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A low voltage, two-level-metal, and multi-layer insulator electrowetting-on-dielectric (EWD) platform
is presented. Dispensing 300 pl droplets from 140 nl closed on-chip reservoirs was accomplished with as
little as 11.4 V solely through EWD forces, and the actuation threshold voltage was 7.2 V with a 1 Hz voltage
switching rate between electrodes. EWD devices were fabricated with a multilayer insulator consisting
of 135 nm sputtered tantalum pentoxide (Ta2O5) and 180 nm parylene C coated with 70 nm of CYTOP.
Furthermore, the minimum actuation threshold voltage followed a previously published scaling model for

1/2

lectrowetting
igital microfluidics
antalum pentoxide
imensional scaling

the threshold voltage, VT, which is proportional to (t/εr) , where t and εr are the insulator thickness and
dielectric constant respectively. Device threshold voltages are compared for several insulator thicknesses
(200 nm, 500 nm, and 1 �m), different dielectric materials (parylene C and tantalum pentoxide), and
homogeneous versus heterogeneous compositions. Additionally, we used a two-level-metal fabrication
process, which enables the fabrication of smaller and denser electrodes with high interconnect routing
flexibility. We also have achieved low dispensing and actuation voltages for scaled devices with 30 pl

droplets.

. Introduction

In recent years, microfluidic manipulation of liquid droplets has
een widely investigated as a platform for the transport of chemi-
al or biomedical liquids on biochips. Electrowetting-on-dielectric
EWD) is an actuator based on controlling charge at the inter-
ace of liquids and insulators over buried electrodes [1,2]. EWD is
elieved to be the most feasible and efficient microfluidic actua-
or for lab-on-a-chip applications, as the droplets can be promptly
riven to a precise position, which is not achievable by continuous
ow microfluidics [3]. EWD actuators can split, mix, and dispense
roplets from on-chip reservoirs, which gives more flexibility and
etter choices for multiple applications performed on a common
latform [4–7].

EWD is a principle extended from electrocapillarity, where an
lectric field changes the effective surface energy between a solid
nsulator and a liquid interface to induce a driving force [8,9].
WD creates an electric field by applying a voltage at the interface
etween the dielectric material and a polarizable or conductive liq-
id droplet [7]. The electric field induces interfacial electrical charge
n the liquid, which then exerts a force relative to the surface of the
ielectric. Since a liquid interface is deformable, this force distorts
he interface [10]. The interfacial force creates a variation in the
ocal interfacial tension, which changes the effective contact angle
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[4–8,11]. The effective contact angle changes from �0 to �V for the
applied voltage, V, and follows the Lippmann–Young equation [12]:

cos �V = cos �0 + 1
�LG

· εrε0

2t
V2 (1)

where εr is the dielectric constant of the insulator layer, ε0 is the
permittivity of vacuum, �LG is the surface tension between liquid
and the filler medium surrounding to the droplet, and t is the thick-
ness of the insulator. When actuating a droplet, opposing sets of
forces act upon the droplet: an electrowetting force induced by the
electric field and resistant forces that include drag forces caused by
interactions with the filler medium and contact line friction [13].
At the moment the droplet is actuated, the electrowetting force
is balanced with the sum of all drag forces. The minimum voltage
applied to achieve this effect is defined as the threshold voltage, VT

[1]:

VT =
√

2t�LG

εrε0
[tan ˛(sin �VT

+ sin �0)] (2)

where ˛ is the contact hysteresis angle. Since the surface tension
and the contact hysteresis angle are influenced by the filler medium
and the hydrophobic material, the threshold voltage is variably
determined by the dielectric-thickness-to-dielectric-constant ratio

(t/εr)1/2. Thus, to reduce the actuation threshold voltage, it is
required to reduce t/εr.

