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A novel thermal reflow method for the monolithic fabrication of microlens arrays with ultrahigh
focal numbers and tunable lens profiles.
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In this paper, we demonstrate a novel thermal reflow method with an additional near ultraviolet (UV)
flood exposure and upside-down reflow configuration for the fabrication of microlenses with an ultrahigh
focal number. By using this method, microlenses with a focal number (F¥) as high as 9.7 have been
successfully obtained, which is about four folds higher than that can be fabricated with a conventional

10 reflow method. The final profile of microlenses can be flexibly and accurately tuned by controlling the
flood exposure dosage and adopting the appropriate reflow configuration, which enables to fabricate not
only spherical microlenses but also more complex aspheric lenses. The fabricated microlens is
characterized by measuring the point spread function (PSF) and the measurement result indicates that the
diffraction limited optical performance of the microlens can be achieved. The method developed in this

1s work can be used for the mass and cost-effective fabrication of high performance microlenses with
ultrahigh focal numbers, which can find applications such as the accurate optical testing, integration
imaging, laser beam collimating.

tension of the molten photoresist so that a spherical surface
Introduction profile can be formed to retain the minimum surface energy state
so when the photoresist cylinder is heated above its glass transition

temperature (7g).> !

Generally speaking, conventional thermal reflow yields
microlens with F# ranging from 0.8 to 2 (or in NA, 0.6 to 0.25).'2
It seems problematic to fabricate larger F# microlenses for a dip
will turn up in the center of the molten resist pattern when its
diameter increases.'"-'3 The origin of the dip could be attributed
to the constraint of the contact angle,'"!? the inadequate
photoresist volume!®, the inappropriate reflow temperature
setting'4, or the crosslinking nature of photoresist polymers!>16,
o To further increase the F* of the fabricated microlens, various

methods have been proposed and demonstrated. S. Haselbeck et

al introduced a resist base layer to reduce the contact angle so that
the microlens with a NA as low as 0.1 can be fabricated.!?
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The refractive microlens is a versatile photonic element gaining
20 everlasting interest for various applications.!® The geometry of
the microlens will be different for different application purposes.
For instance, microlenses with a larger focal number (F¥),
corresponding to a lower numerical aperture (NA), is preferred in
order to improve the detecting accuracy of Hartmann-Shack wave
25 front sensors.’ So far, a lot of methods have been developed to
fabricate microlenses for various applications, among which the
thermal reflow method stands out for its simplicity, excellent lens
uniformity and good compatibility with the well-established IC
manufacturing flow and therefore is mass productive yet cost-
30 effective.l1920-22 This method takes advantage of the surface

5

a

X

S

lens profile accuracy and fill factor for photoresist may reflow all
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45 Changchun, Jilin, P. R. China. 75 yet less complexity and less cost to fabricate microleses with high

F# and controllable surface profile.
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Methods and Experimentals

In this paper, we demonstrate a novel thermal reflow method
which can increase the F# of the fabricated microlens by more
than 4.5 times in comparison with the microlens made by a
conventional thermal reflow method. Besides, this method is easy
to be applied for mass and cost-effective fabrication and the
accurately. In this approach, two significant modifications have
been made based on the normal thermal reflow method. One is
that an additional UV flood exposure of the photoresist cylinders
after development and before thermal reflow is added. We utilize
an I-line (365 nm) UV lamp as the flood exposure source as the
positive photoresist patterns cured by such near UV light are
easier to reflow while deep UV irradiation has a negative effect.?!
In addition, near UV flood exposure can lower the Ty of the
photoresist.!” Considering the positive correlation between
thermal-crosslinking rate and temperature,'? this is advantageous
because the molten photoresist has relatively more chance to
approach the ideal spherical shape before it is thoroughly
crosslinked. The other modification is to implement the thermal
reflow with an upside-down configuration, that is to say the
substrate is flipped with photoresist faces the hotplate but not the
backside of the substrate. This is to take advantage of the gravity.
The gravity effect is usually negligible and ignored when dealing
with microlenses with a small curvature radius,?? however, it can
be remarkable for high F* microlenses that have a larger
curvature radius. This can be illustrated in terms of Bond number
(Bo = pgR?/0), which is widely used in fluidics to weigh the
relative effect of gravity and surface tension that impose on a
droplet.? Here, p, g, R and ¢ denote mass density, gravitational
acceleration, curvature radius and surface tension of photoresist,
respectively. Then we can see B, increases with curvature radius
quadratically. By replacing R with F# and base diameter (D), a
more illustrating form of B, is obtained: Bo = pg[(n-1)DF*%/o,
where n denotes the refractive index of the microlens. To
photoresists, typical values of n, p and ¢ are about 1.6, 1000
kg/m* and (2 to 5) x102 N/m, respectively.”> Thus for a
microlens whose F# and base diameter are 10 and 100 um, the
calculated B, is around 0.1. That signifies though the surface
tension dominates the reflow process, the gravity can also impose
an effect on the final microlens profiles. Therefore, an upside-
down reflow configuration is helpful for achieving high F*
microlenses because it can turn the adverse effect of gravity to a
beneficial side, which has been confirmed by our results. By
adding these two modifications into the conventional thermal
reflow process, it is found that the F# of the fabricated microlens
can be increased significantly. It is also found this method has the
potential to produce microlenses with a controllable profile.
Moreover, this technique is of good compatibility with other
available fabrication methods and therefore an even higher F*
microlens is possible to be fabricated through a smart
combination of these methods.

