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Abstract

Terahertz (THz) split ring resonator (SRR) metamaterials (MMs) has been studied for gas, chemical, and biomolecular sensing applications
because the SRR is not affected by environmental characteristics such as the temperature and pressure surrounding the resonator.
Electromagnetic radiation in THz frequencies is biocompatible, which is a critical condition especially for the application of the biomolecular
sensing. However, the quality factor (Q-factor) and frequency responses of traditional thin-film based split ring resonator (SRR) MMs are very
low, which limits their sensitivities and selectivity as sensors. In this work, novel nanopillar-based SRR MMs, utilizing displacement current,
are designed to enhance the Q-factor up to 450, which is around 45 times higher than that of traditional thin-film-based MMs. In addition to the
enhanced Q-factor, the nanopillar-based MMs induce a larger frequency shifts (17 times compared to the shift obtained by the traditional thin-
film based MMs). Because of the significantly enhanced Q-factors and frequency shifts as well as the property of biocompatible radiation, the
THz nanopillar-based SRR are ideal MMs for the development of biomolecular sensors with high sensitivity and selectivity without inducing
damage or distortion to biomaterials. A novel fabrication process has been demonstrated to build the nanopillar-based SRRs for displacement
current mediated THz MMs. A two-step gold (Au) electroplating process and an atomic layer deposition (ALD) process are used to create sub-10
nm scale gaps between Au nanopillars. Since the ALD process is a conformal coating process, a uniform aluminum oxide (Al2O3) layer with
nanometer-scale thickness can be achieved. By sequentially electroplating another Au thin film to fill the spaces between Al2O3 and Au, a
close-packed Au-Al2O3-Au structure with nano-scale Al2O3 gaps can be fabricated. The size of the nano-gaps can be well defined by precisely
controlling the deposition cycles of the ALD process, which has an accuracy of 0.1 nm.

Video Link

The video component of this article can be found at https://www.jove.com/video/55289/

Introduction

Terahertz (THz) metamaterials (MMs) have been developed for biomedical sensors and frequency-agile devices1,2,3,4,5,6,7,8,9,10,11. In order to
improve the sensitivity and frequency selectivity of the THz MM sensors, a nanopillar-based split ring resonator (SRR) has been designed using
displacement current generated inside gold (Au) nanopillar arrays to excite THz resonances with ultra-high quality factors (Q-factors) (~450)
(Figure 1)12. Even though nanopillar-based SRRs show high Q-factors and promising sensing abilities, fabrication of such nanostructures with
high aspect ratios (more than 40) and nano-scale gaps (sub-10 nm) over a large area remains challenging13.

The most commonly used technique to fabricate nano-scale structures is electron-beam lithography (EBL)14,15,16,17. However, the resolution
of EBL is still limited due to the beam spot size, electron scattering, properties of the resist, and the development process18,19. In addition, it is
not practical to fabricate nanostructures using EBL over a large area due to a slow process time and large process costs20. Another strategy
to achieve nanostructures is to use a self-assembly technique21,22. By self-assembling metal nanocubes (NCs) in a solution and utilizing the
electrostatic interaction and the association of polymer ligands between NCs, a well-organized one-dimensional NC array with nano-scale gaps
can be achieved23. The nano-gap size depends on the polymer ligands between the NCs and can be controlled by applying different polymer
materials with different molecular weights24,25,26. Self-assembly is a powerful technique for achieving scalable and cost-efficient nanostructures23.
However, the fabrication process is more complicated compared to conventional micro and nano fabrication processes, and the control of nano-
gap sizes is not precise enough for electronic device applications. In order to successfully fabricate nanopillar-based SRRs, a novel fabrication
method should be invented to achieve the following goals: i) the fabrication process is easy to apply and is compatible with conventional micro
and nano fabrication processes; ii) fabrication over a large area is applicable; iii) nano-gap sizes can be easily and precisely controlled with a 0.1
nm resolution and can be scaled down to 10 nm or less.

