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Abstract. Fabrication of metal-dielectric nanostructures with subwavelength precision is nec-
essary for plasmon-mediated novel applications. Electron beam lithography (EBL) offers such
precision, but for shapes other than circles, squares, and lines, process optimization is required.
The EBL and dry etching processes are optimized for subwavelength precision in large area
arrays of air groove patterns in gold film in two different length scales. We fabricated one struc-
ture for optical frequencies with an asymmetric, nonstandard element having a minimum feature
size of about 50 nm and another for terahertz wavelength region with a large aspect ratio of
about 975. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP
.8.083896]
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1 Introduction

Plasmonic crystals, which are periodic metal-dielectric structures, are interesting for various
basic physics and applied research. For example, the plasmon-mediated enhanced transmission,
local field enhancement-mediated modification of linear and nonlinear optical properties, appli-
cations related to improving device performance, sensing, spectroscopy, and nanophotonics
among others are some of the hotly pursued areas.1–11

Two plasmonic crystals are realized for specific applications in optical and terahertz (THz)
wavelength regions, respectively. First structure has an array of H-shaped air grooves in gold
which makes use of the shape anisotropy-based polarization-dependent response for polariza-
tion-selective switching.12 In such a structure, the linear x- and y-polarized light have different
resonances based on the dimensions of the constituent element (which is “H” in the present
case). The designed structure is shown to have a good polarization selection or for a given linear
polarization, the orientation of the sample controls the transmission resonance.12

Similarly, an array of U-shaped groove is studied for THz localization.13 One of the ways to
generate THz wavelengths is by a short-laser pulse excitation of an antenna or a nonlinear optical
crystal. These processes generate broadband THz from which filtering required wavelengths is
a challenging task. It was recently found that arrays of U-shaped grooves and the split ring
resonators offer THz localization.13

In both the applications discussed earlier, fabrication is critical as the response of the structure
for the desired application critically depends on the shape and quality of the pattern fabricated.
Present day lithographic techniques facilitate writing structures over large areas needed for opti-
cal probing. Depending on the overall size and the minimum feature size in the pattern, there are
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several techniques like direct laser writing by scanning an intense laser beam,14 techniques based
on two-photon polymerization,15 focused ion beam,16 nanoimprint-,17 interference-,18,19 and
photo-20 lithography among others.

We use electron beam lithography (EBL) for writing as it offers very high precision followed
by dry etching of metal. For large area writing of arrays of asymmetric structures with large
aspect ratio, several factors are to be considered. For example, stitching errors (alignment of
write fields),21 and proximity effects (effect of electron beam dose at one point depends on
the dose applied at neighboring points)21–23 among others are crucial. The novelty of this
paper is in the fabrication of arrays of asymmetric air groove patterns in gold film on quartz
substrates by optimizing the EBL and dry etching processes. The experimental demonstration
of the applications of the structures is presented in Refs. 12 and 13. The paper is organized as
follows. In Sec. 2, substrate preparation required before thin film deposition and lithography is
presented. Section 3 presents the H-shape groove fabrication and Sec. 4 presents the optimized
process for U-shaped grooves. Section 5 summarizes the results.

2 Substrate Preparation

Fabrication process involves degreasing the optically flat quartz substrates in vapors of trichloro-
ethylene followed by acetone. To remove any residual liquid, we blow-dry the substrates with
dry nitrogen gas and heat the substrates to 130°C for 8 min. A gold film of 100-nm thickness was
deposited by sputtering on the quartz substrate. Initially, the chamber was evacuated to achieve
5 × 10−6 mbar pressure before introducing Argon gas of 30 sccm to have 8 × 10−3 mbar pres-
sure during sputtering. A gold target of 99.99% purity was sputtered at 50 W rf-power for 4 min
40 s to achieve 100-nm-thick gold film. The thickness and surface quality of the gold film were
tested by profilometer and AFM, respectively. Root-mean-square (rms) surface roughness of
<1 nm was measured indicating very good quality deposition. The substrate with gold film
was prebaked for 6 min at 175°C. For the required small feature sizes, we used ZEP520A-
positive tone electron beam resist. The resist was spin coated on the gold film at 3000 rpm
with a ramp of 300 rpm∕s. The sample was then baked again for 6 min at 175°C to remove
the residual solvent from the resist.

