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Three-Dimensional Surface Profile Measurement
of Microlenses Using the Shack—Hartmann
Wavefront Sensor
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Abstract—We present a 3-D surface profiling method for mi-
crolenses that utilizes a Shack-Hartmann wavefront sensor. This
method applies to both solid microlenses and liquid-liquid inter-
faces in liquid microlenses. The wavefront at the aperture stop
of a microlens is measured by a Shack—-Hartmann wavefront
sensor and is then used to calculate the 3-D surface profile of the
microlens. Three types of microlenses—a photoresist microlens,
a hydrogel-driven tunable liquid lens, and an electrowetting-
driven tunable liquid lens—were fabricated and measured. The
variable-focus liquid lenses were tested within a wide focal length
range. The obtained surface profiles were fitted to spherical and
conical surface models to study their geometrical properties. The
photoresist microlens was found to be approximately spherical.
For the hydrogel-driven microlens, the profile was smooth and
nearly spherical at the center but became steep and linear at
the aperture edges. The electrowetting-driven liquid lens was also
fitted better with the conical model, and its conic constant was
determined. The obtained surface profiles were used to estimate
the optical properties of microlenses in an optical analysis software
package. The comparison between the simulation and experiment
results indicated that the accuracy of the estimation is rough and
the error could be due to the wavefront measurement and surface
fitting approximation. [2011-0321.R1]

Index Terms—Electrowetting (EW), hydrogel, liquid microlens,
Shack-Hartmann sensor, three-dimensional (3-D) surface profile,
variable focus.
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I. INTRODUCTION

HE TREND toward the miniaturization of optics and
electro-optics has made the rapidly evolving microlenses
technology important components in both commercial and
research-based optical systems. Microlenses play a crucial
role in many applications, such as portable cameras [1], [2],
beam shaping for wavefront correction [3], [4], optical array
interconnection [5], [6], microlens projection lithography [7],
[8], and wavefront sensors [9]. Different types of microlenses
have been developed. Some microlenses have fixed focus and
are normally made of solid materials [10]-[12]. Benefitting
from variable focus, high transmission, and compact structure,
liquid microlenses have drawn extensive research attention
and have been demonstrated by various mechanisms such as
electrowetting (EW) [1], [2], [13], stimuli-responsive hydrogels
[14]-[16], and pressure-driven techniques [17]-[21]. During
the fabrication process, the surface shape of the microlenses
is a key concern, because theoretically, it determines the op-
tical properties of a microlens, assuming that the properties
of lens material are uniform and stable across its body. For
liquid microlenses, the geometrical surface is influenced by
several factors such as the design of geometric structure [2],
the control of surface wetting [22], the effect of gravity [23],
and the surface smoothness. Thus, a good knowledge of the
3-D surface profile is critical for liquid microlens design and
the optimization of the fabrication process. Surface profiles are
also beneficial to gain a deeper understanding of the surface
deformation of variable-focus microlenses [20]. Surface pro-
files of solid microlenses are normally measured by mechanical
profilometers [10], [20] or white-light interferometers [10],
[17], [24]. However, these approaches are not applicable to
liquid-liquid interfaces. For some solid lenses made of soft
materials, a thin film of aluminum or gold usually needs to
be presputtered on the surface to enhance the reflection so
that clear interferometric images can be obtained [24]. This
measurement is essentially invasive. Conventional goniometers
cannot perform 3-D measurements and require high optical
transparency on the surrounding structure of the microlens.
Hence, currently, there is great need for an accurate convenient
method for 3-D surface profile measurement of microlenses.
To help address this need, we previously reported on pre-
liminary results on the use of a Shack—Hartmann wavefront
sensor to measure the 3-D surface profiles of the liquid-liquid
interface in a liquid microlens [25]. Here, we present detailed,
expanded results on a complete 3-D surface profiling method
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Fig. 1. Cross-sectional schematic of the three types of microlenses tested.

(a) Photoresist microlens. (b) Hydrogel-driven liquid microlens. The water—oil
interface is pinned at the hydrophilic-hydrophobic boundary. The NIPAAm
hydrogel is thermoresponsive. Its focal length can be changed by temperature
variation. It functions as a converging lens at status 1 and as a diverging lens
at status 2. (c) Electrowetting-driven microlens. Its focal length is varied by the
voltage applied on the electrodes.

using a Shack—-Hartmann wavefront sensor. This approach is
applicable to both solid and liquid microlenses, and the op-
tical setup can easily be adjusted to measure microlenses in
different dimensions. A physical model is presented to derive
the surface profile from the wavefront profile. The following
three types of microlenses were fabricated and tested: 1) a
solid photoresist lens; 2) a hydrogel-driven liquid lens, and
3) an EW-driven liquid lens. Fig. 1 shows the cross-sectional
schematic of each type of microlens. Their surface shapes are
all primarily determined by surface tension, and they could
be influenced by surface wettability and the effects of gravity
to some degree. The measured surface profiles were fitted to
spherical and conical surface models to quantitatively analyze
the geometrical properties, and the fitted surface models can be
used to roughly estimate the focal length and aberrations of the
microlenses.

