This is the Pre-Published Version.
View Article Online

View Journal

Lab on a Chip

Devices and applications at the micro- and nanoscale

Accepted Manuscript

M) Cneck tor updates

This article can be cited before page numbers have been issued, to do this please use: Q. Chen, X. Tong,
Y. Zhu, C. C. Tsoi, Y. Jia, Z. Li and X. Zhang, Lab Chip, 2020, DOI: 10.1039/C9LCO01217F.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

Lab on a Chip

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
~ oo 2 shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

™ LOYAL SOCIETY rsc.li/loc
ap OF CHEMISTRY


http://rsc.li/loc
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/C9LC01217F
https://pubs.rsc.org/en/journals/journal/LC
http://crossmark.crossref.org/dialog/?doi=10.1039/C9LC01217F&domain=pdf&date_stamp=2020-01-31

Page 1 of 20

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Lab on a Chip

View Article Online

Aberration-free aspherical in-plane tunable liquid lenses:byo/cocoz

regulating local curvatures

Qingming Chen, # Xiliang Tong, ® Yujiao Zhu,  Chi Chung Tsoi, ® Yanwei Jia, ¢

Zhaohui Li 8 and Xuming Zhang *2c¢

a Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong,
China

b Beijing Institute of Space Mechanics & Electricity, Beijing 100094, China

¢State Key Laboratory of Analog and Mixed Signal VLSI, Institute of Microelectronics,
University of Macau, Macau, China

d Faculty of Science and Technology, University of Macau, Macau, China

¢ Faculty of Health Sciences, University of Macau, Macau, China

f School of Electronics and Information Engineering, State Key Laboratory of
Optoelectronic Materials and Technologies, Sun Yat-sen University, Guangzhou
510275, China

¢ Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai,
China

*Corresponding author: apzhang@polyu.edu.hk

Abstract

Aberration is a long-standing problem of fixed focal lenses and usually requires a
complicated lens set to compensate. It becomes more challenging for tunable lenses.
This paper reports an original design of in-plane optofluidic lens that enables to
compensate the spherical aberration during the tuning of focal length. The key idea is

to use two arrays of electrode strips to symmetrically control the two air/liquid
1
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interfaces by dielectrophoretic effect. The strips work together to define the global
shape of the lens interface and thus the focal length, whereas each strip regulates the
local curvature of interface to focus the paraxial and peripheral arrays to the same point.
Experiments using a silicone oil droplet demonstrate the tuning of focal length over 500
— 1400 pum and obtain the longitudinal spherical aberration (LSA) of ~3.5 um, which is
only 1/24 of the LSA 85 um of the spherical lens. Fine adjustment of the applied
voltages of strips allows to even eliminate the LSA and enable the aberration-free
tunable lenses. It is the first time that local curvature regulation is used to compensate
the aberration within one in-plane liquid lens. This simple and effective method will

find potential applications in lab-on-a-chip systems.

Keywords: Tunable liquid lenses; in-plane lens; optofluidics; aspherical lenses;

longitudinal spherical aberration; dielectrophoretic force.

INTRODUCTION

Optofluidics combines microfluidics and optics to exert the advantages of both and has
demonstrated unprecedented features such as large tunability, high compatibility and
multi-functionality in various devices and systems.'”” Among them, tunable liquid
lenses with small size and tunable focal length have attracted intensive attention.®1° In
general, the focal length is tuned by changing either the refractive index profile!!-'? or
the fluidic interface of the liquid lens'3-2!. The former mostly utilizes miscible liquids
and relies on the fine control of their diffusion,'>?? which is complicated but can
generate advanced optical field patterns?. The latter exploits immiscible liquids and

modulates their interfaces by many actuation mechanisms such as

Page 2 of 20

ew Article Online
9/C9LCO1217F


https://doi.org/10.1039/C9LC01217F

Page 3 of 20 Lab on a Chip

ew Article Online

49  pneumatic/hydrodynamic pressure,?* electrowetting (EW),421:25:2627 dielectrophresiss) o, oo
50  (DEP),!*2°3! and so on. Among them, the DEP method makes use of the electrical field
51  and is favorable for lab-on-a-chip integration in view of its unique merits such as small
52  size, easy fabrication and static liquid flow (i.e., avoiding the need of continuous liquid
53 supply). It also enables fast response (~1 ms) and wide tunability of the focal length
54  (e.g., from negative to infinite and then to positive.’>33 In addition, the electrically
55 actuated liquid lenses usually have high reliability and long lifetime since they require
56  no mechanical moving parts.

