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Abstract Laser interference lithography (LIL) has the ca-
pability to fabricate large-area microstructures on the pho-
toresist with only a couple of minutes’ exposure and de-
velopment. In this study, LIL was adopted to fabricate mi-
cro/nanostructures in quartz by combining the following
dry-etching process either reactive ion etching (RIE) or in-
ductively coupled plasma (ICP). A layer of gold film was
coated on the quartz to act as a hard mask during the dry-
etching process. A microhole array in quartz with a thin gold
film covered on the surface was fabricated when choosing
RIE. Each hole in the microhole array was surrounded with
gold nanoparticle capped silica (Au/SiO;) cones when us-
ing ICP instead of RIE. This is due to the thin gold film
that serves as the mask for creating the surface roughness
required for creating the silica cone structure.

1 Introduction

Over the past decades, two-dimensional micropatterned sur-
faces with desired morphology and surface property have at-
tracted considerable attention and led to a wide range of ap-
plications in self-assembled biochemical sensors, well con-
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trolled cellular microenvironments, and medical diagnos-
tic microdevices [1, 2]. Several approaches have been pro-
posed to prepare patterned surfaces as self-assembly tem-
plates [3, 4], among which photolithography-based and soft-
lithography-based techniques have been the most popular
choices. In addition, high-aspect-ratio nanostructures, such
as nanopillars, are becoming crucial for many novel ap-
plications, such as self-cleaning superhydrophobic coatings
[5], dynamic wettability tuning for microfluidic manipula-
tion [6], biomimetic dry adhesives [7], surface modification
for biomolecule detection and cell studies [8], and so on.
To fabricate the nanostructures with large aspect ratio, RIE
is usually used together with metal masks with features in
nanometer scale, which is typically fabricated using e-beam
lithography [9, 10]. However, e-beam lithography is time-
consuming and expensive, and, therefore, not suitable for
the large-area fabrication of nanoscale structures for prac-
tical applications. Other methods such as polymer sphere
lithography [11] and sedimentation of colloidal gold parti-
cles as etching masks [12] have been studied. However, they
suffer from difficulty to form monolayer of closely packed
nanospheres and sensitivity to contamination, respectively.
A simple alternative is the self-formation of nanoscale etch-
ing masks in the form of rough metal films with an inevitable
drawback of broad size distribution of fabricated nanostruc-
tures [13].

These studies focused on either microstructure or nanos-
tructure fabrication with different techniques. In this study,
we fabricated both micrometer and nanometer structures si-
multaneously by the dry-etching process. The microstruc-
ture is a periodical microhole array for micrometer bio-
functional beads capture, and the nanostructure surrounds
each microhole with the possibility to improve beads dis-
persing capability because of their wettability tuning to
the substrate [6]. Considering the substrate, glass or quartz
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Fig.1 The schematic diagram of a laser interference lithography setup

are conventional inorganic substrates, and widely used in
bio-diagnostics and biomedical research because of their
well-understood and adapted physical and chemical prop-
erties [14]. Here, we fabricated microhole array in quartz
with Au film covered on the top surface through LIL and
RIE processing. The hydrophobic property of the metal
film would improve the chip capability for dispersing
bio-functional beads. Moreover, we fabricated hybrid ar-
ray structures of microhole with Au/silica nanocones sur-
rounded through LIL and ICP processing. The high-aspect-
ratio nanostructures would have better hydrophobic property
compared to metal film. The LIL applied has the advantages
of being non-contact process in air and maskless lithography
at a high speed with low system investment for large-area
pattern fabrication.

2 Experiment details

Laser interference lithography (LIL) is applied in mi-
cro/nanostructure fabrication. LIL is a maskless lithography
technique, which makes use of the interference pattern of
two incident laser beams and records the pattern on a pho-
toresist material. LIL has also proven its ability to generate
uniform two-dimensional patterns over a large area [15].
The interference pattern consists of a standing wave whose
intensity varies with a period equal to p = 1 /(2sin6), where
A is the wavelength of the laser beams, and 0 the half angle
at which two beams intersect. In this experiment, the expo-
sure was carried out using Llyod’s mirror setup [16] with
a 325 nm helium—cadmium (He-Cd) continuous wave laser
as the light source, as shown in Fig. 1.