In order to reduce the actuation threshold voltage of EWD
devices, sub-micrometer thin films and high dielectric constant
materials were used in the fabrication process. In the past EWD
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evices were fabricated with thick, low dielectric constant fluo-
opolymer insulators, such as 800 nm of parylene C [8], for which
ctuation voltages were higher than 60 V. For reduced threshold
oltage operation, high dielectric constant materials, such as bar-
um strontium titanate ((Ba,Sr)TiO3, BST) [14], tantalum pentoxide
Ta2O5) [15], and aluminum oxide (Al2O3) [16] have been tested as
nsulators on EWD devices. Al2O3 was claimed to actuate droplets at
V but with a velocity below 1 �m/s. However, 9 V was acquired to
ove droplets to a neighboring electrode within 1 s (1 Hz switching

ate). Both previously reported BST and Ta2O5 EWD devices demon-
trated a 1 Hz switching actuation threshold of 15 V. However, the
ST and Al2O3 devices only demonstrated droplet transport, and
he Ta2O5 device was only able to dispense with a syringe providing
ressure. The most difficult operation for EWD devices is dispensing
roplets from a closed, on-chip reservoir without external pressure
ssistance, which requires more force and hence higher voltage
han transporting droplets. It is also required that dielectric break-
own and insulator charging at these higher voltages not occur to
void major reliability problems.

In this work, the lowest dispensing voltage achieved was 11.4 V
o split a 300 pl droplet from a 140 nl reservoir with 100 �m elec-
rodes and a 20 �m gasket layer. The actuation threshold voltage
f EWD devices made with a multilayer insulator was 7.2 V at 1 Hz
witching rate. A threshold voltage scaling model [1] is verified with
ingle layers of different thicknesses of parylene C and Ta2O5. In
ddition, multilayer insulator devices were fabricated with stacked
arylene C and Ta2O5 films for improved reliability. The multilayer

nsulators were also found to follow the scaling model. Scaling of
he physical dimensions is also demonstrated with a two-level-

etal structure in a device capable of dispensing 30 pl droplets onto
5 �m electrodes with a 10 �m thick gasket.

. Materials and methods

.1. High dielectric constant material

Parylene C (�r ∼= 3) and silicon dioxide (SiO2, �r ∼= 3.7) have been
he most frequently used materials for EWD actuators [4,5]. The
ctuation threshold voltages have been reported to be 60–80 V for
00 nm parylene C and a 60 nm Teflon hydrophobic layer [7,8] and
5 V for 100 nm silicon dioxide and 20 nm Teflon [5]. The higher
oltages needed for operations such as dispensing and splitting
ave previously prohibited the use of ultra-thin insulators, as they
re more susceptible to electrical breakdown and poor reliability.
hus, the use of high dielectric constant materials becomes another
olution to reduce EWD applied voltage. The gate oxide in MOS-
ETs presents similar issues with regard to insulator breakdown
nd reliability, so those materials used in CMOS devices are poten-
ial solutions for EWD devices. Silicon nitride, Si3N4 (�r ∼= 8), barium
trontium titanate, (Ba,Sr)TiO3 (BST, �r ∼= 180), aluminum oxide,
l2O3 (�r ∼= 10), and tantalum pentoxide, Ta2O5 (�r ∼= 20–25), have
een tested as insulator layers on EWD devices. Since the dielec-
ric constant of Si3N4 and Al2O3 is two to three times that of SiO2,
he threshold voltage reduction is by a factor 1/

√
2 to 1/

√
3, which

as not considered to be a significant enough improvement. On
he other hand, devices with 1 mm × 1 mm electrodes coated with
0 nm BST films deposited by metal-oxide chemical vapor deposi-
ion (MOCVD) [14] and 95 nm anodic Ta2O5 films [15] both reached
he relatively low threshold voltage of 15 V. Both materials were
oated with a thin fluoropolymer film.
For example, since BST has a very high dielectric constant with
thin 100 nm film (t/εr = 100 nm/180), the ratio of effective insu-

ator thickness to dielectric constant is much smaller than a 70 nm
ydrophobic layer (t/εr = 70 nm/2), and can be neglected. This is
lso the reason why the actuation voltage of Moon et al. [14] is
tors B 150 (2010) 465–470

the same as Li et al. [15], but using the thinner and higher dielectric
constant material, i.e. even in the same structure, the higher dielec-
tric constant material may not result in lower actuation voltage,
and it depends on the film thickness and the hydrophobic layer’s
properties.

