
Nanophotonics 2018; 7(1): 277–286

Research article

Gaofeng Liang, Xi Chen, Qing Zhao* and L. Jay Guo*

Achieving pattern uniformity in plasmonic 
lithography by spatial frequency selection
https://doi.org/10.1515/nanoph-2017-0028
Received February 22, 2017; revised May 29, 2017; accepted June 11, 
2017

Abstract: The effects of the surface roughness of thin 
films and defects on photomasks are investigated in two 
representative plasmonic lithography systems: thin silver 
film-based superlens and multilayer-based hyperbolic 
metamaterial (HMM). Superlens can replicate arbitrary 
patterns because of its broad evanescent wave passband, 
which also makes it inherently vulnerable to the rough-
ness of the thin film and imperfections of the mask. On 
the other hand, the HMM system has spatial frequency 
filtering characteristics and its pattern formation is based 
on interference, producing uniform and stable periodic 
patterns. In this work, we show that the HMM system is 
more immune to such imperfections due to its function of 
spatial frequency selection. The analyses are further veri-
fied by an interference lithography system incorporating 
the photoresist layer as an optical waveguide to improve 
the aspect ratio of the pattern. It is concluded that a sys-
tem capable of spatial frequency selection is a powerful 
method to produce deep-subwavelength periodic patterns 
with high degree of uniformity and fidelity.

Keywords: surface plasmon; plasmonic lithography; 
roughness.

1  �Introduction

Plasmonic-based photolithography has the ability to 
achieve features beyond the typical diffraction limit. This 
capability was accomplished by exploiting the surface 
plasmon (SP) waves confined to the interface between 
dielectric and metal materials, whose wavelength can be 
far smaller than that of the light in air [1–3]. For example, 
“superlens” imaging-based patterning approaches have 
achieved subwavelength resolution by using a thin slab of 
metal to amplify the transverse magnetic (TM) polarized 
evanescent waves [4, 5], therefore capturing the detailed 
evanescent components to reconstruct a faithful replica of 
the patterns on the mask with high resolution. In contrast, 
such evanescent information is mostly lost in traditional 
projection-based photolithography due to the limited 
numerical aperture of the exposure system [6]. On the 
other hand, patterns with high degree of uniformity and 
certain aspect ratio are required for most of the real-world 
applications. Unlike traditional projection lithography 
that uses either 4:1 or 5:1 reduction of the mask pattern 
[7], the superlens approach yields essentially a 1:1 imaging 
with very shallow resist depth. This makes the fabrica-
tion of photomasks very challenging, especially down to 
the ~10 nm scale where the edge and surface roughness 
of the mask or thin film are inevitable. It is well known 
that a nanoscale asperity of metals such as silver (Ag) 
generates localized SP resonance with intensified near-
field light. The roughness effect on the properties of metal 
films and particles [8–11], especially Ag superlens [12–14], 
has been investigated in some recent works. For example, 
it has been shown that quasi-periodic “roughness” can 
enhance the resolution of the superlens-based approach 
[12]. However, one serious question to consider is whether 
any random roughness on mask patterns or films fun-
damentally limits the plasmonic-based lithography by 
amplifying any defects into the exposed photoresist (PR). 
In other works, a stacked metal/dielectric multilayer 
structure was proposed to obtain super-resolution by 
various means including spherical hyperlens [15, 16] and 
negative refraction [17]. Especially, a hyperbolic metama-
terial (HMM)-based structure can be designed as a filter to 
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allow waves with high spatial frequency to pass through, 
and suppress other spatial frequencies [18]. Because thin 
metallic and dielectric films are required to achieve effi-
cient coupling between the SPs at each metal and dielec-
tric interface, similar questions regarding the impacts of 
the roughness of the mask or the thin film on the pattern 
quality are raised. Indeed, it has been shown in several 
studies that film roughness distorts the normal propaga-
tion and coupling of waves especially in nanoscale films 
[14, 19–23], leading to non-uniform PR patterns with poor 
profiles [24]. All these concerns put critical restrictions on 
the plasmonic-based lithography for practical applica-
tions. Thus, it is important to investigate the effects of the 
surface roughness and line-edge roughness (LER) on the 
performance of plasmonic lithography, which is helpful 
for the design and estimation of plasmonic systems.

