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ABSTRACT
A simple grating mask has been used in an ordinary 5:1 projection stepper equipment to fabricate microscopic

parabolic topographies in thick positive photoresist. The microparabolic surfaces created were coated with reflective
material to form parabolic reflectors . Measurement values of focal length were in agreement with the expected
theoretical values. The simple parabola forms the basis for the fabrication of compound parabolic reflector which
can be used for beam steering. Normal incidence beam can be redirected by the compound parabolic reflector onto
device areas in the vicinity of the focus.
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1 INTRODUCTION
The use of complex surface topographies for a variety of optical elements in micro-optics has increased over the
years{1, 2] . Though the existing micromachining technologies can produce a variety of curved microstructures, they
are limited in some applications.

A more recent method of fabricating these microscopic curved structures is by patterning thick photoresist and
either using the resulting shape as it is or replicating it into the underlying substrate using dry etching or ion beam
milling techniques. Focus has been on the use of a grey-tone photomask with pixels which are too small to be
resolved by the optical system[3, 4, 5].

This work reports a simple method for exposing photoresist through a grating mask into parabolic profiles,
such as the one shown in figure 4(a), using an ordinary 5:1 stepper projection system. In this method the stepper
equipment is used to project an out-of-focus image of the mask on the photoresist. This has an averaging effect on
the transmission which results in smooth profiles.

The microstructures form the basis for the fabrication of compound parabolic micro-reflectors which are very
suitable for such applications as thin solar cells.

2 EXPERIMENTAL PROCEDURE FOR PHOTORESIST
EXPOSURE AND DEVELOPING

In the experiment 4-inch diameter silicon wafers were used. The wafers were cleaned in fuming nitric acid
and subjected to a dehydration bake for lOmins in a 95°C convection oven. Thick positive photoresist (Shipley
STR1O75) was spun on silicon wafers to a required thickness of 9um. This was for the fabrication of the simple
parabolas. The photoresist was then softbaked for 4Omins in a convection oven at 80°C and subsequently exposed
through a half tone mask in the 5:1 stepper projection equipment. It was exposed for times ranging from 3.25s to
6.75s and developed for 1 minute. The exposed sections of the photoresist developed into cylinders with parabolic
profiles of various depths depending on the time of exposure. The wafers were then rinsed in water, spin dried and
coated with gold

In the stepper equipment used, the column that holds the projection optics is movable hence the system can be
programmed to form an out-of-focus image at the focal plane. In particular it was programmed to expose photoresist
whose top surface is at the normal focal plane or 1Ojtm above it.
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Exposure and development times are critical. Over-exposure results in the formation of vertical photoresist
walls instead of curved ones. Under-exposure leaves a layer of photoresist on the substrate in areas which should
be clear of photoresist. To obtain correct exposure time a calibration experiment was done. This involvedexposing
photoresist for a certain time and then measuring the depth of the photoresist developed. From the results of
exposure depth versus time it is possible to estimate the required time to expose a given thickness of photoresist
just to the silicon surface.

For the fabrication of the compound microparabolas a different reticle mask was used but designed using similar.
techniques as for the simple parabola. The mask was used to expose 20,um thick photoresist for times ranging from
6.Os to 9.75s with equal increments of O.25s. The wafers were then developed for 3 minutes, rinsed, spin dried and
coated with gold.

3 THEORETICAL CONSIDERATION IN THE DESIGN OF THE
MASK

Since the stepper is adjusted to project an out-of-focus image of the mask on the photoresist the diffraction effects
are not significant as compared to the required blurring effect of the image. We can then treat the image formation
as purely geometric. To a first approximation, for a given exposure time the depth of the photoresist removed during
development is proportional to the intensity of light transmitted through the mask. A relative intensity pattern
that would expose photoresist into a parabolic pattern with subsequent development into a parabolic profile is given
by equation (1) and can be derived from the cartesian equation of a simple parabola whose vertex is at the origin.

