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A method for the direct fabrication of submicron-scale detailed patterns without the use
of a photomask was developed by means of a nanoreplication-printing (nNRP) process.
Some patterns can be fabricated easily in the range of several micronsinside apolymerizable
resin by a scanning process using a volume-pixel (voxel) matrix that is transformed from a
bitmap figure file. In the nRP process, liquid monomers are polymerized by the two-
photon absorption (TPA) induced using a femtosecond pulse laser. Voxels are merged
consecutively by overlapping in arange of several microns to fabricate various patterns,
and the resolution of the process can be determined asthe diffraction limit of the laser beam
used to induce two-photon absorption polymerization (TPP). In this work, a beam
expansion technique has been applied to enlarge the working area used to fabricate
patterns. The establishment of a mechanism capable of the three-dimensional (3D)
fabrication of microstructures by use of alamination technique, which fabricates a struc-
ture layer by layer, has been attempted. The technique does not require the use of
sacrificial layers or structures in 3D microstereolithography. Through this work, the
usefulness of the nRP processis demonstrated by the fabrication of several patternsand 3D
microstructures with aresolution of approximately 200 nm.
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1. Introduction

Recently, the demand for the fabrication of smaller features rel ating to nanotechnologies,
information technologies, and other precision industries has greatly increased to enable the
development of a number of new conceptual and high-value-added products. Photolithog-
raphy has been recognized as a chief technology for the patterning that is needed to
fabricate electronic and optical devices. So far, many devices have been developed
utilizing photolithography which has been the major technique of the semiconductor
industry since itsinvention. In addition, many applications of photolithography have been
introduced. However, lithography technology is rapidly approaching its fundamental
limits with respect to its resolution, the high process cost, and the constraints on arbitrary
shaping or patterning for various applications. Although it is difficult to find suitable
replacement technologies, there is much demand for new technologies to pattern features
on scales less than 100 nm. If cost is not a major concern, there are a few technologies
capable of fabricating sub-100 nm features, such as electron-beam lithography and lithog-
raphy technologies utilizing probe tips.Y) For high-throughput, low-cost, and high-
resolution lithography, various nanoimprinting technol ogies have been devel oped.?®

In the past several years, some works have been conducted in nanoscale fabrication
technology using two-photon polymerization (TPP) induced with a femtosecond laser.
TPP has many advantages as a technique for the direct fabrication of complex three-
dimensional (3D) structures on a scale of several microns, which might be difficult to
obtain using general miniaturization technologies. There is an increasing demand for
techniques which enable the fabrication of submicron structures. Previous works®9
using TPP have focused on the applications of fabricating complicated 3D structures®*%
and photonic crystals.*¥ A high-aspect-ratio patterning process has also been conducted
using TPP.49 |t has recently been reported that a femtosecond laser pulse can be tightly
focused onto liquid-state monomers initiating a chemical process by TPP with features
closeto 100 nmin size. A highly localized area around the center of the focused beam can
be solidified by absorbing the threshold energy for polymerization, because the TPPrateis
proportional to the square of the laser intensity. Therefore, sub-100-nm resolution can be
obtained using a high-numerical-aperture (NA) objective lens without any restraint im-
posed due to the diffraction limit of the beam.

A nanoreplication-printing (nRP) process utilizing a beam expansion technique was
developed in thiswork for the direct fabrication of nanoprecision patterns on a glass plate
without the use of a photomask. A two-tone (black and white) bitmap figure was employed
in the NRP process to be transformed as a voxel matrix. In the process, a voxel matrix
scanning (VMS) scheme was used to scan along the x-axis and y-axis to generate patterns
directly onto aplate. The effectiveness of the nRP process for direct patterning with a
resolution of approximately 200 nm was estimated. A laminating technique for the
fabrication of athree-dimensional microstructure was attempted to establish a mechanism
capable of the fabrication of 3D structures. A 3D honeycomb structure was constructed by
stacking laminated layers which were fabricated by the nRP process with alayer thickness
of 200 nm. There are a few remaining problems concerning precision in the process of
fabricating 3D structures that need to be solved in further studies, such as the shrinkage
phenomenon, the surface roughness of the fabricated structure, and beam alignment.
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2. Theoretical Studiesof Nanoreplication-Printing Process