In this work, two representative lithography systems 
are considered, where the effects of roughness in superlens 
and HMM-based approaches are analyzed systematically. 
In both cases, deep subwavelength periodic patterns are 
used, not only because dense line and spacing patterns 
have traditionally been used as a gold standard for evaluat-
ing lithography performance, but also because they have 
numerous applications in microelectronics, photonics and 
in other related fields [25–29]. The broad optical transfer 
function (OTF) of smooth superlens enables a wide range of 
high wavevector evanescent waves to pass through; mean-
while, the broad OTF also causes the superlens to suffer 
severely from the roughness of the thin film and isolated 
defects on the mask. In contrast, the OTF of the HMM pre-
sents a spatial frequency selection characteristic, produc-
ing uniform and stable interference patterns in the PR layer. 
It is found that the profile and intensity of the patterns pro-
duced by the HMM system are much more immune to the 
imperfections of the thin film and the mask than those of 
the patterns produced by the superlens system. This obser-
vation is further supported by analyzing a recently reported 
approach where the PR was incorporated in an optical 
waveguide to significantly improve the pattern depth [30]. 
These analyses show that a system capable of spatial fre-
quency selection is a robust approach to produce uniform 
deep-subwavelength periodic patterns that are insensitive 
to the imperfections of the films and photomasks.

2  �Effect of rough films 
in photolithography

To fully capture the effects of surface roughness on the 
performance of the two different lithography systems, a 

series of three-dimensional structures were simulated 
using a commercial solver based on the finite element 
method (COMSOL Multiphysics, COMSOL Inc., Stockholm, 
Sweden). The roughness of the films in both systems is 
numerically modeled with random roughness and defects, 
where the surface roughness is defined as the root-mean 
square (RMS), i.e. standard deviation of the topography. 
The properties of the rough surfaces in the simulations are 
similar to those obtained from measurement (more details 
are shown in Supplementary S1).

Usually, the superlens system uses a single Ag film to 
achieve sub-diffraction limited imaging [4, 5, 31]. In this 
work, a Ag film with the thickness of 20 nm is analyzed 
with different degrees of roughness. A chromium (Cr) 
mask with the thickness of 50 nm and the period of 90 nm 
on a glass substrate is placed above the superlens with 
a dielectric spacer, which is assumed to be polymethyl-
methacrylate (PMMA), but the exact nature of the spacer 
is not critical. A PR film with the thickness of 40  nm is 
used to record the latent image of the mask. To enhance 
the contrast of the field intensity, a reflector composed 
of a Ag film with the thickness of 50 nm is added to the 
bottom of the PR film [32]. A TM polarized light with the 
wavelength of 365  nm is incident from the top side, as 
shown in Figure 1A. The corresponding permittivities of 
Cr and Ag at the 365 nm wavelength are εCr = −8.55 + 8.96i 
[33] and εAg = −2.4 + 0.25i [34], respectively. Meanwhile, the 
permittivities of PMMA, substrate and PR are 2.25, 2.13 and 
2.56, respectively. On the other configuration, an HMM 
composed of an alternating metal/dielectric multilayer is 
designed (Figure 1B), with the OTF featuring a distinctive 
filter behavior. The transmitted diffraction orders interfere 
and produce uniform periodic patterns in the PR film. As 
an example, we use the work reported in reference [18] 
and design the corresponding stacked HMM to pass the 
±second-order diffracted waves of the grating. To produce 
a similar pattern size as in the superlens case, a grating 
type Cr mask is used with the period of 360 nm (i.e. four 
times that of the mask period in the Ag superlens case). 
The mask has a much larger period than the reduced pat-
terns, so the mask can be fabricated by conventional UV 
lithography or laser interference lithography [26–28]. The 
HMM is composed of nine layers of aluminum (Al) (15 nm) 
and silicon dioxide (SiO2) (30 nm) films, which makes the 
spatial frequency of the desired diffraction orders coin-
cide with the peak of transmission in the OTF. The para-
meters including the metal filling factor, the thickness of 
a periodic unit, and the number of films which affect the 
HMM’s lithography performance are discussed in Supple-
mentary S2. The reflective film is an Al film with the thick-
ness of 50 nm. The permittivity of Al at 365 nm wavelength 
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is εAl = −19.4 + 3.6i [33]. Others parameters are the same as 
those of the superlens lithography system.

