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This paper presents the statistical analysis applied into the shape of microlenses (MLs) for
validating the high-reproducibility feature of their fabrication process. The MLs were fab-
ricated with the AZ4562 photoresist, using photolithography and thermal reflow processes.
Two types of MLs arrays were produced for statistical analysis purposes: the first with a
cross-sectional diameter of 24 lm and the second with a cross-sectional diameter of
30 lm, and both with 5 lm spacing between MLs. In the case of 24 lm diameter arrays,
the measurements showed a mean difference in diameter of 2.78 lm with a standard devi-
ation (SD) of 0.22 lm (e.g., 2.78 ± 0.22 lm of SD) before the reflow, and 2.34 ± 0.35 lm
of SD after the reflow. For the same arrays, the mean difference in height obtained was,
comparatively to the 5.06 lm expected, 0.76 ± 0.10 lm of SD before the reflow and
1.91 ± 0.15 lm of SD after the reflow, respectively. A mean difference in diameter of
2.64 ± 0.41 lm of SD before the reflow, and 1.87 ± 0.34 lm of SD after the reflow was
obtained for 30 lm diameter MLs arrays. For these MLs, a mean difference in height of
0.71 ± 0.12 lm of SD before the reflow and 2.24 ± 0.24 lm of SD after the thermal reflow
was obtained, in comparison to the 5.06 lm of height expected to obtain. These results val-
idate the requirement for reproducibility and opens good perspectives for applying this
fabrication process on high-volume production of MLs arrays.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Micro-optical elements are essential parts in different
applications, including optical fiber-based instruments
[1], optical inspection with micrometer precision [2], com-
munications, image sensors, biomedical devices [3,4], con-
focal microscopy [5], and in advanced optical products [6].
Microlenses (MLs) are an example of those micro-optical
elements usually integrated with optical systems for colli-
mation and focusing. Additionally, MLs are an attractive
alternative for applications where miniaturization, low
cost and alignment simplicity are primordial [4]. Examples
of these applications include image sensors, biomedical
instruments, microsystems and lab-on-a-chip systems
[3,4]. The MLs can be fabricated using different methods
found in literature [7–10] such as e-beam lithography,
hot embossing, reactive ion etching, ion diffusion, photore-
sist reflow method, LIGA. The most used fabrication pro-
cess is the thermal reflow one due to its simplicity,
rapidity and low cost. Furthermore, only lithography and
heating processes are required [11,12]. Basically, a photo-
resist (PR) material, like AZ4562, is patterned after a lithog-
raphy process. Then, the thermal reflow is applied to PR
and, due to surface tension phenomena, the material ac-
quire the lens profile [13,14]. In this context, this paper
presents a reproducibility analysis applied to MLs fabrica-
tion with thermal reflow process. Only cylindrical MLs
were fabricated and tested. Photolithography was used to
pattern two types of strips, according to the designed
photo-mask: one with a diameter of 24 lm and other with
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Fig. 1. MLs parameters and focal length representation.
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30 lm, spacing 5 lm. After this phase, a statistical analysis
was done before the reflow. Then, it was analyzed other
parameters, e.g., the cross-sectional diameter, the height
and the distance between adjacent MLs. Another set of
MLs were produced with the same parameters and at the
same time, the thermal reflow was also applied. For these
MLs a post thermal reflow statistical analysis was per-
formed. The different MLs were fabricated on different
occasions in order to allow the statistical analysis to be sta-
tistically significant. This last issue is important to take
reliable conclusions about the fully reproducibility of this
fabrication process.

