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In this Letter, a low-cost refractive convex microlens array
device based on infrared a polymer is fabricated by a nano-
imprinting technique. The device integrates more than 4000
microlenslets within a footprint of 10 mm × 10 mm. The
surface quality, spectral transmittance, imaging resolution,
and surface damage threshold of the device have been fully
characterized. The IR imaging and parallel laser inscription
experiments confirm the remarkable optical performance of
the fabricated device. Owing to the merits of high optical
quality, low fluence lose, and simple fabrication, this device
is promising in cutting-edge IR applications, such as IR
imaging, laser fabrication, and so on. © 2019 Optical
Society of America

https://doi.org/10.1364/OL.44.001600

IR optics are highly demanded in fast-growing applications, for
instance, biomedical imaging [1–3], remote monitoring [4,5],
high-capacity telecommunication [6], metrology [7,8], and so
on. In these applications, the system integration [3], multichan-
nel processing [9], and effective coupling [10] require compact,
lightweight, and high-quality optics. The mostly used IR mate-
rials are silicon, germanium, sapphire, chalcogenide glasses, and
the devices are usually made by complex and expensive tech-
niques with poor inefficiency, such as ultraprecision mechanical
cutting [11,12], semiconductor epitaxial growth [13], mask-
assisted etching [14], vacuummelt-quenching [15], etc. Both the
material and the manufacturing made the IR optics extremely
expensive, and normally the procedures are time-consuming.
For example, a silicon optics fabrication by single point diamond
turning could takes hours for a single component; photolithog-
raphy not only requires complicated procedures but also takes
more time. The booming applications in the IR region strongly
desire low-cost highly efficient IR optics, however, such optics
has still rarely been reported. In this Letter, we demonstrate a
near IR (NIR) polymer convex microlens array (MLA) device,
which has the advantages of compactness, light weight, eco-
nomical manufacturing, and perfect imaging ability. Such an

NIR MLA is fabricated by a nanoimprinting technique, so the
device could be massively replicated. The final fabricated device
is close-packed by more than 4000 convex microlenslet subaper-
tures within a footprint of 10 mm × 10 mm. The working band
covers a wide region from 780 nm to 2.2 μm. The fully charac-
terized device shows high surface quality, imaging performance,
and potential applications inNIR imaging and parallel processing.

The NIR MLA fabrication starts from a hard concave mold,
which is made by a highly efficient maskless femtosecond laser
assisted chemical etching (FLWE) technique on a BK-7 optical
glass substrate [16–18]. The glass is exposed to tightly focused
femtosecond laser pulses with the photon implantation dose of
135 kJ∕cm2 per site; then the hexagonally arrayed ablation cra-
ters with a pitch of 150 μm are etched down and polished by a
chemical etchant, and at last a hard concave MLA mold with a
nanometer scale surface roughness is formed. A thermoplastic
NIR poly(methyl methacrylate) (PMMA) plate (Mitsubishi
Chemical ACRYPET VH PF079) with a refractive index of
1.49 in the NIR region, density of 1.19 g∕cm3, and thickness
of 1 mm is chosen to replicate the convex MLA by a nanoim-
printing technique. The Vicat softening point of this NIR
PMMA material is 107°C, and the optimal molding tempera-
ture of 115°C is obtained from the tests under our processing
condition. The predried (80°C, 4 h) NIR plate is sandwiched
between the mold and a specular glass substrate; then the
assembled module is mounted on a homemade thermal nano-
imprinting platform and is heated with a temperature increment
of 9°C/min. When the molding temperature is reached, a pres-
sure of 87 kPa is vertically applied onto the module by a servo
motor and is kept for 180 s; then the module is left to cool down
in the ambient temperature. The replicated polymer MLA is
demolded in the DI water, assisted by an ultrasonic bath.
The thickness of the fabricated device is measured as 0.6 mm.
The surface profile of the fabricated NIR MLA is observed
by the scanning electron microscope (SEM) (HITACHI,
FlexSEM 1000), as shown in Fig. 1(a); the pitch of the
microlenslets is 150 μm; and the fill factor approaches 100%.

The cross-section profiles of the microlenslets are measured
by the laser scanning confocal microscope (Olympus LEXT
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OLS4000). The sampled profiles show great uniformity and
high surface quality, as shown in Fig. 1(b). The sag height
is measured as 16 μm, and the surface roughness is estimated
as 70 nm, i.e., λ∕15. The measured data are well fitted by a
parabolic function as h � −0.00315 × x2 � 16.4, where h is
the height, x is the transverse position, and the units are in
micrometers. The focal length of the device is measured as
380 μm, and the numerical aperture (NA) value of the micro-
lenslet is calculated as 0.4.

The transmittance of the fabricated MLA has been measured
by an UV-VIS-NIR spectrophotometer (Shimadzu UV-3600)
with an integrating sphere detector, as shown in Fig. 2. The de-
vice shows relatively high transmittance in the whole NIR region
due to its low absorption and low refractive index. Especially,
it shows remarkable transparency in the typical NIR windows,
such as 1030 nm for Yb�-based lasers, 1064 nm for Nd:YAG
lasers, 1550 nm for Er�-doped fiber lasers, and 980 nm/
1310 nm for InGaAs semiconductor lasers, and this may predict
the application potential of the device in the NIR region.