For an ideal superlens system, all the evanescent 
components of the object should be transmitted through a 
perfect lens and captured by the PR in order to reconstruct 
a faithful image [4, 6]. Any loss or distortion of the high-k 
components inevitably affects the quality of the pattern 
in the PR film [19, 20, 35]. We use the OTF in k-space to 
analyze and gain the understanding of the two systems. 
First, the OTF of the Ag film superlens is calculated by the 
transfer matrix method (TMM) [36, 37] and simulated by 
the COMSOL Multiphysics solver, as shown in Figure 2A. 
For the smooth Ag films, the dashed and solid black 
curves agree very well, and both show a broad transmis-
sion passband. Such a broad OTF enables the evanescent 
waves of wide wavevector range to pass through the super-
lens. Therefore, a high-fidelity pattern can be produced in 
the PR film. Here, we calculate only the OTF of a single 
Ag film in dielectric media. The OTF of the whole imaging 
system including the thin PR and reflective films is shown 
in Supplementary S3. In that case, the OTF still presents a 
broad passband though the amplitude of the high-k region 
drops quickly. A two-dimensional (2D) electric field inten-
sity distribution imaged from the 90-nm-period grating 
mask is shown in Figure 2B. The cross-section taken 
from the middle position of the PR film shows a uniform 
pattern with straight profiles and high-intensity contrast 
(Figure 2C). However, when the roughness is introduced 
into the two surfaces of the Ag film, the field distribu-
tion is severely distorted. Figure 2E shows the intensity 
distribution of the light passing through the Ag film with 
the surface roughness of RMS = 2  nm, where the inten-
sity at the rough spots is significantly enhanced locally. 
Meanwhile, the intensity of the patterns in the PR film is 
reduced dramatically (Figure 2D), which is in agreement 

with the reduced transmission amplitude in the OTF (blue 
curve in Figure 2A). Importantly, the 2D field distribution 
extracted from the middle position of the PR film presents 
a non-uniform pattern, leading to a large LER (Figure 2F).

The 2D Fourier spectra of the optical field distribution 
provide further insight into these phenomena. A series 
of diffraction orders distributed along the kx direction 
are generated by the grating mask (Figure 2G), where the 
spatial frequency spectrum is transformed from the mag-
netic field |Hy |  component at the collection planes (see 
the equations in Supplementary S4). After transmission 
through a smooth Ag film, only the zeroth and a pair of 
first diffraction orders are left in the PR film (Figure 2H). 
The zeroth order is the predominant component. The 
interference of the ±first orders produces the pattern with 
uniform intensity distribution. However, if the surfaces of 
the Ag film are rough with the RMS of 2 nm, many chaotic 
diffraction orders are generated and distributed randomly 
in the kx–ky space (Figure 2I). Because the superlens can 
transmit these unwanted diffracted orders, the pattern in 
the PR film is formed with poor profiles due to the complex 
interference of these numerous diffraction orders.