2.1 Two-photon absorption and materials

The energy of aphotonisgivenby he, where h and @ are Planck’s constant divided
by 2r and the angular frequency of light, respectively. The electron is raised to an excited
state when it absorbs the energy of asingle photon, whichisequal to hw = E, — E,, where
E, and E;, arethe energy levels (E;>E,). In the case of two-photon absorption (TPA), two
photons, each with half of the energy of the gap between the two levels, induce the electron
transition. So, TPA isinduced only when high-power light isilluminated.®”? Ti:Sapphire
lasers are widely used for inducing TPA because they produce ultrahigh-power pulseswith
a pulse width of approximately 100 femtoseconds (fs) or less. Furthermore, it is very
useful for TPP because it has a central wavelength of approximately 800 nm, which isclose
to half of the wavelength of the polymerization. This enables easy control of the
polymerization threshold energy. Figure 1 illustrates the sub-diffraction limit of fabrica-
tion accuracy at the focal point for single-photon absorption (SPA) and TPA. If light near
to the threshold energy is used, it is possible to fabricate a sub-diffraction-limit voxel. In
addition, judging from the derivative distribution, the voxel size depends more sensitively
on the variation of light intensity for TPA than for SPA, implying a more pronounced
threshold effect for the former possess.

TPA materials have been attracting much interest in recent years because of their wide-
ranging applications in such areas as fluorescence imaging, optical data storage, litho-
graphic microfabrication and photodynamic cancer therapy. The TPA material used in this
work isamixture of urethane acrylate monomers and a photoinitiator.*® The density of the
photoinitiator is0.1 wt%. The absorption and fluorescence wavelengths of the photoinitiator
are 411 nm and 472 nm, respectively: The photoinitiator absorbs 411-nm-wavelength light
and emits 472-nm-wavelength light. Radicals are activated when 472-nm-wavelength
light isilluminated.
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Fig. 1. Absorption probabilities and their differentiation for SPA and TPA.
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2.2 Minimization of voxel size

The resolution of the microstructures fabricated using the nRP processis determined by
the size of avoxel (volumetric pixel). If the intensity distribution of the laser beam is
assumed to be Gaussian, its geometric properties are as follows.*9
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Here, wy, f, d, b, z, and A are the beam waist, focal length, beam diameter, Rayleigh range,
optical axis and wavelength, respectively. Theintensity profilein the focal planeis
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where H(r) istheintensity of laser per unit area, r. isthe radius of abeam contour along the
z-axis, and P isthe laser power. The exposure energy of the laser for TPP can be expressed
using eq. (4), as shown in the following, because the probability of TPP is occurring
proportional to the square of the laser intensity®®
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where E is the exposure energy of the laser for atime interval t and o is a proportionality
constant. When the exposure energy of the laser (E) is equal to the threshold exposure
energy (Ey,) for TPA polymerization in eg. (4), the diameter of avoxel can be given as eq.
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In addition, the height, I, (r=0) of avoxel can be expressed as eq. (6).
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3. Experimental Methods

3.1 nRP systemand its operation

A femtosecond laser system and the optical instruments for the NRP process are shown
both in Figs. 2(a) and 2(b), which shows a photograph of the actual experimental system. A
mode-locked Ti:sapphire laser was used in the system. It provided awavelength of 780 nm
and apulse width of lessthan 100 fs at arepetition rate of 80 MHz. The beam was scanned
on the focal plane using a two-galvano-mirror set with aresolution of approximately 2.5
nm per step, and aong the vertical axis using a piezoelectric stage. The laser was tightly
focused with an objective lens (NA 1.25 x 100, immersion oil used) on the
photopolymerizable resin as described above which was placed on a microscopic cover-
glass substrate. A high-speed shutter mechanism was applied to obtain an exposure time of
lessthan 1 ms. In the proposed mechanism, a pin-hole plate was employed to reduce the
tilting angle of the galvano-mirror shutter to under one degree in the on/off control of the
laser beam. The shutter, scanner, and piezoel ectric stage were controlled using a computer
system. The progress of the fabrication process can be monitored exactly using a high-
magnification charge-coupled-device (CCD) camera, as shown in Fig. 2(a).
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Fig. 2. (&) Schematic diagramand and (b) photograph of nanoreplication-printing (NRP) system for
fabrication of nanoscale patterns and three-dimensional microstructures.
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In the nRP process, araster graphics type of voxel matrix, which was transformed from
abitmap figure file, was used to scan a pattern shape without any computer-aided-design
(CAD) data. Figure 3(a) shows avoxel matrix transformed from a bitmap figure and the
procedure of the voxel matrix scanning (VMS) technique. A black-and-white bitmap
image is converted to avoxel matrix, which consistsof ‘0’ sfor white pixelsand ‘1’ sfor
black pixels. Ingeneral, alarge voxel matrix isrequired to fabricate aprecisereplica. The
on-off control of the laser beam is determined by the elements of the voxel matrix; in case
of ‘1" elements in the voxel matrix, the shutter is opened to generate voxels; in the other
case, the shutter is closed.

