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Abstract

Background: As an important optical element, concave microlens arrays are utilized in many
applications. How to fabricate a mass of concave microlens arrays efficiently at a low cost is
a key problem to be solved.

Aim: We propose a method of fabricating a concave microlens array based on single mask ultra-
violet (UV)-photolithography and dual-step potassium hydroxide (KOH) etching, which has
proven to be efficient.

Approach: An arrayed silicon-based concave microlens utilized in the infrared wavelength
range was designed and fabricated based on single mask UV-photolithography and dual-step
KOH etching. Combining the computation simulation and the evolving microstructural mecha-
nism based on the silicon anisotropic corrosion characteristics in a common KOH solution with
several control factors such as the solution concentration, temperature, and corrosion period,
an arrayed concave microlens with a spherical profile over a silicon wafer with the required
crystal orientation was simulated, designed, and fabricated effectively.

Results: Both the scanning electron microscopy and the surface profile measurements indicate
that the fabricated concave microlens arrays present a high filling-factor of more than 80% and
a small surface roughness with a root mean square value in several tens of nanometer scale.
The common optical measurements demonstrate that the fabricated silicon-based concave micro-
lens presents a good infrared beam divergence performance.

Conclusions: The method highlights the prospect of the industrial production of large-area
silicon-based concave microlens arrays for infrared beam shaping and control light applications.
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1 Introduction

Concave microlens arrays fabricated over typical quartz or silicon wafer demonstrate an impor-
tant ability of uniformly diverging incident beams in the visible or infrared wavelength range,
which are already utilized in many applications such as optical scanners,' diffusers,” digital
display units,’ biomedical instrumentation,* optical communications,’ and other microelectro-
mechanical systems (MEMS).® Silicon concave microlens has been successfully used as a
mold for a continuously electroplating metal mold or directly replicating plastic microlens.>’
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As shown, many fabrication methods have been developed for effectively shaping concave
microlens with the required appearance according to a refract or reflect lightwave strategy, for
example, common ultraviolet (UV)-photolithography combining melting, wet potassium
hydroxide (KOH) etching,'® ion beam etching,''~!* impressing or embossing,'*'> microdroplet
jetting,'® ultraprecise machining process such as typical diamond cutting or grinding,'”!'® three-
dimensional (3D) printing or imprinting,'*-** thermal reflowing,”>** laser,”>’ electron beam
direct writing or electrochemical method,”® and so on. Generally, the methods mentioned above
all present some intrinsic disadvantages. Common UV-photolithography and laser direct writing
are unsuitable for fabricating microstructures with a complex contour or relief appearance based
on finely defining exposure doses. The low-cost impressing or embossing manipulation highly
relies on the interface coupling properties between the processed materials and the patterned
mold with a featured nanometer size. With current microdroplet jetting, it is usually hard to
control the consistency and microstructural size of each pixel micro-nano-domain shaped by
overlapping jetting droplets for the fitting surface profile leading to the designed appearance
of microlens.”” As demonstrated, many refractive or diffractive microlens can be acquired
by ultraprecise machining, which presents a tedious and expensive feature that creates a bottle-
neck for fabricating microdevices with relatively large sizes. At present, large-scale lens arrays
can be fabricated by laser direct writing technology based on gray exposure and high-speed 3D
printing technology. The imprinted profile of the microstructures cannot be completely the same
as that of the mold because of the residual surface stress or microstructural mismatching between
the mold and the optical materials processed. The contact angle between the arc boundary of a
single microlens and the connected facets of the substrate is only determined by the wettability of
the thermal reflow material over the substrate used and their surface tension, so it is very difficult
to shape microstructure with a required or even arbitrary profile using nano-imprint technology.*’
The expensive electron beam direct writing is obviously not suitable for mass production of
microlens.

We propose an efficient method for designing and fabricating spherical concave microlens
based on single mask UV-photolithography and dual-step KOH etching of silicon wafer. The
first-step KOH etching is carried out to form the initial inverted pyramid microholes with the
required size over the silicon wafer, and the second-step KOH etching shapes the fitted profile
with the desired surface roughness by connecting or even overlapping adjacent spherical silicon
microholes. At first, an arrayed initial square micro-opening with the required aperture and
arrangement is designed for inductively performing wet KOH etching to acquire the spherical
profile of the target concave microlens. The intermediate profile information is repeatedly input
into the simulation program that has already adopted a mature iterative algorithm to optimally
minimize the surface roughness, which is mainly determined by the small bump-shaped during
edge connecting or overlapping of the adjacent arc subprofiles of the silicon microholes with a
given appearance. Thus, a photomask layout is patterned according to the aperture data and the
location coordinate of each micro-opening exported from the computer program. Next, the pho-
tomask pattern is transferred onto the silicon wafer by single common UV-photolithography.
Finally, an arrayed concave microlens over silicon wafer is made by dual-step KOH etching
according to suitable technological conditions, thus demonstrating the low-cost and high-
efficiency features attributed to the basic silicon anisotropic corrosion in the common KOH
solution, which is compatible with current standard microelectronic technologies. The method
highlights a way to manufacture large-area concave microlens arrays for infrared beam shaping
and imaging applications at a low cost.