In contrast, for the HMM lithography system, the 
OTF of the Al/SiO2 multilayer features a distinctive trans-
mission window as shown in Figure 3A, which serves 
as a filter that only allows waves with wavevector in the 
range 1.5k0 < kx < 2.5k0 to pass through it. It is noted that 
only few resonant peaks appear in the OTF curve for the 
nine-layer Al/SiO2 HMM due to the light absorption in the 
Al films [38–40] (further discussion is shown in Supple-
mentary S5). According to the grating coupling equation, 
kx = nk0sinθ + m(2π/P), where n is the index of substrate, k0 
is the wavevector in free space, θ is the angle of incidence, 
m is the order of diffraction wave and P is the period of 
grating. When the 365-nm light normally incidents onto 
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Figure 1: Schematics of plasmonic lithography based on the (A) superlens structure and (B) HMM structure.
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the grating mask, only ±second-order diffraction waves 
with wavevectors of about ±2k0 can pass through the multi-
layer, while other diffraction orders are strongly suppressed 
according to the OTF. Additionally, the OTF of the structure 
with PR and reflective Al layers involved shows a narrower 
passband (see Supplementary S3). Therefore, SP waves 
with high spatial frequency purity interfere with each other 
and produce a uniform PR pattern. The period of the inter-
ference pattern can be calculated by p = P/(2m), which is 
shown in Figure 3B and C. Even after introducing rough-
ness with RMS = 2 nm to each surface of the multilayer, the 
transmission performance remains spectacularly high as 
compared with the RMS = 0  nm case. The 2D field distri-
bution in the middle of the PR film shows the interference 

pattern without obvious distortions (Figure 3E and F). 
Equally impressive is that the maximum intensity remains 
at about the same level. This behavior is in accord with the 
characteristics of the OTF (Figure 3A), which maintains 
about the same value for the rough multilayer, except that it 
slightly broadens at the high-k side (see more OTF simula-
tions with different RMS roughness in Supplementary S6).

As a comparison, the 2D Fourier spectra can be seen 
in Figure 3G–I. Because of the larger period of the grating 
on the mask, there are more diffraction orders distributed 
along kx than that in the superlens case. After transmit-
ting through the multilayer with the RMS roughness of 
0 or 2  nm, only ±second diffraction orders with equal 
amplitude remain. They interfere and produce uniform 
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Figure 2: Effects of the rough film in superlens lithography system.
(A) OTF curves of a single Ag film with smooth and rough surfaces calculated by TMM and numerical simulation. The arrows show the posi-
tions of diffraction orders of the grating mask in k-space. (B) Side view and (C) top view of the normalized electric field intensity distribu-
tions with smooth Ag film (RMS = 0 nm); (E, F) corresponding simulation results with rough Ag film (RMS = 2 nm); (D) normalized electric field 
intensity distribution of the patterns in the PR film at the dashed line positions in (B) and (E). (G) A series of diffraction orders in k-space 
generated from the grating with a period of 90 nm. The distributions of diffraction orders in PR film after transmitted through a single Ag 
film with the roughness of (H) 0 nm and (I) 2 nm, respectively. The logarithm scale is used in (G)–(I).
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patterns in the PR film with minimal effects caused by 
the rough films.

The LER, field intensity and field components for both 
systems with different surface roughness are compared in 
Figure 4A and B. The intensity is defined as the average 
peak intensity and the LER is calculated as the average RMS 
deviation at the positions along the sidewall of the patterns 
(definitions and calculations are given in Supplementary 
S7). For the superlens system, as the RMS roughness of the 
Ag film increases from 0 to 3.5 nm with 0.5 nm increments, 
the LER of the pattern in the PR film increases from about 

0 to 1.4 nm, which is denoted by the black squares. Mean-
while, the peak intensity decreases drastically from ~1.1 to 
~0.67 V2/m2 (denoted by the blue dots). For the HMM system, 
the corresponding LER increases from about 0 to 1.0  nm, 
which is lower than that in the superlens system. Because 
the loss of Al is higher than that of Ag at 365 nm wavelength, 
the intensity of the pattern transmitted through the HMM 
diminishes by more than one order of magnitude compared 
to that through a single Ag film. However, the intensity is 
stable as the surface roughness increases, which is different 
from the decreasing trend in the superlens system.
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To further understand the impacts of the roughness in 
real lithography systems, the electric field is also analyzed 
in the simulations with the reflective layers involved. Figure 
4C and D shows the electric components of the field as a 
function of the normalized wavevector in the two systems 
with and without roughness, respectively. The distributions 
of Ex and Ez in the superlens system and HMM system verify 
their corresponding broadband evanescent transmission 
and filtering performance. Meanwhile, the total electric field 
intensity of the pattern can be calculated by + 2| |x zE E  for 
a TM polarized wave, where xE  and zE  are the transmis-
sion amplitudes of the electric field components extracted 
from the PR film. In the high-k limit, the phase difference 
between the |Ex| and |Ez| components is about π/2, which 
will cause a half-pitch shift in the distribution of 2| |xE  and 

