2, 2.0, and 3.6, respectively) and fixed real part (-19.42). For the Al films with a small imaginary value 0.2, all the six modes exist in the OTF curve. As the imaginary value increases, some resonant peaks merge and disappear. There are only two distinguishable peaks when imaginary value is 3.6. However, the overall envelope and the transmission bandwidth of the systems with different loss do not change appreciably. Similar results could be seen in other works [6-7].
S6 OTF curves of superlens and HMM with different surface roughness
[image: ]
[bookmark: OLE_LINK103][bookmark: OLE_LINK104]Figure S5. OTF curves of (a) a single Ag layer (20 nm) and (b) 9 layers Al (15 nm)/ SiO2 (30 nm) calculated with different RMS surface roughness. Arrows give the -space positions of diffraction orders of the masks in respective lithography systems.

As a complement of the main text, more simulations of the films with different RMS roughness are performed. The OTF of the Ag layer with thickness of 20 nm is given in Figure S5a, which presents it enables the evanescent waves of wide wave vector range to pass through the superlens. As the surface roughness increases, the transmission amplitude drops down quickly while still maintains a wide passband. The OTF of the HMM composed of Al (15 nm)/ SiO2 (30 nm) exhibits a narrow passband as shown in Figure S5b, where the waves with transverse wavevector ranged from 1.5 to 2.5 can pass through. For the designed HMM lithography system, only ±2nd order diffracted waves, corresponding to the wavevector about 2, can go through the multilayer. Though the bandwidth is a little bit broadened as the surface roughness increases, the amplitude of the OTF holds well. That narrow passbands still block the transmission of other diffracted waves. Therefore, the purified waves produce uniform patterns in the PR film.
S7 Calculation method about the line edge roughness
Line edge roughness (LER) plays a critical role in the lithography. To analyze the LER, the most commonly used parameter is the RMS deviation σ (3σ values are usually reported) [8-10]:
	 	(S5)
where  is the height of the point on the rough line along  direction;  is the average height of the rough line;  is the total number of the points on the line. In this paper, we use the average RMS deviation (σ) of the sidewalls (half peak intensity positions of the periodic field distribution) to describe the LER of the patterns in the PR film.
S8 Comparison of the electric field components
To futher understand the impacts of the roughness in the real lithography systems, the distribution of the electric field components is analyzed in simulations with the reflective layers involved. To compare the results, we start from a simple analytic prediction. For a transverse magnetic (TM) wave, the electric field components in PR can be written as [11-12]:
	 	(S6)
where  is the  component of the magnetic field;  and  are the  and  components of the electric field, respectively;  and  are the wavevectors with . If the feature size  of the mask in the transverse direction is much smaller than the wavelength, , the wavevector along the  direction can be simplified as a function of the parallel wavevector 
	 	(S7)
In this high- limit, the phase difference between  and  components is about π/2, which will cause a half-pitch shift between the distribution of  and  [13-14]. Generally the total electric field intensity of the pattern can be calculated by  for a TM polarized wave. Due to the natural shift between the two electric components for the high- evanescent waves, if  and  have equal amplitude of transmission, blurred pattern will be formed in the PR film. Therefore, high ratio of  is desired to form an image with good fidelity. The distribution and ratio of the field components can be used to evaluate the performance of the two systems.

