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PATTERNING TECHNIQUES FOR FABRICATION OF
SUBMICROMETER STRUCTURES IN PHOTORESIST,
111-V SEMICONDUCTORS AND PMMA

This paper presents experimental results in the field of planar periodic structures, their fabrication and analysis. We demonstrate tech-
niques and experimental results of fabrication of two-dimensional periodic structures and their preparation in a thin photoresist layer, I1I-V
semiconductors and PMMA - interference lithography using two coherent laser beams, nanoimprint lithography and lithography using near-

field scanning optical microscope.

1. Introduction

New applications in photonics and optoelectronics are focused
on exploitation of periodic structures known as photonic structures.
The photonic structures with submicrometer period enable to
change the optical and electrical properties of optic and optoelec-
tronic devices.

Periodic structures can be fabricated by different lithography
techniques as holographic lithography [1, 2], electron beam lith-
ography [3], nanoimprint lithography [2, 4, 5] and near-field scan-
ning optical microscope lithography [6-9]. Techniques presented
in this paper allow maskless definition of surface microstructures.

One of the simplest ways how to obtain microstructures with
two-dimensional geometry (2D) is holographic lithography based
on a double-exposure process using two-beam interference optical
field [1, 5, 6]. In this way, the holographic lithography produces
high-resolution periodic structures in a large area with low costs.
These periodic structures patterned in a thin photoresist layer can
be employed as a mask for the patterning of III-V semiconductor
surfaces, which may be attractive for optoelectronic and photonic
applications [10]. However, due to the diffraction limit, it is very
difficult for the holographic lithography to reach the subwave-
length resolution. The subwavelength resolution can be achieved
by submicron-diameter optical fiber, where the metal coated fiber
tip is used as a subwavelength fiber probe for a local exposure [6].
A combination of such a fiber probe with nanopositioning system
can be used as the near field scanning optical microscope lithog-
raphy with high exposure resolution.

Unlike the above optical forms of patterning that employ radi-
ation to delineate a pattern in a resist, non-radiation based pattern-
ing uses a mechanical mold that shapes a material into features.

One of these techniques is nanoimprint lithofraphy (NIL). As the
NIL’s working principle is fundamentally different from radiation-
based lithography, it has many advantages over conventional lith-
ography, as high pattern transfer fidelity, larger area and high
throughput [4, 5]. NIL does not use any energetic beams; there-
fore its resolution is not limited by the effects of wave diffraction,
scattering and interference in a resist and backscattering from
a substrate. Moreover, they can directly pattern functional mate-
rials to reduce fabrication steps.

In this work we present experimental results from holographic
lithography of two beam interference method and near field scan-
ning optical microscope lithography as effective optical techniques
for the preparation of 2D periodic structures in a thin photoresist
layer as well as on GaAs surfaces. Non-optical possibility of struc-
ture patterning was examined in PMMA material using nanoim-
print lithography.

2. Two-Dimensional Structures Patterned by
Interference Lithography

Holographic lithography using two beam geometry allows to
design one and two dimensional periodic structures by a simple
theoretical approach of interference of two optical plane waves.
The intensity distribution of the interference pattern of two optical
plane waves with the same intensity in the xy plane can be expressed
as [1]

I, = 4locos2[ksin9(xcosa + ysina)], (D

where [, is the intensity of the interfering beams, k is the wavenum-
ber, 0 is the semiangle between two interfering beams and the
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angle o represents the sample orientation in the xy plane (Fig. 1).
The optical field periodicity A is then determined by

A
A 2sin0’ &

where A is the wavelength of the interfering beams.

I 20

A
Fig. 1 In-plane intensity distribution of two interfering beams containing
angle 20 for defined sample rotation a according eq. (1)

The schematic in-plane distribution shown in Fig. 1 docu-
ments only 1D field distribution. The multiexposure process is
necessary for the preparation of 2D periodic structures. In case of
double exposure at different angles of sample orientation o, the
exposure dose is accumulated and the total exposure is the sum of
the partial exposures /,,(x,y) = I; + I, what finally forms 2D
optical field distribution.

2.1. Experiment

Periodic structures can be prepared on different metal and
semiconductor surfaces by interference lithography. In this exper-
iment the interference optical field is formed by the interference
of two coherent beams of the Argon ion laser operating at 488 nm.
A positive photoresists AZ 5214E layer is used as a mask [11].
The 10x expander was used for improving the exposure homo-
geneity in the exposed area with a diameter of 5 mm which resulted
in the exposure intensity of 25 mW/cmz both laser beams.

