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Abstract: A method is proposed to minimize the focused spot size of an
elliptically-diverging laser diode beam by means of a circular aperture and a
single plano-convex aspherical microlens. The proposed microlens is
fabricated using an excimer laser dragging method and has two different
profiles in the x- and y-axis directions. The focused spot size of the beam is
examined both numerically and experimentally. The feasibility of the
proposed approach for beam pen lithography applications is demonstrated
by patterning dotted, straight-line and spiral features on a photo resist layer
followed by thin gold layer deposition and metal lift-off. The minimum
feature size for dotted pattern is around 2.57 pum, while the minimum line-
widths for straight-line and spiral pattern are 3.05 um and 4.35 um,
respectively. Thus, the technique can be applied to write any arbitrary
pattern for high-resolution lithography.
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1. Introduction

Laser lithography is widely applied nowadays to pattern nanoscale features on a wafer. One
example is phase change nano-lithography where femto-second laser with microlens array is
used to fabricate sub-100 nm feature size three dimensional (3D) nano patterns in phase
change films [1]. Another is laser interference lithography where He-Cd laser is used to
fabricate 3D silicon nano-wire arrays with a diameter of around 300 nm [2]. In mask-less
beam pen lithography, wavy patterns are created on a curved surface by translating the
microlens array and substrate in a programmable way during UV exposure [3]. Laser diode
arrays have significant potential for use as UV light sources since each diode can be
controlled individually, thereby allowing the patterning of complex features over a large area.
Laser diodes have many advantages over other laser systems, including a compact size, low
cost, high electrical-to-laser power conversion efficiency, direct excitation with small electric
currents, modulation to the gigahertz order, and the potential for battery operation [4]. They
are thus widely used for optical communications, data recording and reading, sensing and
measurement, laser printing and so on. However, edge-emitting laser diodes have two point
sources (so called astigmatism), which create an elliptical shape of the output beam and large
divergence angles in the two transverse directions [5]. These beam characteristics can pose
serious problems in some practical applications. For example, astigmatism creates problems
for optical data storage systems, while ellipticity and divergence must be corrected for optical
read-write head applications. Consequently, some forms of beam manipulation are required.

The literature contains many proposals to solve the astigmatism, ellipticity and divergence
problems of laser diodes. For example, in [6, 7] two orthogonally-positioned cylindrical
lenses were used to correct astigmatism and convert the elliptical beam into a circular beam.
In [6, 8], an anamorphic prism pair was used to circularize the beam and to correct
astigmatism with minimum power loss. In [9, 10], a single-mode graded-index optical fiber
coupled with a pair of aspherical lenses was used to circularize the elliptical beam, correct
astigmatism, and deliver the beam. The authors in [6, 11] showed that by inserting a single
micro-cylindrical lens inside the diode cap, the output beam diverged circularly and the
astigmatism was corrected. It was shown in [12], that a single aspherical lens with four
different profiles of the input and output surfaces could solve all three problems. Meanwhile,
two optical designs based on aspherical lenses is demonstrated in [13] to circularize, collimate
and expand the beam for LIDAR application.
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For beam pen lithography applications, astigmatism and ellipticity are not a concern.
However, the divergent beam should be focused so as to minimize the spot size and to achieve
the maximum possible pattern resolution on the substrate. In practice, this can be achieved by
combining the above methods with one or more additional lenses. However by doing so, the
module size, assembly cost and lens manufacturing cost increase. In [14—17], the beam was
focused directly using various single lenses, including hyperbolic, semi-ellipsoid,
hemispherical and gradient-index. However, these methods are all designed specifically to
couple the laser diode beam with single mode fibers.

Accordingly in this paper, a method is proposed to focus and minimize a highly-divergent,
elliptical-shaped laser diode beam using a circular aperture and a single plano-convex
aspherical microlens with two different profiles of the output surface in the x- and y-axis
directions. The propagation characteristics of the laser diode beam and the optimum lens
profile are evaluated by means of Zemax ray-tracing simulation. The microlens is then
fabricated using an excimer laser dragging method. The focused spot size is examined both
numerically and experimentally. Importantly, the aperture and microlens are simply adhered
to the laser diode using commercial glue. Consequently, the assembly cost is reduced and the
need for expensive alignment apparatus is removed. Finally using the smallest focused spot,
three different types of feature (dotted, straight-line and spiral) are demonstrated in the beam
pen lithography process.

