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Fabrication of a 100% fill-factor silicon microlens array
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Abstract: A simple method has been developed for the fabrication of a silicon microlens array with a 100% fill
factor and a smooth configuration. The microlens array is fabricated by using the processes of photoresist (SU8-
2005) spin coating, thermal reflow, thermal treatment and reactive ion etching (RIE). First, a photoresist microlens
array on a single-polished silicon substrate is fabricated by both thermal reflow and thermal treatment technolo-
gies. A typical microlens has a square bottom with size of 25 �m, and the distance between every two adjacent
microlenses is 5 �m. Secondly, the photoresist microlens array is transferred to the silicon substrate by RIE to
fabricate the silicon microlens array. Experimental results reveal that the silicon microlens array could be formed
by adjusting the quantities of the reactive ion gases of SF6 and O2 to proper values. In this paper, the quantities of
SF6 and O2 are 60 sccm and 50 sccm, respectively, the corresponding etch ratio of the photoresist and the silicon
substrate is 1 to1.44. The bottom size and height of a typical silicon microlens are 30.1 �m and 3 �m, respectively.
The focal lengths of the microlenses ranged from 15.4 to 16.6 �m.
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1. Introduction

The micro opto electro mechanical system (MOEMS) has
many applications, such as detectors and emitters to boost op-
tical efficiency. Also, a two-dimensional microlens array is
likely to be combinedwith other microoptical structures to play
an important role in optical sensor arrays, projection systems,
biomedical systems, and optical interconnection. In particu-
lar, microlevels offer several features, including significantly
reduced wavelength sensitivity compared to conventional mi-
crolenses, the possibility of realizing large numerical aper-
tures, and, generally, high focusing efficiencyŒ1; 2�. At present,
various microlens fabrication methods such as thermal reflow
formingŒ3; 4�, the stereolithography techniqueŒ5; 6�, and the hot
embossing processŒ7� have been developed. The microlens has
been fabricated from a few tens of microns to perhaps a few
hundreds of microns in size. These fabrication techniques for
microlens arrays are used both in order to reduce the cost and
improve the characteristic of optical and mechanical proper-
ties. However, the fill factor of a microlens is a major engi-
neering challenge, because it is difficult to fabricate a 100%
fill-factor microlens array.

In this paper, we present a detailed process for fabricat-
ing a silicon microlens array with 100% fill factor and smooth
configuration, and reveal the requirements for manufacturing
the photoresist microlens array with thermal reflow technology
and forming the silicon microlens array with RIE technology.

2. Fabrication process

To fabricate the silicon microlens array with 100% fill fac-
tor, a detailed process flow is shown in Fig. 1. Single-polished
silicon is used as substrate. First, 1.17-�m-thick of SU8-2005
photoresist is spin-coated on the substrate, then the photore-
sist is patterned by photolithography to form a cubic photore-

sist array, in which a typical one has a bottom size of 25 �m
[Fig. 1(a)], the distance between every two adjacent cubic pho-
toresist is 5 �m. Secondly, the photoresist microlens array is
fabricated by thermal reflow and thermal treatmentŒ8� technolo-
gies, as shown in Figs. 1(b) and 1(c). The time-temperature
graphs of the thermal reflow and thermal treatment are shown
in Fig. 2(a). Experimental results show that different heating
rates, cooling rates and heating temperatures have different ef-
fects on the vector height of the microlens. First of all, the vec-
tor height of the microlens increases as heating rate increases,
as shown in Fig. 2(b). Besides, a rapid cooling could change
the original convex microlens due to the effect of pressure vari-
ation, as shown in Fig. 2(c), or it could cause many cracks in
the photoresist microlens because the coefficient of thermal ex-
pansion of the basic photoresist is high [(10–80)�10�6 ıC�1].
Lastly, the vector height of the microlens has the maximum
value at the temperature of 250 ıC. Consequently, in this pa-
per, the heating rate, the cooling rate and the heating tempera-
ture are 10.5 ıC/min, 2.5 ıC/min and 250 ıC, respectively. After

Fig. 1. Microlens fabrication process flow. (a) Spin-coat photoresist
and photolithography. (b) Thermal reflow. (c) Thermal treatment. (d)
Pattern transfer.
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Fig. 2. (a) Time–temperature curve of thermal reflow and treatment. (b) Effect of different heating rates on the vector height of the microlens.
(c) Effect of different cooling rates on the vector height of the microlens. (d) Effect of different heating temperatures on the vector height of the
microlens.

thermal reflow, the microlens array is placed into an incubator
with a temperature of 280 ıC for its reparation to form a new
microlens array with a smaller surface roughness (Ra), this pro-
cess is called thermal treatment. Thirdly, the silicon microlens
array is fabricated with 100% fill-factor by RIE transfer tech-
nology. Under the conditions including pressure of 130 mTorr
and power of 80 W, in this paper, the quantities of the reactive
ion gases of SF6 and O2 are 60 sccm and 50 sccm, respectively.
Results show that the etch rates of the SU8 photoresist and the
silicon substrate are 0.78 �m/min and 1.12 �m/min, respec-
tively, the etch ratio is 1 to 1.44. There are twomain factors that
are helpful for the fabrication of a 100% fill-factor microlens
array. First, the reactive ions have an anisotropic nature, and the
direction of the iron diffusion is not always perpendicular to the
substrate when the pressure is relatively low. Secondly, the dif-
ferent etch ratios cause the etch rate of the silicon substrate to
be larger than that of the photoresist microlens. Thereby, a se-
ries of continuous silicon microlenses are fabricated, as shown
in Fig. 1(d).