The full size of areplicated figure is dependent on the distance between neighboring
voxels and the voxel diameter which is determined by the laser power and the exposure
time. Therefore, the desired size of pattern can be easily obtained by changing these
parameters. The thickness of the glass plate shown in Fig. 3(b) needsto be very thin, less
than 200 um, due to the very short working distance of the beam. Using the CCD
monitoring device, the position of avoxel can be manipulated on the surface of the glass
plate. However, much experience is required to focus a laser beam on the glass plate
accurately. In the developing process, the remanent liquid-state monomer can be elimi-
nated by dropping severa ethanol droplets on the patterns.

3.2 Process parameters for precise patterning

The distance between neighboring voxels is one of the most important parameters for
the fabrication of a precise and smooth pattern which can be obtained from the minimum
distance between voxels. The minimum distance is dependent on the resolution of the
galvano-mirror scanner. In thiswork, the step of the scanner was set to be approximately
2.5 nm in the x-axial and y-axial directions. When the minimum distance is input to
fabricate a precise replica, the total size of the replicais reduced for the same voxel matrix
used. To fabricate the same size of replicated pattern with the minimum distance applied,
the size of the voxel matrix, which is dependent on the file size of the original bitmap
figure, has to be enlarged; a more detailed bitmap figure fileis required.
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Fig. 3. (a) Thebitmap file of amap of England is transformed to voxel matrix form: The rectangular
box shows a partial matrix of the fully transformed voxel matrix. (b) The voxel matrix scanning
(VMS) procedures; alaser beam is scanning along arow of the voxel matrix; a‘1’ representsthe laser
beam being on; a‘0’ the laser beam being off. The center of avoxel islocated in the coordinate of
each ‘1’ of the voxel matrix.
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In addition, the resolution of the fabricated pattern is related to the size of a single
voxel; the lateral and axial dimensions of avoxel. Considering egs. (5) and (6) relating to
the voxel dimensions, several experiments were attempted to obtain the minimum voxel
size by varying the laser power and the exposuretime. From the results of the experiments
in this work, the minimum lateral dimension of a voxel of approximately 200 nm was
obtained, as shown in Fig. 4(a), under the conditions of 2 ms exposure time and 5 m\W laser
power. A comparison of the lateral dimension of voxels obtained by preliminary experi-
ments with that of theoretical estimatesis depicted in Fig. 4(b).

An important issue for obtaining a pattern by the nRP process is truncation, which
happens when the laser beam isfocused near the substrate surface. On the other hand, if the
laser isfocused far above the substrate surface, a floating pattern would be formed, which
could drift away during the developing process. To solve this problem, Sun et al.)
proposed an ascending scan method, in which a series of voxels were fabricated under the
same irradiation conditions but their heights above the substrate were increased gradually
using the ascending scan method. Figure 5 shows the truncation phenomenon and the
height of a pattern fabricated using the nRP process.
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Fig. 4. (a) Minimum voxel size for laser power of 5 MW, exposure time of 2 ms. (b) Comparison
between a voxel diameter of the experimental results and that of the theoretical curve (continuous
curve).
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Fig. 5. Schematic diagram of focusing configurations; the polymerized part and truncated part of
patterns.
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4. Experimental Resultsand Discussion