3 H-Shaped Air Holes in Gold Film

The computer aided design (CAD) was prepared for the plasmonic crystal structure with H-type
air hole arrays. The period was chosen to be 300 nm with each vertical arm of the H-pattern to be
200-nm long and 50-nm wide. The horizontal arm connecting the two vertical arms is of 100-nm
long and 50-nm wide. The design optimization is presented in Ref. 12. We used Raith e-Line
EBL system. Although writing fine features, the dose at a given point is affected by that at the
neighboring points. Thus, the dose calculation at each point has to be calculated properly by
considering the effect of neighboring points and this is known as proximity error correction.
We used the Nanopecs tool from Raith for proximity error correction to calculate the dose. To
optimize the dose and other exposure conditions, we wrote 5 × 5 arrays of H-patterns initially.
The accelerating voltage was 20 kV for the e-beam and to achieve fine features, we used 7.5-μm
aperture. The exposed patterns are developed in ZED-N50 developer for 2 min followed by
isopropyl alcohol (IPA) for 1 min which acts as a stopper. To transfer the pattern from resist to
the gold, we use reactive ion etching. This involved two steps: in the first step, we etch gold using
Argon plasma. To reduce the damage of gold film, we use 1-min etch stop for every 1 min
etching. Different parameters are Argon mass flow 50 sccm, rf power 138 W, pressure of 1 Pa,
and etch time was 7 min 20 s. To protect the ICP head of the Sentec SI 500 ICP-RIE system, we
use a Teflon mask to cover the ICP head while doing metal etching. This is followed by oxygen
plasma etching of the residual resist with oxygen mass flow 50 sccm, rf power 80W, 1 Pa pressure,
and etch time of 8 min. The steps involved in the fabrication process are shown in Fig. 1.

For dose optimization, we varied the dose from 100 to 600 μC∕cm2 in steps of 25. Although
we found the pattern to be apple shaped with rounded off edges due to over exposure for dose
>350 μC∕cm2, for dose >200 μC∕cm2, we did not find any pattern due to incomplete exposure
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of the resist. So we optimized the resist thickness by thinning the resist by preparing a solution
with two parts of ZEP520A and one part of Anisole (solvent of ZEP520A) by volume. This
gave a resist thickness of 100 nm and for dose between 250 and 300 μC∕cm2, we could see
the patterns transferred to gold after final etching. But still features were not sharp at the inner
corners of H structure, where side channels and horizontal channel meet.

The CAD which used NanoPECS for proximity effect correction is shown in Fig. 2(a). The
color code defines the dose at each point. For example, the dark blue region at the center has the
smallest dose and the green color regions at the edges have the highest dose. The SEM image of
the structure is shown in Fig. 2(b), which shows a distortion in the shape especially in the middle
region where the dose is the largest.

To improve the fabrication, so that we realize a pattern close to the designed one, we tried
different shapes in the CAD as shown in Figs. 3(a)–3(d). Figure 3(d) which shows the final CAD
structure that gave the optimum pattern whose SEM image is shown. Initially, for the structure
shown in Fig. 3(a), we obtained the desired structure in the dose range of 250 to 300. Successive
improvisations made in the structure were (1) introducing the gaps between the side channels and
central channel to reduce the proximity effect. The size of the gap was also varied and optimized,
(2) changing the shape as well as the height and width of the central channel to reduce proximity
effect. It can be seen that step-like features were introduced in the design to improve the struc-
ture. The idea was to have the central channel wide at the center and tapering toward the end to

Fig. 1 Schematic of the fabrication process of H-slits in gold film is shown. The H-pattern has
two-side channels or slits of rectangular shape as shown in (c). The slit is 50-nm wide and
200-nm long. The two-side channels are connected by a horizontal groove which is 50-nm
wide and 100-nm long at the center. The required plasmonic metamaterial structure has
periodicity of 300 nm to form a two-dimensional (2-D) array of H-patterns.

Fig. 2 (a) Initial CAD design of H-structure. (b) Corresponding SEM image obtained after electron
beam lithography and reactive ion etching. Different dimensions are total width of H-pattern is
220.7 nm (W ¼ 200 nm), length of the left arm is 193.7 nm (Ll ¼ 200 nm), width of the left vertical
arm is 79.04 nm (Wl ¼ 50 nm), width of the right vertical arm is 84.08 nm (Wr ¼ 50 nm), and width
of the central arm is 68.65 nm (Wc ¼ 50 nm). Numbers in brackets are designed values.
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counter the proximity effect at the edges, (3) height and width of the side channels were also
varied to get required dimensions of the structure. Step-like features were introduced at the top
and the bottom corners of the side channels to overcome the rounding effect at the edges,
(4) adjusting various parameters of NanoPECS proximity error correction tool to get the
final structure. One of the prominent parameter in NanoPECs is the step size. NanoPECS frag-
ments the CAD into smaller pieces with minimum size of the fragment equal to the step size. The
minimum step size in Raith e-Line EBL system is 2 nm. However, even with a step size of
6 nm, it took 7 h to write the pattern over 60 × 60 μm2 area. Also, to write structures with dimen-
sions <100 nm, we found that it gives correct features when we take all the dimensions
of the structure in multiples of the step size. The final CAD, which was fragmented by
NanoPECS with the step size of 6 nm, is shown in Fig. 4(a) after fragmenting. NanoPECS
assigns dose to various fragments according to an algorithm based on proximity effect
correction.