2x
1(x) = 1 — _______

4fy(Xmax)
(1)

where f is the focal length, x is measured parallel the photoresist surface and Xmax represents the maximum value
of x for which y is the photoresist height. The simple parabola used in the design had a height of 9gm, unit focal
length and an Xmax value of 6iim.

In designing the mask that would approximately yield the intensity pattern represented by equation (1) and
illustrated in figure 1(a), the percentage transmission at any point along x was used to compute the relative sizes
of opaque and clear slits that would yield the relevant transmission.

(a)

r
Ii— d —'k—i-'

(b)

Figure 1: (a) Intensity profile approximation, (b)Dark and clear slit schematic for percentage transmission p

On the mask the object dimensions are 5 times that of the image. Due to the e-beam writing machine restriction
in which the minimum geometry that is possible is 1,am, the width of the clear slit in the mask was kept constant
at 1[Lm while the opaque portion was varied. The schematic diagram of figure 1(b) shows the construction of the
dark and clear slits for a percentage transmission p where p is 1001(s) with s= 5x.
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The width d(s) , of the opaque strip at a distance s from the centre of the parabola mask depends on the
percentage transmission p(s) at that point and can be expressed as

d(s) = -p(s)
(2)

p(s)

The design of the grating involved linear addition of clear and corresponding opaque slits right from the 100%
transmission centre to the 0% transmission sides. The size of the clear slit is maximum at the centre and decreases,
according to the required percentage transmission, to zero at the sides of the mask. By using the stepper in
out-of-focus mode the image is blurred and hence smoothing the intensity profile.

3.1 FABRICATION OF COMPOUND PARABOLAS

The simple parabola forms the basis for the fabrication of compound parabola. Figure 2, shows a schematic
of a compound parabolic reflector constructed from two simple parabolas which have been shifted such that their
focal points are 6im apart and are located under each other's curves. The thicker curvature sections represent the
compound parabolic reflecting surface which steers a normal incidence beam onto an area near the focus underneath
the adjacent mirror surface.
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Figure 2: The compound parabolic deflector constructed from two parabolas

The design of the mask used for patterning 20jm thick photoresist to give this profile was based on the values
derived from the plot of d(s) against s in figure 3.

4 PRELIMINARY RESULTS
After developing the exposed photoresist and coating it with gold to minimize charging in the SEM, the wafer

was cleaved across the grooves for SEM measurements.
Figure 4(a) shows an SEM photo of a parabola obtained by exposing the 9im thick photoresist for 3.25s using

the grating mask while figure 4(b) shows a profile developed after exposing thick photoresist for the same duration
but using a mask window of 80im. In the grating mask the design window is 60jm(i.e on the mask the opening of
parabola is 5xl2pm).

For the 80im window exposure the image profile contrasts well with that from the grating mask. The width of
the image is about 22jm and is far much larger than the expected value of 16tm. For the design mask the width
of the image is 9jtm against an expected width of 9.51um for a depth of 5.7um. It was observed that for any given
exposure time the resulting image was a parabola whose dimensions were dependent on the time.
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Figure 3: The opaque slit width d(s) at a distance s for the 20,am
thick resist case

Figure 5(a) shows an SEM photo of a cross-section of a microparabola obtained by exposing the 9am thick
photoresist for 5.25s(just to the substrate) and in figure 5(b) a simple parabola plot has been superimposed on the
photograph.

Vickers microscope type M41 Photoplan was used in the measurement of the focal length of the microparabolas.
The diaphragm(D) for this microscope was used as an aid in the measurement, see figure 6. The diaphragm
image(D') can be viewed when the reflected image(D") of the diaphragm falls on the focal plane as illustrated in
figure 6(b) and also in the photo scan (D') where the diaphragm image is in focus on resist surface

The stage position is further adjusted until a sharp bright line image(DL) appears in the middle of the parabola
groove, see figure 6(c). This image is formed by the rays that are reflected once by the parabola before they come
to a focus. The focus appears as a bright image line in the centre of the parabola groove as in photoscan DL

The rays that are reflected twice by the parabola walls form virtual images on either sides of the base of the
parabola. The photoscan 2D and the schematic of figure 6(d) refer to this case.