2. Design and optimization of aspherical microlens

Unlike other laser systems, laser diode beams have an elliptical shape with different
divergence angles in the fast and slow axis directions. As a result, circular apertures are
required to circularize the output beam by clipping it in the fast axis direction. Importantly,
this gives the opportunity to focus the beam directly using a single lens. However, the
Gaussian intensity distribution of the circularized output beam is different in both directions.
Thus, the aspherical plano-convex microlens proposed in this study is designed with two
different profiles in the x- and y- axis directions to properly focus the beam in both directions.
To optimize the microlens profile, it is first necessary to understand the laser diode
characteristics and beam propagation behavior. As described in the following sub-sections,
the characteristics of the diode and beam are modeled by simulation, and the results are then
used for a further simulation to optimize the microlens profile.

A. Laser diode characteristics and beam propagation

In the present study, the laser diode characteristics and beam propagation behavior are
modeled using Zemax ray-tracing software (ZEMAX Development Co., San Diego, USA).
The simulation considers a DL5146-101S laser diode (SANYO Electric Co., Tokyo, Japan)
since its wavelength is compatible with common beam pen lithography applications.
According to the manufacturer’s specification, the diode has a wavelength of 405 nm and
divergence angles at FAHM (full-angle-at-half-magnitude) of § and 19 in the fast- and slow-
axis directions, respectively [18]. Note that, the divergence angles are converted at 1/e’
intensity value of 13.6'and 32.3’in the fast- and slow-axis directions, respectively.

In implementing the sequential mode of Zemax, the first source point P,, which lies on the
slow axis, was fixed with an object space NA equal to sin (13.6 /2). Meanwhile, in the lens
data editor, a Paraxial XY surface with a Y-power equal to 470 um™' was inserted to fix the
second source point P,, which lies on the fast axis. For index-guided mode edge-emitting laser
diodes, the astigmatic value lies between 5 and 15 um [9]. From simulation, the astigmatism
was found as 10.3 um. Figure 1(a) shows the simulated point sources and astigmatism of the
considered laser diode.
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Fig. 1. (a) Astigmatism between two point sources Py and P,. (b) Beam propagation along z-
axis direction.

As described above, laser diode beams are characterized by astigmatism, elliptical shape,
and different divergence angles. Consequently, the beam is elliptical at the emission strip with
the major diameter lying along the x-axis. However, within a distance of several microns from
the emission strip, the elliptical shape of the beam changes to a circular shape. The beam then
returns to an elliptical shape with the major diameter lying along the y-axis in the far field. In
the present simulation, the change in the beam shape was modeled by inserting three standard
surfaces in the lens data editor. As shown in Fig. 1(b), surface-1 has an elliptical shape with
the major diameter in x-axis, surface-2 has a circular shape, and surface-3 is elliptical with the
major diameter lying along the y-axis.

B. Design and optimization of microlens profile

The elliptical beam size at the position of the diode window cap was found from the Surface-3
to be 596.8 um in the fast-axis direction and 247.9 pum in the slow-axis direction. Since the
beam diverges elliptically, a stainless steel circular aperture with a thickness of 50 um (Ten
Sun Development Company, Tainan, Taiwan) was used to make the beam diverge circularly
by clipping it in the fast axis. Based on the simulation results, the aperture diameter was
chosen as 260 pm such that the beam intensity was reduced only in the fast-axis direction.
The transmission loss induced by the aperture was calculated to be 21.73%.

In the proposed focusing method, a plano-convex microlens was placed such that the
plano surface was in contact with the circular aperture. A polycarbonate material (CT301310,
Goodfellow Cambridge Ltd., Huntingdon, England) was chosen for the microlens, which had
a thickness of 175 um, a refractive index of 1.63 and an Abbe number of 34. Moreover, the
lens diameter was specified as 300 um to ensure that all the light emitted from the circular
aperture passed through the lens, as shown in Fig. 2.

Aperture 260 pm

Dia 300 um

Lens aperture 280 pm

e —
175 pm

Fig. 2. Circular aperture used to circularize the output beam and microlens used to achieve the
minimum focused spot size.

#228274 - $15.00 USD Received 20 Nov 2014; revised 14 Jan 2015; accepted 7 Feb 2015; published 12 Feb 2015
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/0E.23.004494 | OPTICS EXPRESS 4497



To optimize the design of the plano-convex microlens, the profile of the convex surface
was modeled using the polynomial sag height function given in Eq. (1) [19]. In general, the
use of a polynomial function has three main advantages, namely (1) it enables the design of
different lens profiles in the x- and y-axis directions; (2) it makes possible the realization of
complex surface patterns and (3) it is compatible with the excimer laser dragging method used
in the present study, in which dragging along the two transverse directions is separately
controlled (see Section 3).