II. PRINCIPLES

Light propagation can be described with Maxwell’s equa-
tions. The incident wavefront through a lens is delayed by an
amount proportional to the optical path length (OPL) that it
has traveled [26]. For a planoconvex/concave lens, if the lens
material is uniform, the OPL through each path is determined
by its surface profile and refractive index. Therefore, the surface
profile of a microlens can be derived when the incident and
refracted wavefronts are both known. Fig. 2 illustrates the
wavefront refraction of a plane wave through a microlens and
the principles of surface profile calculation of a microlens. The
lens consists of two materials M; and M, with refractive in-
dices n; and no, respectively. The M; -to-M; interface functions
as a lens, and it can be either a diverging or a converging
lens, depending on its curvature and refractive index difference
between M; and My [1], [14]. This is a generalized physical
model of commonly used liquid and solid microlenses. For
liquid lenses, M; and My are two immiscible liquids with
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Fig. 2. Principle of 3-D surface profile measurement. For a solid microlens,
M is the lens material, and My is air. For a liquid microlens, M1 and Mo are
two immiscible liquids. The microlens is illuminated by a collimated beam, and
it is tested in the transmission mode. The incident wavefront is a plane wave.
The refracted wavefront (A@jens(z,y)) is curved, and its shape is determined
by the surface profile and refractive indices of M1 and Ma. The surface profile
of the microlens can be calculated from the refracted wavefront by (2).

different refractive indices. For a solid lens, M; is a solid
material, and M, is air. At the aperture stop of a microlens,
the optical path difference (OPD) between the origin and point
(z,y) in the plane is

OPD((E,y) = (nl —77,2) X h(l’,y) (l)

where h(z,y) is the thickness difference of Ms between the
horizontal path through the vertex and through (x,y), and n4
and no are the refractive indices of M; and Mo, respectively.
The 3-D surface profile of the lens, described by h(x,y), can
be calculated from the refracted wavefront A¢jens(,y), and
the equation that has been derived is [25]

h(.’L‘,y) = OPD(ijy) —_ A¢lens(x,y) X A/Qﬂ'

2

ny —n2 ny —na
where ) is the wavelength of the light source.

To analyze the surface properties of the microlenses, the
measured surface profiles can be fitted to the following two
geometric models: 1) a spherical surface model and 2) a conical
surface model. As an approximation, it is normally assumed
that microlenses are spherical lenses. Given that the vertex of
a sphere is at (z,y, z) = (0,0, 0), a spherical surface profile is
described by

2 2
AP+ .
14+ /1 —c?(x2+y?)

where z is the height of the surface, and c is the reciprocal of
R, the radius of curvature (RoC).

In reality, due to fabrication factors, the nonuniformity of
surface wetting, and the effects of gravity, the surface profile of
a microlens often deviates from the spherical shape in the area
away from the center. A conical surface model is often used to
account for such surface variations, and it is described by

c(z? +9?)
p— 4
Tl T2 hE ) @

where k is the conic constant and specifies spherical (k = 0),
elliptical (—1 < k < 0), parabolic (k = —1), and hyperbolic
(k < —1) surfaces.
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For a spherical lens, the focal length f is determined by R
and the refractive index difference between M; and M, as
shown in

f= i ®)

ny —n2

For the liquid lenses tested, n; and no are the refractive
indices of silicone oil (n; = 1.48) and water (ny = 1.33). For
the photoresist microlens tested, n; = 1.65 (refractive index of
AZ4620), and ny = 1 (refractive index of air). For a microlens
of a conical surface shape, (5) can also be used to calculate the
focal length when the paraxial approximation is valid.