As shown, the key to adaptively designing the concave profile of a single microlens accord-
ing to the algorithm through an optimal fitting subprofile of each silicon microhole with different
geometric dimensions is to correctly select the size of the initial square micro-openings and then
rational map them. The proposed method demonstrates great flexibility and designability for
shaping a relatively complex surface profile of concave microlens. Moreover, the fabricated
silicon microstructures can also serve as a mold to continuously perform typical embossing
or impressing. According to the method proposed, a set of concave microlens arrays of
512 x 512 with a relatively high filling-factor of more than 80% and different concave depths
from a typical value of ~1.0 to 2.0 um have been successfully fabricated over silicon wafers.
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Common measurements present a very low root mean square (RMS) surface roughness in
several tens of nanometer scale and an ideal control infrared beam performance.

2 Designing Surface Profile of Silicon Concave Microlens

As demonstrated, the chemical corrosion of the silicon microstructures in a common KOH
solution is anisotropic.!' This property can be utilized to shape the initial inverted pyramid with
different microstructural sizes resulting from a rapid first-step KOH etching of the {100}
oriented silicon facet, which will be further evolved into an spherical microhole during another
isolated second-step KOH etching.*® In general, the geometry, such as the aperture and the depth
of a single silicon microhole, can be easily changed by adjusting the side length of the square
facet. The aperture of the final silicon microhole will be enlarged obviously, but the depth is
almost kept invariant as only prolonging the KOH corrosion period corresponding to an initial
inverted pyramid with a defined appearance corresponding to the micro-opening is performed in
silicon dioxide (Si0O,) film. By carefully arranging a large number of initial square micro-open-
ings and then configuring the window aperture for exposing each {100} oriented silicon facet to
the KOH solution, a similar spherical profile can be fitted by connecting or even overlapping
adjacent silicon microholes and thus finally be fixed after finishing the wet KOH corrosion.
Thus, the layout composed of a large number of micro-openings corresponding to an spherical
surface over {100} oriented silicon wafer can be designed through performing a microprofile
fitting computation based on a quantitative expression of the anisotropic corrosion characteristics
of the silicon microstructures in the KOH solution. Thus, a greedy algorithm is adopted to
construct the final profile with featured surface roughness.

Figure 1 shows a typical course of shaping a single concave microlens with a circular aperture
and a concave surface over {100} oriented silicon wafer by fitting several subprofiles of silicon
microholes with different geometrical sizes. The top view of an ideal single silicon microlens
with a concave depth of 2.0 ym is shown in Fig. 1(a). A relatively large circle with a radius of
224 ym as a target profile is orderly fitted by several small circular profiles, as shown in
Fig. 1(b). According to the featured data of the target profile, the local deepest position A can
be found while the target profile is traversed by the proposed greedy algorithm, as shown in
Fig. 2(c). Thus, a concave spherical profile for fitting a fractional target profile around points
A within the smallest tolerance or error should be as large as possible. As shown in Fig. 1(d),
the fractional target profile between points B1 and B2 has been fitted well using a concave
spherical profile with a radius of R;. But the fitted error does not meet the requirement of the
sections from points B1 to T1 and from points B2 to T2. Considering the case that points B1 and
B2 are already the deepest positions in two sections, two concave spherical profiles with a radius
of R, and R; should be added to carefully fit the target fractional profile around points B1 and
B2. Thus, two other concave spherical profiles are obtained, and then the positions and radius R,
and Rj; are recorded. Both sections from points C1 to T1 and from points C2 to T2 should be
further fitted because the errors are still relatively large. As shown in Fig. 1(e), two other concave
spherical profiles are obtained, and thus the position and the radius R, and Rs are recorded
according to the proposed method. The sections of the target profile from points D1 to T1 and
from points D2 to T2 can also be fitted continuously. According to the required initialization
technological parameters and the concave sphere structural characters such as R;, R,, R3, and so
on, the side lengths of the square micro-openings can be calculated as L, L,, L3, and so on, and
their positions can also be distributed at the center of each concave spherical pattern. After that,
the key layout obtained from the algorithm about the arranged micro-openings leading to the
required silicon concave profile for fully fitting the target profile is demonstrated in Fig. 1(f),
where a red linear square micro-opening with a suitable aperture and indicated by dotted frames
is also inserted. Usually, the largest silicon microhole is established at the center of the concave
microlens, and the aperture of each microhole is then gradually decreased. Thus the center-to-
center distance between adjacent microholes also lengthened along the radial direction, which
means that the smallest microholes should be located at the edge corresponding to the con-
structed concave microlens. The fine patterns of the photomask are also formed according
to the proposed layout.
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Fig. 1 Fitting of several subprofiles with different apertures and depths for shaping a single con-
cave microlens. (a) Top view of a single concave microlens with the required size and appearance.
(b) A cross-section of the target profile is expressed by a concave sphere with a curvature radius of
224 ym and a concave depth of 2 um. (c) The first step of the greedy algorithm and the fractional
target profile from points B1 to B2 fitted by an arc with a radius of Ry. (d) The second step of the
greedy algorithm and the fractional target profiles from points B1 to C1 and from points B2 to C2
fitted by two arcs with different radii of R, and Rj, respectively. (e) The second step of the greedy
algorithm and the fractional target profiles from points C1 to D1 and from points C2 to D2 fitted by
different arcs with a radius of R4 and Rs, respectively. (f) Top view of the surface morphology fitted
by several microholes with different depths and a similar aperture, a partial layout of linear micro-
openings corresponding to the microholes is inserted over the central axis.