2| |zE  [41, 42]. Additionally, the ratio between the electric 
field components |Ex| and |Ez| plays a crucial role in obtain-
ing an image with high fidelity. A detailed discussion is 
provided in Supplementary S8. But the main conclusion is 
that the high |Ex|2/|Ez|2 ratio is desired to form an image with 
good fidelity. Considering the entire film system including 
the reflective layer, for the superlens structure, both |Ex| and 
|Ez| components drop drastically when the Ag layer changes 
from a smooth film to a rough one with the RMS roughness 

of 2 nm (Figure 4C), and the |Ex|/|Ez| ratio for the first order 
clearly decreases. However, for the HMM structure, both |Ex| 
and |Ez| components hold well as the roughness increases 
(Figure 4D), showing its stable performance in the pattern-
ing process.

To summarize, the single Ag film has an OTF with a 
broad passband which allows waves in a wide range of 
wavevectors to transmit to the PR film. While it ensures 
that high-k evanescent waves reach the PR film by the 
coupling of SP, it also transmits the higher order waves 
coming from the imperfections in the thin film and the 
mask, which can be treated as secondary excitations of the 
SP waves generated by the rough surface in multiple direc-
tions (derivations are shown in Supplementary S9). The 
disordered diffraction waves reach the PR film and con-
tribute to the poor profile of the PR pattern. For the HMM 
structure, by properly choosing the period of the mask, 
the desired transmission order coincides with the peak 
of the narrow OTF. Therefore, the light of desired spatial 
frequency transmits maximally, while the other diffrac-
tion orders induced by the mask and rough multilayer are 
relatively suppressed, leading to a more uniform pattern. 
Though new diffraction waves are generated in the rough 
multilayer, they damp dramatically because of the high 
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loss of the Al films and filtering effects of the HMM. This 
can also be seen clearly from the performances of the grat-
ings with different periods shown in Supplementary S10. 
Without optimizing the mask, one may not get the benefit 
of spatial frequency selection. On the other hand, the 
superlens case does not offer such a utility because of the 
broad transmission of its OTF.

3  �Impact of isolated defects on 
masks in photolithography

The quality of the mask also plays an important role in 
sub-diffraction lithography. The impact of defects on the 
mask layer is also considered in both superlens and HMM 
systems, where the structures are the same as before, but 
the grating masks have an isolated asperity (10 nm radius) 
as shown in Figure 5. In the superlens lithography system, 
the |Ex| component dominates at the image side (Figure 4C 
and Figure S6A), meaning that the waves propagate verti-
cally, presenting its imaging property (comparison between 
the two systems can be seen in Supplementary S8 and S11). 
Thus, the geometric feature of the isolated defect in the 
mask is well reproduced PR film because of its broad band 
superlens function, leading to a weak intensity spot in the 

PR pattern (Figure 5B and C). However, in the HMM lithogra-
phy system, the |Ez| component is dominant (Figure 4D and 
Figure S6C), and the ±second-order diffracted waves propa-
gate laterally [43]. The defect mainly causes a change of 
phase in the interference area, and does not generate severe 
intensity variation in the PR film when the two SPs interfere 
with each other (Figure 5D and E). Therefore, the impact of a 
single defect on the mask layer in superlens systems is much 
greater than that in HMM systems. In other words, there is a 
tradeoff between the superlens and HMM systems. Though 
the superlens system offers the capability of replicating arbi-
trary patterns, unavoidably it is also affected sensitively by 
the imperfections of the thin film and the mask. On the other 
hand, the HMM system is more immune to such imperfec-
tions than the superlens system, but with the limitation of 
producing periodic patterns. Nonetheless, subwavelength 
dense periodic patterns have been used to evaluate lithogra-
phy performance, and have many applications.