Figure 1 depicts the modified thermal reflow process where
standard photolithography is firstly conducted to obtain
photoresist cylinder array followed by flood exposure and then

s thermal reflow with upside-down configuration. As the volume

and base diameter of a photoresist cylinder only change slightly
during thermal reflow, one can tune the dimensions of initial
resist cylinders to produce desired F* microlenses. In our
experiments, the height and base diameter of photoresist
cylinders are controlled by adjusting spin-coating speed and
selecting binary glass/chromium photomasks with different size
of patterns, respectively. The detail of the process flow is as
follows: Firstly, a positive photoresist (Shipley 1813, Shipley)
was spun coated on a cleaned bare silicon wafer at a variety of
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os speeds ranging from 800 rpm to 4000 rpm to obtain photoresist
layers with different thicknesses ranging from 1.3 ym to 3.2 ym.
Next, the samples were soft-baked on a hotplate and exposed
with an I-line mask aligner. The photomask used for exposure has
patterns of circle array with diameters of 45 ym and 100 xm.
After full development, additional flood exposures were
conducted with the same mask aligner with exposure doses of
0~4 times of that used for photolithographic patterning. Finally,
samples were heated with an upside-down configuration on a
hotplate with temperatures and duration set as follows: 95°C
/10min, 115°C/10min, 135°C/10min, 155°C/10min, 165°C/10min
and 180°C/30min. It is noted that, in our experiment, a 2 mm
thick glass plate was placed in between the substrate and hotplate
so that there is an open air gap in between the photoresist layer
and the top surface of the hotplate. In this case, the photoresist
was actually heated through the air convection but not through
the intimate contact conduction, therefore a more uniform heating
and reflow were obtained by this upside down configuration.
After annealing and cooled down back to room temperature, a
plano-convex photoresist microlens array was successfully
s fabricated.
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Fig. 1 Schematic of the process flow for the fabrication of high F*
microlens: (a) spin coating and soft bake of photoresist on a
substrate, (b) UV exposure on the photoresist through a
photomask, (c) photoresist cylinder array after development, (d)
UV flood exposure, (e) step heating on a hotplate with upside-
down configuration, (d) fabricated microlens array after
annealing.

Results and Discussions

Geometries of the fabricated microlenses were characterized with
various methods. An optical microscope (MX61-F, Olympus)
was utilized to obtain a general 2D picture. As demonstrated in
Fig. 2(a), the base diameter of these microlenses is 100.39 um,
which is almost the same as that of initial photoresist cylinders.
Figure 2(b) shows the 3D image reconstructed from the measured
height data by a scanning confocal microscope (OLS4000,
Olympus). It should be noted that some particular height data
obtained may not be accurate due to the destructive interference
between the lights reflected from the lenses and substrate surfaces,
which results in the ripples in the 3D picture of the microlenses.
Alternatively, a mechanical stylus (Alpha-Step D-100, KLA-
Tencor) has been used to acquire the authentic profile, which is
advisable in flat microlens case.?* Figure 2(c) shows the obtained
microlens profile and the least square fitting to an ideal spherical
shape. As is shown, the maximum profile deviation is only 0.19
um. F* of these microlenses, as calculated with the sag height and
base diameter derived from the profile plot, is 9.7 (or 0.05 in NA,
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NA=1/2F%). A refractive index value of 1.6406 (at 632.8 nm)
from the resist product datasheet is used in the calculation. While
using a conventional method, the largest F¥ can be obtained is
only 2.4 in our experiment. This means that F* of the microlens