The onset of charge trapping has been proposed to occur when
the effective dielectric strength of the fluoropolymer layer, DFP, is
exceeded [17]. Thus the threshold voltage for the onset of charge
trapping in a two-layer film is given by the expression:

VTlimit
= εFPDFPt

εr
= DFP

[
tFP + εFP

(
t1

εr1
+ t2

εr2
+ · · ·

)]
(3)

where ε and t are the dielectric constant and thickness of each
material, and FP, 1, and 2 represent the fluoropolymer layer and
insulators beneath. When the applied voltage is higher than the
voltage limit of Eq. (3), trapping of charges at the surface occurs and
higher voltages are then required to achieve similar droplet actu-
ation due to a shift in the threshold voltage. As a result, when the
high dielectric constant insulator is relatively thin, the hydrophobic
layer, for which the dielectric constant is relatively low, dominates
the factor t/εr. Most of the voltage drop is across the hydrophobic
layer, and higher voltage applied with this thin film would cause
it to breakdown more easily. Even though the previously reported
threshold voltage values were as low as 15 V, the reliability of these
EWD devices was limited by factors such as leakage current and
time-dependent dielectric breakdown [14].

Among the materials tested, the dielectric constants of Al2O3
and Si3N4 are too low for practical use. For BST, the dielectric con-
stant is so high for thin films that this layer’s effective t/εr ratio
is negligible compared to the hydrophobic layer, which becomes
the major contributor to the insulator stack. This results in most
of the voltage drop occurring across the hydrophobic layer, and
causes devices to break down more easily. Thus, one would expect
that BST devices could not easily dispense droplets, due to the
higher voltage required for dispensing operations. Therefore, the
final choice was Ta2O5, which has been widely evaluated as the gate
oxide in the semiconductor industry because of its high dielectric
constant and dielectric strength (∼8 MV/cm) [18]. Multiple tech-
niques are available to deposit this material, such as evaporation,
sputtering, anodic oxidation of tantalum, pulsed laser deposition,
and chemical vapor deposition (CVD) [19]. In this study, Ta2O5
was deposited by a RF dielectric sputtering system with a 99.99%
Ta2O5 target. The deposition power was set at 200 W and the
deposition pressure was set at 13 mTorr with 10% oxygen in the
chamber, producing a deposition rate of 0.9 nm/min. Testing was
performed with a sandwich electrode–insulator–electrode struc-
ture, from which the dielectric constant for the 200 nm Ta2O5 film
was determined to be approximately 23. Numerous reports have
shown that post-deposition treatment with an annealing process
improves the electrical properties of tantalum pentoxide films pre-
pared by the sputtering method [18–21]. These reports describe
various annealing procedures which were performed after deposi-
tion, resulting in variations in surface structure, dielectric constant,
dielectric strength, and leakage current. Here, EWD chips were
annealed by a rapid thermal anneal system (RTA, Jipelec JetFirst
100), a photonic heating system, at 400 ◦C in a N2 atmosphere
(200 sccm) for 10 min. We found that annealing only slightly influ-
enced the dielectric constant and dielectric strength, but notably
EWD devices appeared to function with the same reliability with
or without the annealing procedure.
2.2. Device fabrication

A two-level-metal device design was developed to provide the
capability of fabricating smaller and denser electrodes with inter-
connect routing flexibility. The electrodes were designed with a
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ig. 1. Electrode design with symmetric interlocking fingers, which are 35 �m long
nd 20 �m wide, rounded at the edges and corners.

