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A large area (>10 cm2) and low-power (0.1–10 Hz AC voltage, �10’s lW/cm2) dielectrowetting

optical shutter requiring no pixelation is demonstrated. The device consists of 40 lm interdigitated

electrodes covered by fluid splitting features and a hydrophobic fluoropolymer. When voltage is

removed, the fluid splitting features initiate breakup of the fluid film into small droplets resulting in

�80% transmission. Both the dielectrowetting and fluid splitting follow theory, allowing prediction

of alternate designs and further improved performance. Advantages include scalability, optical

polarization independence, high contrast ratio, fast response, and simple construction, which could

be of use in switchable windows or transparent digital signage. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4834095]

Highly optically efficient shutters remain a significant

challenge, despite the large number of technologies that have

been developed for transmissive and reflective displays.1–3

Some applications, such as smart windows or switchable

architectural/privacy glass, pose even greater challenges,

including a need for very low cost, low haze, default to a

clear state with power-failure and a desire for optical trans-

parencies that are beyond the <50%, typical of existing com-

mercial products. Current approaches for smart windows

include4–13 photoelectrochromics, photochromics, thermo-

tropic, polymer-dispersed liquid crystal, thermochromics,

suspended particle, electrochromics, counterion exchange,

and electrowetting. For large area windows or architectural

glass, unlike pixelated (matrix) displays, one aspect that is

not highly constrained is the use of higher voltage or fre-

quency as long as the power consumption is adequately low

(high voltage/frequency inverters are low cost, e.g., compact

fluorescent bulbs). Recently, with an AC voltage of �200 to

300 Vpp and voltage frequency of 10 kHz, superspreading of

fluids has been demonstrated by dielectrowetting.14,15 The

term dielectrowetting is utilized because the underlying wet-

ting effect is driven by dielectrophoresis16 (nonuniform elec-

tric fields, electrically insulating fluid) and because the

cosine of the contact angle follows a voltage-squared wetting

dependence similar to conventional electrowetting17,18 (elec-

trically conducting fluid). Similar dielectrophoretic or elec-

trowetting modulation has also been recently used for

tunable-focus microlenses,19,20 color displays,21 and optical

switches.22,23 Here, we demonstrate dielectrowetting super-

spreading and deterministic dewetting of an opaque ink fluid

to create an ultra-simple and large-area (>10 cm2) optical

shutter which operates at very low power (�10’s lW/cm2 at

0.1–10 Hz AC voltage). The ink is wetted from numerous

sessile droplets into a continuous and optically opaque

�15 lm thick film (T< 1.5%� 420–680 nm). When voltage

is removed, the fluid splitting features then rapidly (100’s

ms) and deterministically initiate breakup of the ink back

into small sessile droplets, resulting in a very high 80% opti-

cal transmission with very low haze. Both the dielectrowet-

ting superspreading and the ink film breakup closely follow

expected theoretical behavior. The applications for this de-

vice include those desirable of large sizes, high optical

clarity, clear appearance with power failure, independence of

polarization or angle, very high contrast ratio (average

�400:1 for several portions of the visible spectrum), fast

response, and simple low cost fabrication, all of which are

valuable for applications in smart windows, switchable ar-

chitectural glass, or transparent or reflective digital signage.

Figure 1 shows an operating diagram of the dielectro-

wetting optical shutter. A brief description of the device

structure, materials, and fabrication is now provided, and

more detailed description, including experimental proce-

dures, is provided in the supplementary material.24 As shown

in Figure 1(a) the device substrate has interdigitated ITO

electrodes with 40 lm line width and gap spacing on

2 in.� 2 in. glass, without a superstrate (top plate). In practi-

cal applications, hermetic sealing with a superstrate would

be required, but the top-plate if spaced with adequate dis-

tance from the substrate does not significantly affect the de-

vice physics discussed herein. Onto the substrate and

electrodes, �15 lm tall splitting features are fabricated by

contact printing of any type of electrically insulating poly-

mer, followed then by uniform solution coating with �50 nm

of a hydrophobic fluoropolymer film. The ink is an electri-

cally insulating and high dielectric constant fluid (in this

case liquid crystal, e� 35) that is colored black with a blend

of dyes. On the fluoropolymer, the ink has a Young’s angle

of h� 80�. When voltage is applied, non-uniform electric

fields generated by the interdigitated electrodes exert a

dielectrophoretic force (F) on the ink droplet20

F ¼ 1

2
e0 ei � 1ð ÞrE2; (1)
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where ei is the dielectric constant of the ink and E denotes