A novel fabrication method is demonstrated using the combination of an electroplating process and an atomic layer deposition (ALD) process
to fabricate nanopillar-based SRRs. Since electroplating is a self-filling process with low cost, it is easy to fabricate structures over a large area.
ALD is a chemical vapor deposition (CVD) process that can be precisely controlled by the reaction cycle during the process. The resolution of
ALD thin film can be 0.1 nm, and the thin film is uniformly coated with a high quality, which is suitable to create nano-scale gaps27,28. Nanopillar-
based SRR array with 10 nm gaps or less can be successfully fabricated over an area of 6 mm × 6 mm. Both simulated and measured THz
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transmission spectra show resonant behaviors with ultra-high Q-factors and large frequency shifts, which proves the feasibility of the nanopillar-
based SRRs mediated by displacement current. The detailed fabrication process is described below in the protocol section, and the video
protocol can help practitioners to understand the fabrication process and avoid common mistakes associated with the fabrication of nanopillar-
based SRRs.

Protocol

Caution: Several of the chemicals used in these syntheses are toxic, highly flammable, and may cause irritation and severe organ damage when
touched or inhaled. Please wear appropriate personal protective equipment (PPE) when handling.

1. Preparation of the First Layer of Gold (Au) Nanopillar Arrays (Figure 2a-c and Figure 2e-
g)

1. Preparation of Copper (Cu) Seed layers for Au electroplating (Figure 2a, b and Figure 2e, f)
1. Use a 4" high resistivity silicon (Si) wafer (resistivity: 560 - 840 Ω·cm) as the substrate. The Si wafer is N-type doped and polished on

one side (Figure 2a, e).
2. Cut the Si wafer into 2 cm × 2.5 cm pieces for later use.
3. Deposit a 5 nm chromium (Cr) layer on the Si sample using an electron-beam (E-beam) evaporation process as an adhesion layer

between the Si and Cu.
4. Deposit a 10 nm Cu layer on top of the existing Cr layer using an E-beam evaporation process as the seed layer for Au electroplating

(Figure 2b, f).

2. Electroplating the Au nanopillar array (Figure 2c, g)
1. Patterning the nanopillar array

1. Spin coat photoresist on the sample prepared in section 1.1 at 2,000 rpm for 60 s.
2. Bake the sample on a hot plate at 115 °C for 60 s.
3. Expose the photoresist under ultraviolet (UV)-light (power of ~15 mW/cm2) with a Cr photomask that contains thousands of

nanopillar patterns for 22 s.
4. Develop with a developer for 90 s with agitation.
5. Rinse the sample with deionized (DI) water and blow-dry the sample with an air gun.

2. Electroplating the Au nanopillar array
1. Remove the top section of the photoresist on the sample with acetone to expose the Cu seed layer for electrode connection.
2. Connect the sample (Cu seed layer) to the negative terminal of a source meter using a clamp and a wire. In this case, the

sample is the anode during the electroplating process.
3. Connect a piece of platinum (Pt) coated Si (same size as the sample) to the positive terminal of the source meter. The Pt is the

cathode during the electroplating process.
4. Submerge both the Pt cathode and Cu anode in the Au electroplating solution. Keep the two electrodes facing each other with a

distance of ~ 1 cm.
5. Turn on the source meter and supply a constant voltage of 1.12 V. Electroplate Au on the sample for 8 min (deposition rate: ~

100 nm/min).
6. Rinse the sample with DI water, followed by acetone to remove the photoresist.
7. Rinse the sample with DI water again and blow-dry with an air gun.
8. Inspect the electroplated Au nanopillar array under a microscope.
9. Measure the thickness of the Au nanopillars with a profilometer (The thickness of the Au nanopillars is ~800 nm).

 

NOTE: Constant current set-up can also be used to electroplate Au nanopillars. In both constant voltage and constant current
set-ups, the ideal current and voltage used for Au electroplating can be achieved by trial and error.

2. Creation of Nano-gaps between Au Nanopillars (Figure 2d, h)

1. Removal of Cr and Cu layers
1. Submerge the sample in Cu etchant until the Cu color disappears.
2. Rinse the sample with DI water and blow-dry with an air gun.
3. Inspect the Au nanopillars under a microscope.
4. Submerge the sample in Cr mask etchant for 10 s.
5. Rinse the sample with DI water and blow-dry with an air gun.
6. Inspect the Au nanopillars under a microscope.