During technological experiments, the patterned micro-openings with suitable aperture and
size are firstly defined into a 200-nm thick SiO, film precoated over a {100} oriented silicon
wafer by single UV-photolithography and common inductively coupled plasma (ICP) etching.
ICP etching is a dry etching technique widely used in the fabrication of micro-nano-devices.
Then, the dual-step KOH etching is carried out to form the concave microlens. The typical fitting
through connecting the edge of the adjacent microholes to form the final concave surface and the
fitting error is shown in Fig. 2. Figure 2(a) is a cross-section diagram along line L1 in Fig. 1(d).
As demonstrated in Fig. 2(a), several obvious bumps with different heights arise between
adjacent subprofiles, causing the error between the fitted and the target profiles. Thus, the error
character for surface roughness estimation should be analyzed carefully. Figure 2(b) demon-
strates the detailed surface appearance and the edge contour corresponding to the microlens
mentioned above. As shown, the fitted and target profiles are not overlapped completely, which
can be expressed by both the surface roughness and the edge regularity. As demonstrated by the
enlarged picture of Fig. 2(c), the difference between the fitted and the target profiles mainly
comes from continuous KOH etching of each microhole preshaped over the surface of the silicon
wafer, which usually originates from several obvious bumps generated between adjacent sub-
profiles, as indicated by Fig. 2(d). These decide the surface roughness and the contour regularity
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Fig. 2 Surface profile fitting and the featured errors shaped by both the fitted and target profiles.
(a) A cross-section of the fitted and expected profiles of a concave microlens. (b) Top view of the
fitted and expected edge contours of the microlens. (c) The partial enlarged fitting process leading
to the target profile is indicated by a dotted line. (d) A surface bump error caused by intersecting
two adjacent subprofiles with different sizes. (e) The zig-zag contour of the fitted edge targeted by
an ideal smooth edge indicated by the dotted line.

of the final morphology of the silicon structures. The larger the size of the bumps is, the larger the
RMS error is, and the worse the fitted profile fits the expected profile, so the microlens array
function of focusing worsens. It should be noted that the surface profile of the microholes shaped
by performing common wet KOH etching is already approximately expressed by a microcircle or
a microsphere to conveniently predict the evolvement of the surface profile, which is another
cause of surface errors. Thus, the final surface profile should be corrected empirically. Generally,
both the height of the bumps and the depth of each valley under the dotted line, as shown in
Fig. 2(c), can be further regulated to obtain the required RMS value.