Z(xy)= 7 X+ px + yx+ Xy y + ry Yyt Ry (1)

where Z(x,y) is the sag height of the cross-section profile of the polynomial surface at any
radius and y; to yg are polynomial coefficients representing the second to eighth even-order
terms. More specifically, coefficients y; to y4 control the lens profile in the x-axis direction
while coefficients vs to ys control the lens profile in the y-axis direction.

In performing the optimization process, the coefficient values were adjusted in such a way
to minimize the focused spot size. The optimization process was based on a default Merit
Function specified in terms of the “RMS” and “Spot X+Y” parameters, where RMS is the
Root-Mean-Square of all the individual errors and Spot X + Y is the x and y extent of the
transverse ray aberration. After the optimization process, the Airy disk, which represents the
diffraction limited spot [20], showed that the optimal lens profile had an elliptical shape with
a diameter of 3.99 um at a focal length of 1.98 mm. It is noted that this ellipticity is not a
concern in beam pen lithography since the spot size is very small.

The total intensity distribution over the focal plane was computed in the x- and y-axis
directions of the airy disk using the “FFT PSF cross section”, in which the 1/e* or FWHM
(full-width-at-half-magnitude) intensity diameters were calculated at normalized intensities of
0.135 and 0.5, respectively. The focused spot sizes in the x- and y-axis directions were found
to be 5.32 um and 4.97 um, respectively, as shown in Fig. 3. Table 1 represents the values of
the eight coefficients in the sag height function (see Eq. (1)) for the optimized microlens
profile. Figure 4 shows the sag height profiles obtained by plotting Eq. (1) using the optimal
coefficients values given in Table 1. It is seen that the maximum sag heights in the x-axis (0°)
and y-axis (90°) directions are 23.15 um and 23.27 pm, respectively.
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Fig. 3. Light intensity distribution at focal plane and focused spot sizes. (a) Spot size at 13.5%
and 50% intensity in x-axis (b) Spot size at 13.5% and 50% intensity in y-axis.

Table 1. Eight coefficients for x and y profiles of aspherical lens polynomial surface.

Coefficients Y1 Y2 Vs Ya
x profile —1.028804 —0.01345 0.669652 0.0
Coefficients Vs Y6 V7 Ys
y profile —1.034665 0.014509 —0.163106 0.0
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Fig. 4. Microlens profiles indicate difference of sag height at different angles, where the sag
heights at different angles are enlarged in left-hand figure.

3. Microlens fabrication and assembly
A. Fabrication of microlens by excimer laser dragging method

The optimized aspherical microlens was fabricated using an excimer laser micromachining
system in which both the pulse duration and the pulse repetition rate can be controlled. In
general, the machining process can be performed by dragging either the object or the contour
mask continuously along one direction as the laser fires. Previous studies have shown that
given an appropriate mask profile, micro-channels or micro-grooves can be produced using a
contour mask scanning method [21]. The contour mask is a binary photo-mask containing a
specially-designed pattern, which allows laser light to pass through as it is dragged along a
programmed scanning path such that the overall or overlapped laser energy projected on the
sample surface satisfies a certain spatial distribution [22]. If the contour mask contains
periodic patterns which are used in two straight and orthogonal laser dragging paths, it is
possible to create arrayed 3D microstructures in a process known as excimer laser dragging
method [23-25]. During the dragging process, each laser pulse removes a constant depth of
material from the sample surface. Thus, the machining depth of the microlens is proportional
to the number of laser shots at a particular point. In practice, the desired lens profile depends
on the contour mask design, the laser energy and the separation distance between successive
laser pulses. Following the first laser dragging pass along one direction, a 2D surface profile
similar to that of a cylindrical lens is created. A second laser dragging pass in a direction
perpendicular to the first is then performed to superimpose an additional machining depth in
the overlapping area with the first pass, resulting in the desired 3D surface profile.