III. OPTICAL SETUP AND PRINCIPLES
OF THE WAVEFRONT SENSOR

A. Optical Setup and Surface Profile Calculation

The conceptual diagram of the optical setup for wavefront
measurements is shown in Fig. 3(a) [25]. A collimated laser
beam is first expanded by a beam expander and then illumi-
nates the microlens sample, which is tested in the transmis-
sion mode [27]. The wavefront in the aperture stop of the
microlens is transferred by relay lenses to the lenslet array in the
Shack—Hartmann wavefront sensor. The microlens in Fig. 3(a)
has a large optical power so that the beam that emerges from the
microlens crosses its focal spot before reaching the first relay
lens L;. The dynamic range of the wavefront sensor constrains
the maximum optical power of a microlens that can be tested
(a detailed discussion is shown in Section VII). Depending on
the aperture size of the microlens, the relay lenses are designed
to expand the refracted beam out of the microlens so that a
significant portion of the charge-coupled device (CCD) sensor
is filled. A higher filling ratio of the CCD sensor provides a
higher sampling and a higher resolution of the wavefront. The
magnification factor M of the relay lenses is

M=_P2 ©6)

f1

where f; and f5 are the focal length of the two relay lenses,
respectively, and the minus sign accounts for the image inver-
sion. The aperture stop plane (LL’) of the microlens and the
lenslet array plane (SS’) of the wavefront sensor are conjugate
planes, which means that LL' is at the front focal plane of relay
lens L; and SS’ is at the back focal plane of relay lens L.
Here, it is assumed that the lens structure is very thin so that
the wavefront at LL’, i.e., a flat substrate, is approximately the
same as the wavefront at the curved lens surface (CC’). For
the microlenses tested in this paper, the thickness between the
curved lens surface and the flat exit surface of the microlens
is a few hundred micrometers. The relationship between the
wavefront at LL'(A@jens) and the wavefront measured by the
wavefront sensor (A@sensor) is described by

A(Zslens(x; y) = AQbsensor(ﬂ4 x x, M x y)- (N

Therefore, the wavefront measured by the sensor needs to be
rescaled to obtain the wavefront at the microlens. Combining

(2) and (7), the surface profile of the microlens is calculated
from the measured wavefront by

A(bscnsor(]\l x x, M x y) X )\/271’
ny —no ’

h(z,y) = ®)

Fig. 3(b) shows two pictures and the layout of the exper-
imental setup. The light source was a helium—neon (HeNe)
laser (A =594 nm), and the beam was enlarged to around
2 mm in diameter by a beam expander. Relay lenses and a
Shack—Hartmann wavefront sensor (WFS150C, Thorlabs Inc.,
Newton, NJ) were fixed on a horizontal optical rail. The mi-
crolens was placed on a vertical stage. Four mirrors were used
to redirect the beam so that the collimated beam went straight
through the microlens to be tested. An optical intensity filter
(not drawn in the figure) was inserted after the beam expander
when the light saturated the wavefront sensor.

B. Shack—Hartmann Wavefront Sensor

Shack—Hartmann wavefront sensors are commonly used
for wavefront characterization and measuring lens aberrations
[28]-[30]. The sensor consists of a microlens (lenslet) array
and a photon detector for position sensing [31]. All the lenslets
have the same focal length, and the photon detector is typically
a CCD array. The incoming light is sampled by the lenslet
array and then focused onto the CCD, creating a number of
separated focal spots of light on the CCD. The position of the
focal spot within each pixel of the CCD is used to calculate
the local wavefront slope and then to reconstruct the whole
wavefront. Fig. 3(c) illustrates the internal structure of the
Shack—Hartmann wavefront sensor used in the experiment.
The CCD is a 4.49 mm x 4.49 mm square, and the resolution
of the surface measurement is 150 pm/M, determined by the
lenslet aperture and the magnification factor M of the relay
optics [defined in (6)]. According to the manufacturer speci-
fications of the wavefront sensor, the accuracy of the wavefront
measurement is A/15 or 39.6 nm for A = 594 nm.

Before each microlens was measured, the wavefront sensor
was first calibrated to subtract the systematic aberration from
the wavefront measurement. The calibration was made using
the setup in Fig. 3(b) without the microlens to be tested, and the
calibration using a plane wavefront was chosen in the built-in
software of the Shack—Hartmann wavefront sensor.

C. Verification of Principles and Optical Setup

To test the reliability and accuracy of the physical model
and the optical setup, a commercial plastic lens (n = 1.491,
AOI-0814, Align Optics Inc., Sunrise, FL) was first measured,
and the obtained surface profile was compared with the lens
profile reported by the manufacturer. This lens is a planoconvex
spherical lens (R = 14.6 mm). Relay lenses with a magnifi-
cation factor of M = 2 were used in this measurement. The
surface profile obtained is fitted to a spherical surface defined
by (3). The implied R is 14.1 mm, resulting in a relative error of
3.80%. The root mean square (rms) of the difference between
the manufacturer-reported profile and the experiment result is
1.4 pm. A commercial glass microlens (n = 1.516, NT47-381,
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(a) Diagram of the optical setup for wavefront measurement. A collimated beam is expanded by a beam expander, and then, it illuminates the microlens.