As demonstrated in simulation computations, a surface roughness of ~27 nm corresponding
to the target concave microlens with a curvature radius of ~224 ym and a depth of ~2 ym can be
reached according to a set of initial parameters such as the KOH solution concentration of 30% at
the working temperature of 60°C. Considering the situation that the fitted edge is not an ideal
circle, as indicated by a red line in Fig. 2(e), an enlarged picture is exhibited to clearly present the
edge intersection between fitted adjacent subprofiles, which demonstrates a zig-zag contour with
very small errors. Because the RMS error between the fitted and target profiles of the concave
microlens above is relatively small, the aperture and the location data of the square micro-open-
ings generated from the computation simulation can be exported for subsequent photo etching
and wet chemical corrosion processing. The initial micro-opening data created by the proposed
algorithm are exported in common intermediate format (CIF) format and displayed based on a
visual function provided by the simulation system.

The photomask layout for fabricating an arrayed concave microlens with a spherical appear-
ance over a silicon wafer is shown in Fig. 3. To a single concave microlens, the detailed arrange-
ment of the micro-openings with the required size for continuously shaping corresponding
micro-openings in positive photoresist through single mask UV-photolithography and micro-
opening-windows over the surface of the silicon wafer for undergoing a relatively strong wet
KOH etching is shown in Fig. 3(a). As the final corrosion depth of the silicon microlens is
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Fig. 3 Typical arrangement of the photomask for shaping an arrayed concave microlens. (a) Top
view of a basic pattern in the photomask leading to a single concave microlens, where the black
squares are micro-openings with different apertures. (b) Top view of the partial photomask for
shaping an arrayed concave microlens. (c) Displaying the final concave microlens array.

decided by the large micro-opening, the micro-openings with the largest side length are arranged
in the middle, and they maintain a relatively large center-to-center distance, thus with a small
structural size distributed on the edge region in the photomask. The partial photomask for
fabricating the silicon concave microlens array is shown in Fig. 3(b), where each dotted square
frame corresponds to a single microlens as indicated by a circular shadow. A partial 3D display
of the target concave microlens array is demonstrated in Fig. 3(c).

Combining the necessary technological parameters, a whole design leading to an arrayed
silicon concave microlens with a depth of 2.0 ym is completed, and then the arrayed concave
microlens with a concave depth of 1.0, 1.2, 1.4, 1.6, and 1.8 um, are further simulated, respec-
tively, under the condition of the KOH solution concentration being ~30% at a working temper-
ature of ~60°C. The maximum micro-opening and the corrosion period corresponding to each
simulation are given in Table 1. The parameters exported from an ideal simulation system are
only references for guiding the technological processes. As the concave depth is gradually
increased, the side length of the maximum micro-opening, as well as the corrosion period, should
be increased to fit the deeper profile efficiently.

Table 1 Parameters for shaping an arrayed concave microlens.

Concave deep (um) Maximum opening (zm) Corrosion period (min)
1.0 3.18 15.2
1.2 3.53 16.5
1.4 3.77 17.0
1.6 4.60 17.9
1.8 5.16 18.8
2.0 5.44 21.0
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Fig. 4 Photomask of concave microlens arrays and local enlarged image of the concave micro-
lens after ICP etching. (a) Photomask for fabricating the concave microlens arrays with different
microstructural sizes. (b) Partial pale green SiO, mask patterned by shaping a large number of
yellow silicon facets exposed for undergoing wet KOH etching.

3 Fabricating Concave Microlens Arrays

3.1 Single Mask Ultraviolet-Photolithography

The fabrication process includes two key procedures: single mask UV-photolithography and
dual-step wet KOH etching. The detailed operations are as follows. The CIF data compiled
according to the microstructural size of the concave microlens is exported from the simulation
system, which is uniformly distributed in a circle with a 4-in diameter, as shown in
Fig. 4(a).

Files 1 to 6 correspond to the arrayed concave microlens with a concave depth of 1.0, 1.2, 1.4,
1.6, 1.8, and 2 um, respectively. To ensure the fabrication success rate corresponding to the
microlens with a relatively small depth, two groups of microlenses with the same concave depth,
including the value of 1.0, 1.2, and 1.4 um, are made, as indicated in Fig. 4(a). The photomask is
fabricated according to a standard square dimension of 5 in to match the photolithography appa-
ratus. The horizontal and vertical distances between adjacent concave microlens arrays, each
having a size of 13.926 mm X 13.926 mm, are set as 10 ym, and the blue line width between
adjacent microlens arrays is 80 um for slicing. A small rectangle with an area of 5 mm X 20 mm
is configured at the top of the file region for lithographic alignment. Its long side is paralleled to
the crystalline direction of the silicon wafer. At present, the patterned mask with an actual map
error within +0.05 pm is made in chromium thin film at the Institute of Electrical Engineering,
Chinese Academy of Sciences (Beijing, China).
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Continuously, single mask UV-photolithography is carried out using a SUSS MA6/BA6
Double-sided UV Mask Aligner to thoroughly eliminate several obvious disadvantages in
common technological processes such as a relatively large alignment error and a high fabrication
cost during multiple-step photolithography to obtain similarly patterned microstructures as
above. The key technological parameters include a SiO, protection film formation over the
surface of the {100} oriented silicon wafer by traditional plasma-enhanced chemical vapor dep-
osition of STS PECVD being ~200 nm, a deposition rate of more than 150 nm/min., uniformity.
and the repeatability of < £5%.