itch (L) of 100 �m with 20 �m round interlocking shapes (shown
n Fig. 1), and spacing between electrodes of 5 �m. Interlocking
ngers facilitate droplet electrowetting by adjacent electrodes. A
econd device was designed with dimensionally scaled electrodes
aving a pitch of 35 �m and spacing between electrodes of 3 �m.
he EWD device cross-section is illustrated in Fig. 2. The devices
ere fabricated on 2 cm × 3 cm silicon wafer pieces coated with

50 nm of SiO2 as a bulk insulation layer. Then, the first layer
f 100 nm Cr for the electrode connections was applied and pat-
erned by wet etching, followed by deposition of a 1 �m layer of
ECVD SiO2. Via holes were next etched with a buffered oxide etch
nd filled with patterned sputtered aluminum. The second layer of
00 nm Cr for the electrodes and pads was applied and patterned.
arying thicknesses of Ta2O5 were sputtered, after which an SU-8
asket was spun on the wafer and developed. When using pary-
ene C as the dielectric layer, different thicknesses were coated after
he gasket was formed. The SU-8 gasket thickness (d) was depen-
ant on the electrode pitch, and was determined by the desired d/L

atio of approximately 0.2 [1,7,8]. For some devices the gasket was
0 �m thick with L = 100 �m, while other devices were fabricated
ith 10 �m thick gaskets and L = 35 �m. Finally, the hydropho-

ic layer, composed of 70 nm CYTOP, was spun on the wafers at
000 rpm, then annealed on a hot plate at 110 ◦C for 1 min, after

Fig. 2. Cross sectional view of a two-leve
tors B 150 (2010) 465–470 467

which the devices were placed in a vacuum desiccator for 24 h.
Holes of approximately 500 �m in diameter were drilled in an
acrylic top plate at the location of the reservoir inlets to inject liq-
uid into the reservoirs. This top plate was sputtered with 100 nm
indium-tin-oxide (ITO) to ground the droplets, and a similar 70 nm
CYTOP layer was applied over the ITO. The devices were tested with
DI water with red food dye or with a standard buffer. The chips used
a filler medium of 1.5 cSt silicone oil with 2% surfactant.

2.3. Control and detection

EWD chips were tested with a 32-channel relay controller board
(National Control Devices, LLC) connected to an USB port on a com-
puter, and controlled by a custom program with which we can
either manually or programmatically actuate droplets. The input
voltage to the electrodes was applied by either a DC or an AC voltage
source. AC power (1 kHz sine waves) was produced with a function
generator (Agilent 33250A) connected to a 10× voltage amplifier
(FLC F10A). A CCD camera (Basler avA1000-120kc) was mounted
on a viewing microscope to capture videos of droplet motion on
the device.

3. Results and discussion

3.1. Voltage scaling

Because the contact hysteresis angle (˛) and surface tension
(�LG) in Eq. (2) of water droplets in a silicone oil medium are lower
than those in an air medium, the EWD device threshold voltage in
silicone oil is smaller than in air, thereby allowing for a larger oper-
ating voltage range in oil [1]. The scaling model curves, according
to Eq. (2), for parylene C and Ta2O5 in silicone oil with different
thicknesses are plotted in Fig. 3. Threshold voltage model parame-
ters used in these calculations are ˛ = 4◦, �LG = 47 mN/m, �VT

= 104◦,
�0 = 125◦ [22], and �r ∼= 3 for parylene C or �r ∼= 23 for Ta2O5.