For the patterning of GaAs samples, n-doped GaAs substrates
were covered with 0.7 um thick photoresist film as a mask. The
photoresist film was spin-coated with post-baking at 103 °C for 50
seconds. After the exposure and photoresist development, the
samples were etched by Reactive ion etching (RIE) in CCl4/He
based plasma in ROTH & RAU MICROSYS 350 machine [10].
Only a weak absorption is documented for this type of employed
photoresist in the region of the Ar laser wavelength, which effects
insufficient polymerization of the photoresist at short exposition
times. Then the sample exposure was realized at exposition time
in the range of 10-12 min. Finally the structure quality was exam-
ined by an atomic force microscope (AFM).

2.2. Results and discussion

2D photonic structures with square symmetry were prepared
on GaAs surface using a double exposure process with sample in-
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plane rotation between the exposures at angle a = 90°. The
period of 2D photonic structure was set in the experiment to be
A = 2.0 um.

The distribution of 2D optical field in a double exposure
process typically can be described by a sinus function in xy plane
[1]. The sinusoidal shape was formed into the exposed photoresist
layer with the depth of approximately 600-700 nm in the devel-
oping process with duration of 25-30 s [11]. Additional develop-
ing starts a formation of the open regions in the photoresist mask
(30-40 s). The additional developing process (>40 s) enlarges
the open regions. Photoresist masks prepared in this way with dif-
ferent shaped open regions were used for the formation of 2D
structures onto GaAs surface.

Fig. 2 a) Simulation of the open regions (dark area)
in the photoresist mask, b) AFM image of prepared 2D photonic
structure in the GaAs substrate

The following RIE process preserves the shape of the photore-
sist mask in GaAs substrate. Fig. 2a demonstrates a simulation of
photoresist patterning on the GaAs surface after developing. AFM
image (Fig. 2b) shows the real etched structure in GaAs substrate
with the removed regions. These regions correspond to the nearly
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square shape of the photoresist mask (Fig. 2a). By etching the deep
structures (app. 500 nm), the final shape of structure reflects also
the photoresist mask thickness. It is evident on the barriers overetch-
ing, where the thickness of photoresist mask is the lowest. This
method allows the formation of open regions of different size
depending on the developing time, as well as on the time of RIE
process and experiment geometry [10, 11].

3. Nanoimprint in PMMA

Nanoimprint lithography has two basic steps as shown in
Fig. 3. The first is the imprint step in which a mold with nanostruc-
tures on its surface is pressed into a thin resist cast on a substrate,
followed by the removal of the mold. This step duplicates the
nanostructures on the mold in the thin resist layer. The second
step is the pattern transfer where an anisotropic etching process,
such as RIE, is used to remove the residual resist in the compressed
area. This step transfers the thickness contrast pattern into the
entire resist [5].
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Fig. 3 Schematic of nanoimprint lithography process: a) imprinting by
pressing the mold, b) mold removal, ¢) residual resist removal by
anisotropic etching process [5]

3.1 Experiment

In our experiment, GaAs was used as the mold material. The
mold was patterned by two-beam interference holographic lithog-
raphy shown in Fig. 2b. The period of the prepared mold structure
was 2.0 um and the intrusion of about 550 nm. Because of the
small pressure shrinkage coefficient, the acetone solution of poly-
methyl methacrylate (PMMA) was used as the resist. The PMMA
layer thickness was kept thicker than the mold intrusion to prevent
the mold from contacting the substrate. The PMMA structure
quality was examined by AFM after the process.

3.2 Results and discussion

The period of the imprinted PMMA structure is 2.0 um and
the depth is of about 250 nm as shown in AFM image (Fig. 4).
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Fig. 4 AEM image of 2D periodic structure prepared
in thin PMMA layer

When comparing the imprinted PMMA with the mold char-
acteristics (Fig. 2b), the structure period is left unchanged, but the
depth is lower than the mold intrusion. The fact is caused by the
presence of air during imprinting. However, nanoimprint using
GaAs mold may be a promising technique achieving better than
submicrometer resolution if applied in vacuum.

4. Nanopatterning Using NSOM Lithography

Among different types of existing methods for fabrication of
nanostructures, near-field scanning optical microscope (NSOM)
lithography is one of the favored techniques. The patterning of
nanostructures is done through a direct writing process which is
performed by the optical near-field produced at the tip of a fiber
probe. Therefore, the fabrication of nanostructures in a size below
the diffraction limit of the light source that poses the ultimate res-
olution limit in conventional optical lithography is possible [6].
Also there is no need for mask preparation as it is in photolithog-
raphy, and the patterning can be performed in air. On the other
hand, as the interaction between the optical near-field and the
sample surface is a photochemical process, conventional materials
used in far-field optical lithography, for example photoresists, can
be used [6, 7, 12].