Then, a SiO, mask composed of a large number of micro-openings with the same aperture
and spatial arrangement as that in the photoresist film is shaped through dry ICP etching of STS
Multiplex AOE. Finally, the residual photoresist materials attached over the surface of the SiO,
mask are thoroughly removed to shape a pale green SiO, mask composed of a large number of
yellow silicon facets exposed for undergoing subsequent wet KOH etching as shown in Fig. 4(b).

3.2 Dual-Step KOH Etching

As a typical chemical etching operation, the wet KOH erosion can be effectively used to shape
fine microstructural patterns over the surface of the silicon wafer. Thus, the dual-step KOH etch-
ing process is adopted for shaping spherical concave microlens. The typical parameters are as
follows: the KOH solution concentration is ~30%, the working temperature is sustained at
~60°C using a constant temperature magnetic stirrer, and the KOH etching period is slightly
longer to ensure that a complete corrosion process of the fine microstructures is performed.
The common first-step etching period corresponding to those shown in Table 1 is ~10 min.
The typical appearance of each inverted pyramid microhole processed by the first-step KOH
etching is shown in Fig. 5.

As shown in Fig. 5(a), the local microscopic image of the fifth group in Table 1 demonstrates
several identical inverted pyramid microstructures, where four side-facets of each inverted
pyramid microhole are already divided by a shallow gray cross, as indicated in a grown array.
The cross-section schematic is shown in Fig. 5(b). The inverted pyramid is formed by the first
step KOH etching.

After completely removing the SiO, protection film, the silicon samples are put into the same
KOH solution again to undergo the second-step KOH etching process. The corrosion period
suitable to different silicon samples is in accordance with that shown in Table 1. It should
be noted that the parameters shown in Table 1 only act as an indicator to guide the KOH etching
processes. To ensure the fabricating accuracy, the silicon samples should be taken out from the
reaction vessel to repeatedly observe their surface characters and microstructural details. The
typical surface appearance evolving characters of the fifth group concave microlens array in
Table 1 is shown in Fig. 6. As shown in Figs. 6(a) and 6(d), the microholes already reveal
a relatively small bottom and aperture through KOH erosion of ~4 min. Meanwhile, the micro-
hole is relatively shallow and small. The four small sidewalls of a single inverted pyramidal

o ® *
Inverted pyramid
microstructure
» »* »
. = ® Sio,
(a) (b)

Fig. 5 The inverted pyramidal microstructures. (a) The inverted pyramidal microstructures formed
over the surface of the silicon wafer after the first-step KOH etching. (b) The cross-section of the
inverted pyramidal microstructures.
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Fig. 6 The typical surface profile evolving characters of each microhole after undergoing different
etching periods during a second-step KOH etching process and the etching process of the
microhole. (a) Microholes with a relatively small aperture formed by the KOH erosion of ~4 min.
(b) Extended microholes shaped by KOH etching of ~12 min, where four distinct residual side-
walls of each inverted pyramidal microstructure can still be viewed. (c) Ideal shallow microholes
array with ~100% filling-factor after KOH etching of ~12 min. (d) The microhole is relatively shal-
low and small. (e) The microhole is getting larger and deeper. (f) The etching is nearly complete.

microstructure are still distinct. As shown in Fig. 6(b), extended microholes have been exhibited
after ~12 min KOH etching, but their four residual sidewalls are still obvious. The microhole is
getting larger and deeper, as shown in Fig. 6(e). As shown in Fig. 6(c), an ideal shallow concave
microlens array with an ~100% filling-factor is finally shaped through KOH etching of
~19 min. The etching process is nearly finished and the microholes formed are shown in

Fig. 6(f).

