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Abstract: Micro lens-on-lens array (MLLA) is a novel 3D structure with unique optical properties
that cannot be fabricated accurately and quickly by existing processing methods. In this paper, a new
fabricating method of MLLAs with two focal lengths is proposed. By introducing the soft lithography
technology, nano-imprint technology and mask alignment exposure technology, MLLAs with high
precisions can be obtained. A MLLA is successfully fabricated with two focal lengths of 58 µm and
344 µm, and an experiment is carried out. The results show that the MLLA has excellent two-level
focusing and imaging abilities. Furthermore, the fabricated profiles of the MLLA agree well with
the designed profiles, and the morphology deviation of the MLLA is better than 2%, satisfying the
application requirements. The results verify the feasibility and validity of the novel fabricating
method. By adjusting mask patterns and processing parameters, MLLAs with both changeable sizes
and focal lengths can be obtained.

Keywords: microlens arrays; micro lens-on-lens arrays; photoresist reflow method; soft lithography;
nano-imprint technology; mask alignment exposure technology

1. Introduction

In recent years, microlens arrays have been widely used in the fields of optical sensing
technology, laser beam shaping, artificial compound eye structures, optical fiber coupling,
light-filed cameras, micro-manufacturing and lab-on-a-chip systems [1–7]. Micro lens-
on-lens arrays (MLLAs) with multiple focal lengths have great potential in the fields of
real-time detection of unconfined or fluctuating targets, 3D reconstructions and imaging in
multiple depth of fields [8–10].

The commonly used processing methods of traditional microlens arrays are the pho-
toresist reflow method [11–13], gray scale lithography [14–16], photolithographic ion-
exchange technology [17,18], etc. However, all of these traditional methods have to be
improved for the fabrication of MLLAs due to their complex structures, increasing the
processing difficulties. In 2015, YANG et al. [19] first proposed a two-step femtosecond laser
wet etching method to fabricate MLLAs. By adjusting the laser power and etching time,
they obtained MLLAs with both changeable sizes and focal lengths. However, the surface
roughness of the MLLA structure is large, with a deviation of 5%, and the image qualities
are not good enough, due to blurred edges of the images. Recently, Cao A et al. [20,21]
employed moving mask exposure technology to fabricate MLLAs. The mask pattern was
converted into a two dimensional pattern with adjustable exposure time. The MLLA was
fabricated by moving the mask with a uniform speed and by controlling the exposure time
with a high precision. The problem with this method is the undesired processing accuracy.
Furthermore, this method cannot be used to fabricate MLLAs with small apertures. There
are two reasons for this. The first reason is that a gap that is larger than 20 µm has to be
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given to avoid friction and the effect of the flatness between the mask and photoresist,
making the minimum line width after exposure larger than 4 µm. The second reason is
that the exposure resolution can be affected by other processing parameters, such as the
critical dimension and the linear precision of the moving mask. All of these factors lead to
large resolution values.

This paper proposes a novel approach to fabricate MLLAs based on the traditional
photoresist reflow method. MLLAs with high precisions can be obtained by introducing soft
lithography technology, nano-imprint technology and mask alignment exposure technology.
By adjusting mask patterns and processing parameters, MLLAs with both changeable sizes
and focal lengths can be acquired.

2. Materials and Methods

The structure of MLLAs is shown as Figure 1. Each element is composed of two
microlenses. The upper-layer microlens with a smaller size is fabricated on the lower-layer
microlens with a larger size, and both microlenses share the same optical axis. The shapes of
the two microlenses are standard spheres due to the effect of surface tension. The radiuses
of the two lenses can be calculated according to Equation (1). r1 = d1

2+4h1
2

8h1
≈ d1

2

8h1

r2 = d2
2+4h2

2

8h2
≈ d2

2

8h2

(1)

where, r1 and r2 are the radiuses of the upper-layer and lower-layer microlenses. d1 and d2
are the apertures of the two microlenses. h1 and h2 are the rise heights of the two lenses.
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The focal lengths of the upper and lower lenses are defined as Equation (3). f1 = r1
n−1 = d1
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where, f 1 is the focal length of the upper-layer microlens and f 2 is the focal length of the
lower-layer microlens. n is the refractive index of the material.