The excimer laser dragging system used in the present study was based on a COMPex Pro
210 (Lambda Physik, Germany) laser source with a wavelength of 248 nm (KrF). (Full details
of the excimer laser micromachining system and the machining method are available in [26].)
Notably, the authors in [26] used an aspherical surface function to describe the contour mask
pattern required to machine an aspherical lens profile. However, despite optimizing the
function using the Simplex method, a small axial symmetrical error was observed in the
simulated lens. By contrast, using the polynomial surface function describe in Eq. (1), single
or double contour mask patterns for any lens profile can be developed, which ensures that the
lens has no such error. Moreover, the contour mask patterns h(x) and h(y) defined using the
polynomial surface function are compatible with the excimer laser fabrication technique used
in this study, in which dragging is performed separately in the x- and y-axis directions, as
shown in Fig. 5(a). Furthermore, from Eq. (1), it is clear that the sag height of the polynomial
surface function represents the addition of two masks. Thus, the polynomial surface function
can be applied to generate any lens profile, including semi-circular, cylindrical or elliptical.
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Fig. 5. (a) Schematic diagram showing fabrication of single microlens using two contour masks
h(x) and h(y). (b) SEM image of a fabricated microlens.

A polycarbonate (PC) sheet with a thickness of 175 pm was used as the microlens material
since PC has good optical properties and a smooth surface after excimer laser machining. The
machining rate (um/pulse) was determined experimentally. At a laser fluence of around 200
mJ/cm?, the machining rate was found to be 0.1 pm/pulse. Once the machining rate was
determined, the relative laser firing interval was chosen in such a way to achieve the desired
machining depth and surface profile. For example, given a laser-machining rate of 5 Hz and a
separation distance between two successive laser shots of 2 um, the sample moving speed was
set as 10 pm/sec. The total machining time to fabricate a single aspherical microlens was
around 6 minutes. Figure 5(b) shows a Scanning Electron Microscope (SEM) image of the
fabricated microlens.

B. Evaluation of the fabricated microlens

The surface profile of the fabricated microlens was measured using a color non-contact 3D
topography laser scanning system (VK 9700, Keyence Ltd., Osaka, Japan). Figures 6(a) to
6(c) compare the 2D cross-section profiles of the fabricated and simulated microlens along the
(0%, 45 and 90 directions relative to the x-axis. It is observed that an excellent agreement exists
between the two sets of results in every case. At a distance more than 140 um from the lens
center, there exists a small profile error in the 0 and 90" directions. However, for the 45
direction, no profile error or axial symmetrical error is observed. Figures 7(a) to 7(c) shows
the difference between the fabricated surface profile data and the simulated data at angles of
(0, 45 and 90" with respect to the x-axis. The results confirm that the machined surface profile
is accurate in the central region of the lens. However, small errors are observed at the lens
edge. As shown in Fig. 2, the light passes through the central region of the lens with a radius
of 140 um. The maximum profile error within this region of the lens is seen from Fig. 7 to be
just = 0.4 pm. Thus, the feasibility of the biaxial laser dragging method with a polynomial
surface function is confirmed.

#228274 - $15.00 USD Received 20 Nov 2014; revised 14 Jan 2015; accepted 7 Feb 2015; published 12 Feb 2015
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/0E.23.004494 | OPTICS EXPRESS 4500



(a) Cross-section profile at 0 degree (b) o Cross-section profile at 45 degree

0
-5 -5
—— experimental —— experimental
g 10l simulation g 10 simulation
= ]
2 o
Q [
T 5 T .15
o o
© ©
] (]
-20 -20
-25 i o -25 i :
-1560 -100 -50 0 50 100 150 -150  -100  -50 0 50 100 150
Radius (um) Radius (um)
(c) o Cross-section profile at 90 degree
-5

—— experimental
— simulation

Sag Height (1m)

-25

-150 -100 -50 0 50 100 150
Radius (um)

Fig. 6. Comparison of experimental cross-section profiles and simulated profiles at (f, 45 and
90 relative to x-axis.

(a) Cross-section at 0 degree (b) Cross-section at 45 degree

Error (um)
Error (um)

-04

£ H

TP 400 B0

0 50 100 - -100 -50 0 50 100
Radius (um) Radius (um)

(C) Cross-section at 90 degree

-100 -50 0 50 100
Radius (um)

Fig. 7. Difference between experimental cross-section profiles and simulated profiles at 0, 45
and 90 relative to x-axis.

The surface roughness is critically important for optical components, and must therefore
be characterized. The surface roughness of the present fabricated aspherical microlens was
measured using an Atomic Force Microscope (SPA-400, Seiko Instruments Inc., Tokyo,
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Japan) over an area of size 15 x 15 pum?” located in the central region of the lens. Figure 8
shows that the average surface roughness (Ra) is around 2 nm. In other words, the lens has a
mirror-like surface finish.