4.1. Experiment

We focused on experimental investigation of NSOM lithography
for the preparation of structures using a conventional nanoposi-
tioning stage and a fiber probe. A schematic diagram of the experi-
mental arrangement is shown in Fig. 5. A 473 nm continuous wave
DPSS laser was used as the light source. The laser beam was focused
into conventional optical fiber, which was coupled to the fiber
probe. Even though interesting results can be obtained using the
contact mode [6, 12], we arranged non-contact mode of NSOM
lithography. In the non-contact mode the fiber was fixed on the
3D nanopositioning piezosystem to realize the 3D movement of
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the fiber probe over the sample. Two different types of fiber probe
were used, a conventional optical fiber of 10 um core diameter and
the metal-coated fiber tip with a submicrometer aperture on the
output side.

Fiber probe
| DPSS laser

n-GaAs 1300 nm
substrate photoresist

Fig. 5 Experimental arrangement for NSOM lithography

The positive photoresist AZ 5214E was used for patterning.
For the sample preparation, the 1300 nm thick photoresist film
was spin-coated on a GaAs substrate. The patterning of the pho-
toresist was carried out by moving the fiber probe over the sample
while the laser light was irradiated through the fiber probe aper-
ture. After exposure, the sample was developed in AZ 400K devel-
oper for 30 s, rinsed in DI water. The structure quality was
examined using an optical microscope. Dektak 150 Stylus Profiler
using Vision 3D advanced analysis software was used to deter-
mine topography of dots prepared by metal-coated fiber tip.

4.2. Results and discussion

The patterning of dots as well as lines was tested using the
conventional optical fiber of 10 um core diameter. This fiber probe
was placed approximately 10 um from the sample surface. Differ-
ent structures prepared by NSOM lithography are shown in Fig.
6. The lattice in Fig. 6b was created by exposure of 5 horizontal
and 5 vertical lines with 50 um pitch step. When using the 10 pm
core diameter optical fiber, the line width of 12 pym was achieved.
This line widening is caused by a divergence of the irradiated
optical field at the end of the fiber probe.

Fig. 6 a) Lines and dots; b) lattice exposed by optical fiber

To shrink the line width of the structure and to improve the
technique resolution, the metal coated fiber tip with a smaller aper-
ture was used. The results using the metal coated fiber tip demon-
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strate the resolution improvement to be lower than 3 um. An
array of 3 by 3 dots was exposed as shown in Fig. 7. The exposure
time was set to one, two and three seconds for each dot in the 1%,
2™ and 3" line, respectively.

Fig. 7 Dektak image of dots exposed by NSOM lithography
using the metal coated fiber tip

Dektak image shown in Fig. 7 documents a dependence of dots
diameter on the exposure time. The longer exposure time forms the
dots of a higher diameter. The smallest dots of a diameter lower
than 3 um were achieved at 1 s exposure time. The diameter of
prepared open regions is then function of the exposure time,
because of the gaussian shape of the optical field of the metal coated
fiber tip. Therefore, by keeping shorter exposition times the sub-
micrometer resolution is expected. On the other side, the exposed
area reflects a non-homogeneity of the prepared fiber tip. Then,
the final pattern slightly differs from circular shape as it is docu-
mented in Fig. 7.

5. Conclusion

The subject of the paper was the investigation of techniques
for the fabrication of planar periodic structures and their possi-
bilities to fabricate periodic structures in the photoresist material,
GaAs and PMMA surfaces. The two beam interference method
was presented as an effective tool for the fabrication for 2D peri-
odic structures with a small periodicity by using the standard pho-
toresist. The shape and period of the formed structure can be
simply adjusted by experiment geometry. This method was suc-
cessfully examined for the preparation of 2D periodic structures
with a period of 2 um in thin photoresist film deposited on the
GaAs surface.

The patterned 2D periodic structure on GaAs substrate was
used as a mold for the nanoimprint technique. The inverse struc-
tures were successfully imprinted in PMMA layer.
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The fabrication of microstructures was examined by NSOM
lithography as well. The planar pattern consisting of dots and lines
was examined by NSOM lithography using a standard optical fiber
probe as well as using a metal coated fiber tip, where the resolu-
tion better than 3 um was achieved.

The variability of presented techniques opens wide possibilities
to form submicrometer periodic structures on different surfaces of
organic and semiconductor materials, which favors these lithog-
raphy techniques for applications in the region of photonic and
electronic devices.
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