Usually, MLLAs have two different focal lengths. Inverted and reduced image arrays
can be obtained on the two focal planes of the MLLAs. Additionally, multiple high-
resolution images can be achieved if multiple targets are placed in the range of the depth
of field of the MLLAs.

The principle of the traditional photoresist reflow method is as follows. Photoresist
cylindrical arrays with a height of H and a width of D are heated to a molten state, and
the cylindrical structure becomes a sphere with a height of h and a radius of R due to
the effect of surface tension. The structures of the photoresist before and after melting
are shown in Figure 2. Compared with the initial volume of the photoresist (V1), the
volume after melting (V2) reduces for the reason that some of the organic solvents in the
photoresist evaporate. The percentages of organic solvents are different for the photoresist
with variable version and viscosity. Assuming that the scaling factor is k, volumes V1
and V2 satisfy the relationship V2 = k*V1. The structural parameters of MLLAs can be
calculated according to Equation (4).

πh2R− π
3 h3 = k · π

(
D
2

)2
H

f = R
n−1 = D2

8h(n−1)

F# = f
D

(4)

where, R, f and F# are parameters of the microlens array, according to which the structural
parameters (D and H) of cylinders before melting can be calculated. f is the focal length of
the microlens, and F# is the F number. Then, the mask patterns can be designed, and the
version as well as the thickness of the photoresist can be determined.
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Figure 2. Structures of photoresist before and after melting.

For the traditional photoresist reflow method, the two-layer coaxial photoresist cylin-
ders with different apertures become one microlens when they are melted. As a result, this
method can only be applied to fabricate one-layer microlens arrays, instead of the MLLAs.

This paper proposes a novel approach to fabricate MLLAs based on the traditional
photoresist reflow method. MLLAs with high precision can be obtained by introducing
soft lithography, nano-imprint technology and mask alignment exposure technology. The
fabrication processes are shown in Figure 3.
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of the microlens arrays on PDMS surface by soft lithography technology. (g,h) Replica process of 

Figure 3. Schematic of the fabrication processes for MLLAs. (a–d) Fabricated lower-layer microlens
arrays using the photoresist reflow method, including spin-coating the photoresist on the silica
substrate, first exposure with the first mask, development and photoresist reflow. (e,f) Replica process
of the microlens arrays on PDMS surface by soft lithography technology. (g,h) Replica process of the
microlens arrays on the NOA61 surface using nano-imprint technology. (i–l) Fabricated upper-layer
microlens arrays using mask alignment exposure technology with the second mask and photoresist
reflow. (m) The fabricated MLLA structure.

First, the first mask pattern is translated onto the photoresist, in which the thickness
is H2 using the contact exposure technology, as shown in Figure 3b. The photoresist
cylindrical array with an aperture of d2 and a period of T is formed as shown in Figure 3c.
The single layer microlens array with a height of h2 is fabricated using the traditional
photoresist reflow method, as shown in Figure 3d. A concave microlens array is achieved
on a polydimethylsiloxane (PDMS) surface using the soft lithography technology, as shown
in Figure 3f, and a convex microlens array is obtained on the NOA61 surface using UV
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nano-imprint technology. The concave and convex microlens arrays are replicated with
equal scale to keep them the same size. Mask alignment exposure technology is employed
to fabricate the cylindrical array with a thickness of H1 on the single layer convex microlens
array, as shown in Figure 3k. To ensure the fabrication accuracy, the position of the second
mask, in which the period is T and the aperture is d1 as shown in Figure 3j, should match
the lower-layer structure. Then, the traditional photoresist reflow method is used to
fabricate the upper-layer microlens arrays. Figure 4 shows the mask alignment result
measured by a scanning electron microscope (SEM) with the magnification of 4×. During
this process, the material of the lower layer is NOA61, while the material of the upper layer
is photoresist. Finally, dry etching or nano-imprint technology can be used to transform the
micro structure onto the substrate to obtain the MLLA structure, as shown in Figure 3m.
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In this paper, AZ9260 (520cp) photoresist and AZ400MIF:DI water = 1:1.2 developer
are used. The replica processes that are used to maintain the stability of lower-layer mi-
crolens arrays and to avoid damage to structures during the follow-up processes contain
two parts: the soft lithography technology and the UV nano-imprint technology. The
convex lens array on the photoresist is transferred into the concave lens array on the
PDMS using the soft lithography technology, and the concave lens array on the PDMS is
transferred into the convex lens array on the NOA61 by UV nano-imprint technology. The
transmission errors of the morphology are kept under 1% by controlling the temperature.
The hardness-Shore D of NOA61 should achieve 85. The mask alignment exposure technol-
ogy is used to satisfy the high-precision alignment requirement to ensure that the two-layer
microlens arrays have the same optical axis, which can affect the image resolution. In
this paper, the URE-2000/A contact printer is used as the exposure equipment, and the
standard gray-scale mask is used. The required alignment accuracy is better than 0.3 µm.