57 In the reported tunable liquid lenses, most of them manipulate the global
58  curvature of interfaces and preserve the spherical shapes. 834 Therefore, the spherical
59  aberration becomes inevitable, causing a poor imaging quality. In the in-plane liquid
60 lenses, the difference between the focal lengths of the peripheral and paraxial rays
61  results in the longitudinal spherical aberration (LSA). In the conventional bulky optical
62  systems, the aberration is compensated by a multiple-lens system. But in microfluidic
63  chip, it is difficult to precisely control several individual lenses. Therefore, the
64  manipulation of local curvatures is a feasible way to achieve the aberration-free system.

65 Various mechanisms have been proposed to realize out-of-plane aspherical

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

66  optofluidic lenses.>> One simple and direct method is to use the pre-molded
67 membranes’3% or using non-circular apertures®® to modulate the asphericity of the
68 liquid lenses. Among them, electrostatic force has been proved to be a much more
69  practical method since it does not require complicated fabrication and provides flexible
70  tunability of the focal length. Zhan et al. demonstrated an electrostatically induced
71  aspherical lens, which was distorted from initially spherical to parabolic to nearly

72 conical shape.* Mugele’s group has extensively explored the tuning of aspherical
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lenses by the combination of hydrostatic pressure and electrostatic force.*!-4* By, usings, o, oot

a 10x10 array of individually addressable electrodes, they demonstrated the tuning of
different types of optical aberrations such as horizontal astigmatism, oblique
astigmatism, coma and spherical aberrations.*! In that work, a spherical surface with a
constant curvature R was induced by the hydrostatic pressure at first. Then different
voltages were applied to the discrete electrodes to generate a complicated electric field
distribution, which finely tuned the lens shapes.

While the previous methods mainly deal with the out-of-plane lenses, the
aberration control of in-plane optofluidic lenses is still lacking. The in-plane optofluidic
lens plays an important role in light manipulation and coupling inside the microfluidic
chips, in which the spherical aberration is critical.’* Recently, we demonstrated
dielectrophoresis-actuated in-plane optofluidic lenses with one3? or two3? air/liquid
interfaces. Although the two electrodes enabled the individually tuning of the two
air/liquid interfaces, it preserved the spherical shapes. In this type of lens, the peripheral
rays are focused closer to the lens, resulting in the defocusing of off-axis rays and thus
the poor quality of focused beam. Therefore, the spherical aberration-free in-plane lens
is in urgent need.

In this work, we propose to regulate the local curvatures of the in-plane liquid
lens. Two electrode arrays, each of which consists of several separated electrode strips,
are used to modulate the air/liquid interfaces. The independent control of each electrode
makes it easy to tune the air/liquid interfaces to arbitrary aspherical shape, enabling to
eliminate the spherical aberration of the in-plane optofluidic lenses. Numerical
simulation and experimental raytracing both verify that the focusing quality can be

improved significantly.
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98  Working principle

99 In the conventional optical system, the spherical lens is most popular due to its easy
100  and mature fabrication techniques. While in the spherical lens, there is a longitudinal
101 shift between the focal points of the the peripheral and paraxial rays (see the blue rays
102 in Fig. 1a). It reduces the imaging quality of the optical system. To focus the peripheral
103 rays to the focal point of the paraxial rays, the peripheral section should have a smaller
104  local curvature compared with that of the paraxial section of the lens. In a well-designed
105  aspherical lens, all the rays are well focused to a point (see the black rays in Fig. 1a).
106  In the past, it is difficult to fabricate such an aspherical lens. Now, the development of
107  microfluidics makes it possible to manipulate the local curvatures of lens. For instance,
108  the interface of the lens can be devided into discrete slices, which are manipulated
109  independently (see Fig. 1b). In this way, the local curvatures along the interface can be

110  freely regulated, making it easy to obtain any aspherical shape of the lens interfaces.