4.1 Direct patterning using nRP process

Severa patterns and figures were fabricated directly using the nRP process to demon-
strate the usefulness of thiswork. To realize a precise patterning process, the process
parameters were optimized in thiswork: laser power, 5 m\W; exposure time, 1 ms; distance
between voxels, 25 nm. A contour offset algorithm (COA) was proposed to improve the
precision of the replicated patterns. Inthe COA, the shape-error terms that were generated
in the outline of the pattern due to the lateral dimension of the voxels can be eliminated by
constructing a new voxel matrix.?? All of the patterns in this work were fabricated by
applying the COA agorithm to reduce the shape-error terms. Figures 6(a)—6(c) show the
replicated figures on a scale of approximately 10 um or more by using the nRP process. As
shown in Fig. 6, any kind of bitmap figure file that consists of a black-and-white-image,
can be replicated over 10 microns with nanoscale details. Therefore, patterning using the
NRP process is simple and cost-effective for fabricating a number of miniature applica-
tions.

Atomic-force microscopy (AFM) alows the evaluation of the height of afabricated
pattern and its surface roughness. In Figs. 7(a) and 7(b), the surface condition of a
fabricated pattern (Fig. 6(b)) is shown, which was measured by AFM (XE-100 model,

Fig. 6. SEM images of figures fabricated using nRP process; (a) the logo of center for nanoscale
mechatronics & manufacturing, (b) “The Thinker,” and (c) “Donald Duck.”
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Fig. 7. AFM images of replicated two-dimensional pattern, “ The Thinker”; (&) line profiles, (b) 2D
analysis (AFM : XE-100 model, PSIA).

PSIA). The height of the replicated two-dimensional pattern which looks like Rodin’s
“The Thinker,” was approximately 500 nm and the surface roughness was seemingly
uniform with an Ra-value (average roughness) of 56.76 nm. The height of patterns can be
controlled using the piezoel ectric stage along the z-axis within the total length of avoxel.?)

4.2 Fabrication of three-dimensional structure

The fabrication of a 3D structure was attempted using a lamination technique. The
layers photopolymerized using the nRP process were stacked to fabricate a 3D structure.
Thistechnique, as one of the branches of micro-stereolithography (uSL),?® isapromising
technique for the fabrication of 3D structures with aresolution of the order of the optical
diffraction limit.® A honeycomb structure was fabricated using the laser-beam scanning
method layer-by-layer without the use of any sacrificial layers, which would be difficult
using the general lithography technique. After accomplishing the polymerization of one
layer in the process of lamination, the working plate was moved by using the piezoelectric
stage 200 nm along the vertical axis of the plate to enable the fabrication of another layer.
When the fabrication of the 3D laminated structure was finished, a droplet of ethanol was
dropped onto the working plate as a developing process to remove the unnecessary
remanent liquid resin leaving only the polymerized feature on the working plate. Figures
8(a)—8(d) show the design and the SEM images of the fabricated structure.

The shrinkage phenomenon, which can be seen in Figs. 8(c) and 8(d), occurred due to
an increase in density of the liquid resin during the polymerization process, which was
11.98% in the lateral direction and 19.8% in the height direction relative to the dimensions
of the bottom and top surfaces, respectively. To suppress the shrinkage phenomenon, a sol-
gel precursor-included photopolymer was introduced in the last work.??

In future work, the shrinkage problem should be studied intensively to improve the
precision of the fabrication of 3D microstructures for various applications. Moreover, at
present, the lateral surface of the fabricated structure istoo rough. Therefore, the stacking
thickness has to be reduced to less than 50 nm to improve the surface condition of
fabricated structures.
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(a)
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Fig. 8. 3D fabrication of honeycomb structure in resin by nRP process; (a) design and (b) SEM
image of solidified bottom-layer structure, (¢)—(d) SEM images of completed 3D honeycomb
structure with top view and inclined view.

5. Conclusions

A direct patterning method utilizing the nRP process was demonstrated in thiswork and
several patterns were fabricated. The power and exposure time of the laser beam used are
major factorsin determining the resolution of fabricated patterns; the resolution obtained in
this work was approximately 200 nm under the conditions of laser power, 5 mW and
exposure time, Ims. The usage of high-NA (more than 1.0) focusing optics and fs laser
pulses allowed the realization of direct patterning and the fabrication of arbitrary 3D
structures inside liquid photocurable polymers without the use of sacrificial layers and
structures. Through thiswork, the shrinkage phenomenon is considered as a major factor
in the fabrication of 3D structures. This finding is important to understand and further
develop the fabrication technology for 3D structures.
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