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The fabrication of high quality and low cost microlenses on a glass substrate using a simple, rapid, and
precise direct microplotting technique is shown in this paper. The fabrication method is based on the use
of a microplotter system, which is significantly different from the existing inkjet, roll-to-roll printing, and
reactive ion etching technology and could work with higher viscositymaterials. By optimizing the param-
eters of voltage, dispense time, and concentration of the polymer solution, high qualitymicrolenses with a
diameter of 20 μm could be obtained. The geometrical and optical characteristics of the microlenses are
analyzed by measurement of the surface profile and the imaging properties in the near-field and far-field
zones as well as the diffraction pattern. We think that the fabricated microlenses could be attractive for
enhancing the light extraction efficiency of light emitting diodes. © 2014 Optical Society of America
OCIS codes: (350.3950) Micro-optics; (220.3630) Lenses; (220.4000) Microstructure fabrication.
http://dx.doi.org/10.1364/AO.53.007868

1. Introduction

Microlenses are small lens with a diameter of less
than 1 mm and often as small as 10 μm, which are
commonly composed of small lenses with one plane
surface and one spherical or aspherical surface on a
supporting substrate [1]. As an important micro-
optical element, microlenses play an important role
and exhibit various wide applications in optical
fields, such as integral optics systems [2], optical data
storage [3], optical communication [4], and wavefront
sensing [5]. In particular, microlens arrays on top
of light-emitting diodes (LEDs) could contribute to
enhancing the light extraction efficiency [6,7], as
the microlens arrays could increase the effective
photon escape cone of the LEDs. Recently, significant
progress has been achieved in fabricating the micro-
lenses using several approaches such as hot
embossing [8], laser beam written microlenses [9],
deep lithography with protons [10], microcompression

moulding [11], and a soft-lithography technique [12].
In addition, inkjet technology [13], roll-to-roll printing
[14], and reactive ion etching [15] have also been used
to manufacture micrometer-sized lenses. Nearly all of
these approaches effectively have made important
contributions to fabricating high quality microlenses.
However, in comparison with the above techniques,
the microplotter system is significantly different
from existing inkjet technology and other technology
and could work with higher viscosity materials [16].
Rather than ejecting droplets over a distance to a
surface, the microplotter acts like a pen plotter, di-
rectly dispensing droplets or true continuous features.
This dispensing is driven by the patented ultrasonic
pumping action at the core of the microplotter. More-
over, some of the above approaches require complex
fabrication processes of dry etching, wet etching, or
optical lithography technology, which show some
potential issues of high cost and nonuniformity.
Thus, it is essential to develop a low cost and straight-
forward technology for high quality microlens fabrica-
tion in order to meet the requirements of large scale
production.

1559-128X/14/337868-04$15.00/0
© 2014 Optical Society of America

7868 APPLIED OPTICS / Vol. 53, No. 33 / 20 November 2014

http://dx.doi.org/10.1364/AO.53.007868


In this paper, we report a novel technology of fab-
ricating high quality microlenses on the surface of a
glass substrate by using the microplotter system
[17]. The total microlens fabrication using the micro-
plotter system could be finished within 1 min, which
demonstrates a significant enhancement on fabrica-
tion efficiency. The microplotter could deposit con-
trollable and high quality microlens arrays on glass
substrate directly without using complex etching and
costly optical lithography processes, which would be
considered as a potential technology for realizing low
cost and large scale production. Moreover, using the
microplotter could also avoid any degradation on
the performance of microlenses.

2. Design and Fabrication Process

The fabrication technique of the high quality micro-
lenses is based on a microplotter system. The core
part of this system is a dispenser, which is con-
structed by a piezoelectric element and hollow
tapered glass needle. The main features of this
microplotter system have a high resolution of 5 μm
for the deposition patterns, and the glass needle
can input more than 0.6 pl volume of the solution
at one time. The main working principle of this mi-
croplotter system is described as follows: first, when
an appropriate AC current is applied to the piezoelec-
tric element, it causes vibration along its axis and
generates the ultrasonic field. Second, the ultrasonic
field results in the pumping action within the needle
under certain driving frequencies (400–700 kHz),
and then the fluid is sprayed out of the end of the
needle. Third, the microlenses could be formed on
the surface of the glass substrate. The position of
the dispenser could be controlled by a high precision
positioning software system on a personal computer.
This position system with three positioning stages
can make the glass needle have accurate movements
and deposition patterns. The operator can monitor
the total deposition process in real time using an
attached charge-coupled-device (CCD) camera. For
a given glass needle, the size of the microlenses is
mainly related to the amplitude of the AC voltage
applied to the piezoelectric element and the concen-
tration of the deposited solution.

