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Abstract We demonstrate a simple route to fabricate

closed-packed infrared (IR) silicon microlens arrays

(MLAs) based on femtosecond laser irradiation assisted by

wet etching method. The fabricated MLAs show high fill

factor, smooth surface and good uniformity. They can be

used as optical devices for IR applications. The exposure

and etching parameters are optimized to obtain repro-

ducible microlens with hexagonal and rectangular

arrangements. The surface roughness of the concave MLAs

is only 56 nm. This presented method is a maskless process

and can flexibly change the size, shape and the fill factor of

the MLAs by controlling the experimental parameters. The

concave MLAs on silicon can work in IR region and can be

used for IR sensors and imaging applications.

1 Introduction

Microlens arrays (MLAs) are important integrated optical

components for optical systems, micro-manufacturing and

biochemical systems [1–3]. Recently, microlenses made of

silicon were successfully developed for infrared (IR)

charge-coupled device (CCD) and IR sensor [4–6]. The

silicon MLAs are ideal IR optical devices to improve the

performance of IR detector, which is strongly desired to

integrate into the IR microsensors and IR imaging

microsystems [7, 8]. MLAs with high fill factor can capture

more incident lights, increasing the collection efficiency

and the signal-to-noise ratio [9–11]. Therefore, the silicon

MLAs with high fill factor are continuously pursued.

However, fabrication of closed-packed MLAs on silicon

is still challenging for most current processing methods.

Generally, several techniques for the fabrication of concave

MLAs have been proposed. The concave profiles on Si are

fabricated by an inductively coupled plasma (ICP) etcher

for masked and maskless etching method [12]. The resist

lithography is used in the masked etching step. A similar

method of protecting the substrate with a hard mask and

isotropic wet etching was used to fabricate concave

microstructure on Si [13]. Here, the thermal oxide (SiO2)

and silicon nitride (Si3N4) layer was used as the mask with

isotropic wet etching of Si in the solutions containing a

mixture of hydrofluoric acid (HF) and nitric acid (HNO3).

The electrochemical anodization in HF electrolyte was

used to substitute the mixture of HF and HNO3 as etching

solution [14]. The spherical and cylindrical concave micro-

mirrors in Si are fabricated as distributed Bragg reflectors.

The small sub-micron apertures are induced by the fem-

tosecond laser on the hard mask films with minimal col-

lateral damage on the Si substrates, so the inverted pyramid

microstructures are formed by anisotropic etching. How-

ever, it is difficult to fabricate the high fill factor MLAs,

and these methods require expensive equipments and

complicated procedures to create the resist coating film or

hardmask on the substrates. These photomasks should be

pre-designed, and the shapes of the concave microstruc-

tures are not flexibly controlled [15, 16].

We have successfully prepared MLAs on the K9 glass

based on femtosecond laser irradiation assisted by wet

etching (FLIWE) method [17, 18]. In this work, we per-

form a simple, high-efficient maskless technique to fabri-

cate concave silicon MLAs with high fill factor for
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enhancing the detectivity of IR detector. In the laser irra-

diation process, amorphization, annealing and ablation

occurred, and then the heat-affected regions of damaged

amorphous and microstructures are observed on the laser

focused spots [19]. In the wet etching process, the induced

region has a higher selective etch rate than the un-irradi-

ated regions and the ablation craters can gradually spread.

With the increase in etching time, the size of the craters

increases and the surface becomes smooth. Finally, the

adjacent concave microstructures would meet and overlap

with each other. Then, the concave MLAs with high fill

factor were formed by this maskless method. This work is

shown as a novel method to fabricate the MLAs on the

silicon, which are highly desired in the IR region for sen-

sors and micro-optical systems. The fabricated MLAs are

also used as molds to replicate convex MLAs on polymers

[20].

2 Fabrication process

The fabrication process of the MLAs is shown in Fig. 1. A

femtosecond Ti:sapphire laser system (Coherent Libra-usp-

he, pulse duration 50 fs, central wavelength 800 nm, rep-

etition rate l kHz) was used in the experiment (Fig. 1a).

