Technique for monolithic fabrication of microlens arrays
Zoran D. Popovic, Robert A. Sprague, and G. A. Neville Connell

A microlens fabrication process is described which can be used in applications requiring integration of optical
elements (lenses) and microcircuits. The process is fully compatible with IC fabrication technology and uses
commercially available IC processing materials. The obtained microlenses are of excellent quality and

basically show diffraction-limited resolution with '-l-m spot size. Extensions of the process to production
of nonspherical lenses and use of alternative material packages are also discussed.

1.

Introduction

As optoelectronic devices are more widely used, the

technology of fabrication of small optical components
on IC chips becomes more important.

In the methods

available at present microlenses and microlens arrays
are fabricated separately and need to be subsequently
bonded to IC devices if so desired.

The devices that

have been developed so far include molded microlens
arrays,1 planar microlens arrays produced by an ion

exchange technique,2 and microlens arrays in photosensitive glass produced by a photolytic method.3
Monolithic fabrication of single lenses as a part of light
collection optics for InGaAs/InP light emitting diodes
4

This
(LEDs) has been described by Wada et al.
process, however, is not directly transferrable to silicon
technology.

Bonding of separately produced microlenses to microchips is a nontrivial procedure requiring proper
alignment. Moreover the necessary alignment may be
difficult to maintain over extended periods of time due
to environmental factors. For example, high temperature swings may cause differential thermal expansion
between the substrate with microlenses and the electrooptic device on which they are mounted.

Some

designs may also require short distances (perhaps a
few tens of microns) between microlenses and the
plane of the IC chip.

In that case, the very thin sub-
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strates needed to hold microlenses may be difficult to
handle in a production environment.
It is therefore clear that monolithic production of
microlenses and microlens arrays would have substantial practical advantages over production methods in
which microlenses are produced separately and subsequently bonded. So far only fabrication of relatively
crude lenses integrated

with silicon IC devices has

been successful. Ishihara and Tanigaki5 reported fabrication of an array of striplike cylindrical lenses on top
of a 2-D CCD image sensor. In this way the image
sensor efficiency was increased by a factor of 2. Cy-

lindrical microlenses were formed by melting strips of
the Novolac resin in controlled conditions. While this
method may be satisfactory for formation of crude
lenses it is not applicable for fabrication of lenses with
more exacting requirements.
Our goal was to develop a procedure for production
of microlenses which are from a few tens of microns to
perhaps a few hundreds of microns in size and are of

sufficient optical quality to approach diffraction-limited resolution with a high numerical aperture (N.A.
0.3-0.5).

Initially we attempted to use a method simi-

lar to the one proposed by Ishihara and Tanigaki.5
Small cylinders of a suitable resin produced by photolithographic techniques were brought to melting temperature in carefully controlled heating conditions.
The idea was that, after melting, they will form into
small hemispheres due to surface tension forces. It
has been observed, however, that the molten resin had
a tendency to spread such that lens size and the isolation of closely spaced lenses was difficult to control.
As a result many of the microlenses produced were
defective and showed serious distortions in optical
performance.
These initial experiments made it clear that the
major problem in any microlens fabrication process
based on melting of the lens material is the control of
spreading. We have found that spreading of the mnol1 April 1988 / Vol. 27, No, 7 / APPLIEDOPTICS
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ten lens material can be very well controlled by forming the lens on top of a small pedestal whose melting

point exceeds that of the lens material. Then, because
the surface of the pedestal is wetted by the melt, the
lens material spreads as far as the edge of the pedestal.
At this point it is stopped because any surface contact
angle can be satisfied at an edge.6 The resulting droplet is hemispherical on a circular pedestal.
In choosing the materials to produce the microlens
arrays, the major consideration was to make the process highly compatible with IC fabrication technology.
In what follows, a process will be described that is

based entirely on standard, commercially available,
positive photoresist materials derived from Novolac
resin. For easier characterization purposes, microlens
arrays were made on quartz wafers.

1

-

b.

C.

| heating

The process is,

however, applicable without major modifications to
direct manufacturing of microlens arrays on silicon
wafers which have been planarized

a.