Different thicknesses (0.2, 0.5, and 1 �m) of each material were
deposited on the electrode arrays followed by formation of a 70 nm
layer of CYTOP, and the resulting threshold voltages were mea-
sured. The measured data are in reasonable agreement with the

square root of thickness dependence in Eq. (2), considering that
the relative influence of the 70 nm CYTOP layer as a variable. How-
ever, since �r ∼= 3 for parylene C and the dielectric constant of
CYTOP is approximately 2, the CYTOP has little influence on the
overall dielectric behavior of this insulator. On the other hand, for

l-metal EWD device (not to scale.).
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ig. 3. Threshold voltages for different dielectric thickness. Scaling model results
or CYTOP on parylene C and CYTOP on Ta2O5 in silicone oil are plotted according to
q. (2).

a2O5, the dielectric constant is 23, and CYTOP is no longer only a
ydrophobic layer, but also an insulator which dominates the t/εr

erm. As a result, the threshold voltage improvement from the use
f Ta2O5 is not as effective as parylene C for the same thickness
ecrease. Whereas the magnitude of the threshold voltage data
grees reasonably well with scaling model calculations, the data do
ot exactly follow the (t/εr)1/2 dependence predicted by the scaling
odel.

.2. Multi layer insulators
Tantalum pentoxide films can significantly decrease the actua-
ion threshold voltage, but experimental work has shown reduced
eliability in these devices. When the devices are operated over
he course of 100 cycles, the droplet motion often slows or even
tops. Increased voltage is required to actuate the droplet at the

ig. 4. Image sequence of droplet dispensing. 300 pl droplets were dispensed from a 140
eight with a 100 �m wide curved neck which fit the liquid protrusion and helped to pull o

iquid out from the reservoir, shown from (1) to (4). The reservoir electrode was turned o
as completed.
Fig. 5. Threshold voltage scaling with the ratio of insulator thickness and dielectric
constant. The linear line is the scaling model in silicone oil, and experimental results
including single layer insulators and multi layer insulators follow with the model
trend.

same rate, continually decreasing the device’s useful lifetime. This
phenomenon is believed to be caused by the insulator accumulat-
ing charges at the surface after several operations. The thicker the
dielectric layer, especially with Ta2O5, the more obvious the effect.
As the required actuation voltage increases due to charging, the
dielectric layer eventually experiences catastrophic breakdown.
The most probable explanation is that pin-holes at the dielectric,
may allow the liquid to come in contact with the electrode, causing
electrolysis. Although annealing may reduce this problem, break-
down was still observed for 200 nm Ta2O5 devices at 18 V. Parylene

C is a polymer material commonly used as a moisture barrier [23],
and the dielectric strength is 2 MV/cm for films thicker than 2 �m
[24]. However, for the 200 nm film, the pin-holes problem is more
serious than for films in the micron range, and the parylene C breaks
down at approximately 35 V.

nl reservoir on 100 �m electrodes. The channel is 150 �m in width and 20 �m in
ut the liquid. The electrodes in the channel were turned on in sequences to pull the

n to split the droplet in (5) and all electrodes were then turned off after dispensing
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Table 1
Comparison of different structure combinations. Multi layer structure with Ta2O5 underneath parylene C could severely improve the breakdown voltage and did not
significantly increase the actuation voltage.

Device structure Dielectric thickness to dielectric constant ratio (t/εr)1/2 Actuation threshold voltage (V) Breakdown voltage (V)

200 nm parylene C/70 nm CYTOP 0.316 (�m)1/2 11 35
200 nm Ta2O5/200 nm parylene C/70 nm CYTOP 0.330 (�m)1/2 10 70
120 nm Ta2O5/200 nm parylene C/70 nm CYTOP 0.325 (�m)1/2 10 60
200 nm Ta2O5/100 nm parylene C/70 nm CYTOP 0.275 (�m)1/2 8 26
200 nm Ta2O5/70 nm CYTOP 0.205 (�m)1/2 6 18
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ig. 6. Dispensing sequence images. A 30 pl droplet was successfully dispensed fro
o pull out the liquid. In (5), only the most left electrode was on, and then the reser
lectrodes were then all turned off after dispensing.