The laser power and the number of irradiation pulses were

controlled by a variable attenuator and a fast mechanical

shutter, respectively. The laser beam was focused on the

surface of silicon by an objective lens (NA = 0.50,

Olympus). The optical setup was similar to [17]. After the

laser irradiations, we optimized a mixture solution of HF,

nitric acid (HNO3) and acetic acid (CH3COOH), i.e., HNA

in proportion 6:10:9 to remove the modified materials at

room temperature (23 �C). The concentrations of HF,

HNO3 and CH3COOH are 40, 60 and C99.5 %,

respectively. The isotropic etching of silicon in the mixture

was a standard technique in microelectromechanical sys-

tem (MEMS) micromachining. HNO3 created an oxide

layer at the silicon surface that can be subsequently etched

away by HF. In the mixed acid, the laser-modified mate-

rials have much higher selective etching rate than the un-

irradiation regions. The isotropic chemical etching occurs

in the laser-irradiated spots and results in the circular-

shaped concave structures in rectangular or hexagonal

arrangement. The circular-shaped concave structures

became smooth and expanded gradually until the adjacent

ones overlapped with each other. The shape of microlenses

formed rectangles or hexagons and filled the surface

completely. Then, the concave MLAs with high fill factor

were formed and they were washed in deionized water.

Using the concave MLAs as mold, corresponding convex

MLAs were obtained on poly (dimethyl siloxane) (PDMS)

film by the replica molding process.

3 Results and discussion

Figure 2 shows the scanning electron microscope (SEM)

images of the concave MLAs and demonstrates the ability

to fabricate smooth surface and uniform MLAs by this

method. In the laser irradiation process, every spot was

induced by 400 femtosecond laser pulses with the laser

power of 3 mW. In the etchant, the modified materials

were rapidly dissolved by the isotropic etching process in

3 min. The chemical polishing was done at the same time.

The diameter and depth of the concave microlens are

increasing and the surface roughness decreasing until the

modified materials are completely removed. The isotropic

or anisotropic etching of Si with hard mask to fabricate

microstructures was studied by Albero et al. and Kumar

et al. [13, 15, 21]. In our experiment, we obtained similar

microstructure without the hard mask. The FLIWE method

is widely used to fabricate the 2D and 3D microstructures

in our group [17, 18, 22]. The shape of the MLA can be

controlled by the pre-designed arrangement of the laser

focus spots. When the focus spots were arranged with

hexagonal arrangement, the hexagonal MLAs were fabri-

cated by the wet chemical etching, as shown in Fig. 2a, c.

In the same way, the MLAs with rectangular arrangement

were also fabricated, as shown in Fig. 2b, d. The fill factor

of MLAs is a key condition that impacts the overall light

efficiency. The MLAs with high fill factor can capture

more incident lights to keep the high signal-to-noise ratio

and improve the performance of the devices, so the closed-

packed MLAs are pursued in micro-optical system. In the

etching process, the concave microstructures expanded and

the etching process did not stop until the adjacent

microstructures overlapped with each other. Hence, the fill

Fig. 1 Schematic diagram of the fabrication process. a An array of

laser-exposed spots is produced on silicon wafer by laser irradiation.

b Concave microstructures with smooth surfaces are formed by

chemical wet etching process. c The replication procedure. d Convex

PDMS MLAs
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factor of the concave MLAs is close to 100 %, and the

results are better than that of Pan et al. [23]. The diameter

of the 100 % fill factor MLAs is decided by the distance of

the adjacent spots and their arrangement [24]. MLAs with

other patterns can be also realized using the method

described in Ref. [18]. In the laser irradiation process, the

position of every laser ablation point can be located pre-

cisely, so the arrangements of MLAs can be flexibly

designed by the computer program. The results demon-

strate that our method can get MLAs with different shapes

to satisfy various specific IR applications in the micro-

optical systems [24].

The 3D and cross-section profiles of the MLA are

measured by a laser scanning confocal microscope (LSCM,

Olympus LEXT OLS4000), as shown in Fig. 3. The gap-

less concave MLAs with hexagonal arrangement are shown

in Fig. 3a. The aperture diameter, D, and the sag height, h,

of the hexagonal MLA are also measured in Fig. 3c, and

the values are 59.74 and 15.4 lm, respectively. Figure 3b

and d shows the measured results of the rectangular MLAs,

and the value is 59.32 lm in diameter and its sag height is

13.38 lm. The roughness of the MLAs, Ra, is also mea-

sured in an area of 128 9 128 lm2 for rectangular MLAs,

and the result is 56 nm.