2. Fabrication of nano-scale Aluminum Oxide (Al2O3) gaps
1. Heat the ALD system chamber to 200 °C.
2. Place the sample in the center of the chamber.
3. Pump down the chamber to a vacuum and set the cycle number to 100 (deposition rate: ~1 Å/cycle).
4. Sequentially and alternatively pulse trimethylaluminum (TMA) gas with a time period of 0.015 s and water (H2O) vapor with a time

period of 0.015 s into the chamber to uniformly deposit Al2O3 layers on the sample. The time gap between each pulse is 5 s. The
chamber pressure during TMA pulse is 10 Torr and the pressure during H2O vapor pulse is 2 Torr.
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5. Purge and vacuum the chamber between each cycle of the deposition. Deposit Al2O3 for 100 cycles and take out the sample from the
chamber.

6. Measure the thickness of the ALD Al2O3 using an ellipsometer.

3. Preparation of the Second Layer of an Au Thin Film (Figure 2i-l and Figure 2m-p)

1. Preparation of Cu Seed layers for Au electroplating (Figure 2i, m)
1. Place the sample in the center of an E-beam evaporator sample holder.
2. Turn off the rotation of the sample in the E-beam evaporator.
3. Deposit a 5 nm Cr layer on the sample to act as an adhesion layer between Al2O3 and Cu. Use an E-beam evaporation process without

sample rotation.
4. Deposit 10 nm Cu on top of the existing Cr layer using an E-beam evaporation process without sample rotation as the seed layer for Au

electroplating.

2. Electroplating the Au thin film (Figure 2j, n)
1. Connect the sample (Cu seed layer) to the negative terminal of the source meter using a clamp and a wire. In this case, the sample is

the anode during the electroplating process.
2. Connect the Pt cathode to the positive terminal of the source meter.
3. Submerge both the Pt cathode and Cu anode in the Au electroplating solution. Keep the two electrodes facing each other with a

distance of ~ 1 cm.
4. Turn on the source meter and set up constant voltage of 1.35 V and electroplate Au on the sample for 16 min.
5. Rinse the sample with DI water and blow-dry with an air gun.
6. Inspect the electroplated Au and the previously electroplated Au nanopillar array under a microscope.
7. Measure the thickness of the Au nanopillars with a profilometer (Thickness of the Au nanopillars is ~400 nm).

 

NOTE: Similar to the Au electroplating in section 1.2.2, constant current set-up can also be used to electroplate Au thin film. In both
constant voltage and constant current set-ups, the ideal current and voltage used for Au electroplating can be achieved by trial and
error.

3. Removal of Cr and Cu layers (Figure 2k, o)
1. Submerge the sample in Cu etchant for 10 s.
2. Rinse the sample with DI water and blow-dry with an air gun.
3. Inspect the Au nanopillars under a microscope.
4. Submerge the sample in Cr mask etchant for 10 s.
5. Rinse the sample with DI water and blow-dry with an air gun.
6. Inspect the Au nanopillars under a microscope.

 

NOTE: Alternatively, submerge the sample in Au electroplating solution again to deposit an extra layer of Au on top of the second
electroplated Au layer after the removal of Cr and Cu (step 3.3). This extra Au layer increases the total thickness of the second Au
layer and ensures good contact between the Au layer and the Al2O3 layer (Figure 2i, p).

4. Definition of C-shape SRR (Figure 2q-s and Figure 2u-w)

1. Patterning the C-shape SRR (Figure 2q, u)
1. Spin coat a photoresist on the sample at 2,000 rpm for 60 s.
2. Bake the sample on hot plate of 115 °C for 60 s.
3. Expose photoresist under UV-light (power of ~15 mW/cm2) with a Cr photomask for 22 s.
4. Develop with a developer for 90 s with agitation.
5. Rinse the sample with DI water and blow-dry the sample with an air gun.