(for example, by

using polyimides) so that the desired spacing between
lenses and wafer surface is achieved.

d.
Fig. 1. Process steps for production of microlenses:

(a) Al film is

deposited on a quartz substrate and patterned with 15-jimholes; (b)
30-jim diam circular pedestals are formed on top of the aperture
holes; (c) 25-jim diam, 12-jim high cylinders are developed on top of

the pedestals; (d) heating to 140'C for 15 min produces the microII.

lenses.

Description of the Process

The production of high numerical aperture microlenses requires the generation of a spherical surface
(using surface tension) and the fabrication of an aperture which limits the numerical aperture to reduce
aberrations. In this work we chose to make 30-gm
diam microlenses with 15-gm diam aperture holes.
For a nearly hemispherical lens this choice leads to a
minimum focused spot size. Necessary photolithographic masks were designed in the MANN 3000format
which is one of the standard formats accepted by IC

mask manufacturers on computer tape. This format,
however, supports only rectangular shapes with a
minimum size of 0.4 gm. To obtain smooth circles
quantization of 0.1 m was needed. This was accom-

plished by forming circular holes and dots using overlapping rectangles with 0.4-,umminimum size, but displaced with respect to each other by 0.1,gm. The loX
master, produced by electron beam lithography, was
used to make a contact print mask in a stepper. The
contact print mask contained 15 X 15 repeated identical patterns.
The process steps for fabrication of microlenses are

schematically described in Fig.1. Detailed description of different steps follows.
Step 1. Formation of lens aperture holes [Fig.
1(a)]

An aluminum thin film (2500 A thick) is depos-

ited on a quartz substrate and patterned with an array
of 15-um diam holes.

These holes become the aper-

ture stops for the lenses subsequently fabricated on
top of them. For pattern development, Shipley 140027 photoresist was used in standard conditions recommended by the manufacturer.
Step 2. Formation of pedestals [Fig. 1(b)] The
same positive photoresist used in Step 1 is spun on the
wafer and exposed to produce a pattern of 30-gm diam
circles which are centered on top of the 15-gumaper-

tures. After development of the photoresist the wafer
is subjected to the process of deep UV hardening,
1282
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so

that pedestals are formed that become insoluble and
stable for temperatures in excess of 1800C. The deep
UV hardening process was carried out using a Microlite deep UV exposure system giving 600 mW/cm 2 of

radiation in the 200-300-nm wavelength range. It
consisted of the following steps. After pattern development the wafer was first deep UV exposed for 45 s at

1000C, and subsequently hard baked at 1200C for 30
min. The deep UV exposure step prior to the hardbake step ensured formation of a tough skin and the
preservation of sharp edges in the hard-bake process.
After the hard bake, the wafer was exposed again to
deep UV radiation for 90 s and at the same time the
wafer temperature was ramped from the starting temperature of 100'C to a final temperature of 180'C.
After the hard bake and UV hardening steps were
completed, a pedestal thickness of 1-i-m was ob-

tained.
Step 3. Formation of Cylinders [Fig. 1(c)] Cylinders were formed using Shipley TF-20 photoresist
which is specifically formulated to allow thicker resist
coatings (3.9-6.9 gm for spinning speeds from 6000
down to 2000 rpm, respectively). The refractive index

of the dried resin is 1.65 around 700 nm. To achieve a

film thickness before development of 15 gim, two
successive coatings were necessary. Spinning conditions for both coatings were 2000 rpm for 45 s, with a

10-min soft bake after the first coat and a 30-min soft
bake after the second coat. This thick resist film is
patterned to produce 2 5-,m diam cylinders centered
on top of UV hardened 30-,m diam pedestals. The
exposure time was 180s and the development time was
60 s. After the cylinders were formed, the wafer was

flood exposed to near UV radiation for 15 min. This
lowered the melting temperature of the cylinders made
of thick resist material. The described process yielded

Fig. 2.

Micrograph of a grid imaged through the microlenses with
32-jim center-to-center spacing.