The final CAD, shown in Fig. 4(a), was assigned the dose pattern shown in Fig. 4(b). The
dose variation is shown in terms of color coding. The color coding is assigned in terms of dose
factor. Dose factor stands for the ratio of dose assigned for the fragment to base dose which was
250 μC∕cm2. Light blue color indicates the dose factor of 0.527 and the dark blue indicates a
dose factor of 0.377. This design gave the final desired structure. The final structure was
fabricated over an area of 60 × 60 μm2. The optimum parameters are aperture size 7.5 μm,
acceleration voltage 20 KV, 1000× magnification, 100 μm write-field, step size 0.006 μm, and
base dose 250 μC∕cm2. Optical measurements demonstrated the proposed polarization switch-
ing between ∼750- and ∼1400-nm wavelengths.12 A reasonably good match of the resonant
wavelengths and the polarization switching mechanism shows that the obtained patterns are
within acceptable error.12

4 U-Shaped Slits in Gold

Arrays of U-shaped slits are used to recently demonstrate the field localization and related
bandpass filter application in THz-wavelength region.13 Split-ring resonator structures are also
fabricated by EBL for studies in THz-wavelength range. Initially, arrays of U-structures are

Fig. 3 Successive improvements tried in the CAD for H-pattern are shown in (a)–(c). (d) Final CAD
of H-structure and the corresponding SEM image obtained after fabrication. Different dimensions
are W ¼ 205.1 nm (200 nm), Ll ¼ 198.5 nm (200 nm), Wl ¼ 51.7 nm (50 nm), Wr ¼ 50.54 nm
(50 nm), Wc ¼ 71.05 nm (50 nm), and period ¼ 295.2 nm (300 nm). Numbers in brackets are
designed values.
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prepared. For THz-wavelength region, one would require large area patterns. The dimensions of
the U-grooves to be written in gold film are shown in Fig. 5. To achieve the required large aspect
ratio with EBL, we used a combination of fixed beam moving stage (FBMS) and normal writing.
For example, to avoid stitching error while writing the long arm of the U, we need to use FBMS.
However, as shown in Fig. 5, using a combination of FBMS areas resulted in not so good
patterns. So, we used a combination of FBMS and normal area components. Two different com-
binations are used as shown in Fig. 5. Care must be taken while combining the FBMS and
normal areas such that the alignment is perfect between them.

Fig. 4 (a) Final CAD that gave optimum H-pattern. (b) The dose variation within the pattern and
(c) the SEM image of the final pattern written.

Fig. 5 Schematic of the U-shaped air groove which is to be written as a 2-D array in gold film. (b),
(c), and (d) shows the different ways to write the pattern along with the SEM image of the pattern.
Raster scanning of the e-beam dictates the final outcome of the pattern. A combination of FBMS
and normal areas gave good results.
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The final process for writing metamaterials for THz-wavelength range with U-shape con-
stituents is a gold film of 100-nm thick that was deposited on clean fused silica substrate
using rf-magnetron sputtering. E-beam resist PMMA 495A was spin coated on the gold layer
at 2000 rpm with 400 ramp for 45 s and array of U aperture unit was written on the resist by
EBL (Raith e-Line). The parameters such as aperture size (10 μm), write field (100 × 100 μm2),
and acceleration voltage (20 kV) were optimized to obtain the desired shape and size of the unit
cell. After the exposure, the samples were developed in MIBK:IPA (1∶3) solution for 90 s at 21°
C followed by rinsing in IPA for 60 s. Subsequently, the pattern was transferred onto the metal
by reactive ion etching using Ar plasma. The following etch process parameters were set:
etch time is 7 min 20 s, flow rate is 50 sccm, radiofrequency power is 138 W, and chamber
pressure is 1 Pa. The residual resist was removed by oxygen etching process with the following
parameters: etch time is 8 min, flow rate is 50 sccm, radiofrequency power is 80 W, and chamber
pressure is 1 Pa. In the CAD, dose of FBMS and normal areas was varied from 100 to
250 μC∕cm2 in steps of 25 μC∕cm2 to find the optimum dose. In the final CAD, dose of
125 μC∕cm2 was given to FBMS areas and dose of 150 μC∕cm2 was given to normal
areas. The normal areas were used at the top of the structure as well as at the bottom of the
structure to get the desired result.

5 Conclusions

Large arrays of asymmetric shaped grooves in metal are interesting as they can be designed for
various specific applications. Two structures are designed, one with H-shaped grooves for polari-
zation-dependent switch at optical and near-infrared wavelengths and the second with U-shaped
grooves for localizing THz radiation. These are high aspect ratio structures with the performance
of the device critically dependent on the shape and uniformity of the structure. For precise writ-
ing of these patterns by EBL, the process was optimized in several steps. In addition to the
standard parameters like the write-field, magnification, accelerating voltage, aperture size, prox-
imity error correction among others, the CAD itself may need to be optimized to get the structure
as close to the design as possible. We used FBMSmethod for stitch accuracy and also introduced
etch stops to improve the gold surface quality after etching. We presented the optimization pro-
cedure used for two different patterns with large aspect ratios.
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