the electric field. The force can reduce the contact angle of

the ink droplet (dielectrowetting), even to the point of super-

spreading.14,15 Wetting down to a continuous fluid film is

unique to dielectrowetting and comparably remarkable

because with conventional electrowetting2,17,18 the fluid wet-

ting typically saturates at a contact angle of h� 60–70�.25 In

the superspreaded state, the opaque film of ink blocks the

incident light and leads to a black state shown in Figure 1(b).

If the polymer used for the splitting feature is also colored

black with dye, light is completely blocked over the entire

area of the device.

In initial trials without splitting features, when the volt-

age was removed, the ink film would dewet very slowly (sev-

eral seconds) from its edges into a single or few droplets of

visibly objectionable size (�1 cm) and of such a large drop-

let volume that gravity depressed the droplet height and

increased the apparent size. Furthermore, with large droplets,

only horizontal substrate operation was possible (else drop-

lets would overcome wetting hysteresis and flow in the direc-

tion of gravity). Therefore, a mechanism to split the ink film

into much smaller droplets was needed. The ink films are

>10 lm in thickness, which is more than an order of magni-

tude greater than the thickness where van der Waals forces

could cause more localized ink film breakup.26 This signifi-

cant drawback was resolved by the inclusion of splitting fea-

tures (Fig. 1(c)). In this work, the splitting features locally

lower the dielectrowetting force by having a thickness and

dielectric constant which provides >10� less electrical ca-

pacitance than the ink film. Therefore, under applied voltage

the continuous ink film must wet around, not over or cover-

ing, the splitting features. When the voltage is removed, the

splitting features then provide a deterministic mechanism to

nucleate the dewetting of the ink film from the hydrophobic

fluoropolymer. This localized ink film breakup gives rise to

several desirable aspects from an applied perspective: (1)

localized breakup reduces the visible size of the resulting

droplets as compared to the resulting droplet without split-

ting features; (2) these smaller dewetted droplets also elimi-

nate the effect of gravity (allows vertical substrate

operation); (3) the distance over which the fluid must wet or

dewet is decreased and therefore increases the speed of

actuation (both wetting and dewetting) by an order of magni-

tude or more. Importantly, operation with small-size ink

droplets is achieved without need for precise pixelation21 of

the device. The deterministic nucleation of the ink film

breakup does require a critical radius ðRcÞ for the splitting

features (Figure 1(c)), which for a given film thickness h and

contact angle h is26,27

RC ¼ h=tanh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cosh
p

� 1
� �

: (2)

Using the value h ¼ 15 lm for the thickness of the ink film

and h < 20 to 808 for contact angle (see results) predicts

Rc > 105 to 25 lm. If ink splitting is attempted with a

“hole” in the ink that is less than RC then surface tension

(Laplace pressure) will instead cause the ink to collapse the

“hole” rather than expand it in size.27 A range of angles is

given above for two reasons. First, the contact angle is

dynamic when voltage is first removed. Second, the splitting

cannot be thought of only terms of receding ink because

while voltage is applied the ink must also be kept from

advancing over top of the splitting feature. Because of this

second reason, the lower angle (and larger Rc) is likely most

appropriate. Furthermore, the side-wall slope of the splitting

feature matters (e.g., wetting into a corner geometry phe-

nomena). Therefore, more advanced theory and optimization

of the splitting features is needed and is reserved for future

work. It should also be noted that the knowledge base for

splitting of fluid films in other types of electrowetting devi-

ces is relevant to deeper theoretical understanding of this

work.28,29

The operating principles of the device are photographi-

cally demonstrated over a large area sample in the time-lapse

images of Figure 2. A video from which these time-lapse

images are taken can be found in the supplementary material

for device operation.24 In this work, the splitting features

were simply applied randomly by contact printing with sizes

well above the minimum RC. The average diameter of the

splitting features was �250 lm, and the average distance

between splitting features was �1200 lm. The photographs

show superspreading of the ink film, generating an opaque

optical shutter over most of the electrode area, with excep-

tion of the few line-outs that are due to fabrication defects.