scan be increased to more than 4.5 times by introducing
aforementioned two modifications on the conventional thermal
reflow method.
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Fig. 2 Geometrical characterization results of resist microlenses
10 formed by thermal reflowing of the photoresist cylinders with
initial height 1.3 um and base diameter 100.4 um: (a) optical
microscopy photograph, (b) reconstructed 3D image with laser
scanning confocal microscope measurement data, (c) profile
obtained by stylus surface profiler (blue dash line), least square
fitting to an ideal spherical shape (red solid line, “R” and “H”
represent its curvature radius and sag height, respectively) and the
deviation between two profiles (brown dash-dot line).

@

To look into the separate effects of the flood exposure and the

20 upside-down reflow configuration on the formation of
microlenses, more experiments were conducted. As is
demonstrated in Fig. 3, the dip in the formed photoresist
microlens becomes smaller with the increase of the flood
exposure dosage. We attribute this phenomenon to the complex
25 chemical reactions of the photoresist materials with the UV light.
Like many other positive photoresist, Shipley 1813 consists of
novolak resin and diazo photoactive compound (PAC). The latter
can be transformed to an active ketene intermediate if subjected
to UV irradiation or calefaction. If there is sufficient water in the

30 photoresist, the ketene will degrade to indene carboxylic acid.

Otherwise, it will react with the novolak resin by means of ester-
linkage.?> The formation of ester-linkage, which gives rise to
some degree of crosslinking, can hinder the resin from reflowing
to its own limit.?® A flood exposure with a specific dosage in

35 ambient atmosphere before reflow is adequate to transform some
portion of PAC to indene carboxylic acid and hence facilitates the
reflowing process. It is found that although the flood exposure
helps to reduce the dips, a spherical lens shape still cannot be
formed even using a high flood exposure dosage. However, if the

40 substrate is placed upside down during thermal reflow, the dips in
all the samples are disappeared, indicating that the gravity plays
an important role in final profile formation. In this case, the
surface profile of the reflowed photoresist is still strongly
influenced by the dosage of the flood exposure as shown in Fig. 3

ss and a spherical profile can be achieved by using high dosage
flood exposure. Thus, our results demonstrate that one can
accurately control the surface profile by adjusting the exposure
dosage and adopting different reflow configurations.
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so Fig. 3 Final profiles of microlenses on silicon substrate formed
from resist cylinders with 100 um diameter and 2.2 xum height.
“Up” or “Down” means the substrate was placed with upside up
or down, respectively. The number represents the exposure
dosage, for instance, “50” means the flood exposure dosage is 50
ss mJ/cm?. “Original” means the profile of photoresist cylinders.
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Fig. 4 Final profiles of microlenses on silicon substrate formed

from resist cylinders with 100 um diameter and various aspect

ratios. The exposure dosage is 200 mJ/cm? and the reflow
« configuration is upside-down for all cases.

The microlens profile change with respect to the aspect ratio
(AR) of the cylinder structures was studied as well. By adjusting
the spin coating speeds from 800 rpm to 4000 rpm, the ARs of

This journal is © The Royal Society of Chemistry [year]
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the original cylinders with a diameter of 100 ym can be tuned
from 0.032 to 0.013. Those cylinders were then flood-exposed
with a dosage of 200 mJ/cm? and placed upside down during the
reflow process. Figure 4 shows the profiles of the obtained
microlenses. As is shown, the sag height of the microlens
increases with the increase of the AR of the original cylinder,
which means that the sag height of the formed microlens is
proportional to the AR of the cylinder structures.

It is also found that the spacing between the hot plate and the
inverted substrate can influence the profiles of the obtained
microlens. As can be seen from Fig. 5(a)~(c), the shape of
microlens changes slightly when the gap is no larger than 3 mm.
However, by further increasing the gap to 5 mm and 7 mm, a flat
top and a dip occurs in the center of the microlenses, which are
shown in Fig. 5(d) and (e), respectively. This can be explained
from two aspects. On one hand, a temperature gradient exists
from the hotplate surface to the air and thus the actual
temperature applied on the photoresist patterns decreases as the
gap increases. On the other hand, the temperature of the hotplate
in fact is set higher than the 7y of the S1813 photoresist.
Therefore, if the gap is less than a certain value, the actual
temperature applied on the photoresist patterns is still sufficient
for them to reflow completely. In this case, the reflowed
photoresist patterns will not exhibit obvious difference in shape,
as shown in Fig.5 (a)~(c). Otherwise, if the gap is larger than that
certain value, the photoresist patterns cannot reflow completely
and thus their final shapes show notable difference as the gap
increases, which is shown in Fig. 5(d) and (e).