Quartz substrate was first thoroughly washed with ace-
tone, followed by isopropyl alcohol (IPA) solution, and fi-
nally by deionized (DI) water. A 50 nm Au film deposi-
tion was carried out using an electron beam evaporator, as
shown in Fig. 2(a). Negative photoresist MAN1407 was
spin-coated on the top of Au layer, followed by a prebake
at 100°C for 1 min 30 sec. The spin-coating was done at
3500 rpm for 30 sec. The resulting photoresist has a thick-
ness of around 700 nm, as shown in Fig. 2(b).The photore-
sist pattern was formed by LIL. The exposure laser power
is around 0.2 mW and the exposure time used was 3 min.
The angle 6 was set according to the designed pattern di-
mension. Array of photoresist holes was achieved by ro-
tating the sample by 90° and subjecting it to a second ex-
posure, as shown in Fig. 2(c). Au etchant was adopted to
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Fig. 2 Schematic diagram of experimental procedures: (a) 50 nm
Au film coating on quartz substrate; (b) negative photoresist coat-
ing; (¢) photoresist exposure by LIL and development; (d) Au etchant;
(e) RIE or (f) ICP

etch away the exposed Au for deep holes. The wet chemical
etchant creates anisotropic profiles, as shown in Fig. 2(d).
After these processing, either RIE or ICP was chosen to fab-
ricate the structures. The schematic diagram of the RIE re-
sult is shown in Fig. 2(e), which is Au covered on the top
surface of the quartz microhole array. For the ICP result is
shown in Fig. 2(f), which is Au/SiO; cones surrounded mi-
crohole array.

In the dry-etching process, the photoresist pattern was
transferred to quartz substrate with photoresist and Au film
as the mask. For RIE, the etching gas was CF4 with a flow
rate of 50 sccm (standard cubic centimeters per minute). The
samples were etched for 15 min with 20 mTorr chamber
pressure and 250 W etching power. After etching the sam-
ples were cleaned immediately with acetone to remove any
residual reactive gas. When using ICP dry-etching process,
the reactive ion etching chamber had a pressure of 5 mTorr.
CF4 gas was released into the chamber as an etchant at a
flow rate of 50 sccm for 6 min. One power source (1000 W)
was used to generate dense plasma from the input gases.
A second power source (70 W) applied a voltage of approx-
imately 600 V to accelerate the plasma toward the substrate.
Both power sources operated at a frequency of 13.5 MHz.
Helium gas also simultaneously flowed at the back of the
substrate to maintain a temperature of 60°C during fabrica-
tion.

3 Results and discussion

Figures 3(a) and (b) show the imaging of the etched micro-
hole array with Au film covered on the top surface of the
structures, which were fabricated through LIL and RIE dry-
etching process. An area of 5 mm x 5 mm microhole ar-
ray was fabricated with around 6.2 million holes. The area
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Fig. 3 (a), (b) SEM imagings of quartz microhole array with gold
covered on the top surface of the array

can be increased with the same exposure time if a higher-
power laser is applied. It can be seen that the diameter of the
hole is around 1.2 pm and the space between holes is around
750 nm. The period can be tuning easily by changing 8, and
the feature size can be controlled by the exposure time.

In the RIE process, CF4 was chosen as the etching gas. It
is commonly used as a chemical etchant for either RIE (or
ICP) silicon (or silica) processing as fluorine radicals cre-
ated in the plasma react easily with Si [17]. When the pre-
pared sample as shown in Fig. 2(d) was undergoing the RIE
process, the fluorine plasma-generated ions chemically re-
acted with the exposed quartz substrate directly. The etching
rate could reach 100 nm/min under the setting parameters.
At the same time, the use of plasma-generated ions is a pure
physical ion bombardment process at the mask of photore-
sist and Au layer although there is no chemical reaction. The
photoresist is around 700 nm and the originally coated Au
film is around 50 nm. After 15 min RIE process, the photore-
sist was milled away completely while a few nanometers Au

\

Fig. 4 (a), (b) SEM imagings of quartz microhole array surrounded
by Au nanoparticle capped silica nanocones

layer is left. It can be seen clearly in Fig. 3(b) that an Au thin
film covers the top surface of the microholes, and there are
also Au nanoparticles shown in the imaging.

According to the etch rate of fluorine with fused quartz,
the hole depth should be around 1.5 pm after 15 min etching.
However, the depth of the hole was measured to be around
1.1 pym. It is possibly due to the Au etching process did
not etch away all the exposed Au completely. The plasma-
generated ions have to physically knock off the Au thin film
before chemically react with the quartz substrate. Therefore,
the depth of the hole in experiment is less than the expected
value.