The ink film breakup is also clearly demonstrated, nucleated

at the splitting features, and results in smaller ink droplets

and high optical transparence in the zero voltage state. The

sample is being held vertically.

Because of the highly insulating nature of the liquid

crystal and because the dyes were substantially purified of

electrically conductive contaminants,30 devices were found

to operate down to frequencies as low as 0.1 Hz AC voltage,

well below the 10’s kHz to MHz frequencies, and the high

power consumption/joule-heating, used in conventional

dielectrophoresis. Exact power consumption calculations are

non-trivial due to the multi-faceted capacitance during oper-

ation. Preliminary calculations were made using a purely

FIG. 1. Diagram of the dielectrowetting optical shutter and its operation

(side view).
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electrical model developed elsewhere31 and also based on

surface energy of the fluid and the experimental contact

angle range. Both of these calculations confirm that power

consumption is on order of �10’s lW/cm2 at 1 Hz AC volt-

age operation.

The wetting modulation was observed to be frequency

independent except for two effects: (1) below 0.1 Hz even

the liquid crystal was not adequately insulating to sustain the

electric field that drives the dielectrowetting effect; (2) for

frequencies of 10’s Hz and below, a visible flickering of the

superspread film could be seen, suggesting that the actual

RMS voltage applied to the device is lower than the theoreti-

cally expected one due to the RC charging time of the device

as voltage polarity switches for the AC square wave.

Regarding this visual flickering, others have also shown

more sophisticated “wrinkling” of a fluid/air interface16 by

dielectrophoresis to create effects such as tunable optical dif-

fraction. DC voltages or lower-frequencies were not further

pursued because it is well known that liquid crystal devices

become damaged under long-term DC bias. Addressing

aging is beyond the scope of this first report, but preliminary

work was also performed by adding a �1 lm Parylene C

dielectric to prevent any net ion migration and electrode

damage, and the device still operated down to 10 Hz AC

voltage.

The contact angle response vs. voltage was also

explored and is plotted in Figure 3 for 0.1, 1, and 10 Hz AC

peak-to-peak voltage (Vpp). The data show h decreasing

down to 08, representative of our measurement of continuous

film, but the film itself forms in the range of 10� � 15� as is

consistent with other work.14,15 The plots reveal a similar

response for frequencies in the range of 0.1–10 Hz AC volt-

age, all with low wetting hysteresis (Dh < 108) as the volt-

age is decreased back to zero. As stated previously, higher

AC voltage frequencies of 100 and 1000 Hz were also tested

and showed a similar response curve (not shown). Sinusoidal

and other waveforms were applied, and similar behavior

observed at equivalent root-mean-square voltages. The ex-

perimental contact angle results were plotted along with the-

oretical results using dielectrowetting theory provided by

McHale et al.14

cosh ¼ cosh0 þ
pe0 ei � 1ð Þ

8wclv

ðCVÞ2;

C ¼ 1þ ed � ei

ed þ ei

� �
e�ptd=2w

�
1þ ed � ei

ed þ ei

� �
e�ptd=w

� �
;