1142

0 [nm]

-1142
[m] 2084170

0 1563E400 nm L 1 2.084E404 nm
1 2.706E401 nm ¢ 1 6.947E403 nm
g + 1.845E+00 °

Fig. 8. Surface roughness of fabricated microlens surface profile as measured with Atomic
Force Microscope.

C. Laser diode module assembly

Conventional collimated laser beam modules comprise a collimating tube with multiple lenses
and a laser diode. As a result, they are physically bulky. Moreover, mounting the lenses in the
collimating tube requires the use of expensive apparatus and considerable skill. In aligning the
lenses within the tube, it is necessary to carefully control the lens position in four-axial
directions (x-y-z-6) and one tilt-axis (64-0,) direction. However, in this study, the aperture and
microlens were simply attached to the laser diode window cap using a high bonding strength
adhesive (Scotch® Super Gluegel, 3M, Minnesota, U.S.). Notably, this approach eliminates
the need for z-axis and tilt-axis (0,-0,) alignment. Thus, in aligning the aperture and microlens
with the laser beam center, only three axes (x-y-0) need to be adjusted. The alignment process
was performed using a two-axis (x-y) manual translation stage with an extended holder to
hold the aperture or microlens and the 0-axis manual rotary stage of an optical microscope.

4. Results and discussion
A. Spot size measurement

The focused spot size of the machined microlens was measured using an optical microscope
(Nikon MM-400/SL, Japan) fitted with a 20X objective lens and a built-in CCD camera. The
glued laser diode, aperture and microlens assembly was placed under the microscope such
that the laser light was emitted in the vertical direction. Moreover, the objective lens of the
microscope was set to the image plane of the focused laser beam by adjusting the z-axis as
required. Figure 9 shows the measured light intensity distribution at the focal plane. It is seen
that focused spot sizes of 21.6 um and 18.2 pm are achieved in the x- and y-axis directions,
respectively, at the focal distance of 1.98 mm. It is noted that these values are considerably
higher than the simulated values (i.e., 5.32 um and 4.97 pum).

As mentioned above, the fabricated microlens profiles have a maximum fabrication error
of £ 0.4 pm (see Fig. 7) and a surface roughness of + 2 nm (see Fig. 8). Moreover, some
residual machining particles remain on the lens surface. Furthermore, a slight alignment error
exists between the laser diode and the circular aperture and microlens. In addition, after
passing through the circular aperture, the beam experiences diffraction effect, which causes
aberration in the focal plane. Thus, the light cannot be focused to the smallest theoretical spot
size predicted in the simulations. To overcome this difficulty, the separation distance between
successive laser pulses should be reduced. However, this increases the machining time.
Furthermore, the alignment error can be minimized by adopting motorized stage movement
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for the two-axis (x-y) alignment process. Nonetheless, in general, the results show that the
excimer laser biaxial dragging method with a polynomial surface function provides a feasible
approach to fabricate an aspherical microlens to achieve minimum focused spot size.

(@) 4 (b) 4 —_—— .
0.9 0.9f : : :
08 08
.7 Fccoosciosss 0.7}

s 5

.‘E 06f 'ﬁ 0.6f-

E 05f- s 05

‘o— 0'4 ...... E 0.4.

=z
(115 | AR SN H 03
: 50% :
e 216 fiifi She 02} :
01 13'5%) ; ‘ O b ivgesiys : v
-%0 -40 -30 -20 -10 0 10 20 30 40 50 -9:30 -40 -30 -20 10 0 10 20 30 40 50

um um

Fig. 9. (a) Experimentally measured light intensity distribution at focal plane and focal spot
sizes. (a) Spot size at 13.5% and 50% intensity in x-axis. (b) Spot size at 13.5% and 50%
intensity in y-axis.

B. Application of laser diode module in beam pen lithography

To evaluate the real spot size of the focused laser diode beam in practical applications, a B270
glass substrate was uniformly coated with a layer of positive Photo Resist (PR) (S1813,
Shipley Company, USA) using a spin coater at a speed of 3000 rpm. The PR-coated substrate
was soft-baked at a temperature of 115 C for 60 sec and was then exposed by the laser diode
module for 15 ms. Finally, the glass substrate was immersed in a developer solution (MF-319,
Shipley Company, USA) for 60 sec. The final PR thickness and spot size were measured
using a 3D topography laser scanning system. Figures 10(a) and 10(b) show the 3D
topography of the exposed PR layer and the 2D cross-section profile of the developed PR
structure, respectively. It is seen in Fig. 10(b) that the average PR layer thickness is 1.89 um
and the spot diameter is 7.8 um.