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.
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113 Fig. 1. Working principle of the control of longitudinal spherical aberration (LSA). (a)
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In the spherical lens (blue dashed line), the peripheral rays have a shorter focal Jengths) s o0t

than the paraxial rays, causing a shift between the focal points and thus the LSA. In the
aspherical lens (black solid line), all the rays are focused to a single point, resulting in
no LSA. (b) The lens interfaces are devided into discrete slices with variable local
curvatures to form an aspherical lens. (¢) Schematic design of the DEP-actuated
aspherical lens. An ITO layer is coated on the substrate as the ground. The external
voltages are applied to the lens by two arrays of ITO electrode strips patterned on the
top plate. U; denotes the voltages of the i electrode strip (here i = 1,2,3,...). The two
air/liquid interfaces are loaded symmetrically. The probe laser beam is coupled into the
chip by a fiber lens (not shown here). A raytracing chamber is positioned after the lens

to visualize the focusing effect.

Inspired by the idea in Fig. 1b, we propose to manipulate the local curvatures of
the air/liquid interfaces using the DEP effect. The 3D schematic design is illustrated in
Fig. 1c. Two glass plates are bonded together by four polymer strips (Norland Optical
Adhesive 81, NOA 81). In between the two plates (spacing Hy = 50 um), a silicone oil
droplet is sandwiched at the center and surrounded by the air to form a lens. On the top
plate, two arrays of ITO strips are coated for electrical driving. The width of the strip
is 40 um, and the distance between two adjacent strips is 115 pm. The non-patterned
ITO film on the bottom plate acts as the ground. During the tuning process, the edges
of the droplet are pinned to the NOA 81 ridges whereas the local curvatures of the lens
interfaces are regulated by the applied voltages. A fiber lens is used to couple the probe
laser beam (collimated, beam diameter = 400 um, 4 = 532 nm) into the microfluidic

chip. To visualize the optical paths of the rays, a raytracing chamber filled with
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138 Rhodamine B dye (dissolved in NOA 81) is fabricated on the other side of the lens, ;5o o, oo
139 According to the Laplace’s law, the air/liquid interface keeps spherical when it is
140  at the mechanical equilibrium without any external perturbation. The global shape is

141  determined by the pressure drop across the interface as governed by*:

1 1
142 AP, =2y, =y| —+— la
0 = 27K, y[Rm Rzoj (la)
1 1
143 AP =2y =y| —+— 1b
1 7K ]/[Rn RzoJ (Ib)

144 here AP is the pressure drop, y =20 mN-m! is the surface tension coefficient of silicone

145  oil/air interface andxis the mean curvature, respectively. R;, (in the horizontal
146  direction) and R,y (in the vertical direction) are the principal curvature radii at the
147  interface. In the initial balanced state, the spherical air/liquid interface is resulted from
148  the surface tension. Then, the external voltages are applied to the two electrode arrays
149  to exert the DEP forces at different locations of the air/liquid interfaces. And the
150  horizontal curvature radius is changed from R, to R;;. The DEP force of each electrode

151  strip can be expressed as*6-47:

F = go(gL_l)Wo U.2
i ZH i

0

152 (2

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

153 where g = 8.8542 x 10712 F-m™! is the permittivity of vacuum, &; = 2.5 is the relative
154  permittivity of the silicone oil, W, =40 um is the width of the electrode strip and H, =
155 50 pum is the height of the microchamber. U; represents the voltage applied to the i
156  electrode, here i = 1,2,3.... Under the influence of the DEP force, the silicone oil tends
157  to collectively accumulate to the section with a stronger electric field. When different
158  voltages are applied to different electrode strips to generate a nonuniform electrical

159  field, the local curvatures at different sections of the air/liquid interfaces can be
7
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regulated, making it possible to eliminate the spherical aberration of the liquid lens, ;,55/co\ coiair

Tuning of the focal length by modulating the global shape of interfaces

There are two experimental methods to demonstrate the tunability of the liquid lens.
One is to modulate the shape of the lens. Another one is using the experimental
raytracing. Here the above two methods are combined to demonstrate the

reconfigurability of the lens.

(@

(®)

=592 ym

Lenses Lenses Raytracing chambers

\ J L > )

¥ ~
Optical images Fluorescent images

Fig. 2. Tuning of the focal length of the liquid lens using the discrete electrode strips.
The left column displays the air/liquid interfaces and the right side shows the
corresponding experimental raytracing. Biconvex lenses have (a) f = 1335 um when
U, =270, U, =275V and U; =200 V; (b) f = 1061 um when U; =270 V, U, =280 V
and U; =200 V; (¢) f =592 um when U; =290 V, U, =295 V and U; = 190 V. The
red frame in (a) exemplifies one of the ITO electrode strips.