The aperture stop plane of the microlens (LL’) and the wavefront sensor plane (SS’) are conjugate planes of the relay lenses. The image at LL' is enlarged by
a factor of M. (b) Pictures of the optical setup. The microlens to be tested was placed on a vertical stage. The relay lenses and the wavefront sensor were fixed
on a horizontal optical rail. A few mirrors were used to redirect the light. (c) Internal structure of the wavefront sensor. The front of the sensor is a lenslet array
followed by a CCD sensor (4.49 mm X 4.49 mm). The aperture of each single lens in the lenslet array is 150 pm.

Edmund Optics, Barrington, NJ) of high surface quality was
also tested, and the experiment result gave a 0.97% relative
error of R and a 0.105-xm rms of the profile error, close to the
theoretical accuracy limit (77 nm) of this measurement [26].

IV. FABRICATION OF MICROLENSES

The following three types of microlenses were fabricated:
1) a photoresist lens; 2) a liquid lens actuated by thermorespon-
sive hydrogel; and 3) an EW-driven liquid lens. The photoresist
microlens is a fixed-focus converging lens. The hydrogel-driven
variable-focus liquid lens can be actuated to either a converging
or a diverging lens, depending on the local temperature [14].
The EW-driven lens is a variable-focus diverging lens, and its
focal length changes with the voltage applied [1], [12].

A. Photoresist Microlens

The photoresist microlens was fabricated by a standard pho-
tolithography technique and thermal reflow process [10], [11].
The fabrication process is illustrated in Fig. 4(a)—(c). Thick-
film photoresist AZ4620 (AZ P4620, AZ Electronic Materials,
Branchburg, NJ) was spin coated on a microscope slide at

2000 r/min for 30 s and then exposed to ultraviolet (UV) light
through a film mask (IMAGESETTER Inc., Madison, WI) at
20 mWem2 for 20 s. Next, the sample was developed in an
AZ 400k developer for 180 s to form 9-pm-high cylindrical
photoresist pads on the substrate. Then, they were heated on a
hot plate at 160 °C for 10 min to melt the photoresist pedestals,
and finally, they were cooled down to form the photoresist
microlenses. Fig. 4(d) shows a picture of the photoresist mi-
crolenses, and the focal length of each of these converging
lenses was measured to be around 4.5 mm.

B. Liquid Microlens Actuated by a
Thermoresponsive Hydrogel

The fabrication of a hydrogel-driven variable-focus liquid
microlens is based on liquid-phase photopolymerization and
soft lithography [14]. The process detail was reported earlier
[15]. The cross-sectional schematic of the microlens is shown in
Fig. 1(b). At the lens aperture, a water—oil meniscus was pinned
at the hydrophobic—hydrophilic boundary. The refractive index
of silicone oil (n; = 1.48) is larger than the refractive index
of water (ny = 1.33). Therefore, when the water—oil interface
was bending downward [status 1 in Fig. 1(b)], the microlens
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Fig. 4. Fabrication of the photoresist microlens. (a) Thick photoresist was
spin coated on a microscope slide at 2000 r/min for 30 s. (b) Photoresist film
was photopatterned. After it was developed, 9-pm-high cylindrical photoresist
pads were left on the substrate. (c) Photoresist pads were heated at 160 °C for
10 min. During the process, the photoresist pads were melted and then reflowed
to form a microlens when it was cooled down. The diameter of the microlens
was around 496 pm. (d) Picture of the photoresist microlenses.

functioned as a converging lens, and when the interface was
bulging up [status 2 in Fig. 1(b)], it was a diverging lens. The
net volume of the N-isopropylacrylamide (NIPAAm) hydrogel
and the water in the cavity changes with temperature variations,
thus varying the focal length.

C. EW-Driven Liquid Microlens

Fig. 5 illustrates the fabrication of an EW-driven variable-
focus liquid microlens. The fabrication started with spin coating
AZA4620 photoresist on indium—tin—oxide (ITO)-coated glass
slides (#703176, Sigma-Aldrich Corporation, St. Louis, MO).
After the photoresist was photopatterned and developed, the
ITO glass slide was immersed in a solution of 37% HCL,
water, and 70% HNOg3 (volume ratio =4 : 2 : 1) for 3 min to
etch away the unprotected ITO [see Fig. 5(a)]. Following the
photoresist removal, a 150-nm-thick silicon nitride (SiN) film
was deposited on the electrodes by plasma-enhanced chemical
vapor deposition (PECVD) [Fig. 5(b)]. Then, the SiN film
above the center electrode (electrode 1) was etched away by
photolithography, and the center electrode was covered by
adhesive tape [see Fig. 5(c)]. Next, 1-um hydrophobic Teflon
layer (Teflon AF1600, DuPont, Wilmington, DE) was deposited
on the silicon nitride by spin coating at 1000 r/min for 20 s, and
then the adhesive tape was removed [see Fig. 5(d)]. To remove
the solvent in Teflon, the ITO glass slide was subject to a baking
cycle as follows [32].