[image: C:\Users\lgf\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Ex and Ez.tif]
Figure S6. Normalized distributions of  (top panel),  (middle panel), and  (bottom panel) in the lithography systems with (a) smooth superlens, (b) rough superlens, (c) smooth HMM, and (d) rough HMM. The logarithm scale is used in this figure. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The phase difference and the associated intensity shift can be confirmed by the simulation in both superlens and HMM lithography systems, as shown in Figure S6. The dominance and distribution of  and  components are different in the two systems. For the superlens system, the component  dominates the imaging area; while the component  is much weaker and is not located at the imaging position, as shown in Figure S6a1-a3. In addition, when the smooth Ag film is switched into a rough one with RMS roughness of 2 nm, both  and  components drop down drastically (Figure S6b2-b3). While, the ratio of  for the 1st diffraction order (4) decreases from 11.1 to 9.9, meaning the quality of the pattern (e.g. intensity and fidelity) gets worse according to the foregoing analyses. However, for the HMM system, the component  is dominant in the PR film; while the distribution of the component  shift a half period compared with that of component , as shown in Figure S6c1-c3. Furthermore, both  and  components hold well as the roughness increases (Figure S6d2-d3). The ratio  for the 2nd diffraction order (2) even increases a little from 76 to 80, maintaining its stable performance in the patterning process.
In addition, the contribution of  and  is also related to the different types of modes excited in superlens and HMM lithography systems. In the superlens lithography system,  component is dominant (Figure 4c and Figure S6a-b), meaning the waves propagate vertically along the  direction. Whereas, in the HMM lithography system,  component is dominant (Figure 4d and Figure S6c-d), corresponding to the ±2nd order diffracted waves propagate laterally. This behavior makes it possible for the two high- waves to interfere with each other, resulting in periodic patterns in the beneath PR film.
S9 Effect of rough surface on SP excitation
In order to analyze the the excitation of the localized surface plasmon (LSP) by randomness on the rough surfaces, the excitation of the SP on the grating is introduced firstly. Due to the mismatch of wavevector, SP cannot be excited directly by the light illuminating on a smooth metal surface. However, the periodic grating can provide additional momentum to match the wavevector of the SP. 
	 	(S8)
where  is the index of substrate;  is the wave vector of light in free space;  is the incident angle; m is the order of diffraction wave;  is the period of the grating.
More generally, a rough surface can be considered as the superposition of many random gratings with different periodicities and orientations. For the distribution of randomness, the correlation function can be used to describe the spatial distance between the two points on the rough surface. Kretschmann defined a statistical correlation function for a rough surface [15-16]:
	 	(S9)
where {\displaystyle z(x,y)}is the height above the mean height of the rough surface at  position;{\displaystyle (x,y)} {\displaystyle A} is the area of integration. Assuming the statistical correlation function has a Gaussian form
	 	(S10)
where {\displaystyle \delta } is the RMS height; {\displaystyle r} is the distance from the point {\displaystyle (x,y)}; and  is the correlation length. Then the Fourier transform of the correlation function  is
	 	(S11)
where the values of  correspond to the different periods of the gratings at different directions in k-space. The value of  is a measure of the amount of each spatial freqnuency {\displaystyle k_{\text{surf}}}. If the surface has only one Fourier component of roughness (i.e. the profile of the surface is sinusoidal),  {\displaystyle s} is discrete and exists only at {\displaystyle k={\frac {2\pi }{a}}}, resulting in a single direction for SP coupling. For a random surface, the  becomes continuous, meaning SP coupling is possible at multiple directions [17]. From the equations (S8) and (S11), we can conclude that the rough surface can lead to a series of excitations of the LSP.
S10 Spatial frequency selection
[image: ]
Figure S7. (a) OTF curve of the multilayer structure and spatial frequency spectrum of the 2nd diffraction order generated by the gratings with different periods. (b) LER and intensity of the pattern in PR film produced by grating mask with different periods. Squares denote the LER values, and dots denote the intensity values. Solid symbols indicate the systems with smooth films (RMS= 0 nm), and hollow symbols indicate the systems with rough films (RMS= 2 nm). (c, d) Normalized Intensity distributions of the pattern in the PR film produced from the mask with period of 320 nm. The multilayer is smooth (c) and rough (d), respectively. (e, f) Normalized Intensity distribution of the pattern in PR film produced from the mask with period of 400 nm. The multilayer is smooth (e) and rough (f), respectively.

[bookmark: OLE_LINK20][bookmark: OLE_LINK21]To further demonstrate the principle of spatial frequency selection, we simulated the HMM-based lithography system with different periods of mask, as shown in Figure S7. The TM-polarized plane wave (the magnetic amplitude is set as 1 A/m) illuminates normally from the mask side. For the grating with period of 320 nm, the spatial frequency of the 2nd diffraction order is located at 2.28. When the smooth multilayer is replaced by a rough one with RMS = 2 nm, the LER of the pattern in PR film increases from 0 nm to 0.53 nm; while the average peak intensity increases from 0.009 to 0.012  (Figure S7b-d). For the grating with period of 400 nm, the spatial frequency of the 2nd diffraction order is located at 1.82. When the smooth multilayer is replaced by a rough one with RMS = 2 nm, the LER of the pattern increases from 0 nm to 1.03 nm; while the average peak intensity decreases from 0.016 to 0.01  (Figure S7b, e-f). The quality of the pattern generated from the grating with period of 360 nm shown in the main text is better than that in the forementioned two situations. It is because its spatial frequency of the 2nd diffraction order locates at the middle of the passband (2), which concides with the peak of OTF.
In other words, all the diffracted waves located in the range of 1.5~2.5 produce interference pattern after passing through the multilayer, but without optimizing the the mask (e.g. period), one may not get the benefits of spatial frequency selection, especially with roughness involved.
S11 Plasmonic lithography with a single slit on the mask
[image: ]
Figure S8 Normalized intensity distribution through a single slit on the mask in both (a, b) superlens system and (c, d) HMM system. Surface roughness of the films is 0 nm (a, c) and 2 nm (b, d), respectively. The logarithm scale is used in (c, d).

[bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK102]To study the mode propagation property of the superlens and the HMM, the light scattering by a single slit on the mask is simulated. The cases of smooth and rough surfaces in both superlens and HMM lithography systems are shown in Figure S8. For the superlens system, the smooth Ag film works as a plasmonic lens, which enhances and transmits the evanescent waves in a wide wave vector range by coupling the SP from one side to the other. However, this performance is disturbed severely by the rough surface, which excites LSP at the concave and convex positions [18]. The excitation of LSP leads to the energy accumulated on the rough surface, which can be scattered into multiple directions. Thus, the pattern in PR film has poor profile and weak intensity (Figure S8b). For the HMM system, due to the hyperbolic dispersion character of the stacked multilayer, the diffracted waves propagate laterally, as shown in Figure S8c. Assuming a TM-polarized plane wave propagating in  plane, there is a dispersion equation:
	 	(S12)
[bookmark: OLE_LINK93][bookmark: OLE_LINK94]where  and  are the effective permittivities of the HMM in parallel and normal direction, respectively;  and  are the corresponding wavevectors [19-21]. When , the spreading angle can be estimated by the resonant cone, which is evaluated by . According to the effective medium theory [22], 
	,        (S13)
where  is the fill ratio of metal in multilayer;  and  are the permittivities of metal and dielectric, respectively. Because the average thickness of rough films are set to be equal to that of smooth films in simulation (Figure S9),  is stable, meaning that the propagating SP (PSP) mode is not destroyed by the rough multilayer (Figure S8d). The stacked multilayer keeps its performance of hyperbolic dispersion, and the divergence angle caused by the resonant cone maintains (Figure S8c-d).

[image: ]
Figure S9. Schematic of smooth and rough films with same average thickness.
S12 Effect of rough mask on plasmonic lithography
[image: ]
Figure S10. Side view (a) and top view (b) of the normalized electric field intensity distribution in superlens system with RMS =2 nm on the mask surface. (c) LER and intensity variation of the pattern in PR film as the RMS increases. (d, e, f) Corresponding simulation results in the HMM system with rough surface of mask. The logarithm scale is used in (d). The dashed lines give the positions of collection planes in the patterns. 

[bookmark: OLE_LINK11][bookmark: OLE_LINK12]The grating masks with rough surfaces are simulated in both superlens and HMM lithography systems, which are shown in Figure S10. When the TM polarized light illuminates on the grating with RMS roughness of 2 nm, the sub-diffraction limited features can be reconstructed in the PR film for both systems. Besides, as the RMS roughness increases form 0 nm to 3.5 nm, the LER increases gradually in both systems. Due to the LSP excited on the rough surface of mask, non-uniform intensity distribution is delivered to the PR film. Meanwhile, the intensity of the patterns decreases slightly, which is because the light scattering at the rough grating cuts down the transmission. However, with the same RMS roughness, the quality of the pattern formed in superlens system is impacted more severely than that in HMM system. Additionally, comparing the simulation of rough surface on films and gratings, it is observed that the pattern in the PR film is more sensitive to rough films than to rough gratings.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]S13 Different functions of metal films at different wavelengths 
[image: C:\Users\lgf\AppData\Local\Microsoft\Windows\INetCacheContent.Word\dispersion-Ag+Al-2.tif]
Figure S11. (a, b) Dispersions of Ag film (20 nm-thick) and Al film (12 nm-thick), respectively. (c) OTF of Al film (12 nm-thick) at wavelength 193 nm (the dashed line positon in (b)). 

[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK9][bookmark: OLE_LINK10]Basically, superlens is designed to provide broad transmission passband but HMM acts as a filter which has much narrower passband. However, same metal can function diversely in different schemes or wavelengths. Figure S11a-b shows the dispersions of Ag (20 nm-thick) film and Al (12 nm-thick) film, respectively. Here, the permitivities of Ag and Al are calculated based on the Drude model [23-24]. For the Ag film, the dispersion shows a broad passband near the wavelength of 365 nm. Therefore, it is advantigous to be used as a superlens in imaging. However, the Al film has a narrow passband at the wavelength of 365 nm, which is helpful to transmit a single -vector mode. In addition, Al film is possible to be used as a superlens at short wavelength. Figure S11c shows the OTF of Al film at the working wavelength of 193 nm. It presents a broad passband range of 0~5 . In this case, a grating mask with period of 90 nm can be reconstructed very well in the PR film, which is shown in below Figure S12.

[image: C:\Users\lgf\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Al superlens.tif]
Figure S12. (a) Schematics of plasmonic lithography with an Al film-based superlens. The working wavelength of the system is 193 nm. (b) Side view and (c) top view of the normalized intensity distributions with smooth Al film (RMS=0 nm); (e, f) Corresponding simulation results with rough Al film (RMS=2 nm); (d) Normalized intensity distributions extracted from the dashed line positions in (b, e).

The structure in Figure S12a is almost identical to the Ag film-based superlens system, but the thin metal film is an Al-based film with thickness of 12 nm. In the case of smooth film, the normalized intensity distribution imaged from the 90 nm-period grating mask are shown in Figure S12b. The cross-section, taken from the middle position of PR film, shows a uniform pattern with straight profiles and high intensity contrast (Figure S12c). However, when the roughness of RMS = 2 nm is introduced to the both surfaces of the Al film, the field distributions are severely distorted (Figure S12e-f). The pattern produced in the PR film presents sinuous profiles and large LER. Meanwhile, the intensity of the patterns is reduced dramatically (Figure S12d). These behaviors are same to that of the Ag film-based superlens system analyzed in main text. Overall, since the broad passband of evanescent waves, the effects of roughness cannot be suppressed, which result in poor profiles on the patterns.
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