Raytracing is the most straightforward method to demonstrate the lensing effect.

For this purpose, a raytracing chamber filled with Rhodamine B is used for fluorescent

Page 8 of 20
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177  imaging (see Fig. 2). In the experiment, the device is connected to three independents o oot

178  electrical drivers to apply the voltages U;, U, and Us (see Fig. 1.c). At first, the external
179  voltages are increased gradually to turn the droplet into a biconvex shape. Then, the
180  voltages are precisely controlled to finely adjust the air/liquid interfaces into an
181  aspherical shape. Three different working states are displayed in Fig. 2. As seen from
182  the optical images of the liquid lens (the left column of Fig. 2), the global shape of the
183  air/liquid interfaces is modulated in response to the change of applied voltages. With
184 U, =270, U, =275V and U; =200 V, a biconvex lens with slight bump is obtained to
185  have a focal length of 1335 um, as visualized by the fluorescence image in the right
186  column of Fig. 2a. When U, is increased to 280 V, the focal length is shortened to 1061
187  um (see Fig. 2b). To further increase the global curvature of the lens, we increase the
188  voltages at the central section and reduce that of the peripheral section at the same time.
189  In this way, the global curvature of the air/liquid interface is increased significantly. At
190 U;=290V, U,=295V and U; =190 V, the droplet becomes a highly convergent lens
191  as displayed in Fig. 2c. The beam has been tightly focused into a bright spot with the
192 focal length of about 592 um. The above lensing states well demonstrate the tuning of

193 the focal length.

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

194
[ : :
@ = == 3
\ : LSA .
N
(3 Y
/] r'
) . z
(b) L: \ : .
I‘ *
\ / :
195 . “ 564 um  —f



https://doi.org/10.1039/C9LC01217F

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

196

197

198

199

200

201

202
203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

Lab on a Chip

Fig. 3. Calculated raytracing of the experimentally obtained air/liquid interfaces,(a) At
U,=277V,U,=300V and U; = 190 V, the lens has spherical interfaces (R = 406 um,
f = 609.6 um) with LSA = 49.6 um; (b) by increasing the voltages of the paraxial
section (U; =290 V, U, =295V, U;s = 190 V), the lens becomes aspherical and the
beam is tightly focused (f = 564 um, LSA = 2.3 um). The red dashed curve in (b)

indicates the spherical interface of the lens in (a).

Suppression of longitudinal spherical aberration (LSA) by regulating the local
curvatures of interfaces

The aberration and focusing performance of lens is usually evaluated by interferometric
characterization, which is based on the Mach-Zehnder interferometer.*® The optical
properties of the lens are recorded by the interference pattern. For instance, the
aberrations of the lens can be extracted from the phase map. However, the in-plane
liquid lens is integrated inside a microfluidic chip, in which the beam is confined and
propagated. Therefore, it is difficult to get a digital hologram inside the chip. In this
work, the optical performance of the lens is evaluated by the numerical raytracing and
fluorescent imaging.

To suppress the LSA of the in-plane liquid lens, the local curvature of the air/liquid
interface is regulated by finely tuning the voltages. In the following section, both the
numerical and experimental raytracings will be conducted to verify this idea. Here the
LSA is defined as LSA = fparaxial — fperipheral, Where foaraxial and foeripheral are the focal
lengths of the paraxial rays and the peripheral rays, respectively. With this definition,

the value of LSA could be positive, 0 or negative.

10
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(b)

(d)

220

221  Fig. 4. Experimental results of aberration control. The blue and red dashed lines indicate
222 the focal points of the peripheral and paraxial rays, respectively. (a) and (b) are

223  measured lens states corresponding to those in Fig. 3. Here (a) U, =277 V, U, = 300

224 Va U3 =190 V and fparaxial =663 pm, fperipheral = 587 pm, Ll =76 pm, (b) Ul =290

225 V,U,=295V,U;=190V and f =592 um. Next, by tuning the voltages from (c) U,
226 =265V,U,=290V, U; =200V and fparaxial = 1058 pm, fperipheral = 855 pm, L, =203
227  umto(d) U; =270V, U, =280V, U; =200V and f = 1,061 um, the focal point of the
228  peripheral rays approaches that of the paraxial rays to suppress the LSA.