1) Stay at ambient temperature for 15-20 min.

2) Bake at 112 °C for 15 min.

3) Bake at 165 °C for 15 min.

4) Bake at 330 °C for 30 min.

Finally, a cylindrical glass chamber with a 6-mm opening
was fixed on the substrate by epoxy glue. An aqueous water
droplet was dropped on electrode 1 and then covered by silicone
oil. The cross-sectional schematic and a picture of the microlens
are shown in Fig. 5(e). Due to the higher refractive index of
silicone oil, this lens is diverging, and its focal length can be
varied by the voltage applied on the two electrodes.

V. EXPERIMENTAL RESULTS

The 3-D profiling method was performed on all three types
of microlenses fabricated. A complete surface profile was
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Fig. 5. Fabrication of the electrowetting-driven liquid lens. (a) An ITO-coated
glass slide was used as the substrate. The thickness of the ITO film is about
20 nm. The ITO electrode was patterned by photolithography and wet etching.
(b) Silicon nitride film that was 150 nm thick was deposited by PECVD.
(c) Silicon nitride that covers Electrode-1 was etched away. An adhesive was
applied to cover Electrode-1. The thickness of the applied adhesive film is
about 50 pm. (d) Teflon film that was 1 pum was spin coated on top of
the silicon nitride, and the adhesive film was removed afterward. (e) Cross-
sectional schematic and image of the electrowetting-based microlens. A 6-mm-
diameter cylindrical glass chamber was stuck on the substrate by epoxy glue.
An aqueous water droplet was dropped on Electrode-1, and the chamber was
then filled with silicone oil.

obtained for the photoresist microlens. For the two types of
variable-focus liquid lenses, the surface profile of each lens
was measured within the central 1-mm-radius circle at dif-
ferent focal lengths. In addition, the multifocus measurement
was dynamically achieved, which means that the optical setup
needed no adjustment and the real-time surface was measured
when the focal length was changing. The response time of the
measurement is about 1 ~ 2 s, limited by the response speed of
the wavefront sensor.

A. Photoresist Microlens Surface Profile

The photoresist microlens was measured by the optical setup
shown in Fig. 2(b). Relay lenses with f; = 100 mm and f; =
600 mm were chosen to magnify the wavefront by a factor
of 6 to fill the wavefront sensor. Fig. 6(a) is the wavefront
profile reported by the built-in software of the sensor. The
wavefront data were exported and then processed in MATLAB
to calculate the surface profile. Fig. 6(b) illustrates the 3-D
surface map of the photoresist lens. The height of the lens is
10.8 pum. The spherical surface [defined in (3)] fitting result is
¢=0.329 mm~! and R = 3.04 mm, and the conical surface
[defined in (4)] fitting result is ¢ = 0.350 mm™~', k = —10.09,
and R = 2.86 mm. Because the radius of the lens aperture
is small (0.248 mm) and the curvatures derived from two
models are close, the difference between these two models
is not significant. Under the spherical lens assumption, the
focal length estimated by (8) iS fsphericar = 4.67 mm and its
relative error is 3.24% compared with the measured focal length
f =4.53 mm. Therefore, the photoresist microlens tested is
approximately a spherical lens. Spherical lenses have proven
to be a good approximation for photoresist microlenses and
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(a) Wavefront map drawn directly by the built-in software of the wavefront sensor when a photoresist microlens was measured. (b) Surface profile of
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(a) and (b) Surface profiles of the hydrogel-driven liquid microlens at f = 13.9 mm and f = —18.7 mm. (c) Scatter plot of surface height h(x,y) at

f = 13.9 mm versus p(z,y), the distance from (z, y) to the vertex (defined in Fig. 2). Within the area near the center, the surface profile is almost spherical,
whereas at the edges of the aperture, the profile evolves to a linear pattern, and the asymmetry becomes more severe.

their shape can be well predicted by photoresist volume and
fabrication parameters [33].