2. C-shape definition using ion mill (Figure 2r, v and Figure 2s, w)
1. Attach the sample on an ion mill sample holder using double-sided Cu conductive tape.
2. Cool down the ion mill chamber to 6 °C.
3. Ion mill the sample with a beam voltage of 300 V and a beam current of 125 mA for ~30 min.
4. Take out the sample and inspect the Au nanopillars outside the C-shape.
5. Repeat step 4.2.3 and 4.2.4 if Au is still visible outside the C-shape.
6. Sonicate the sample in acetone to remove the photoresist.
7. Rinse the sample with DI water and blow-dry with an air gun.
8. Inspect the sample under a microscope.
9. Repeat step 4.2.6 and 4.2.7 if photoresist is not fully removed.

 

NOTE: Alternatively, apply oxygen resist softening steps to the photoresist before removing the photoresist. However, a sonication bath
is the most effective method to remove photoresist if applicable.

5. Removal of Al2O3 for Air Nano-gaps (Figure 2t, x)

1. Submerge the sample in 5% hydrogen fluoride (HF) solution for 5 min to remove Al2O3.
2. Rinse the sample with DI water and blow-dry with an air gun.
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Representative Results

Fabrication schemes show each step (Figure 2a-x). Optical images (Figure 2y-ac) and scanning electron microscope (SEM) images (Figure
2ad-ag) were collected for the nanopillar-based SRRs at different fabrication steps. Animations (Figure 2a-c) illustrate the first layer of
electroplated Au nanopillars and the second layer of electroplated Au films as well as the nano-gaps created between them. Figure 2d
shows the cross-section scheme of nanopillar-based SRRs with both Al2O3 nano-gaps and air nano-gaps. SEM images were collected for the
nanopillar-based SRR array and nano-scale gaps between Au nanopillars (Figure 2af, 2ag, 3e-h). Both simulated and measured transmission
spectra of the samples with Al2O3 nano-gaps and air nano-gaps were shown (Figure 3i-l).

 

Figure 1: illustration of nanopillar-based SRRs mediated by displacement current. (a, b) Displacement current (Id) induced between two
metal plates and two nanopillars by electric fields E. (c) Schematic of nanopillar-based SRRs defined by thousands of Au nanopillars (H: height
of the nanopillar, A: facing area; d: nano-gap size; l: width of nanopillar and ε: permittivity in the nano-gaps). (d) Q-factor of thin-film-based SRR
and nanopillar-based SRR. A Q-factor of around 450 can be achieved with a nanopillar-based SRR with a nano-gap size of 10 nm. The figure is
adapted with permission from Advanced Optical Materials12. Please click here to view a larger version of this figure.
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Figure 2: Fabrication schemes of nanopillar-based SRRs.  (a-t) 3D animation and cross-section schematics of the fabrication process of
nanopillar-based SRRs. (y-ac) Optical images of nanopillar-based SRRs at different fabrication steps. (ad-ag) SEM images of nanopillar-based
SRRs at different fabrication steps as well as a 5 nm Al2O3 gaps (ag). The figure is adapted with permission from Advanced Optical Materials12.
Please click here to view a larger version of this figure.

 

Figure 3: Characterizations of nanopillar-based SRRs. (a-d) Fabrication schemes of nanopillar-based SRRs. (e-h) SEM images of nanopillar-
based SRRs. (i) Simulated transmission spectra of Al2O3 nano-gap nanopillar-based SRRs. (j) Measured transmission spectra of Al2O3 nano-
gap nanopillar-based SRRs. (k) Simulated transmission spectra of air nano-gap nanopillar-based SRRs. (l) Measured transmission spectra of air
nano-gap nanopillar-based SRRs. The figure is adapted with permission from Advanced Optical Materials12. Please click here to view a larger
version of this figure.
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Discussion

This fabrication technique has significant advantages for creating nano-scale structures over existing methods such as E-beam lithography
and self-assembly. First, nano-scale structures can be realized over a large area (an entire wafer) using a photomask that features nanopillar
arrays, which is not practical with an E-beam lithography process. Second, the fabrication process uses a traditional wafer scale micro fabrication
process, which is much faster, simpler, and cheaper compared to E-beam lithography. Third, the atomic scale nano-gaps can be easily created
by an ALD process with precisely controlled feature sizes.