3. Results and discussion

3.1. Relationship between vector height of the silicon mi-
crolens and the quantities of SF6 and O2

Experimental results reveal that different compositions of
SF6 andO2 affect the vector height and configuration of the sil-
icon microlenses during the RIE process. In addition, different

silicon spherical microlens arrays with a wide variety of vector
heights (2–9 �m) could be fabricated by adjusting the quanti-
ties of SF6 and O2. The larger the amount of SF6 is, the higher
the silicon microlens will be; whereas, the larger amount of O2

is, the lower the silicon microlens will be. The reason is that
SF6 is the main reactive etch gas for silicon substrate, while
O2 is the main reactive etch gas for SU8-2005 photoresists.

However, under the preconditions that the pressure and
power are constant values of 130mTorr and 80W, respectively,
when fixing the quantity of SF6 to 60 sccm, results show that
the silicon microlenses have sunken profiles if the amount of
O2 is lower than 40 sccm. The reason would be that the gas of
SF6 has an isotropic nature and the diffusion irons of SF6 will
etch the silicon under the photoresist microlens if the quantity
of O2 is too low. Experiments show that the best compositions
of SF6 and O2 are 60 sccm and 50 sccm, respectively.

3.2. Silicon microlens array forming

The SEM image of the photoresist microlens array fab-
ricated by thermal reflow and RIE transfer technologies are
shown in Fig. 3. The cubic photoresist array, with vector height
and bottom size of 1.17�m and 25�m, respectively, is formed
by lithography. As shown in Fig. 3(a), the distance between
every two adjacent microlenses is 5 �m. Figure 3(b) shows
the top-view image of the photoresist microlens array, whose
outline profiles is shown in Fig. 3(c). The x-coordinate unit
is �m, and the y-coordinate unit is Å. The parameters of the
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Fig. 3. (a) Form cubic photoresist by lithography. (b) Top view of the photoresist microlens array. (c) Outline profiles of the photoresist microlens
array. (d) Top view of the silicon microlens array. (e) Outline profiles of the silicon microlens array.

photoresist microlens such as bottom size and vector height
are measured, and their values are 30.1 �m and 2.25 �m, re-
spectively. According to the equal volume theory, the height
of the photoresist microlens should be 2.34 �m after thermal
reflow, but the height of the silicon microlens is smaller. The
reason would be that the photoresist is heated to evaporation.
Figure 3(d) shows the top-view image of the silicon microlens
array and its outline profile is shown in Fig. 3(e). In the exper-
iment, the etch time is 180 s. The vector height of the silicon
microlens is about 3 �m, which is larger than that of the pho-
toresist microlens because of the different etch ratio between
the SU8-2005 photoresist and the silicon substrate.

3.3. Optical properties measurement

The experimental results for a typical silicon microlens ar-
ray with 100% fill factor are shown in Fig. 4. A cross-section
of a typical silicon microlens is shown in Fig. 4(a), and its sur-
face profile measured by noncontact interferometric profilom-
etry is shown in Fig. 4(b). The graphs show that the microlens
with height of 3.0 �m has a smooth surface. The roughness

measured by the step-meter is less than 30 nm, which is an ex-
cellent surface property for optical application.

The focal lengths of microlenses measured by using a re-
fractive optical microscope ranged from 15.4 to 16.6 �m. The
general form of the focal length is:

f D
r

n � 1
; (1)

where r is the radius of the microlens, and n is the index of
refraction of silicon. According to the equal volume theory of
a spherical ball, the radius of the microlens can be written as:

r D
L2

8h
C

h

2
; (2)

where L is the bottom size, and h is the vector height of the
microlens. Combining Eqs. (1) and (2), and settingL D 30�m
and h D 3 �m, we can get that the theoretical value of focal
length is 16.2 �m. Thereby the measured focal length of the
microlens is within the error range.
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Fig. 4. (a) SEM image of the microlens array and cross-section of a typical silicon microlens. (b) Outline profiles of the silicon microlens.

4. Conclusion
We have successfully demonstrated a method which in-

cludes thermal reflow, thermal treatment and pattern transfer,
to fabricate a siliconmicrolens array with 100% fill factor and a
smooth surface. The dominant factor in fabricating a microlens
array is the etch ratio between the photoresist and the silicon.
The surface property of the microlens array is characterized,
presenting smooth profiles with a uniform serial of focuses that
range from 15.4 to 16.6 �m.

References
[1] Choo H, Muller R S. Addressable microlens array to improve

dynamic range of Shack-Hartmann sensors. J Microelectromech
System, 2006, 15(6): 1555

[2] Jain A, Xie H. An electrothermal microlens scanner with low-

voltage large-vertical-displacement actuation. IEEE Photonics
Technol Lett, 2005, 17(9): 1971

[3] Popovic Z D, Sprague R A, Connell G AN. Technique for mono-
lithic fabrication of microlens arrays. Appl Opt, 1988, 27: 1281

[4] YuW,YuanXC. A simple method for fabrication of thick sol–gel
microlens as a single-mode fiber coupler. IEEE Photonics Tech-
nol Lett, 2003, 15(10): 1410

[5] Chang S I, Yoon J B. Shape-controlled, high fill-factor microlens
arrays fabricated by a 3D diffuser lithography and plastic repli-
cation method. Opt Express, 2004, 12: 6366

[6] Hayden C J. Three-dimensional excimer laser micromachining
using grey scale masks. JMicromechMicroeng, 2003, 13(5): 599

[7] Ong N S, Koh Y H, Fu Y Q. Microlens array produced using hot
embossing process. Microelectron Eng, 2002, 60: 365

[8] Lee S K, KimMG, Jo KW, et al. Glass reflowed microlens array
and its optical characteristics. IEEE/LEOS International Confer-
ence on Optical MEMS and Nanophotonics, 2007: 75

034008-4