B. Hydrogel-Driven Liquid Lens Surface Profile

The hydrogel-driven liquid microlens was measured within
a wide range of focal lengths. Relay lenses with f; = 100 mm
and fy = 200 mm were used to magnify the wavefront by a
factor of 2. First, the liquid lens functioned as a converging
lens, and it was measured at f = 13.9 mm. Then, the lens
was heated by a silicone rubber heater, which was actuated
by a temperature controller (CSC32 Benchtop, OMEGA En-
gineering Inc., Stamford, CT, USA) [15]. It was actuated to a

diverging lens and was measured at f = —18.7 mm. The 3-D
surface profiles measured at both focal lengths are shown in
Fig. 7(a)—(b). As its focal length varied from 13.9 mm to
—18.7 mm, the water—oil interface of the liquid lens changed
from downward bending to swelling. Due to the nonuniform
hydrophilicity of the aperture that resulted from the surface
treatment during the fabrication, the surface profile was not
completely symmetric. Fig. 7(c) illustrates the scatter plot of
surface height h(x,y) (defined in Fig. 2) versus the distance
from point (x,y) to the vertex when the lens was at f =
13.9 mm. At the center of the lens, the surface has a smooth
spherical shape and a slight asymmetry. Near the edges of the
aperture, the surface profile gradually evolves to a linear shape,
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TABLE 1
SURFACE FITTING COEFFICIENTS, MODEL-IMPLIED FOCAL LENGTH, AND FOCAL LENGTH ERROR OF THE HYDROGEL-DRIVEN LIQUID LENS

Spherical surface model

Conical surface model

f R implied f* frelative R k implied / Sfrelative
(mm) (mm) (mm) error (mm) (mm) error
13.9 3.07 20.48 47.4% 1.79 -5.88 11.96 -13.9%
18.2 3.80 25.30 39.0% 2.69 -6.76 17.93 -1.5%
-18.7 -3.81 -25.39 35.8% 2275 -6.62 -18.34 -1.9%

Fig. 8.

Surface profiles of electrowetting-driven microlenses. (a) f = —10.1 mm. (b) f = —27.5 mm. With increasing applied voltage, the RoC of the water—oil

interface became larger, and the absolute value of the focal length rose. The P-V value of the surface profile dropped from 726 pm to 266 pm when f was tuned

from —10.1 mm to —27.5 mm.

and the asymmetry is exacerbated. The water—oil interface is
pinned at the hydrophobic—hydrophilic boundary. Closer to the
aperture edges, the water surface bends further downward the
hydrophilic side wall, becoming relatively more linear rather
than spherical. The hydrophilicity variation results in larger
asymmetry near the edges. This phenomenon was also observed
at other focal lengths tested.

The surface profiles were fitted to both the spherical and the
conical surface models. Table I illustrates the coefficients ob-
tained from surface fitting and the model-implied focal length
calculated by (5). The focal length implied by the spherical
surface model deviated from the measured focal length by a
large scale, suggesting that spherical fitting was inappropriate
for this liquid lens. The negative conic constant indicates that
the surface was in hyperbolic shape, matching with the obser-
vations in Fig. 7(c) that the profile becomes relatively linear at
the edges.

C. EW-Driven Liquid Lens Surface Profile

The EW-driven microlens was also measured at different
focal lengths, and the optical setup was identical to the setup
for measuring the hydrogel-driven microlens. Fig. 8 shows
the 3-D surface profile of the microlens when its focal length
was tuned to f = —10.1 mm and f = —27.5 mm. When the
applied voltage increased, the peak-to-valley (P-V) value of the
profile decreased from 726 pm to 266 pm. The surface profiles
were fitted to both spherical and conical surface models, and
the results of conical surface fitting are reported in Table II.

The conic constant was significantly smaller than 0. Therefore,
the EW-driven microlens is better fitted with the conical surface
model within the measured area.

VI. ESTIMATION OF LENS PERFORMANCE
FROM SURFACE PROFILES

Once the 3-D surface profiles of the microlenses are ob-
tained, theoretically, they can be used to calculate the optical
properties of the microlenses. For example, we could approx-
imately estimate the focal length and aberrations in Zemax
optical software (Zemax Development Corporation, Bellevue,
WA) using the surface profiles. It is also interesting to study
how accurate such estimation is. In Zemax, the lens surface
can be defined by an even asphere model, which is a conical
surface plus a polynomial expansion, using the even orders of
radial coordinate. All the surface profiles were first fitted to the
conical surface model, except that the profile of the photoresist
lens was fitted to the spherical model. Then, the deviation of
the conical surface from the measured surface was fitted to a
polynomial equation on the order of 6. The parameters obtained
from surface fitting were subsequently used to define the lens
surface in Zemax. Table III summarizes the parameters for
defining the even asphere surface in Zemax, including the RoC
R, conic constant ¢, and coefficients of polynomials.

