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Optical switch using a deformable liquid droplet

Hongwen Ren"* and Shin-Tson Wu?

'Department of Polymer Nano-Science and Engineering, Chonbuk National University, Jeonju, Jeonbuk, 561-756, South Korea

*College of Optics and Photonics, University of Central Florida, Orlando, Florida 32816, USA
*Corresponding author: hongwen@jbnu.ac.kr

Received August 9, 2010; revised September 29, 2010; accepted October 22, 2010;
posted October 26, 2010 (Doc. ID 132889); published November 11, 2010

An optical switch based on a deformable liquid droplet is demonstrated. The device consists of a clear liquid droplet
surrounded by a black liquid. In the voltage-off state, the incident light is absorbed by the black liquid. As the voltage
increases, the dielectric force reshapes the droplet by uplifting its dome. As the dome touches the top substrate, a
clear channel is opened, allowing the incident light to pass through. Once the voltage is removed, the deformed
droplet relaxes back to its original shape and the channel is closed. Devices based on such an operation mechanism

have potential applications in light shutters, variable optical attenuators, adaptive irises, and displays.
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Polarization-independent optical switches can be used as
spatial light modulators, optical attenuators, and display
devices. A polymer-dispersed liquid crystal (PDLC) [1-3]
and electrowetting [4-6] are two common approaches for
such an optical switch. A major advantage of a PDLC is
its simple fabrication process. However, a PDLC is a for-
ward scattering device; thus its optical attenuation is
sensitive to the distance between the device and the de-
tector. On the other hand, an electrowetting device em-
ploys two immiscible liquids: one liquid (oil) forms a thin
film, and conductive water covers the oil. When a suffi-
ciently high voltage (V) is applied, the oil film shrinks to a
droplet. Because the light transmittance is controlled by
shrinking the oil, the device response time increases sig-
nificantly as the active area increases. Moreover, the
transmitted light intensity is not uniform in a pixilated
droplet because only the areas covered by the oil could
attenuate the incident light. Such a device is better suited
for display applications, because the human eye inte-
grates the transmitted intensity even if some local non-
uniformity exists.

Similar to electrowetting, the dielectrophoretic effect
can also be used for light modulation through voltage-
induced reshaping upon a liquid surface [7-9]. Various
adaptive lenses have been demonstrated based on the
dielectrophoretic effect. Recently, we developed a di-
electric liquid droplet whose dome can be deformed from
a spherical shape to flat by the generated dielectric force
[10]. Such a droplet is useful for optical beam control,
e.g., as a beam expander or light diffuser, but is not sui-
table for an optical switch.

In this Letter, we demonstrate an optical switch using a
clear liquid droplet surrounded by a black liquid. In the
voltage-off state, the incident light is absorbed by the
black liquid after passing through the clear droplet. As
the voltage increases, the dielectric force uplifts the dro-
plet. As soon as the dome touches the top substrate, a
clear channel is opened up, allowing the incident light
to pass through. By removing the voltage, the deformed
droplet relaxes back to its original spherical shape.

Figure 1 depicts the side-view structure of the droplet
cell. Two immiscible liquids are sandwiched between
two indium-tin—oxide (ITO) glass substrates. The clear
liquid forms a droplet on the bottom substrate, and the
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black liquid fills the surrounding space. At V = 0, the
dome of the droplet is close to the top substrate. Such
a structure is stable when the interfacial tension satisfies
the following relation [10,11]:

(1)

YpBCOSO =Yps—vps:

where y is the interfacial tension and subscripts D, B, and
S represent droplet, black liquid, and bottom solid sur-
face, respectively, and @ is the contact angle of the dro-
plet. Here we assume the interfacial tension satisfies that
YpB > ¥Yp.s- When a voltage is applied to the cell, the dro-
plet surface bears a dielectric force (Fpgp) [12], which
reshapes the surface of the droplet. If the dome of the
droplet touches the top substrate, then the droplet should
be elongated in the vertical direction. Therefore, the con-
tact angle increases, as shown in Fig. 1(b). From Eq. (1),
a new balance is expressed as

(2)

Yppcost + Fpgp =yps —¥ps-

Fig. 1. (Color online) Schematic cross section of a liquid
droplet cell in (a) voltage-off state and (b) voltage-on state.
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The direction of effective F'pgp is along the droplet’s axis
in the horizontal direction. Because the volume of the
droplet does not change, the black liquid has to yield
the space and is pushed aside when the dome of the dro-
plet touches the top substrate. The contact area of the
dome depends on the size of the droplet. If the droplet
is big, then the contact area will be large. From Eq. (2),
if the dielectric force is removed, then the top surface
will not be strong enough to maintain the deformed
shape of the droplet because yp g > yps. Thus, the dro-
plet has to return to its original shape.