229

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

230 The numerical raytracing of two lenses are shown in Fig. 3, in which the lens
231  shapes are captured from the experiments. At U; =277 V, U, =300V and U; =190 V
232 the liquid lens is spherical (see Fig. 3a). It has a mean curvature of 406 pm and a
233 paraxial focal length of 609.6 um. The peripheral rays are focused closer to the lens,
234 leading to a positive value of LSA = 49.6 um. To suppress the aberration, the lens
235  should have a larger local curvature at the central section to shorten the focal length of

236  the paraxial rays. For this purpose, we increase the value of U; from 277 to 290 V and
11
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reduce U, from 300 to 295 V, thereby increasing the local curvature of the gentrgls) 5/ 000

section. As shown in Fig. 3b, the shape of the lens interface is slightly shifted away
from the spherical one (red dashed curve in Fig. 3b), and the center has the highest local
curvature. It is easy to see that all the rays are well focused to the same focal point, with
LSA =2.3 um (only 4.6% of the spherical lens’s LSA =49.6 um). The above analysis
verifies that this lens design can significantly suppress the LSA. Further fine adjustment
of the voltages can even eliminate the LSA, achieving the aberration-free focusing
during the tuning of focal length.

To experimentally demonstrate the ability of aberration control, the focal lengths
of both the paraxial and peripheral rays are manipulated independently. Fig. 4a shows
the focal state of the spherical lens (U; =277 V, U, =300 V and U; = 190 V,). As the
peripheral and paraxial rays are not focused together, the focal point is not clear. In
particular, the peripheral rays are focused closer to the lens, resulting in a positive LSA
(L; =76 um). By increasing the local curvature of the central section (U; =290 V, U,
=295V and U; = 190 V), the focal point of the paraxial rays is shifted towards that of
the peripheral rays, resulting in a sharp and clear focus at /= 592 um (see Fig. 4b). In
Fig. 4(c), the local curvature of the peripheral section is higher (U, =265 V, U, =290
V and U; = 200 V), leading to a shorter focal length of the peripheral section ( fparaxial
= 1,058 um, fperipheral = 855 pm ) and thus a positive LSA 203 pm. Then we try to reduce
the curvature of the peripheral section, thereby moving the peripheral focal point to the
paraxial focal point. In Fig. 4d, the peripheral focal point is shifted to the paraxial focal
point to achieve a better focused beam (U, =270V, U, =280V, U; =200 V, and f =
1,061 um). These experiments verify that the design can compensate both the positive

and negative LSAs, thereby suppressing or even eliminating the aberration.

12
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In this work, the lensing effect is measured by the fluorescent imaging. A CCD 8 oot
camera is used to capture the fluorescent images, which is then used to analyze the
focusing performance of the lens. The accuracy of this method is limited to ~3 pm.
Although the evaluation is not as good as that of the interferometer, it has successfully
demonstrated the aberration suppression of this lens. And the results are consistent with
the numerical raytracing analysis of Fig. 3. In addition, the results of Fig. 4 shows that
the lens is capable of continuously tuning the LSA from positive to negative. Therefore,

the fluorescent imaging measurement is acceptable in this work.

- J ’..._._._.__ &
T (@) 80} * e (b}
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Fig.5. (a) The Gaussian fitting (red solid line) of the normalized intensity profile (black
dash-dotted line) of the focal point of Fig. 4b. (b) The comparison between the LSA of
the spherical lens (red) and the experimental results (the magnitude, black) of our lens
design.

The intensity profile of the focal point of Fig. 4b is normalized and plotted in Fig.
Sa (the black dash-dot line). It is well fitted by the Gaussian function (red solid line),
exhibiting a sharp peak at the center. This further proves the focal quality is high. For
comparison, the LSA of the spherical lens and the measured LSA (the magnitude) of
our lens design are plotted in Fig. 5b. The spherical lens has the positive LSA of 70 —

90 um when the focal length is tuned over f= 500 — 1100 um. In contrast, the measured
13
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LSA of our design is always < 10 um. Particularly, we have successfully suppresseds o ot

the LSA to ~ 3.5 um when f= 500 to 700 um, whereas that of the spherical lens is ~ 85
pm. The suppression ratio is ~24. It is worth mentioning that some cases of our
experiments show a negative LSA. For instance, when the driving voltages are varied
from Uy, =295V, U,=305Vand Us; =170 Vto U; =295V, U, =300 V and U; = 170
V, the LSA is changed from 4.4 to -4.5 um. Therefore, a carefully designed discrete

electrode array would be able to eliminate the LSA in a single lens.