Fig. 9 shows the Zemax-simulated modulation transfer func-
tion (MTF) of each type of microlens. The MTF describes
the overall lens performance. A lens generally has better op-
tical performance when its MTF is closer to the MTF of
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TABLE II
CONICAL SURFACE FITTING COEFFICIENTS, IMPLIED FOCAL LENGTH, AND FOCAL LENGTH ERROR OF THE EW-DRIVEN LIQUID LENS

S (mm) R (mm) k implied f (mim) frelative error
-10.1 1.66 -1.61 -11.09 9.8%
275 433 -6.31 -28.84 4.9%
TABLE III

PARAMETERS OF EVEN ASPHERE SURFACE DEFINED IN ZEMAX

Lens types Even asphere model
f(mm) R (mm) &k 70 r? r
Photoresist 4.5 3.04 0.00  -29.067 1.739  0.007
lens
13.9 1.79 -5.88  -0.013 0.040  -0.029
Hydrogel-
driven 18.2 2.69 -6.76  -0.011 0.038  -0.036
lens
-18.7 -2.75 -6.62 0.007 -0.025  0.022
Electrowetting ~ -10.1 -1.66 -1.61 0.018 -0.061  0.052
lens -27.5 -4.33 -6.31 0.005 -0.017  0.015

a diffraction-limit lens. For the hydrogel-driven lens at f =
18.2 mm [Fig. 9(c)] and the EW-driven lens at f = —28.7 mm
[Fig. 9(f)], the MTF of the microlens almost overlaps the
diffraction limit, indicating that the wavefront aberration is very
small. The wavefront aberration increases with increasing sur-
face curvature; therefore, the MTF deviates from its diffraction
limit, as observed in other cases in Fig. 9.

Table IV summarizes the Zemax-simulated rms wavefront
error and the focal length of each type of microlens. The
f-number (f/#) in the table is given by

f

fl#=5 ©)
where f is the focal length, and D is the diameter of the
entrance pupil of a microlens. The Zemax-simulated focal
length is very close to the experimental result for photoresist
microlens. For the two variable-focus liquid microlenses, the er-
ror of focal length becomes relatively smaller as f /# increases.
The wavefront aberration is dominated by spherical aberra-
tions, and it decreases with increasing f/#. At higher f/#,
the microlens has smaller surface bending (larger RoC) and,
therefore, less spherical aberration [34]. The primary spherical
aberration is described by the Zernike coefficient ¢4y in the
Zernike standard polynomials [35]. The Zernike coefficients are
reported by both the Shack—Hartmann wavefront sensor and
the Zemax simulation. For hydrogel-driven liquid lens, c4g is
reported in Table V. The simulation results are not very close
to the experimental results, and the relative error can be larger

than 10%.
Based on the comparisons shown in Tables IV and V be-
tween the Zemax estimation and the experimental results from

the wavefront sensor, we conclude that the Zemax simulation
provides only a rough estimate of the optical properties of the
microlenses. The wavefront sensor can directly measure the
aberrations of a microlens. However, for the Zemax simulation
based on the fitted surface profile, the error could be from two
sources. One error source is the wavefront measurement. In
principle, the wavefront right behind the liquid—liquid interface
should be measured to derive the surface profile. However, a
transparent thin substrate is needed to package the lens, and
the wavefront behind the substrate was measured and used for
surface profile calculation. Another error source, which could
potentially be significant, is the surface fitting process, which
is inherently an approximation. The measured surface profile
was fitted to a conical model, which is rotation symmetric;
however, the real surface could be more complicated and could
suffer rotational nonsymmetry. Further investigation is needed
to improve the accuracy of the measurement and to study other
surface fitting models.

VII. DISCUSSION OF THE OPTICAL SETUP

Note that the optical setup described in Section III is re-
stricted by certain limits. First, the optical setup in Fig. 3(a) is
for obtaining rough surface profiles of microlenses. In the ref-
erence measurement, a collimated beam reaches the wavefront
sensor, whereas in the microlens characterization measurement,
the beam that emerges from L, is converging. The path dif-
ference could decrease the accuracy of the wavefront mea-
surement. When aberration measurements of high accuracy are
required, conventional optical setup using the Shack—Hartmann
wavefront is recommended [29], [35].

Second, relay lenses with nonunity magnification are used in
the optical setup. Therefore, care must be taken in the alignment
to avoid any curvature added by the relay lenses. The effect
of changing the illumination area on the relay lenses can add
deviations from flatness. The surface irregularity of the lens
is approximately a quarter of a wavelength, which is in the
submicrometer range, assuming A = 593 nm. The deviations
are relatively small, however, compared to the overall surface
profiles measured.