3. Results and Discussion

The MLLA is successfully fabricated as displayed in Figure 5. About four hours are
taken to fabricate the MLLA using this method. There are hundreds of thousands of micro
lens-on-lens structures on the silica substrate, of which the size is two inches, and all of the
micro lens-on-lens structures are configured in the shape of quadrangle. Some important
parameters of the processing are shown in Table 1. The period of the microstructure (T)
is 100 µm. The aperture of the mask used in the first exposure process of the lower-layer
microlenses (d2) is 96 µm, while the aperture of the mask used in the second exposure
process of the upper-layer microlenses (d1) is 40 µm.
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Table 1. The parameters of the mask used to fabricate the MLLA.

Microstructure T (µm) D (µm) H (µm) H (µm) F (µm)

1—upper micro lens arrays
100

40 4.5 6.9 58

2—lower micro lens arrays 96 4.7 6.7 344

The morphology of the MLLA is detected using a differential interference microscope.
Figure 6a shows the microlens array in the lower layer. Figure 6b shows the MLLA structure
that has two focal lengths. The figures indicate that the MLLA has satisfactory consistence
and smooth surfaces without obvious defects. Additionally, the optical axes of the lower-
layer microlenses coincide with the upper ones, which is one of the key factors that ensure
the image quality. The figures show the perfect uniformity and spherical morphology of
the MLLA.
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The geometrical morphology parameters of the MLLA are measured using a Dektak
XT surface profilometer, and the results are shown in Figure 7a. The height of the lower-
layer microlens (h2) is 6.7 µm, and the height of the upper-layer microlens (h1) is 6.9 µm.
The focal lengths of the microlenses can be calculated according to Equation (3). For the
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lower-layer microlens, the focal length (f 2) is 344 µm. For the upper-layer microlens, the
focal length (f 1) is 58 µm. There are great differences between the two focal lengths, which
is beneficial to separate the image planes and to expand the depth of field. Both designed
and measured cross-sectional profiles of the MLLA are presented in Figure 7b. The figure
indicates that the measured cross-sectional profiles are consistent with the designed ones,
with only a little deviation at the upper-lower interface. The average deviation of the
morphology is less than 2%, satisfying the application requirements.
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To verify the image quality of the MLLA, an experiment is carried out, as shown in
Figure 8. A mask with letter “A” is put between the light source of the microscope and the
MLLA, and images are observed by a CCD camera, which is equipped on the microscope.



Micromachines 2021, 12, 1372 8 of 10

Micromachines 2021, 12, x FOR PEER REVIEW 8 of 10 
 

 

To verify the image quality of the MLLA, an experiment is carried out, as shown in 
Figure 8. A mask with letter “A” is put between the light source of the microscope and the 
MLLA, and images are observed by a CCD camera, which is equipped on the microscope. 

 
Figure 8. Schematic of the experiment system. 

Figure 9 shows the focusing and imaging abilities of the MLLA. Figure 9a shows the 
images obtained in the focal plane of the lower-layer microlenses, and Figure 9b shows 
the images obtained in the focal plane of the upper-layer microlenses. As the figure shows, 
there is a larger magnification for long focal length compared with the short one. How-
ever, the sharpness of images is much larger for short focal lengths due to the energy 
dispersion in the position of long focal plane. The figures demonstrate that the MLLA has 
an excellent imaging ability, indicating that the MLLA can satisfy the application require-
ments. 

 
(a) 

Figure 8. Schematic of the experiment system.