The fabrication process of the microlenses on the
glass substrate by using the microplotter system is
shown schematically in Fig. 1. Before depositing
the patterns on the glass substrate, three steps were
taken to clean the glass substrate. We placed the
glass substrate in the warm acetone bath for 10 min
of washing. Subsequent to the washing process, we
removed and placed the glass substrate in the alcohol
for 5 min. Then, we transferred the glass substrate to
a container with deionized (DI) water for a rinse, and
we dried the glass substrate using a nitrogen gun.We
optimized the parameters of the voltage, the dis-
pense time (the contact duration of the glass needle
and substrate), and the concentration of the solution.
The optimized voltage and the dispense time are 4 V
and 0.6 s, respectively. The solution used for pattern

deposition is composed of a hardener (Araldite M ac-
celerator 960) and epoxy resin (Araldite 506) with a
ratio of 1∶10 (hardener∶epoxy � 1∶10). The total ex-
perimental process for the microlens deposition on
the glass substrate consisted of four steps. The first
step was moving the dispenser to a fluid well with
the mixed solution of hardener and epoxy and load-
ing the dispenser with solution by dipping the sharp
end of the glass needle into the fluid well. The solu-
tion can rise up into the glass needle through capil-
lary action. The second step was positioning the glass
needle over the starting coordinate of the glass sub-
strate, adjusting the desired position, and lowering
the glass needle close to the surface of the glass sub-
strate. About this step, the accurate z positioning of
the glass needle is necessary in order to generate the
high quality of the microlenses. If the glass needle is
positioned too high (>2 μm) above the surface of the
glass substrate, the fluid contact may not be formed,
and the microlenses could not be deposited. This step
could actually be controlled and accomplished by the
positioning software system. The third step was the
microlens deposition process by sending the AC volt-
age to the dispenser. The final step was the baking
process. After the microlens deposition, the samples
were put inside the oven for baking at 70°C for 1 h. To
avoid the effect of thermal expansion and enable a
gradual solidified process, the temperature was
gradually increased at the rate of 5°C∕min . (Note:
the 1 h baking includes the time of temperature in-
creasing. The temperature was increased from room
temperature (23°C to 70°C). This treatment helps to
solidify the microlenses and maintain their shapes;
otherwise these microlenses would be destroyed
under high temperature. We found that these micro-
lenses could maintain their shapes well even after
the baking treatment.

Fig. 1. Schematics of the microlens fabrication process. Step 1:
the microtip glass dips into the solution, and solution should start
rising up the inside of the tip glass through capillary action. Step 2:
the microtip glass detects the surface of the substrate and starts to
print the microlens. Step 3: the samples are put inside the oven for
baking at 70°C for 1 h.
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3. Results and Discussion

The single microlens or microlens arrays could be
manufactured by using the microplotter. In order
to verify the reproducibility of the microlens produc-
tion, a lens array with “F” patterns was successively
manufactured, as shown in Fig. 2. In fact, the arbi-
trary patterns of the lens array could be manufac-
tured by setting the parameter of the Microplotter.
Figure 2 shows different magnification pictures
of the microlens array formed on the glass substrate.
The fabricated microlens arrays were transparent
as a result of the characterization of the epoxy
materials and smooth surface, which could be
capable of producing a high quality image at their
center. The microlens sizes were measured by optical
microscopy. The diameters were found to 20 μm. As
can be seen from Fig. 2, all the microlenses present a
well-defined hemispherical shape and are practically
the same, which indicates high reproducibility.

To demonstrate the focusing performance of the
fabricated microlenses, the optical image measure-
ments at the focal plane of the microlenses and at
other planes are necessary. The focused light spot
of the far-field image at the focal plane and near-field
image at other planes were measured by a micro-
optical measurement system, which is composed of
a microscope, a visible laser light source, and a CCD
system. For the focused light spot measurement, by
increasing the distance between the microscope ob-
jective and microlens array, the far-field intensity
distribution in the focal plane of the microlens array
can be detected on the CCD. As can be clearly seen
from Fig. 3(a), the sharp focal spot images are clearly
observed. The pitch of the focused light spot is uni-
form, and the spots have uniform and symmetrical
intensity distribution, which indicates that beam
profiles should exhibit a Gaussian distribution.
The measurement results show the focused spots
have the size of 4.00 μm. The near-field image
also presents a clear and symmetrical distribution,
as shown in Fig. 3(b). To study the shape of the

microlens arrays which were fabricated, we use
the surface profiler to measure the geometrical prop-
erties of microlenses arrays. The radial scan of the
profile is shown in Fig. 4. It shows that the lens-
to-lens variation is almost unchanged. The diameter
and height of the microlenses are about 20 and
8.8 μm, respectively. The microlenses were also
characterized by surface roughness measurement.
Surface roughness is an important parameter for
microlens arrays because a smooth surface can min-
imize the reflection or refraction of light that is
passed through the microlenses. The actual scanned
area for each microlens measurement on the curved
surface was 3 μm × 3 μm.The average surface rough-
ness of the microlenses was about 2.35 nm. The sur-
face roughness appearance is because of the different
densities of mixed epoxy and hardener. Maybe the
stirring time for the process of the mixed solution
is not enough.