Depth (um)

Fig. 10. (a) 3D topography of exposed PR layer. (b) 2D cross-section profile of developed PR
structure.

To investigate the smallest attainable PR structure, the laser diode module was used in
conjunction with a manual translation stage with three-axis (x-y-z) movement to perform
single exposure tests using different focusing distance and exposure times. More specifically,
dotted patterns were produced in which the exposure time was progressively increased from 5
to 30 ms along the x-axis direction and focusing distance was increased from 1.90 to 2.2 mm
along the y-axis direction. Having patterned the dotted feature, an electron beam thermal
evaporation technique (VTI-10CE, ULVAC, Japan) was used to deposit a 50 nm thick gold
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metal film on the PR layer. The PR was then removed by a lift-off process. Figure 11(a)
shows an SEM image of the metal dots formed with exposure time of 10, 15, 20 and 25 ms
along the x-axis direction and focusing distances of 1.96, 1.98 and 2.00 mm along the y-axis
direction. Figure 11(b) shows an SEM image of the smallest feature size obtained with an
exposure time of 5 ms and a focusing distance of 1.98 mm. The smallest metal-dot
dimensions are seen to be 2.57 pm and 2.17 pm in the x- and y-axis directions, respectively.

SEI  100kV X600 10zm WD 10.1mm T S 100KV X20000 1.m WD 10.1mm
Fig. 11. (a) SEM image of metal-dot patterns. (b) SEM image of smallest metal-dot pattern.

To demonstrate the ability of the laser diode module to realize continuous patterns, two
motorized stages (Sigma Koki Co., Tokyo, Japan) were used to translate the substrate in the
x- and y-axis directions under the control of a Labview program. Two types of continuous
pattern were considered, namely straight-line and spiral. In performing the patterning process,
the velocity was varied in the range of 500 to 1000 pm/s along the x-axis direction while the
focusing distance was maintained at a constant 1.98 mm. Figure 12(a) shows an SEM image
of the straight lines formed given at velocities of 850, 900, 950 and 1000 pm/s, respectively.
From inspection, the smallest line-width is equal to 3.05 pm, and is obtained using a velocity
of 1000 pum/s. It is noted that this width is slightly larger than the smallest feature size (see
Fig. 11(b)). Figure 12(b) shows an SEM image of the spiral pattern obtained using the same
velocity of 1000 um/s. The line-width is found to be 4.35 pm. In general, the results presented
in Figs. 11 and 12 confirm the feasibility of the proposed method for beam pen lithography
pattern writing applications.

3.05 umy

m WD 10.0mm

SEI 10.0kV

Fig. 12. (a) SEM image of continuous line patterns. (b) SEM image of spiral pattern.
5. Conclusions

This paper has presented an innovative technique for focusing and minimizing the spot size of
an elliptically-shaped laser diode beam by means of a circular aperture and an aspherical
microlens for use in mask-less beam pen lithography applications. The proposed microlens

#228274 - $15.00 USD Received 20 Nov 2014; revised 14 Jan 2015; accepted 7 Feb 2015; published 12 Feb 2015
(C) 2015 OSA 23 Feb 2015 | Vol. 23, No. 4 | DOI:10.1364/0E.23.004494 | OPTICS EXPRESS 4504



has been designed and optimized by means of Zemax simulations, in which a polynomial
surface functions is used to prevent axial symmetrical errors and better lens profile. The
output surface of the microlens has different profiles in the x- and y-axis directions and is
fabricated using an excimer laser dragging method; resulting in a mirror-like surface finish.
Importantly, the lens is assembled with the circular aperture and the laser diode using simple
adhesive. Consequently, the alignment problem inherent in assembling collimating tubes is
avoided. The minimum focused spot size has been evaluated both numerically and
experimentally. The feasibility of the proposed microlens for beam pen lithography
applications has been demonstrated by patterning dotted, straight-line and spiral features on a
glass substrate coated with a thin PR layer followed by electron beam thermal evaporation
and a metal lift-off process. The results have shown that dotted features with dimensions of
2.57 ym and 2.17 pm in the x- and y-axis directions, respectively, can be achieved using an
exposure time of 5 ms and a focal distance of 1.98 mm. Moreover, continuous patterns like
straight-line and spiral patterns with smallest line-widths are 3.05 and 4.35 pm, respectively,
have also been presented. Thus, the method proposed in this study has significant potential for
writing high-resolution patterns (dotted, line, spiral, alpha-numeric characters and so on)
using the beam pen lithography technique.
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