Figure 9 shows the focusing and imaging abilities of the MLLA. Figure 9a shows the
images obtained in the focal plane of the lower-layer microlenses, and Figure 9b shows
the images obtained in the focal plane of the upper-layer microlenses. As the figure shows,
there is a larger magnification for long focal length compared with the short one. However,
the sharpness of images is much larger for short focal lengths due to the energy dispersion
in the position of long focal plane. The figures demonstrate that the MLLA has an excellent
imaging ability, indicating that the MLLA can satisfy the application requirements.
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4. Conclusions

This paper proposes a novel approach to fabricate MLLAs based on the traditional
photoresist reflow method. MLLAs with high precisions can be obtained by introducing soft
lithography technology, nano-imprint technology and mask alignment exposure technology.
Using this method, MLLAs with different sizes and focal lengths can be fabricated by
adjusting mask patterns and processing parameters. MLLAs with focal lengths of 344 µm
and 58 µm are fabricated, and the measured profiles are consistent with the designed ones.
The average deviation in the morphology is less than 2%, verifying the feasibility and
validity of the method. An experiment is carried out to measure the image quality of the
MLLA. The results show that clear images can be obtained in the positions of the two focal
planes. Both focusing and imaging abilities of the MLLA are confirmed to be excellent,
indicating that our approach is an efficient method for fabricating high-precision MLLAs
and has an extensive application prospect.

Author Contributions: Conceptualization, X.L. and M.L.; methodology, X.L. and B.F.; formal analysis,
X.L. and B.F.; investigation, X.L.; resources, X.L. and M.L.; data curation, X.L.; writing—original
draft preparation, X.L.; writing—review and editing, X.L. and M.L.; visualization, X.L. and M.L.;
supervision, B.F. and B.L.; project administration, J.B.; funding acquisition, J.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by National Key R&D Program of China, grant number
2016YFB0500201.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Lin, V.; Wei, H.-C.; Hsieh, H.-T.; Su, G.-D.J. An optical wavefront sensor based on a double layer microlens array. Sensors 2011, 11,

10293–10307. [CrossRef]
2. Gokce, S.K.; Holmstrom, S.; Hibert, C.; Olcer, S.; Bowman, D.; Urey, H. Two-dimensional MEMS stage integrated with microlens

arrays for laser beam steering. J. Microelectromech. Syst. 2011, 20, 15–17. [CrossRef]
3. Zhang, H.; Li, L.; McCray, D.L.; Scheiding, S.; Naples, N.J.; Gebhardt, A.; Risse, S.; Eberhardt, R.; Tünnermann, A.; Yi, A.Y.

Development of a low cost high precision three layer 3D artificial compound eye. Opt. Express 2013, 21, 22232–22245. [CrossRef]
4. Elsherif, M.; Moreddu, R.; Hassan, M.U.; Yetisen, A.K.; Butt, H. Real-time optical fiber sensors based on light diffusing microlens

arrays. Lab Chip 2019, 12, 2060–2070. [CrossRef]
5. Georgiev, T.; Yu, Z.; Lumsdaine, A.; Goma, S. Lytro camera technology: Theory, algorithms, performance analysis. Proc. SPIE

2013, 8667, 86671J1-10.
6. Wu, M.-H.; Park, C.; Whitesides, G.M. Fabrication of arrays of microlenses with controlled profiles using gray-scale microlens

projection photolithography. Langmuir 2002, 18, 9312–9318. [CrossRef]
7. Olivieri, F.; Todino, M.; Coppola, S.; Vespini, V.; Pagliarulo, V.; Grilli, S.; Ferraro, P. Fabrication of polymer lenses and microlens

array for lab-on-a-chip devices. Opt. Eng. 2016, 55, 081319-16. [CrossRef]
8. Koyama, S.; Onozawa, K.; Tanaka, K.; Saito, S.; Kourkouss, S.M.; Kato, Y. Multiocular image sensor with on-chip beam splitter

and inner meta-micro-lens for single-main-lens stereo camera. Opt. Express 2016, 24, 18035–18048. [CrossRef]
9. Algorri, J.F.; Bennis, N.; Urruchi, V.; Morawiak, P.; Sánchez-Pena, J.M.; Jaroszewicz, L.R. Tunable liquid crystal multifocal

microlens array. Sci. Rep. 2017, 7, 17318–17323. [CrossRef]
10. Hsieh, P.-Y.; Chou, P.-Y.; Lin, H.-A.; Chu, C.-Y.; Huang, C.-T.; Chen, C.-H.; Qin, Z.; Corral, M.M.; Javidi, B.; Huang, Y.-P.