Multiple layer insulators can combine the benefits from the two
aterial layers and reduce their disadvantages. In one set of exper-

ments, a 135 nm film of Ta2O5 was deposited on a device wafer
ollowed by a 450 nm film of parylene C and 70 nm of CYTOP. By
pplying Ta2O5 layer first, the parylene C acts to cover any pin-
oles in that layer for more complete coverage, while retaining a
ortion of the high dielectric constant and strength of the Ta2O5.
esting of the finished devices showed the threshold voltage to be
8 V and the breakdown voltage greater than 50 V. The actuator
ould dispense 300 pl droplets from the 140 nl reservoirs with as
ow as 20 V, which was much lower than the breakdown voltage.
ispensing sequence images are shown in Fig. 4. Further reduc-

ng the insulator thickness to 135 nm Ta2O5 and 180 nm parylene C
ecreased the threshold voltage to 7.2 V and the dispensing voltage
o 11.4 V. These are the lowest operating voltages in a usable sys-
em reported to date, and the breakdown voltage for this structure
as 55 V. The comparison of actuation voltages and breakdown

oltages for each structure is presented in Table 1. When the thick-
ess of parylene C was lower than 100 nm, the coverage of this
lm would be inadequate. With high dielectric constant Ta2O5, the
atio of effective insulator thickness to dielectric constant is lower
han parylene C, so we deposited Ta2O5 underneath parylene C to
mprove the breakdown voltage but did not significantly increase
he actuation voltage.
In order to compare the scaling model to experimental results
rom the single and multi-layer materials, the threshold voltage is
lotted against (t/εr)1/2 in Fig. 5. Experimental results, including the
revious reports [7,8], indicate that the scaling model is still valid
ven with multi-layer insulators.
servoir. From (1) to (5), the electrodes in the channel were turned on in sequences
lectrode was also turned on in (6)–(10) to split the droplet from the reservoir. The

3.3. Device layout

With a two-level-metal process interconnects were routed on
the lower level, which was insulated from the top level electrodes
by a 1 �m silicon dioxide film. By burying the interconnecting
wires beneath the electrodes, electrowetting is restricted to only
the electrode, and the footprint of the device can be made more
compact while allowing more flexibility in the electrode layout.
For the 100 �m EWD device, most of the 200 electrodes could be
used together and controlled by 22 isolated leads. The smaller-scale
device consisted of 4 × 45 electrodes arrays with 35 �m pitches,
10 �m thick SU-8 gaskets, and 3 �m gaps between electrodes.
Reservoirs were designed to hold 160 nl. These smaller devices
were fabricated with 200 nm Ta2O5 and 200 nm parylene C, and
70 nm CYTOP. Droplets of 30 pl volume were dispensed from a
reservoir at 30 V and actuated across the chip at 13 V. Images of
the dispensing sequences are shown in Fig. 6.

4. Conclusions

Experimental EWD devices with 100 �m electrode pitch were
fabricated with an actuation threshold voltage of 7.2 V and a dis-
pensing voltage of 11.4 V. These operational voltages are much
lower than the dielectric breakdown voltages of the electrode insu-

lator. As a result, these devices can be used repeatedly with more
reliability. Multi layer insulator devices deposited with a 135 nm
Ta2O5 and 180 nm parylene C were fabricated and found to be more
robust and better able to operate under lower applied voltages than
the devices made with a homogeneous single dielectric layer. The
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xperimental results obtained in this study verify the prediction of
threshold voltage scaling model [1], in that the observed thresh-
ld voltages for all of the studied devices follow the trends outlined
y the model. In addition, physical dimension scaling was demon-
trated. The two-level-metal structure increases the flexibility in
lectrode design, allowing denser and smaller electrodes to be inte-
rated on the devices. With an electrode size of 35 �m, the EWD
evices were able to dispense 30 pl droplets from on-chip reser-
oirs. These results show the capability of scaling not only actuation
hreshold voltages, but also physical dimensions, to the extent that
he minimum size limits have yet to be reached.
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