CONCLUSIONS

This paper presents a unique design of in-plane optofluidic lens that utilizes two arrays
of electrode strips. The strips work together to define the global shape of the air/liquid
interfaces while each strip is driven independently to regulate the local curvatures of a
section of lens interface. The tuning of global shape facilities the wide tuning of focal
length, and the regulating of local curvatures enables to significantly suppress or even
eliminate the LSA. Numerical and experimental raytracing studies have been conducted
to verify the above idea. Due to the large size of the lens and the edge pinning effect,
the response speed of the lens is slow. It takes about 6 seconds to stabilize the lens at
the tightly focused state. And the response time of the aberration modulation is ~0.1s.
The response speed can be improved by either reducing the size or using liquid with
lower viscosity. The superior performance of this aberration-free liquid lens would find
niche applications in the lab-on-a-chip systems, such as optical imaging, particle
trapping/sorting, optical sensing and optical switching. In addition, the manipulation of

the local curvature would be used to control the wavefront of light.
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305 MATERIALS AND METHODS DO 101056 ol CormE

306 Device fabrication

307 The devices are fabricated in the UMF (University Research Facility in Materials
308  Characterization and Device Fabrication) of the Hong Kong Polytechnic University by
309 the photolithography and film deposition, etc. The substrate and the top plate with ITO
310  (indium tin oxide) electrode strips are bonding together by a home-made process using
311  the NOA 81 (Norland Optical Adhesive 81).

312 The ITO strips on the top glass are prepared by a lift-off process. The first step is
313  to fabricate the sacrifice photoresist patterns on the glass using photolithography. The
314 glass is cleaned by Acetone, Isopropanol, Ethanol and distilled water using the
315  ultrasonic in sequence. An AZ5214 photoresist layer with thickness of 2 pum is spin
316  coated on the glass and then baked at 110°C for 3 minutes. After that, UV (365 nm)
317  exposure is used to transfer the mask patterns into the photoresist layer. The sample is
318 immersed in the developer for 20 seconds to dissolve the exposed photoresist. The
319  second step is film deposition, in which an ITO thin film layer is deposited on the above
320  glass by sputtering at room temperature. Then the sample is immersed in the Acetone

321  for 5 hours to remove the unwanted area, leaving the ITO strips on the glass. To make

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

322 the ITO conductive, the sample is put on the hotplate at 300 °C for 3 hours annealing.

323 The device is bonded by a home-made process. A PDMS (Polydimethylsiloxane)
324  mold is prepared by the conventional photolithography of the SU8 50 (Micro Chem).
325 Then the mold is put into contact with a clean ITO glass, forming temporary
326  microfluidic channel that predefined on the PDMS surface. A droplet of NOA 81 is
327  placed at the inlet of the channel, which will guide the droplet moves along the

328  predefined path by capillary. The channel filled with NOA 81 can be cured by 5 minutes
15


https://doi.org/10.1039/C9LC01217F

Published on 31 January 2020. Downloaded by Hong Kong Polytechnic University on 1/31/2020 8:36:25 PM.

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

Lab on a Chip

of UV exposure. By peeling the PDMS mold away, the NOA 81 spacer with thg height
of 50 um is left on the substrate. As there is a very thin (~100 nm) active film on the
NOA 81 spacer, it can be used to bond the top and bottom glasses together by another
3 minutes UV exposure.

The experimental measurement

To experimentally observe the optical path inside the microfluidic chip, the raytracing
chamber is filled with the Rhodamine B dye, which emits fluorescence (it absorbs 532
nm light and emits 580 nm fluorescence) for CCD imaging. The collimated laser (A =
532 nm, waist = 400 um, power = 5 mW) is coupled into the chip as the probe beam.
Three DC drivers, which have the tunable output at the range of 0~500 V, are used to
control the microfluidic chip. A droplet of silicone oil is filled into the chip and
modulated by the applied DEP force to form the reconfigurable liquid lens. During the
experiment, a long pass filter is used to cut off the light below 550 nm. Some pictures

and videos of the experiments are captured by the CCD for post processing.
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