Long working range light field microscope with fast scanning multifocal liquid crystal microlens array. Opt. Express 2018, 26,
10981–10996. [CrossRef]

11. Shi, J.; Huang, Y.-S.; Peng, L.-N.; Ni, Z.-J.; Zhang, D.-W. Grating/microlens arrays fabricated by hot-melting, self-assembly and
replication. Opt. Mater. 2020, 104, 109733–109742. [CrossRef]

12. Tan, J.-Y.; Goh, G.; Kim, J. Microfabrication of microlens by timed-development-and-thermal-reflow (TDTR) process for projection
lithography. Micromachies 2020, 11, 277. [CrossRef]

13. Roy, E.; Voisin, B.; Gravel, J.-F.; Peytavi, R.; Boudreau, D.; Veres, T. Microlens array fabrication by enhanced thermal reflow
process: Towards efficient collection of fluorescence light from microarrays. Microelectron. Eng. 2009, 86, 2255–2261. [CrossRef]

14. Kumaresan, Y.; Rammohan, A.; Dwivedi, P.K.; Sharma, A. Large area IR microlens arrays of chalcogenide glass photoresists by
grayscale maskless lithography. ACS Appl. Mater. Interfaces 2013, 5, 7094–7100. [CrossRef]

15. Zhong, K.; Gao, Y.; Li, F.; Zhang, Z.; Luo, N. Fabrication of PDMS microlens array by digital maskless grayscale lithography and
replica molding technique. Optik 2014, 125, 2413–2416. [CrossRef]

http://doi.org/10.3390/s111110293
http://doi.org/10.1109/JMEMS.2010.2090507
http://doi.org/10.1364/OE.21.022232
http://doi.org/10.1039/C9LC00242A
http://doi.org/10.1021/la015735b
http://doi.org/10.1117/1.OE.55.8.081319
http://doi.org/10.1364/OE.24.018035
http://doi.org/10.1038/s41598-017-17688-1
http://doi.org/10.1364/OE.26.010981
http://doi.org/10.1016/j.optmat.2020.109733
http://doi.org/10.3390/mi11030277
http://doi.org/10.1016/j.mee.2009.04.001
http://doi.org/10.1021/am401368e
http://doi.org/10.1016/j.ijleo.2013.10.082


Micromachines 2021, 12, 1372 10 of 10

16. Yang, J.-J.; Liao, Y.-S.; Chen, C.-F. Fabrication of long hexagonal micro-lens array by applying gray-scale lithography in micro-
replication process. Opt. Commun. 2007, 270, 433–440. [CrossRef]

17. Cantor, A.J.; Hobbs, R.H. Theory of 2-D ion exchange in glass: Optimization of microlens arrays. Appl. Opt. 1991, 30, 2704–2713.
[CrossRef]

18. Chen, J.; Zhang, F.; Chen, X.; Zhao, Z.; Zhou, S.; Jiang, X.; Liu, D. Optical properties of square-aperture planar microlens array.
Proc. SPIE 2011, 8191, 1–8.

19. Yang, Q.; Tong, S.; Chen, F.; Deng, Z.; Bian, H.; Du, G.; Yong, J.; Hou, X. Lens-on-lens microstructures. Opt. Lett. 2015, 40,
5359–5362. [CrossRef]

20. Cao, A.; Wang, J.; Pang, H.; Zhang, M.; Shi, L.; Deng, Q.; Hu, S. Multifocal microlens for bionic compound eye. Proc. SPIE 2017,
10460, 104600v1-7.

21. Cao, A.; Wang, J.; Pang, H.; Zhang, M.; Shi, L.; Deng, Q.; Hu, S. Design and fabrication of a multifocal bionic compound eye for
imaging. Bioinspiration Biomim. 2018, 13, 026012. [CrossRef]

http://doi.org/10.1016/j.optcom.2006.09.052
http://doi.org/10.1364/AO.30.002704
http://doi.org/10.1364/OL.40.005359
http://doi.org/10.1088/1748-3190/aaa901

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