In addition, to obtain consistent result from the wavefront
sensor, the wavefront that emerges from the microlens under
test cannot exceed the dynamic range of the wavefront sensor.
The dynamic range of the wavefront sensor in Fig. 3(a) is 100 x
A\, where A is the wavelength. The phase due to a simple lens is
given by [26]

o(z,y) = = (2% + 7).

i (10)
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Fig. 9. MTF of the microlenses. (a) MTF of the photoresist microlens. (b)-(d) MTF of the hydrogel-driven microlens at f = 13.9 mm, f = 18.2 mm, and
f = —18.7 mm. (e) and (f) MTF of the EW microlens at f = —10.1 mm and f = —27.5 mm. In (c), the MTF of the hydrogel-driven liquid lens and its
diffraction limit almost overlap at f = 18.2 mm, and the two profiles cannot be differentiated in the figure.

The beam size is 2 mm; therefore, the maximum of (22 + y?)
is 1 mm?. For f =10 mm and A = 593 nm, the maximum
phase is therefore ¢,.x = —168.67, corresponding to a wave-
front of —84.3\, which is well within the dynamic range of the
wavefront sensor. When a microlens with high optical power
will be tested, it is important to check that the wavefront that
emerges from the microlens is within the dynamic range of the
wavefront sensor.

Finally, the major importance of the principles in Section II
and the optical setup in Section III is to dynamically mea-
sure the rough shape of a variable-focus microlens without
changing optics. This method visualizes what is going on with
the liquid-liquid interface and dynamically measures it as the
focal length of the lens is adjusted, which is an advantage over
methods that require changing optics and realigning in between.

VIII. CONCLUSION

We have demonstrated a 3-D surface profiling method using
the Shack—Hartmann wavefront sensor that can be applied to
both solid and liquid microlenses. The surface profile is cal-
culated from the wavefront measured by the wavefront sensor.
The principles and optical setup are presented and verified by
the test of a commercial spherical lens. The resolution of this
profiling method is determined by the aperture of the lenslet in
the wavefront sensor, and the relay lenses in the setup needs
to be well chosen to match the aperture of the microlens with
the size of the CCD in the wavefront sensor. Three types of
microlenses were fabricated and measured: one solid fixed-
focus photoresist microlens and two variable-focus liquid mi-
crolenses that are driven by thermoresponsive hydrogel and
EW, respectively. The two variable-focus lenses were measured
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TABLE IV
f-NUMBER, ZEMAX-SIMULATED RMS WAVEFRONT ERROR,
AND FOCAL LENGTH

Lens types Zemax-simulated
lens performance
f i RMS 7
(mm) error (mm)
(wave)
Photoresist 4.5 11.3 0.191 4.48
lens

13.9 7.0 0.108 12.55

Hydrogel- 182 9.1 0.002 18.66

driven
lens -18.7 94 0.017 -19.12
Electrowetting  -10.1 1.7 0.083 -11.80
lens 275 46 0014 2922
TABLE V

ZERNIKE COEFFICIENT c49 OF THE HYDROGEL-DRIVEN MICROLENS
REPORTED BY ZEMAX AND THE WAVEFRONT SENSOR

S 40 C40

(mm) reported by Zemax (wave) reported by wavefront sensor (wave)

139 -1.49 -1.38
18.2 -0.745 -0.541
-18.7 0.568 0.715

at different focal lengths. The obtained surface profiles were
fitted to spherical and conical surface models, and the model-
implied focal lengths were compared with experiment results.
The surface fitting results were also used in optical analysis
software to simulate the optical properties of the microlenses;
however, the comparison between the simulation and the exper-
imental results showed that the simulation gave only a rough
estimate of the optical properties of the microlenses due to
the errors generated by the wavefront approximation and the
surface fitting procedures. The 3-D surface profiling method
presented should help in obtaining a deeper understanding of
the surface deformation in a variable-focus liquid microlens and
guiding microlens design and fabrication.

In the future, we will further develop this surface profiling
technique and apply the measured surface profiles to improve
the design and fabrication of hydrogel- and EW-driven liquid
microlenses, e.g., the surface wettability, aberration reduction,
and uniformity across lenses in a microlens array. In addition,
this method could potentially be applied to the characterization
of general liquid-liquid interfaces in microfluidics. However,
note that the wavefront measurement is limited by the dynamic
range and local RoC (gradient) limit of the Shack—Hartmann
wavefront sensor.
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