Figures 4(a) and (b) show the imaging of Au nanoparticle
capped silica (Au/SiO;) cones surrounded microhole array.
For the same prepared samples before RIE or ICP process by
LIL and Au etching, the sample fabricated by ICP process
has also the same pattern area, the same period and feature
size. The hole depth is closely related with the dry-etching
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parameters, such as etching power, gas flow rate and etching
time. The hole depth in Fig. 4 is around 1 um under the
parameters described in experiment details.

ICP etch system typically contains two radio frequency
(RF) power sources and each of these power sources intro-
duces energy into the system in different ways. The ICP
power introduces energy by the use of an RF induction
coil upstream from the sample. This source does not cou-
ple its energy through the sample and can feed the cham-
ber with large amounts of power without affecting the sam-
ple electrically. The second RF power source is the bias
power which is located at the substrate holder. This source is
needed to form a plasma potential and obtain an anisotropic
etch. Plasma density and ion energy play important roles in
ICP system, and they are controlled and determined by ICP
power and bias power, respectively. ICP is a type of low-
pressure and high-density plasma discharges compared with
RIE which has the limitations of capacitive RF discharges
and their magnetically enhanced variants. Therefore, ICP
dry etching is a choice for small feature size etching process
and provides anisotropic and directional etch [17].

At the beginning of the ICP dry-etching process, the pho-
toresist were milled away rapidly and the thickness of Au
film was reduced quickly resulting from the high density of
physical ions bombardment. As we mentioned in Fig. 3(b),
the Au film became only a few nanometer thickness with
obvious Au nanoparticles in the SEM imaging. In ICP dry-
etching process, the Au nanoparticles occurred earlier due to
much higher-density ion bombardment. When the Au film
became a thin layer of separated nanoparticles, they served
as the mask for creating the silica nanocones. Since the
Au nanoparticles were formed from ion bombardment, they
have a broad size distribution. It can be seen from Fig. 4(b),
the nanoparticle diameter ranges from 5 nm to 150 nm and
the height of nanocone is around 1 pm. The aspect ratio
(AR = height/diameter) of the nanostructures ranges from
200 to 7. The shape of silica nanocones varies with the
different nanoparticle diameters. Meanwhile, the chemical
etching of fluorine ions with quartz substrate was very ef-
ficient, which led to quite a deep hole during the process.
By this approach, the hybrid micrometer and nanometer
structure can be designed and fabricated to increase the bio-
functional beads dispersion capability. The microstructure is
determined by the LIL technique, which is quite flexible for
the pattern size and shape tuning [18, 19]. The further size
and structure design will be realized by flexibly tuning the
parameters in LIL and also the ICP dry-etching parameters.

In addition, a 50 nm Au film coated quartz forms a rough
surface by a wet etching process using Au etchant, and then
Si0O; etching process by ICP. The quartz surface imaging is
shown in Fig. 5(a) and (b). It is a large-area Au nanopar-
ticle capped silica nanocones. The Au nanoparticle diam-
eter ranges from 5 nm to 80 nm, which is smaller than
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Fig. 5 (a), (b) SEM imagings of large-area Au capped silica
nanocones

Fig. 4. It is possibly due to the directly wet etching on the
Au film surface, which creates better surface roughness as
a mask for dry etching. Using gold thin film or nanoparti-
cles as a mask for high-aspect-ratio nanostructures fabrica-
tion has been studied in previous research. The presence of
gold nanoparticles is actually controlled by etching parame-
ters [20, 21]. For Au/SiO; nanocones, it is one of the catalyst
candidates for CO oxidation with better thermal stability and
easy regeneration property [22].

4 Conclusions

Micropatterned structures with desired surface property are
quite important in biochemical and bio-diagnostic devices.
Meanwhile, nanopatterned structures with high aspect ra-
tio are capable of wettability tuning and surface modifica-
tion for biomolecule detection and cell studies. In this study,
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we fabricated microstructure and nanostructures simultane-
ously in quartz substrate for bio-functional beads dispersion.
The periodical microstructure of microhole array is deter-
mined by laser interference lithography technique to tune
the size and shape. By controlling the dry-etching process
either RIE or ICP, the top surface of the microhole array can
be flexibly formed as metal film with rough surface or Au
nanoparticle capped silica nanocones. The nanostructures
form owes to the gold film that serves as the mask for cre-
ating the surface roughness to create the silica nanocones
when applying ICP dry etching process. The aspect ratio of
silica cone could reach 200, although the nanocones’ size is
not uniform. The nanostructure was designed to modify the
substrate surface by wettability tuning. Further research of
the bio-functional beads dispersion and the structure dimen-
sion design are in progress.
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