4 Measurement and Evaluation

4.1 Spherical Surface Appearance

The scanning electron microscope (SEM) photographs of the surface morphology of six groups
of concave microlens arrays with different filling-factors including ~80%, ~90%, and ~92%,
corresponding to the focal length (f) of —37.77, —31.55, and —27.12 um, respectively, are dem-
onstrated in Fig. 7. In addition, the filling-factor of the other three lens arrays are ~95%, ~96%,
~99%, respectively, and their respective focal lengths are —23.81, —21.24, and —19.20 ym. The
maximum filling-factor of more than 99% is larger than that by the laser method, which is ~96%
according to another paper.”’ As shown, the acquired silicon-based concave microlens arrays
exhibit an identical microstructural appearance. For carefully comparing the microstructural
characters, an enlarged facet of a single concave microlens attached by a simulation pattern with
almost the same concave appearance but a slightly different edge profile is inserted in Fig. 7(a),
which demonstrates the validity and reasonability of the proposed method. When analyzing the
errors of the fitted and target profiles of the concave microlens, several microbumps caused by
the KOH etching are seen in the enlarged picture; these can be further decreased by optimizing
the simulation algorithm.

The concave depth and the structural uniformity of the fabricated silicon-based concave
microlens are measured using step profiler KLA-Tencor P17, as demonstrated in Fig. 8.
Figures 8(a) and 8(b) correspond to the first and third groups of the concave microlens arrays
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Fig. 7 SEM images of three groups of silicon-based concave microlens arrays fabricated
according to the proposed method after dual-step KOH etching. Their key parameters (including
concave depth, filling-factor, and focal length) of each concave microlens array are as follows:
(@) (~1.0 um, ~80%, —37.77 um), (b) (~1.2 um, ~90%, —27.12 yum), and (c) (~1.4 um, ~92%,
—27.12 um).

Fig. 8 Measured surface profiles of the silicon-based concave microlens arrays. (a) A partial
wavelike profile of the concave microlens with an average depth of ~1.0 um and inset of a red
dotted square frame indicating a local microstructural fluctuation. (b) An arrayed concave micro-
lens with an average depth of ~1.4 um.
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Table 2 Concave depth of the silicon-based concave microlens.

Designed value (um) Measured value (um) Error (nm) RMS error (nm)
1.0 1.017 17 39
1.4 1.154 246 50
2.0 2.052 52 37

shown in Table 1, respectively. It should be noted that there exist some differences in both the
concave depth and the structural uniformity of the concave microlens tested. By eliminating the
factors such as the uneven placement of the silicon samples during measurement and the testing
probe not moving along a suitable scanning path, the depth of every single concave microlens is
basically the same, which indicates a fine microstructural uniformity.

As shown in Fig. 8(a), an enlarged fragment of the tested surface curve demonstrates a small
fluctuation, indicated by a red square dotted frame, which is mainly caused by the overlapping of
adjacent microholes during a KOH corrosion course of the microstructure shown in the top left in
Fig. 7(a). The typical average depth and RMS error of the fabricated concave microlens dem-
onstrated in Fig. 7 are further evaluated carefully, as shown in Table 2. According to the data, the
error is the difference between the designed value and the measured value of the concave depth,
the error being at 10 to 100 nm. The surface roughness can be expressed by the RMS error
between the designed and measured values, which is already in a several tens of nanometer
scale. Thus, the surface of the fabricated silicon-based concave microlens can be viewed as
an optical mirror surface to satisfy the design requirement fully. However, the roughness of the
microlens of Kendall et al.*” is <5 nm, and its surface figure is within 0.5 um of a perfect sphere.
Due to the surface profile being fitted section by section of the concave spherical profile, the
microbumps cannot be removed, so the RMS error is larger.

4.2 Optical Characteristics

The common optical properties of the silicon-based concave microlens arrays are acquired by
common optical measurements. At first, the patterned surface of the silicon-based concave
microlens is directly illuminated by a visible beam in the microscope, and then the reflective
light fields are recorded, as shown in Fig. 9. By focusing the illuminating beams over the bottom
of each concave microlens and any planar facet between adjacent concave microlenses, the
common light reflection characters of the silicon sample can be viewed clearly and photo-
graphed. As shown in Fig. 9(a), there exists an arrayed small bright spot formed by reflective

(@) (b)

Fig. 9 Focusing illumination lightwaves of the microscope over different regions of an arrayed
silicon-based concave microlens. (a) Focusing over the bottom of each concave microlens; the
enlarged focusing effect is in the bottom right corner. (b) Focusing over the planar facets between
adjacent concave microlenses; the enlarged focusing effect is in the bottom right corner.
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Fig. 10 The infrared testing of the microlens array. (a) Contrasting the infrared radiation distribu-
tion from a silicon wafer with a relatively large brightness at the left and from the silicon-based
concave microlens with a dim shine. (b) A plot of the transmittance of the silicon sample without
any microstructure in the wavelength range from 0.4 to 11 um.

beams away from the smooth concave surface of each microlens that then constructs a uniform
microcircular light spot distribution, which is captured by the objective of the complementary
metal oxide semiconductor (CMOS) imager. As shown in Fig. 9(b), an arrayed quasi-cross-
shaped light spot existing between four adjacent concave microlenses can also be viewed clearly;
this is formed by the reflective beams focused at the planar facets between four concave micro-
lenses, which then exhibit a uniform spatial distribution. The enlarged focusing effect at the
bottom right corner is also different. The above measurements show that the silicon-based con-
cave microlens array already meets the design requirements, indicating the effectiveness and
feasibility of the proposed designing and fabricating method.