Cr and Cu E-beam evaporations without sample rotation allow Cr and Cu deposition directly onto the substrate with minimized sidewall
deposition. This is crucial for the following Au electroplating process because Au can only be electroplated on the Cu seed layer that is
connected to the source meter. Since the Cu layers on top of the Au nanopillars are disconnected with the Cu layer on the substrate, Au
cannot be electroplated on the substrate. The quality and thickness of the electroplated Au depend on the electroplating voltage/current and
the electroplating time. Higher voltage/current leads to a high deposition rate. However, high voltage/current can also result in low quality Au
deposition. Electroplated Au with low quality has a lower electrical conductivity compared to standard Au material as well as lots of voids in Au,
which reduces the intensity of the displacement current circulating the SRR, leading to a weak resonant behavior and a lower magnitude of
the resonant peaks. Therefore, a suitable voltage/current is essential to achieve high quality Au nanopillars. Electroplating time and voltage/
current should be also precisely controlled to make sure that the thickness of the Au thin film (the second layer of Au) is less than that of the Au
nanopillars (the first layer of Au).

100 cycles of ALD can achieve about 10 nm thick Al2O3 layer on both the Si substrate and the sidewalls of the Au nanopillars. The deposition
rate and quality of the Al2O3 deposited by ALD depends on the reaction temperature inside the chamber. A reaction temperature of above 200
°C is recommended to achieve high quality Al2O3 films. The cycle number and temperature can be precisely controlled to obtain Al2O3 layer with
desired thickness. The size of the nano-gaps (Figure 3h) is critical for achieving high Q-factors of the nanopillar-based SRRs. An increase of
nano-gap size increases the energy storage inside the nano-gaps, which leads to a high Q-factor. However the size of nano-gaps cannot be
increased without limitation. When nano-gap sizes exceed about 50 nm, the displacement current between Au nanopillars drops dramatically and
is unable to pass through the nano-gaps, leading to the disappearance of the resonant responses. In addition, if the size of the Al2O3 nano-gaps
is less than 2 nm, the electroplating voltage for Au deposition can breakdown the dielectric barrier (Al2O3 nano-gaps), resulting in the conduction
between Au nanopillars and the Au electroplating solution, which leads to a second Au layer electroplated on top of the Au nanopillars (a first
gold layer). This limit leads to the difficulty to achieve ultra-thin Al2O3 gaps without breaking the dielectric barrier between Au nanopillars.

A finite element method (FEM) was used to simulate the SRRs (Figure 3i and 3k). Three resonance peaks in the transmission spectra are
known as the first (1st) mode, second (2nd) mode, and third (3rd) mode of the SRR. The transmission spectra of the nanopillar-based SRRs with
10 nm Al2O3 gaps and 10 nm air gaps were measured using a THz time-domain spectroscopy (Figure 3j and 3l). All the measured transmission
spectra match the simulated data, which proves that the fabricated nanopillar-based SRRs meet the expected design.

The combination of continuous metal thin films and dielectric nano-scale gaps provide structures for more energy storage compared to traditional
film-based SRRs, which results in ultra-high Q-factors of around 450 (more than 45 times higher than the Q-factor of the traditional thin-film-
based SRRs) and large frequency shifts (around 17 times larger than the frequency shift of the thin-film-based SRRs). The unique fabrication
technique shown in this video journal allows for the fabrication of thousands of nanopillar forming SRRs over a large area. Since the formation
of Au nanopillars largely increases the surface areas of the SRRs and the number of nano-scale gaps between Au nanopillars enhances the
amount of the energy storage (electric charges), ultra-high Q-factors can be achieved leading to a high sensitivity. In addition, the substances
applied to the nanopillar-based SRRs are presented inside the nano-gaps contribute to the permittivity changes of the nano-gaps, resulting
in large frequency shifts of the nanopillar-based SRRs, which leads to a high selectivity. Thus the nanopillar-based SRRs fabricated using Au
electroplating and ALD techniques are ideal for highly acute chemical and biomolecular sensing units.
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