Cross-sectional diameter, height and distance be-
tween adjacent strips were the parameters chosen for
reproducibility study of the photolithography process.
The aim of this statistical study is to conclude the lithog-
raphy process’s capacity in convert the two-dimensional
photo mask design in a three-dimensional structure with
a thickness, length and height. After applied the thermal
reflow, the same parameters were chosen to statistically
study the thermal reflow process in cylindrical MLs.
Other parameters could be chosen to validate the repro-
ducibility of the MLs fabrication, like curvature deviation,
off-axis deviation, point-spread function (PSF) [9,15].
However, these parameters chosen are very important
to specifically analyse the lithography process’s repro-
ducibility and the AZ4562 PR behaviour during the ther-
mal reflow, i.e., during the heating above its glass
transition temperature. In addition, cross-sectional diam-
eter and sagitta are used for focal length determination,
an important parameter to control according to the
cylindrical ML’s optical application. An optical applica-
tion example, where the good reproducibility of the focal
length is necessary, is the MLs array integration on top of
photodiodes CMOS array to improve the light acquisition
and, consequently, the current generation in each
photodiode.

2. Microlenses fabrication

2.1. Geometrical parameters

In MLs with a spherical cross-section, the diameter (D)
and the sagitta (h) are the two most important geometrical
parameters and these are chosen according to focal length
(f0) required for a specific application. The focal length (f0)
and curvature radius (Rc) are given by:

f0 ¼
n1

n2 � n1
Rc ð1Þ

Rc ¼
r2 þ h2

2h
ð2Þ

where n1 and n2 are the refractive indices of the medium
and ML material for a specific wavelength, respectively.
The quantities r and h are the radius and sagitta of ML,
respectively. Additionally, the diameter and the height
are a crucial part to control on each step of the fabrication
process. Fig. 1 shows these two parameters for focal length
calculation [16].
2.2. Fabrication process

Fig. 2 represents a scheme of MLs fabrication process.
Firstly, the PR (in this case a positive PR) is patterned in a
glass substrate resorting to photolithography. This phase is
represented in Fig. 2(a)–(c). As illustrated in Fig. 2(d), a
thermal reflow process is applied in the end of photoli-
thography for acquisition of the lens’s spherical profile.

Basically, a photolithography process consists in three
steps: the preparation of the sample in a substrate, the
designing of a photo-mask and the pattern transfer into
polymers materials by ultra-violet (UV) embossing [17].
Firstly, a PR material (polymeric materials, normally) is
spun on a substrate. By controlling the speed and time of
spin coating a uniform layer with a specific thickness is ob-
tained. After, a prebake phase is necessary to remove the
solvents present in the PR. Temperature and time are the
parameters to control in this step. Besides removing the
solvents, the prebake phase also removes the water from
the PR. So a rehydration step is essential for allowing the
material to absorb the water normally from the air humid-
ity. The following phase, named exposure, includes the cor-
rect position and alignment of a photo-mask on the top of
PR and the consequent exposition to UV light. This phase is
dependent of the first step of photolithography: the time of
exposure varies with the PR thickness, which is controlled
by spin coating. A developing phase with the appropriate
developer and respective concentration is required for
removing the exposed PR. Finally, a three-dimensional
structure correspondent to the two-dimensional photo-
mask design is obtained after cleaning the samples.

The reflow method involves the melting of micro-pat-
terned PR [3]. During the melting of PR, their liquid surfaces
are pulled into a shape which minimizes the energy of the
system. If gravitational effects are presumed to be negligi-
ble, which on micro-scale will generally be the case, it is ex-
pect a MLs’ shape presenting a spherical surface. This occurs
due to surface tension phenomenon [8,9]. Temperature and
time are the parameters to control in the thermal reflow
process, depending on the glass transition temperature of
the PR. For AZ4562 MLs fabrication, the selected process
parameters are summarized in the Table 1. The spin coating
parameters were tuned to obtain a theoretical thickness of
5.06 lm. The exposure and developing parameters were
readjusted in order to obtain better results. Finally, it was
observed the softening point of AZ4562 to be 110 �C. How-
ever, during the fabrication optimization, it was realized
that the best reflow conditions were obtained with the use



Fig. 2. MLs array fabrication steps: (a) spin coating, prebake and rehydration; (b) exposure; (c) developing and cleaning; and (d) thermal reflow.

Table 1
The MLs fabrication process steps and parameters.