In addition, the mask with rough surfaces is also 
investigated in both lithography systems, which is shown 
in Supplementary S12. As expected, the quality of the 
pattern produced by the superlens system is more severely 
affected than that by the HMM system. Meanwhile, com-
paring the results of rough surfaces in both film and mask 
conditions, it is observed that the pattern in the PR film is 
more sensitive to rough films than to rough gratings.
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(B) and (D).
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4  �Interference lithography by 
integrating PR as an optical 
waveguide

To validate the generality of the above conclusion, we 
carried out a similar analysis in a recently reported plas-
monic lithography scheme that demonstrated large area 
uniform periodic patterns with linewidth 1/6 of the wave-
length and an aspect ratio of 2:1 [30]. Though the structure 
is almost identical to the superlens system, the thin metal 
film serves a totally different function: it is used to filter 
out the unwanted diffraction orders. The PR layer is much 
thicker, which functions as the core of an optical wave-
guide. The propagation constant of the waveguide mode 
matches that of the ±first-order diffracted waves generated 
by the periodic mask. Therefore, the system has an inher-
ent spatial frequency selection property, which explains 
the observed uniform and high aspect ratio pattern over a 
cm2 area. Figure 6 shows a waveguide lithography system 
with the transmission medium composed of a single Al 
film (12 nm thick). In our analysis, we take the period of 
the grating mask to be 180 nm, and only the ±first order of 

the diffracted waves can pass through, but the zeroth and 
other high orders are blocked. As expected, the pattern in 
the PR film with a period of 90 nm shows high contrast 
and straight edges, and this performance is less affected 
by the rough surfaces of the Al film with the RMS of 2 nm. 
This behavior further confirms the foregoing analyses.

5  �Conclusions
Two plasmonic lithography systems with rough films are 
simulated and analyzed systematically. For the superlens 
system, as the surface roughness of the Ag film increases, 
the LER of the patterned PR grows gradually, and the corre-
sponding intensity decreases dramatically. This behavior is 
ascribed to the broad passband of the Ag film and the local-
ized SP scattered by the rough surface, which result in poor 
profiles on the patterns. In contrast, the OTF of the HMM 
system presents a function of spatial frequency selection, 
which suppresses the impacts of rough surfaces and leads 
to steady interference with the selected diffracted waves. As 
a result, with the surface roughness on the Al/SiO2 multi-
layer, the LER of the pattern imaged by the HMM increases 
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Figure 6: Effects of the rough film in waveguide lithography system.
(A) Schematics of plasmonic lithography with the waveguide structure. (B) Side view and (C) top view of the normalized electric field inten-
sity distributions with smooth Al film (RMS = 0 nm); (D) OTF curves of a single Al film with smooth and rough surface calculated by TMM and 
numerical simulation. Arrows show the positions of diffraction orders of the grating mask in k-space. (E, F) Corresponding simulation results 
with rough Al film (RMS = 2 nm). The inset pictures in (C) and (F) are the corresponding intensity distributions at the dashed line positions.
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slightly while the field intensity is stable. Additionally, the 
HMM system is more tolerant to the defects on the mask. The 
benefits of this filtering-based design are also verified by a 
waveguide lithography system. Therefore, spatial frequency 
selection is an optimal way to construct periodic patterns 
in subwavelength lithography. In addition, the same metal 
can function differently in different schemes and wave-
length ranges. For example, the thin Al film functions as a 
spatial frequency filter in the foregoing analyses, but works 
as a superlens in the deep ultraviolet range [44]. In Supple-
mentary S13, an Al film-based superlens system is capable 
of imaging at the wavelength of 193 nm, which also presents 
sensitivity to the roughness due to its broad passband of 
evanescent waves. These analyses give new insights into 
plasmonic nanopatterning, and can be a useful guideline in 
designing future plasmonic lithography systems.

6  �Supplementary material
The supplementary material is available online on the 
journal’s website or from the author.
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