To fabricate a droplet cell, a clear liquid with large sur-
face tension is chosen. First, the liquid is sprayed on a
glass substrate (called the bottom substrate) so that it
forms various droplets. Each droplet exhibits a ball
shape owing to its surface tension force balance. The
area of the droplet contacting the substrate surface is
the aperture of a droplet. A large droplet always owns
alarge aperture. Next, a top flat substrate is used to sand-
wich the droplets. The cell gap is controlled by spacers. If
the apex distance of the droplet is shorter than the cell
gap, the dome of the droplet will not touch the top sub-
strate. For the bigger droplet, its dome may touch the top
substrate naturally owing to its large volume and high
apex distance. Finally, we filled the outside empty space
with a black liquid through capillarity.

According to the above-mentioned procedures, we
chose a transparent glycerol as the droplet material.
The glycerol (surface tension y ~ 63 dynes/cm) was dis-
persed on an ITO glass plate with various droplets. The
ITO surface was overcoated with a thin (~0.8 ym) dielec-
tric polymer layer in order to lubricate the surface and
also to prevent electron injection from the electrode.
The cell gap was controlled using two mylar stripes
(100 pm thick). For the droplet whose aperture is smaller
than 200 ym, its dome will not touch the top substrate.
To prepare black liquid, we doped 1.5 wt. % black dye
(5428, Mitsui) in a negative liquid-crystal (LC) mixture
(ZLI-2585, £/, = 3.6, Ae = —4.5, and An = 0.038, Merck).
The dye-doped LC is immiscible with the glycerol. The LC
was injected into the cell. The absorption of dyes is iso-
tropic due to random LC orientation.

To evaluate the impact of dielectric force on liquid dro-
plets, we observed the light switching of two droplets at
V=0 and V = 35 Vs with an optical microscope and
recorded the images by a mounted CCD camera. Results
are shown in Fig. 2. The aperture of the smaller droplet is
~175 ym, and its apex distance is estimated to be
~80 um before filling the black LC fluid.

AtV = 0, the dome of the smaller droplet is covered by
the black LC, and the dome of the bigger droplet (partly
shown) touches the top substrate. Because the dome of
the smaller droplet is fairly close (~20 um) to the top
substrate, the area above the dome is observable. But
the other area still presents a dark state. As for the larger
droplet, the incident light could pass through the flat-
tened dome without absorption. At V =35V, the
dome of the smaller droplet touched the top substrate
with a large flattened area, and the black LC was pushed
aside. Therefore, light passed through this area without
absorption. For the larger droplet, its dome touching area
was not affected by the voltage. In a comparison of these
two areas, they have almost the same light transmission.
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Fig. 2. (Color online) Observed images of two droplets at V =
0 and 35 V., under an optical microscope with white light.

By removing the voltage, the smaller droplet quickly
relaxed to its initial shape.

To improve the light switching ability, we could in-
crease the gap between the droplet’s dome and the
top substrate. Here we chose another relatively small
droplet for investigation. Before LC filling, the aperture
of the droplet was measured to be ~140 um, and its apex
distance was estimated to be ~70 ym. Figure 3 shows the
observed droplet using a microscope at different vol-
tages. At V = 0, the droplet could not be observed, be-
cause it was covered by a thick black LC layer. At
V =30 V.5, @ weak light spot started to appear. This

45V

Fig. 3. (Color online) Observed images of a relatively small
droplet (aperture ~ 140 ym) covered by a thicker (~30 pym)
black liquid layer.
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Fig. 4. (Color online) (a) Voltage-dependent transmittance
and (b) the measured response time of the droplet with V =
45 Vs (600 Hz) and A = 633 nm.