For evaluating the validity of the silicon samples further utilized in the infrared wavelength
range, the fabricated silicon-based concave microlens arrays are then closely placed before the
infrared radiation exiting window of the blackbody light source of Newport IR-564/301, which is
set at ~1000°C. The experimental allocation means that the silicon samples are directly illumi-
nated by a beam of infrared lightwave from the blackbody. The penetrating light fields from the
silicon samples are continuously captured by an infrared camera of Guide Infrared IR126. The
key imaging measurement parameters are as follows: the waveband of ~8 to 12 um, the focusing
distance of ~40 mm, the F number of 1.2, and the field of viewing at 13.69 deg x10.29 deg.
Using a blackbody and an infrared camera, the divergence effect of the concave microlens array
on infrared light can be observed intuitively.

A typical infrared image of the silicon sample and the plot of the transmittance of silicon are
shown in Fig. 10. The infrared transmissivity of the silicon wafer is ~60% to 70% in Fig. 10(b),
which is obtained by the finite-difference time-domain (FDTD) simulation. It can be seen that
the output infrared light field can be obviously divided into two regions displaying different
brightness levels in Fig. 10(a). One region corresponding to the silicon sample distributed
by an arrayed concave microlens presents a relatively dim shine compared with another slightly
smaller region of the silicon sample without any functioned microstructure. Generally, the infra-
red radiation can easily penetrate a thin silicon wafer, as demonstrated by a cluster of parallel
arrows in the left inset of the figure. As indicated by small red arrows pointing to different direc-
tions in the right insert, a relatively strong beam divergence guided by the silicon-based concave
microlens can be expected to result in an obvious decrease of the infrared radiation intensity
measured along the main beam output direction from the infrared radiation exiting the window
of the blackbody.

The detailed infrared beam divergence performance of the fabricated silicon-based concave
microlens is further evaluated experimentally. The measurement principle and several main
setups are shown in Fig. 11. The infrared beams from a selected aperture of the blackbody are
directly incident upon the silicon sample, which are adhered onto an aluminum diaphragm of the
blackbody utilized. Then, the infrared radiation penetrating the silicon samples is collected by a
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Fig. 11 Measurement principle and the main setup configuration. (a) The infrared radiation win-
dow of the blackbody and the silicon samples and the wavefront detector are aligned along the
optical axis to form a measurement light path. (b) A typical case of performing wavefront testament
and construction. (c) Both the infrared target radiation and the environment light beams are
received by the wavefront detector in an opening lab circumstance, where the red beams come
from the blackbody and contain both the infrared and visible components and the blue represents
the environment light in the visible range.

wavefront detector of Thorlab WFS150/WFS150C with a photosensitive range from ~200 to
1100 nm to obtain the infrared light field information from the silicon samples tested, as shown
in Fig. 11(a). The distance between the silicon sample tested and the wavefront detector is
~47 cm, which should be carefully adjusted during experiments according to the size of the
patterned region formed over the silicon samples. The typical case of the working temperature
control of the blackbody and both the wavefront signal processing and display are shown in
Fig. 11(b). The basic measuring optical path is given in Fig. 11(c). As indicated, the red infrared
beams from the aperture of the blackbody are incident upon the silicon sample, and then the
penetrating light fields already reshaped by the functioned microstructures formed over the
measured silicon sample are captured by the wavefront detector. Because the measurements are
carried out in an open lab environment, the blue environment lightwaves in the visible range are
also be captured by the wavefront detector.