The diffraction picture of the microlenses is shown
in Fig. 5. For this diffraction picture collection, the
microlens was inserted between a glass plate coated
with UV ink and a UV laser source with an operation
wavelength of 325 nm. By adjusting the distance be-
tweenmicrolenses and the glass plate, the diffraction
picture could be generated on the glass plate after
UV laser illumination on the back side of the micro-
lenses for 2 s. Then the glass plate was dipped into

Fig. 2. Microscopic images of the fabricated microlens array
under different magnifications.

Fig. 3. Optical microscope image of the backside illuminated
microlens array with a visible laser light source. (a) Light spot
of far-field image at the focal plane and (b) near-field image at
other planes.
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Fig. 4. Surface profiles of the microlenses.
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the acetone solution for 5 s. Bright and dark circular
rings can be observed. Circular rings are attributed
to the diffraction of the UV laser beam on the lens
itself.

4. Conclusion

In this paper, we fabricated high quality polymer mi-
crolenses by using the microplotter printing technol-
ogy, which shows the advantages of a simple, rapid,
and low-cost fabrication method. The fabricated mi-
crolenses show good optical characteristics with sur-
face smoothness. The sharp focal spot images are
also clearly observed. The fabricated microlenses
could be used for realizing a high power LED.

References
1. U. P. Kumar, N. K. Mohan, and M. P. Kothiyal, “Characteriza-

tion of micro-lenses based on single interferogram analysis us-
ing Hilbert transformation,” Opt. Commun. 284, 5084–5092
(2011).

2. B. D. Murić, D. V. Pantelić, D. M. Vasiljević, and B. M. Panix,
“Properties of microlenses produced on a layer of tot’hema and
eosin sensitized gelatin,” Appl. Opt. 46, 8527–8532 (2007).

3. Y. Tanaka, M. Yamagata, Y. Komma, S. Mizuno, and K.
Nagashima, “Lens design for optical head compatible with
compact disk and digital versatile disk,” Jpn. J. Appl. Phys.
37, 2179–2183 (1998).

4. K. Rastani, C. Lin, and J. S. Patel, “Active-fiber star coupler
that uses arrays of microlenses and liquid-crystal modula-
tors,” Appl. Opt. 31, 3046–3050 (1992).

5. P. Nussbaum, R. Völkely, H. P. Herzig, M. Eisner, and S.
Haselbeck, “Design, fabrication and testing of microlens
arrays for sensors and microsystems,” Pure Appl. Opt. 6,
617–636 (1997).

6. Y. K. Ee, R. A. Arif, N. Tansu, P. Kumnorkaew, and J. F.
Gilchrist, “Enhancement of light extraction efficiency of
InGaN quantum wells light emitting diodes using SiO2/
polystyrene microlens arrays,” Appl. Phys. Lett. 91, 221107
(2007).

7. P. Zhao and H. Zhao, “Analysis of light extraction efficiency
enhancement for thin-film-flip-chip InGaN quantum wells
light-emitting diodes with GaN micro-domes,” Opt. Express
20, A765–A776 (2012).

8. X. Q. Fan and H. H. Zhang, “Fabrication of microlens array
by direct hot embossing on silicon substrate,” Sens. Lett. 6,
266–271 (2008).

9. F. Chen, H. Liu, Q. Yang, X. Wang, C. Hou, H. Bian, W. Liang,
J. Si, and X. Hou, “Maskless fabrication of concave microlens
arrays on silica glasses by a femtosecond-laser-enhanced
local wet etching method,” Opt. Express 18, 20334–20343
(2010).

10. H. Ottevaere, B. Volckaerts, M. Vervaeke, P. Vynck, A.
Hermanne, and H. Thienpont, “Plastic microlens arrays by
deep lithography with protons: fabrication and characteriza-
tion,” Jpn. J. Appl. Phys. 43, 5832–5839 (2004), special issue
on Micro-optics.

11. S. Moon, S. Kang, and J. U. Bu, “Fabrication of polymeric
microlens hemispherical shape using micromolding,” Opt.
Eng. 41, 2267–2270 (2002).

12. H. H. Kim, B. H. O, S. G. Lee, and S. G. Park, “Fabrication
of novel double microlens using two step soft lithography,”
Microelectron. Eng. 87, 1033–1036 (2010).

13. D. L.MacFarlane, V. Narayan, J. A. Tatum,W. R. Cox, T. Chen,
and D. J. Hayes, “Microjet fabrication of microlens arrays,”
IEEE Photon. Technol. Lett. 6, 1112–1114 (1994).

14. C. N. Hu, H. T. Hsieh, and G. D. J. Su, “Fabrication of
microlens arrays by a rolling process with soft polymethylsi-
loxane molds,” J. Micromech. Microeng. 21, 065013 (2011).

15. M. Eisner and J. Schwider, “Transferring resist microlenses
into silicon by reactive ion etching,” Opt. Eng. 35, 2979–2982
(1996).

16. H. Cheun, P. P. Rugheimer, B. J. Larson, P. Gopalan, M. G.
Lagally, and M. J. Winokur, “Polymer light emitting diodes
and poly(di-n-octylfluorene) thin films as fabricated with a
microfluidics applicator,” J. Appl. Phys. 100, 073510 (2006).

Fig. 5. Diffraction pattern of one particular microlens.
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