The imaging performance has been evaluated by a quantita-
tive test. The modulation transfer function (MTF) [19] of the
imaging subaperture is calculated from the measured point
spread function (PSF). The PSF of the device is measured by
the system shown in Fig. 3(a). A microscope (Nikon ECLOPSE
LV100ND) equipped with NIR objectives (Mitutoyo Plan Apo
NIR, 20 × ∕NA0.40) and IR illumination source is used as the
testing platform. A pinhole (Thorlabs, P100D) with a diameter
of 100 μmwas placed at the object plan of the collimator lens of
Köhler illumination, and the MLA on the XY stage is illumi-
nated by the collimated beam. The foci of the subapertures are
magnified by a 20× NIR objective and relayed by a tube lens
(omitted in the figure). They are then sampled by a TE-cooled
InGaAs PIN-photodiode array sensor (Raptor photonics, OWL
SW1.7 CL HS) with sensitive wavelength from 0.4 to 1.7 μm,
dimension of 320 × 256, and pixel size of 30 μm. The sampled
PSF of one single microlenslet is shown in Fig. 3(b). The foci
array by the plane wave illumination is measured with intensity

and pitch variations of 4% and 0.9%, respectively, indicating
the good uniformity of the integrated device. The MTF is cal-
culated by Fourier transform of the PSF, as shown in Fig. 3(c),
and the modulation of imaging sensor is already corrected.

A positive USAF1951 resolution target (Daheng Corp.,
GCG-0206) is also imaged by the device to confirm its reso-
lution performance. As shown in Fig. 4, the Group 6, Element
3 could be well recognized, indicating the resolving ability of
80.6 l p/mm, which meets the result in the MTF test well.

The fabricated MLA has been confirmed as a competitively
arrayed NIR imaging device by the test shown in Fig. 5. A
tungsten lamp (Philip, LV-HL50W) was chosen as an imaging
target. In Figs. 5(a) and 5(c), the passive images are taken when
the lamp is switched off, clearly showing the lamp structure.
When the current (0.63 A at 0.9 V) is applied onto the lamp,
the heated filament radiates wide IR rays. Clear IR images, as
shown in Figs. 5(b) and 5(d), are captured when the back-
ground illumination is off, and the ambient light is shielded.
The filament with a thickness of 0.1 mm could be well recog-
nized in the zoomed IR image.

The NIR MLA device shows great optical performance, and
it is potentially qualified in a parallel IR laser inscription. The
laser-induced damage threshold (LIDT) of the device is first
tested by the damage-probability statistics method [20,21].
Femtosecond laser pulses from a Yb�-doped fiber amplifier
(Amplitude system, SATSUMA HP2) with a central wave-
length of 1030 nm and a pulse duration of 350 fs are focused
to a 1.6 μm spot by a 20 × ∕NA0.40 objective and project onto

Fig. 1. (a) Surface profile of the NIR MLA device. (b) The mea-
sured transverse profile of the microlenslets, with the parabolic fitting
for the measured data.

Fig. 2. Measured transmittance of the NIR MLA device.

Fig. 3. (a) Schematic of PSF measurement setup for microoptics, in
which the HL is the halogen lamp, L1 is the collector lens, Ph is the
pinhole, L2 is the collimator lens, MLA is the sample device, MO is
the microscope objective, and the IR-CCD is the imaging sensor
working in the NIR region. (b) The measured PSF of one microlenslet.
(c) The calculated MTF.

Fig. 4. NIR images of a standard USAF1951 resolution target plate
sampled by the MLA.
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the molded polymer plate surface. Both single pulse per site
(1-on-1) and multishot per site (S-on-1, S � 500) cases are
tested, as shown in Fig. 6(a). In the single pulse case, accom-
panying the increased incident fluence, laser pulses induce
regional refractive index modification [22], micron scale surface
deformation [23], and then direct ablation, and the LIDT is
estimated as 2.0 J∕cm2. In the S-on-1 case, the accumulated
thermal effects cause permanent material modification and in-
duce lower LIDT, estimated as 0.7 J∕cm2.

A parallel laser inscription experiment is carried out, as
shown in Fig. 6(b), to demonstrate the focusing power and
the potential application of the device. The laser pulse train
with average power of 1.9 W, repetition rate of 100 kHz,
and beam width of 1.6 mm illuminates the MLA device, which
only reaches 2‰ of its LIDT. The foci array is formed behind
the device, and the focal spot size is 3.1 μm each, offering the
fluence of 2.1 J∕cm2, which already exceeds the LIDT of the
target polymer plate. An arrayed inscription pattern of capital
letter “S” is formed by moving the target sample mounted on a
2D motorized translation stage with the speed of 50 μm/mm.
All the inscription units perfectly reproduce the sample move-
ment, and the width of the lines is 5 μm.With these results, the
NIR MLA shows its capability as a high throughput microfab-
rication device.

In conclusion, a close-packed convex polymer MLA device
with minimized volume and high transparency in the NIR re-
gion has been fabricated with an economical nanoimprinting

technique. The replications have relatively good topography
and surface quality. The quantitative evaluation and imaging
test show excellent optical performance. The LIDT test shows
the tolerance of the device in high laser fluence, and a highly
efficient parallel laser inscription experiment confirms the
strong focusing ability of the device. All the evidence shows
the fabricated NIR MLA to be a competitive device for cut-
ting-edge IR imaging and mass laser processing.
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Fig. 5. NIR images of a tungsten lamp sampled by theMLA. (a) and
(b) are captured by a 10× objective with the same scale bar of 10 mm.
(c) and (d) are zoomed by a 20× objective with the same scale bar of
3 mm. Both the scale bars indicate the real size of the target.

Fig. 6. (a) Relationship of the laser ablation probability and the
incident fluence; the data in the changing region is linear fitted (solid
gray line) to determine the damage threshold. (b) The laser microin-
scription pattern by the MLA device.
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