The typical wavefront measurement results are shown in Fig. 12. As shown in Fig. 12, the top
three pictures, indicated by Figs. 12(a)—(c), are spot diagrams, a measured curve along a straight
line through the center of each concave microlens in the field of viewing of the wavefront detec-
tor, and a “composite wavefront,” which is acquired by measuring both the infrared radiation
field and the circumstance light field in the visible range, respectively. As shown in Fig 12(b),
both the top and bottom curves demonstrate a fairly uniform spatial distribution and almost the
same signal amplitude according to the configurations of the convex refractive microlens array
coupled with the sensor array in the wavefront detector, where the top curve corresponds to the
blackbody radiation and the bottom to the environment light reflected from the thin aluminum
supporter around the infrared radiation window of the blackbody into the wavefront detector.
The pattern shown in the top of Fig. 12(c) can be roughly called a “composite wavefront” but not
a real or actual light wavefront because the photoelectronic signal from the wavefront detector
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Fig. 12 Typical “composite wavefront” measuring results. (a) Spot diagram from the infrared
radiation from the blackbody and the environment light field. (b) Spot energy diagrams of the
blackbody radiation and the environment lightwaves reflected from the aluminum supporter.
(c) A “complex wavefront” of the infrared radiation from the blackbody. (d) Spot diagram of
the infrared radiation penetrating the silicon wafer without any concave microlens covering the
radiation window of the blackbody. (e) Spot energy diagram of the infrared radiation from the
silicon wafer without any concave microlens. (f) A “complex wavefront.” (g) Spot diagram of the
infrared radiation going through an arrayed silicon-based concave microlens. (h) Corresponding
spot energy diagram. (i) A corresponding “complex wavefront.”

for computing each sub-planar-wavefront incident upon each sub-sensitive-array in the total sen-
sitive array is a sum of each photoelectronic spectral signal in a relatively wide wavelength range,
with the top being in the visible and near-infrared range and the bottom being only in the visible
range. From the flat morphology shown in Fig. 12(c), we know that the infrared radiation light
field of the blackbody and the environment light field are fairly uniform. After covering a silicon
wafer without a microlens array over the infrared radiation window of the blackbody, the typical
measuring results are shown in Figs. 12(d)—(f), respectively. The two-dimensional (2D) spot
diagram shown in Fig. 12(d) presents a uniformly converging light spot. As shown in Fig. 12(e),
a linear infrared convergence curve has been remarkably amplified to almost threefold average
amplitude compared with that shown in Fig. 12(b), considering the cases of the infrared trans-
missivity of the silicon wafer being ~60% and the environment light reflectance being very low.

The amplitude of the bottom visible light measuring curve is very low even though it is
amplified with the same magnification as that of the top curve, but it presents almost one-third
of the average amplitude compared with the bottom curve shown in Fig. 12(b). Thus, an inclined
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planar “composite wavefront” due to the silicon wafer that is not parallel to the objective of
the wavefront detector is acquired. After replacing the silicon wafer without any microlens with
another silicon sample with an arrayed concave microlens arranged in its central region over the
radiation window of the blackbody, the typical measuring results are shown in Figs. 12(g)-(i),
respectively. A similar 2D light spot diagram with a relatively large brightness shown in
Fig. 12(g) also presents a uniformly converging light spot. Figure 12(h) shows that an infrared
radiation measuring curve with a weak wave-shaped fluctuation with a relatively low average
amplitude is obtained. A very weak measuring curve of the environment lightwaves reflected
from the aluminum supporter, which is similar to that of the bottom fluctuating curve shown in
Fig. 12(e), can also be measured because the environment light field is unvaried during perform-
ing measurements. A similar inclined planar “composite wavefront” is also obtained. According
to the experimental results, we know that an arrayed silicon-based concave microlens can be
efficiently used to diverge incident infrared radiation to validate the effectiveness of the design-
ing and fabricating method.

5 Conclusion

A practical method to quickly design, simulate, and fabricate an arrayed infrared concave micro-
lens with an spherical profile, which is realized with single mask UV-photolithography and dual-
step KOH etching, is proposed. The computation simulation is combined with the evolving
microstructural mechanism based on the silicon anisotropic corrosion characteristics in a
common KOH solution with several control factors, such as the solution concentration, temper-
ature, and corrosion period, to make a concave microlens array over a silicon wafer with the
required crystal orientation. Both the SEM and the surface profile measurements are carried out
to obtain the key configurations, including the filling-factor of the concave microlens array and
the surface roughness expressed by an RMS value. The filling-factor is ~99%. The RMS value in
several tens of nanometer-scale meets the requirement of the optical mirror. In addition, all kinds
of spherical or aspherical profiles can be designed and fabricated by this method. The common
optical measurements demonstrate that the fabricated silicon concave microlens presents a good
infrared radiation divergence character. The method highlights the prospect for industrial pro-
duction of large-area silicon-based concave microlens arrays for infrared beam shaping and
control light applications.
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