Process step Process parameters

Spin coating 2000 @ 6000 RPMa

Prebake 100 @ 100 �C
Rehydration 100 @ room temperature
Exposure 5100 @ 134 W
Developing AZ400 K developer in a 1:4 concentration with distilled water (20 1500) � 2
Thermal reflow 50 @ 140 �C

a RPM: revolutions per minute.
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of a hotplate in a temperature of 140 �C during 5 min. Fur-
ther details about the modelling of reflow and the numerical
solving of Navier–Stokes equations (responsible for govern-
ing the flow of low-viscosity materials) can be found in the
research done by von Lavante et al. [18].
2.3. Design specifications

As described in the previous section, the photolithogra-
phy process involves a design phase of a photo-mask,
which will be used for UV exposure in contact mode. This
two-dimensional design is responsible to create a three-
dimensional structure in PR. Therefore, in photo-mask
design only the cross-sectional diameter and the distance
between adjacent MLs can be controlled. Fig. 3 represents
the two photo-masks used to pattern the PR in the expo-
sure step: (a) 24 lm and (b) 30 lm strips with a spacing
of 5 lm and a length of 4.9 mm. The mask of 24 lm diam-
eter MLs has 172 strips, while the mask of 30 lm diame-
ters MLs has 142. The height of three-dimensional
structure is controlled by spin coating phase, through spin
speed and time. During 20 s with a speed of 6000 RPM it is
expected a height of 5.06 lm.
3. Measurement

3.1. Pre-reflow and post-reflow

Four groups of MLs arrays were fabricated for pre-
reflow and post-reflow statistical analysis. Five random
measurements in different strips/MLs were realized for
each array, resorting to Scanning Electron Microscope
(SEM) images. It was used five random measurements
(an odd number) of the total array for a more significantly
statistical study. The same statistical procedure was ap-
plied by Bilro et al. [19]. The micro-patterned PR and the
final MLs array present a high aspect ratio, defined by ratio
between the length of the array and the cross-sectional
diameter of the strip/ML, i.e., the ratio L/D when L is the ar-
ray’s length and D is the cross-sectional diameter of a sin-
gle strip or ML. The photolithographic process used for
MLs’ fabrication produces negligible variations in L when
it is compared with the diameter D of the strips. Therefore
the aspect ratio is less sensitive to small variations of the
length L. On the other hand, it is extremely sensitive to
the variations of D, being this one of the parameters chosen
for studying. The valour of D is almost constant along L.
This uniformity can be seen in Figs. 4 and 5 which repre-
sents SEM images of the strips/MLs array for the two types
of MLs. Fig. 6 represents SEM images of pre-reflow mea-
surements of two selected samples. These selected samples
were randomly chosen from the entire fabricated set. Once
again, Fig. 7 also shows two selected samples of MLs arrays
after the thermal reflow process. The results show the
spherical shape, according to theoretical concepts.

3.2. Statistical analysis

For the statistical analysis, a difference between the real
and the theoretical value expected were calculated [20,21].
The expected cross-sectional diameter and distance



Fig. 3. Photo-masks used in MLs fabrication: (a) 24 lm diameter and (b) 30 lm diameter.

Fig. 4. For a selected sample, SEM images of 24 lm diameter array: (a) pre-reflow and (b) post-reflow.

Fig. 5. For a selected sample, SEM images of 30 lm diameter array: (a) pre-reflow and (b) post-reflow.
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Fig. 6. For a selected sample, SEM images of pre-reflow results: (a) a single strip of a 24 lm diameter array and (b) a single strip of a 30 lm diameter array.
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between adjacent MLs correspond to the photo-mask de-
sign. On the other hand, the expected MLs’ sagitta is spec-
ified by the process fabrication. So, for a given parameter x,
this difference is obtained by:

Dxi;j ¼ xi;j � xth ð3Þ

where xi,j and xth are the real and theoretical value, respec-
tively, with i = 1,2,3,4 which correspond to the four groups
of MLs fabricated; and j = 1, . . . ,n where n is the five data
collected for each group of MLs. Therefore, the mean of
the difference for a parameter xth in the group i is [20]:

li;xth
¼ 1

n

Xn

j¼1

Dxi;j ð4Þ

In the same way, the standard deviation (SD) is given by
[17]:

ri;xth
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

j¼1
li;xth

� Dxi;j

� �2
r

ð5Þ

A plot with mean versus SD was made for each param-
eter, before and after the thermal reflow. The final mean
and SD, which will be used for accuracy and precision cal-
culation, is obtained by:
Fig. 7. For the selected samples, SEM images of post-reflow results: (a) a
single element of a 24 lm diameter MLs array and (b) a single element of
a 30 lm diameter MLs array.
S ¼ lxth
;rxth

� �
¼min

X4

i¼1

l� li;xth

� �2
þ r� ri;xth

� �2 ð6Þ

This result correspond to the mean and SD that mini-
mize the error of the differences. Finally, the accuracy
and precision were calculated as follows:

Accuracy ¼
lxth

xth
� 100% ð7Þ

Precision ¼ rxth

xth
� 100% ð8Þ

using the mean and SD, respectively.

3.3. Results

The following sections present the results of the statis-
tical study and the main conclusions. For all plots, the dia-
monds and circle markers are the mean and SD for the four
MLs groups ðli;xth

;ri;xth
Þ. The triangular and square markers

are the final mean and SD, which result of Eq. (6). Dia-
monds and triangular markers are the results for 24 lm ar-
rays, while circles and square markers refer to the 30 lm
arrays’ results. Firstly, the results of cross-sectional diame-
ter study are presented. Fig. 8 represents the pre-reflow re-
sults of diameter difference for 24 and 30 lm MLs. The
measurements are compared to the theoretical values ex-
pected, i.e., 24 lm or 30 lm.

On the other hand, Fig. 9 represents the pos-reflow re-
sults of diameter difference for the two MLs array. It is in-
tended to conclude the capacity of the MLs fabrication
process into transfer the photo-mask’s pattern into the PR.

Table 2 resumes the main pre- and post-reflow results
for the two MLs produced, in terms of diameter difference.
For the 24 lm diameter mask, the fabrication process is
able to produce strips with a cross-sectional diameter
average of 26.78 lm with a standard deviation (SD)
0.22 lm (e.g., an average of 26.78 ± 0.22 lm of SD), before
the thermal reflow. After the thermal reflow, the process
produces MLs with a cross-sectional diameter average of
26.34 ± 0.35 lm of SD. This last value reflects an accuracy
of 9.75% and a precision of 1.46%. Once the variable is the



Fig. 8. Pre-reflow diameter difference for 24 lm strips (diamonds and
triangular markers) and 30 lm strips (circles and square markers).

Fig. 9. Post-reflow diameter difference for 24 lm MLs array (diamonds
and triangular markers) and 30 lm MLs array (circles and square
markers).

Fig. 10. Pre-reflow distance difference between adjacent lenses for 24 lm
diameter strips (diamonds and triangular markers) and 30 lm diameter
strips (circles and square markers).
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difference between real and theoretical value, it’s expected
a small value for both the accuracy and precision.

For the 30 lm diameter mask, the fabrication process
produces strips with a diameter difference of
2.64 ± 0.41 lm of SD pre-reflow. A difference of
1.87 ± 0.34 lm of SD was obtained after thermal reflow,
which signify that it is obtained MLs with a cross-sectional
diameter average of 31.87 lm post-reflow. The reproduc-
ibility of 30 lm MLs array fabrication corresponds to an
accuracy of 6.23% and a precision of 1.13%.

To a complete study of the photo-mask’s pattern trans-
ference into the PR, during the exposure phase, a statistical
study of distance between adjacent MLs was made, com-
paratively to the theoretical value of 5 lm expected for
the two arrays. For the two arrays, Figs. 10 and 11 repre-
sent the pre-reflow and post-reflow results, respectively.

Table 3 presents the main results of the distance be-
tween adjacent MLs study. It is possible to observe that
Table 2
Mean and standard deviation of diameter difference pre- and post-reflow.