Fig. 5 Microscopic pictures of the microlens arrays fabricated
with various spacings between the the hot plate and the inverted
substrate (1 mm, 2 mm, 3 mm, 5 mm, 7 mm, from (a) to (e),
sequentially).

To verify the applicability of the method further and to
characterize the optical properties of the microlenses fabricated,
we used glass plate as another trial substrate. The spin-coating
speed is set as 4000 rpm and the photomask is circle array with a
diameter of 100 um. Then the fabricated photoresist cylinder
array was flood exposed at a dosage of 200 mJ/cm? and reflowed
upside down. The same geometrical characterization and
calculation method described above were used to characterize the
fabricated microlens on glass substrates. The characterization
results indicate that microlenses with F* as high as 8.9 have been
successfully fabricated. Moreover, point spread function (PSF) of
the fabricated microlens is tested to characterize its optical
performance with the experimental setup depicted in Fig. 6(a). In
the setup, collimated He-Ne laser beam is reflected by a 45-
degree-tilt mirror and incidents on the microlens array vertically.
The transmission light is then collected by a 200x optical
microscope. We focused the microscope at the focal plane of the
microlens to capture its focal point image. Fig. 6(b) shows the
captured image of the Airy pattern, in which a bright Airy disc
with 13.7 um diameter is encircled by a series of less bright
concentric rings. Fig. 6(c) shows the measured 2D PSF and the

ideal PSF. As can be seen, though the central peak of measured
PSF is not as sharp as the ideal one, the diameters of both Airy
discs are almost the same. This result indicates that a near
o0 diffraction-limited optical performance has been obtained but
imperfect lens profile diffracts portion of light into higher order
ring lobes. The deviation of the measured PSF from the ideal one
means a decrease of the Strehl Ratio. However, it can be
eliminated by further optimizing process parameters such as flood
os exposure dosage and reflow temperature setting.

Microscope

(a) objective /

Microlens &
array ‘

Pinhole He-Ne laser

45 degree —<

mirror

Collimating lens

(b)

Normalized Intensity
1.0

(©)

—— Measurement
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0.0
-30-25-20-15-10 -5 0 5 10 15 20 25 30
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Fig. 6 Testing the PSF of the fabricated microlens with F#=8.9 on

glass substrate: (a) Optical setup for testing the PSF, (b) captured

Airy pattern of the microlens, (c) comparison between the
70 measured PSF and the ideal diffraction-limited one.
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The lensing effect of the fabricated microlens array was tested
as well. Figure 7(a) shows the testing setup, in which a pattern
displayed by a mobile phone screen was adopted as the object. In
this case, the microlens array was placed on the phone screen and

s a glass plate with a thickness of about 1.6 cm was inserted
between them to control the object distance. The image of the
object formed by the microlenses was then captured by a
microscope. As is shown in Fig. 7(b), the captured image is quite
clear, which indicates a good imaging performance of the

10 fabricated microlens.

Microscope objective

(a)

Microlens
array

A

Glass plate

e

Mobile phone screen

~1.6 cm

(b) §

_ 4200 pm
Fig. 7 Imaging test of the fabricated microlens array: (a)
configuration of the test setup, (b) images of the object formed by
15 the microlenses.

It’s worth pointing out that, contact angle, which is a material
constant depending on interfacial tensions between substrate,
photoresist and air, can affect the actual microlens profile
2 significantly.'> Therefore, one can also use different
combinations of photoresist (novolak/diazo type) and substrate to
obtain optimal reflow results. The method we demonstrated in
this work is compatible with other available approaches to
improve the focal number of the microlens such as using a base
25 layer, pre-shaped photoresist patterns, etc.

Conclusions

In conclusion, a novel thermal reflow method is proposed and
demonstrated in this work to produce microlenses with enlarged
F#. It is found that final profile of the microlens can be
30 controllably tuned by adjusting the flood exposure dosage and
using an upside-down reflow configuration. Moreover, in

combination with other available approaches, it should be
possible to achieve the microlenses with an even higher focal
number.
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