(3)

where ei is the dielectric constant of the ink, ed is the dielec-

tric constant of the dielectric layer, td, is the thickness of the

dielectric layer, w denotes the electrode width and gap spac-

ing, and clv is the liquid-vapor (air) interfacial surface ten-

sion of the ink. As plotted in Figure 4, the experimental

results follow the theoretical results, with an expected devia-

tion as the experimental results achieve the minimum physi-

cal wetting angle of a continuous ink film (cos 0� ¼ 1). It is

therefore reasonable to expect, if desired, achieving lower

voltage operation by increased dielectric constant of the ink,

reduced electrode width and spacing, and lower surface ten-

sion of the ink through surfactants or through replacing air

with an oil to instead reduce interfacial surface tension.21,23

The spreading and dewetting time of the ink was also

measured. The standard metric for an optical shutter is the

transition time between 10% and 90% of the full optical

transmission range. Figure 5 plots the ink area covering the

substrate vs. time, which is closely predictive of transmis-

sion. The ink was found to spread more quickly (<500 ms)

than it required to fully dewet (<1 s). If faster switching

speeds are desired (<100 ms), the foremost methods for

improvement include reducing ink viscosity (the liquid

FIG. 2. Photos of the device operation: (a) t¼ 0, the opaque state (square

wave, 10 Hz AC voltage, >200 Vpp); (b) the voltage removed at t¼ 0þ
and a photograph taken at t¼ 167 ms showing the growth of holes in the

ink film at splitting features; (c) t¼ 1700 ms and the dewetted equilibrium

state with high optical transparency. Line-outs are simply due to a few fabri-

cation defects over the large sample area (Multimedia view). [URL:

http://dx.doi.org/10.1063/1.4834095.1]
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crystal is very viscous at �70 cP), increasing ink surface ten-

sion, and most importantly moving to smaller and more

closely spaced splitting features to reduce the required dis-

tance the ink must move during spreading or dewetting.

The minimum optical transmission of the ink film was

measured to be T< 1.5%� 420–680 nm, for an ink film that

is �15 lm thick (see supplementary material for experimen-

tal details of the transmission measurements24). The ink

thickness in continuous film geometry was determined using

the simple method of geometrically calculating the thickness

from the dosed volume of ink and the spread area of the ink.

An extensive development of dyes was not performed and

the visible transmission could be much lower with further

dye development since the 3 types of dyes used already sup-

press transmission to T< 0.2% over several 10’s nm wide

wavelength bands. With a maximum optical transmission of

80%, the device therefore provides excellent on/off contrast

ratios of >400:1. It is important to also note that these opti-

cal properties are independent of light polarization or inci-

dent angle. Grayscale response was also measured. The ink

film was first allowed to fully dewet into small droplets, then

voltages increased and tuned to �10% steps in reduction of

optical transmission. The results shown in Figure 6 reveal

that device is clearly capable of basic grayscale modulation,

which is impressive considering that the device does not

require pixelation. These results are completely unoptimized

as grayscale is certainly dependent on fluid pinning at split-

ting features and is inhomogeneous as droplets of different

sizes and spacing merge at different voltages. Optimized

grayscale operation will likely utilize smaller and more

numerous droplets to statistically homogenize the grayscale

FIG. 4. Theoretical and experimental cosine of contact angle versus the

square of voltage (10 Hz AC voltage).

FIG. 5. Both the ink spreading vs. time with voltage on, and the dewetting

vs. time when the voltage is turned off.

FIG. 3. Static contact angle as a function of square-wave peak-to-peak volt-

age (Vpp) for 0.1, 1, and 10 Hz AC voltage. Each data point was taken 2 s af-

ter the voltage was set. Three tests were performed for each data point, and

statistical error bars are provided.
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response and will seek a balance between the need for highly

engineered droplet distribution, but also the need to avoid

too much periodicity in droplets and splitting features which

can increase both visible aliasing and optical diffraction.29

In conclusion, a large area optical shutter has been cre-

ated using both simple yet highly effective mechanisms for

creating an opaque film of ink (dielectrowetting with interdi-

gitated electrodes) and for dewetting that film in a rapid and

visually acceptable manner (splitting features for determinis-

tic ink film breakup). The device requires only two electrical

contacts and is capable of low power, grayscale, and high-

contrast operation. Device behavior tracks well with theoreti-

cal models, allowing predictive design and optimization of

the devices. With further development, this device could find

application not served well by less transmissive technolo-

gies, with such applications including smart windows,

switchable architectural glass, and segmented/symbolic large

area reflective signage.
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