MLs array (lm) Phase Mean (lm) Acc

24 Pre-reflow 2.78 –
Post-reflow 2.34 9.7

30 Pre-reflow 2.64 –
Post-reflow 1.87 6.2
the distance is smaller than the theoretical value of 5 lm.
This general result is in accordance with the diameter
study, i.e., the increase of the diameter from the mask to
the PR is compensated by the decrease of the distance be-
tween adjacent MLs. For 24 lm diameter mask, the mean
difference of the distance obtained was �2.71 ± 0.15 lm
of SD before reflow. For 30 lm strips, a mean difference
of �2.57 ± 0.27 lm of SD before thermal reflow was ob-
tained. On post reflow phase, the distance between adja-
cent lenses increases, according to the decrease of
diameter verified with the thermal reflow. A mean differ-
ence of �2.21 ± 0.29 lm of SD and of �1.87 ± 0.30 lm of
SD was obtained for 24 lm and 30 lm MLs array after
the reflow.

Finally, a study of MLs’ sagitta was made. This study
was based in the difference between real value measured
in SEM images and the theoretical value expected by spin
coating parameters: 5.06 lm. Figs. 12 and 13 represent
the pre-reflow and post-reflow height difference results,
respectively.

The mean of height difference increases from pre-re-
flow to post-reflow phase. This can be consulted in Table
4. So the height increases with the thermal reflow process
due to the melting of PR. An average height difference of
0.76 ± 0.10 lm of SD and of 0.71 ± 0.12 lm of SD was ob-
tained for 24 lm and 30 lm micro patterned strips, before
the thermal reflow. In this phase the difference is very low,
which means that the photolithography process repro-
duces approximately the thickness expected. However,
after the thermal reflow, this difference increases to
1.91 ± 0.15 lm of SD and to 2.24 ± 0.24 lm of SD for
24 lm and 30 lm MLs array, respectively. With the height
study is possible to conclude that the SD, generally, is
smaller than the other parameters (diameter and distance
between adjacent lenses difference). This corresponds to a
uracy (%) Standard deviation (lm) Precision (%)

0.22 –
5 0.35 1.46

0.41 –
3 0.34 1.13



Fig. 11. Post-reflow distance difference between adjacent lenses for
24 lm MLs array (diamonds and triangular markers) and 30 lm MLs
array (circles and square markers).

Table 3
Mean and standard deviation of distance difference between adjacent
lenses pre- and post-reflow.

MLs array
(lm)

Phase Mean (lm) Standard
deviation (lm)

24 Pre-reflow �2.71 0.15
Post-reflow �2.21 0.29

30 Pre-reflow �2.57 0.27
Post-reflow �1.87 0.30

Fig. 12. Pre-reflow height difference for 24 lm diameter strips (dia-
monds and triangular markers) and 30 lm diameter strips (circles and
square markers).

Fig. 13. Post-reflow sagitta difference for 24 lm MLs array (diamonds
and triangular markers) and 30 lm MLs array (circles and square
markers).

Table 4
Mean and standard deviation of height difference pre- and post-reflow.

MLs array
(lm)

Phase Mean
(lm)

Accuracy
(%)

Standard
deviation (lm)

Precision
(%)

24 Pre-reflow 0.76 – 0.10 –
Post-reflow 1.91 7.96 0.15 0.63

30 Pre-reflow 0.71 – 0.12 –
Post-reflow 2.24 7.47 0.24 0.80
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better precision. Thus, for the total fabrication process, a
precision of 0.63% and 0.80% was obtained for 24 lm and
30 lm arrays, respectively. An accuracy of 7.96% and
7.47% was obtained for the same arrays, respectively.
4. Conclusion

This paper presented a fabrication process of MLs based
on photolithography and thermal reflow. A statistical vali-
dation of the same was made. This successful validation
concluded the correct transfer of the photo-mask design
into the AZ4562 positive PR and the proximity of the diam-
eter and height relatively to the theoretical values. This
simple, fast and low cost fabrication process presents a
high degree of reproducibility for the parameters studied,
opening good perspectives for applying this process in
high-volume productions of MLs arrays.
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