is because the droplet’s dome is uplifted toward the top
substrate so that the black LC layer thickness is reduced.
At V = 35 V.6, the light intensity became stronger, be-
cause the droplet dome was much closer to the top sub-
strate. At V = 45 V.., the dome largely touched the top
substrate surface and the black LC was pushed aside. As
a result, the incident light passed through the droplet
without absorption. The contacting area of the dome is
~b50% in comparison to the droplet’s bottom aperture.
To evaluate the optical switch of the droplet, we mea-
sured the electro-optical properties of the droplet. The
cell was placed in the vertical direction, and a collimated
He—Ne laser (1 = 633 nm) was used as a probing beam at
normal incidence. The beam was focused on the droplet,
and a photodiode detector was placed behind the dro-
plet. An imaging lens was placed between the droplet
and the detector to expand the beam. Figure 4(a) depicts
the voltage-dependent light intensity change. At 12 V.,
the detected laser intensity starts to decrease and
reaches a minimum at 16 V.. This is because most of
the LC is forced to reorient along the substrate surface
rather than displaying a random orientation, and there-
fore more light was absorbed by the black dye. When
the voltage is further increased, the intensity begins to
increase because the dome is approaching the top sub-
strate. At V > b4 V,,,, the intensity gradually saturates.
For practical applications, fast response is always de-
sirable. To measure the response time of the 140 ym
aperture droplet, we applied a gated square wave of
45 Vs pulse (500 Hz) to the droplet. The light intensity
change was recorded by a digital oscilloscope. Results
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are shown in Fig. 4(b). The measured rise time and decay
time are ~18 and ~32 ms, respectively.

Based on the above-mentioned cell structure, the area
of the dome contacting the top substrate can be in-
creased if the aperture of the droplet becomes larger.
To keep a low operating voltage, we could use a lateral
electric field to deform the droplet [7]. To enhance the
light switching ability, it is better to use a high-optical-
density black liquid to replace the black LC. For droplets
with apertures over several hundred micrometers, the
densities of the two liquids should match well in order
to overcome the gravity effect [13].

In conclusion, we have developed a liquid droplet for
optical switching. In the voltage-off state, the droplet’s
dome is covered by a black LC. In a voltage-on state,
the dome touches the top substrate and forms a clear
channel. Such an optical switch is polarization indepen-
dent, and the response speed is reasonably fast. Devices
based on such an operation mechanism have potential
applications in light shutters, optical attenuators, adap-
tive irises, and displays.

H. Ren was supported by the National Research Foun-
dation of Korea (Basic Science Research Program 2010-
0021680), and the University of Central Florida group is
indebted to the U.S. Air Force Office of Scientific Re-
search (USAFOSR) for partial financial support under
contract No. FA95550-09-1-0170.

References

1. D. K. Yang, L. C. Chien, and J. W. Doane, Appl. Phys. Lett.
60, 3102 (1992).

2. R.L.Sutherland, V. P. Tondiglia, L. V. Natarajan, T. J. Bunning,
and W. W. Adma, Appl. Phys. Lett. 64, 1074 (1994).

3. P. S. Drzaic, Liquid Crystal Dispersions (World
Scientific, 1995).

. R. A. Hayes and B. J. Feenstra, Nature 425, 383 (2003).

. J. Heikenfeld, K. Zhou, E. Kreit, B. Raj, S. Yang, B. Sun, A.
Milarcik, L. Clapp, and R. Schwartz, Nat. Photon. 3,
292 (2009).

6. S. Grilli, L. Miccio, V. Vespini, A. Finizio, S. De Nicola, and P.

Ferraro, Opt. Express 16, 8084 (2008).
7. C. C. Chen and J. A. Yeh, Opt. Express 15, 7140 (2007).
8. H. Ren, H. Xianyu, S. Xu, and S. T. Wu, Opt. Express 16,
14954 (2008).

9. S. Xu, Y. J. Lin, and S. T. Wu, Opt. Express 17, 10499 (2009).
10. H. Ren, S. Xu, and S. T. Wu, Opt. Express 18, 11904 (2010).
11. S. Kuiper and B. H. W. Hendriks, Appl. Phys. Lett. 85,

1128 (2004).
12. H. A. Pohl, Dielectrophoresis (Cambridge U. Press, 1978).
13. H. Ren, S. Xu, and S. T. Wu, Opt. Commun. 283, 3255
(2010).

SIS