To measure the depth of the parabola using the microscope, the stage position is adjusted (moved up) such that
the diaphragm image(D ) comes into focus when it is reflected by the base of the parabola as illustrated in figure
6(e)

Figure 7 shows a compound parabola developed in the 2Oiim thick photoresist. When a compound parabola
plot is superimposed on the profile as shown in figure 7 there is a good match on the upper part where there was a
good percentage transmission approximation.

4.1 DETERMINING THE FOCAL LENGTH
For the real image formed in the groove, as in figure 6(c) , assume that the reflecting surface is part of a concave

mirror. Hence applying the curved mirror equation, the focal length; f, can be computed. The object distance u
and the image distance v can be determined from the stage positions.

1 11-=-+- (3)f
From the readings of the stage positions, as tabulated in figure 1, the value of the focal length for the parabola

made in the 9pm thick photoresist was computed and found to be O.96pm. This is in agreement with the design
value of 1pm.
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Figure 4: (a) Parabola developed after 3.25s exposure using grating mask. b) Pliotoresist (leVeloJ)ed after 3.25'
exposure using a 8L)ini window

Table 1: Stage positions arid cOrr€'sj)OIidiIlg knol reading
St age posit ion readiiig( /Lj
Flat resist surface iii focus (Focal plane reading) 21

Diaphragm image in focus on resist surface 27

Bright image line in groove 29

Sharp edge image of F.S.I in groove 36
Double bright line in the groove 33
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Figure 5: (a)Parabola developed after 5.25s exposure. (h) Parabola developed after 5.25s exla)sllre witIi slil)(1itIi-
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Figure 6: Schematic of Illicroscope diaphragm image positions and associated photographs of the images
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Figure 7: (a) Compound parabola in 2Unn thick resist. (b) Fitting the compound parabolii plot onto (leVelOl)e(l
resist image
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Figure 8: ia) Schematic cross—section of the compound parabolic deflector made from two overlappiiig siiiiple
parabolas showing the working principle. (b ) Eompound parabola arrays

5 CONCLUSION
A microfabricated siniple parabola in 9pm thick pliotoresist is presented. The measured focal lengt ii of the simple
parabola is iii agreement with the theoretical value. Using the 5:1 project iou stepper in an out of focus mode
produces smooth surfaces on the resist microstructures.

The simple parabola forms the basis for the fabrication of compound parabola whose surfaces can be coated
to act as beam steering mirrors. Beam bending micro—optic components are useful in applications where active
device areas are either (i obscured by sonic other (levices. or (ii) more efficient with oblique optical coupling. One
application of these beam steering niicrostructures is in the thin solar cell. The compound parabolic reflector, as
shown in figure 8(a) steers otherwise normal incidence light on the solar cell surface such that it is coupled hit o
the cell travelling close to the surface. This means light can travel for long distances in the cell before it strikes
he hack reflector and hence the cell can he made very thin. The advantage of reducing the solar cell thickness is

that photogeneration takes place closer to the p—n junction on the average, especially for the low energy photoiis.
giving rise to a reduced hulk recombination and thus an increase in the current collected A fabricated couuipouuid
parabola is shown in figure 8(b) and work on the application is underway.

The process of fabricating phot oresist mnicroparabolas is compatible with the normal silicon processilig proce-
dures. If the microstructures are to be used as they are then they could be fabricated at the end of a device
fabrication proce. The microstructures pattern could be transferred onto other substrates using an ion heani
nulling where the mill rates for the substrate and the photoresist are carefully chosen so that there is niaXimnuuui
ransfer of shape. Alternativel time nucrotructures can he used as masters for emuibossing purposes.
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