Intensity distribution at a focus of one microlens.

Fig. 3.

Horizon-

tal scale, representing distance, is 1 jim/div. The peak width at halfmaximum is 1.2 jim.

12-gm high cylinders which were rounded at the top.

Akttempts to form higher cylinders starting from
thicker TF-20 photoresist layers were not successful,
probably because the absorption of the sensitizer in
the upper part of the resist makes it impossible to
develop the lower part when the full layer is too thick.

Step 4. Formation of lenses by heating [Fig.
1(d)] In the last step the wafers are placed for 15 min
in a convection oven heated to 1400C. In these condi-

tions, the cylinder material melts and flows to the
pedestal edges to form the array of spherical microlenses.
Characterization of Microlenses

Ill.

The microlenses obtained in the described manner
had excellent optical properties. An image of a grid
structure through these lenses is shown in Fig. 2. The

light intensity distribution at focus, obtained using an
immersion microscope objective and a TV camera, is

Fig. 4.

shown in Fig. 3. The spot diameter at half-maximum,
obtained with a 730-nm LED at the light source, is 1.2

Scanning electron micrograph of a part of the microlens
array produced by the process described in the text.

gim.

It it interesting to compare this intensity distribution at focus with the diffraction-limited spot size.
Using a microscope, an aperture diameter of D = 15.8
Am and a distance of focus from the aperture plane of L
= 36 gm were measured. Then, assuming an index of
refraction of 1.455 (quartz at 730 nm), we obtain for the

numerical aperture N.A. 0.5nD/L = 0.32. The minimum spot size at half-maximum is given approximately by d1/2

=

(0.514X)N.A. = 1.2 gim, which is exactly

equal to the value determined from Fig. 3. It therefore
appears that the lens shows diffraction-limited resolution.
Another interesting question is lens-to-lens uniformity.

Lenses were made in 6 X 7 clusters, 32 gm apart.

Within the same cluster, the focal length appears to be
the same within ±0.5 gm. A perceptible change in the
focused spot size can be observed when the microscope
objective is moved 0.5 gim. At the same time, the
diffraction rings of all lenses in the array look identical.

The microlens fabrication process therefore appears
highly reproducible, at least on the same wafer.

Figure 4 shows a part of a cluster of lenses imaged by

a scanning electron microscope. This micrograph reconfirms our conclusions about uniformity of the microlenses obtained by optical measurements, showing
the excellent lens smoothness and sphericity achieved
by the described fabrication process.
IV.

Discussion and Conclusions

There are a few obvious generalizations and extensions of the described process. For example, the pedestal material does not need to be transparent.
Opaque pedestals can be used, but then they must
have a doughnut shape, with the central hole equal to
or larger than the aperture size. It may be possible to
avoid the hardened resin pedestal altogether if the Al
layer, used to form the lens apertures, is made suffi-

ciently thick. In that case, the aperture openings are
produced by fully etching the Al film, while pedestals
are produced by partial etching. Cylindrical and elliptical lenses can be fabricated by using pedestals in the
form of a long strip and an ellipse, respectively.
1 April 1988 / Vol. 27, No. 7 / APPLIEDOPTICS
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The pedestal concept can also be used to produce
concave spherical lenses which might be of interest in
some applications, such as increasing the viewing angle

of LEDs, for example. In that case an inverted pedestal is needed, i.e., the concave lens is formed in a
cylindrical hole.
The maximum thickness of lens material of 12 gim

obtained in this work is a property of the photoresist
chosen. This thickness limitation leads to lenses
which are smaller than full hemispheres. There is
however no reason to suspect that this limitation cannot be overcome.

PMMA, for example, can certainly

be developed to larger thicknesses, due to its small
absorption coefficient at the development wavelength
and processes for PMMA lithography are well established. Microlenses with greater radii of curvature,
forming full hemispheres or even hyperhemispheres,

should therefore be possible.
In conclusion, a microlens fabrication process has
been developed capable of producing high quality microlenses using standard IC processing materials.
The results indicate that large arrays of high quality
microlenses can be fabricated monolithically on planar
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