As shown in Fig. 4a, the measured profiles of the

hexagonal MLAs and the fit of the parabolic profile are

compared. The profile of the MLAs fits very well with the

parabolic surface. As mentioned above, the etching time is

a limit parameter for the diameter of MLAs. The diameter

is measured at different etching times during the wet

etching process, and the result is shown in Fig. 4b. The

diameter is almost increasing linearly with the etching

time. Therefore, the diameter can be controlled by adjust-

ing the etching time.

To characterize the optical performance of the MLAs,

we used a blue LED light to vertically irradiate the MLAs

and capture the focal spots generated through the MLAs by

an objective lens (Nikon, NA = 0.15) and a CCD, as

shown in Fig. 5a. Through the reflection of the light by the

rectangular and hexagonal MLAs, the microscope images

of the focal spots are shown in Fig. 5b, c, respectively. The

images reveal the uniformity of the irradiance distribution

in the focal spots of MLAs. To prove the homogeneity of

the focal spots, the focal spots intensity profile of the

rectangular MLAs is presented, as shown in Fig. 5d. The

deviation of the middle six focal spots intensity profile is

small and is mainly caused by the light source. Figure 5

shows the good optical performance of the MLAs.

The concave MLAs could be used as a mold to replicate

the convex MLAs on the polymer. In this work, the convex

MLAs were fabricated on PDMS film by a replica molding

process. The top view of the replicated MLAs is measured

by an optical microscope (OM), as shown in Fig. 6a. The

optical performance of the replicated MLAs is also studied

Fig. 2 SEM images of

(a) (b) the hexagonal microlens

array and (c) (d) the rectangular
microlens array
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Fig. 3 Three-dimensional

measurements of the MLAs. a,
c The cross section and the 3D

profiles of the hexagonal MLAs.

b, d The cross section and the

3D profiles of the rectangular

MLAs

Fig. 4 a Measured profile of

the MLAs and the fit of the

parabolic profile. b The

evolution of the diameter of the

structures versus the wet etching

time

Fig. 5 Optical performance of

the MLAs. a Schematic of the

optical experimental setup.

b The focal spots image of the

rectangular MLAs. c The focal

spots image of the hexagonal

MLAs. d The distribution of the

intensity profile
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by the optical microscope system, and the image is cap-

tured that appeared the high-quality imaging ability of the

MLAs, as shown in Fig. 6b. The setup of imaging perfor-

mance is similar to [17]. The 3D morphology and the cross-

section profiles of convex MLAs are measured by LCSM,

and the results are shown in Fig. 6c, d. The diameter and

the height of the convex MLA are 57.20 and 11.29 lm,

respectively. The curvature radius of the MLAs, R, can be

estimated by the equation:

R ¼ h2 þ r2

2h
; ð1Þ

where h is the height, r is the radius of the MLAs [17]. The

value of the curvature radius, R, is 41.87 lm. The focal

length of MLAs is often described by the formula

f ¼ R

n� 1
; ð2Þ

where n is the refractive index of the PDMS (n = 1.41),

and the focal length, f, is 102.12 lm. Furthermore, the

numerical aperture, NA, of the MLAs is defined as

NA ¼ D

2f
; ð3Þ

where D is the diameter of the MLAs, and the result

of NA is 0.28. The height has been controlled by

adjusting the scanning depth of the craters, as shown

in Ref. [25]. So the NA of the MLAs can be also

flexibly controlled.

4 Conclusions

We have presented a flexible method to fabricate the

concave MLAs with 100 % fill factor on the silicon wafers.

The high surface quality, high uniform and high optical

performance of the MLAs are also demonstrated. By con-

trolling the arrangements of the exposure spots, concave

MLAs with different arrangements are achieved. Com-

pared to the traditional lithography technology, our method

is maskless and low-cost. This work provides a potential

route to realize silicon MLAs and would be beneficial to

developing the IR region applications in the microsensors

and micro-optical systems. The fabricated concave molds

with hexagonal-shaped structures are also used to replicate

convex MLAs on PDMS.
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