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Abstract: Digital microfluidic has recently been under intensive study, as an effective
method to carry out liquid manipulation in Lab-On-a-Chip (LOC) systems. Among droplet
actuation forces, ElectroWetting on Dielectric (EWOD) and Liquid DiElectroPhoresis
(LDEP) are powerful tools, used in many LOC platforms. Such digital microfluidic
transductions do not require integration of complex mechanical components such as pumps
and valves to perform the fluidic operations. However, although LDEP has been proved to
be efficient to carry and manipulate biological components in insulating liquids, this
microfluidic transduction requires several hundreds of volts at relatively high frequencies
(kHz to MHz). With the purpose to develop integrated microsystems [+ TAS (Micro Total
Analysis System) or Point of Care systems, the goal here is to reduce such high actuation
voltage, the power consumption, though using standard dielectric materials. This paper
gives key rules to determine the best tradeoff between liquid manipulation efficiency,
low-power consumption and robustness of microsystems using LDEP actuation. This study
leans on an electromechanical model to describe liquid manipulation that is applied to an
experimental setup, and provides precise quantification of both actuation voltage Vi, and



Micromachines 2011, 2 259

frequency f. thresholds between EWOD and LDEP regimes. In particular, several
parameters will be investigated to quantify Vi and f;, such as the influence of the chip
materials, the electrodes size and the device configurations. Compared to current studies in
the field, significant reduction of both Vi, and f. is achieved by optimization of the
aforementioned parameters.

Keywords: liquid dielectrophoresis; dielectric high-k material; electromechanical force;
open-microfluidic and parallel-plate microfluidic

Nomenclature

Symbol Variables  Description Units

€ Vacuum permittivity m kgt s* A?
&d Relative dielectric layer permittivity dimensionless
&n Relative hydrophobic layer permittivity dimensionless
€liq Relative liquid dielectric constant dimensionless
Olig Liquid electrical conductivity Smt

W Electrode width m

g Inter-electrode gap m

d Dielectric layer thickness m

h Hydrophobic layer thickness m

Cyq Dielectric layer capacitance F

Ch Hydrophobic layer capacitance F

Cair Surrounding air capacitance F

Ciiq Liquid capacitance F

Jiiq Liquid conductance S

Z4 Dielectric layer impedance Q

Zn Hydrophobic layer impedance Q

Zair Air area impedance Q

Ziig Liquid impedance Q

Siig Liquid cross section area m?

Yic Liquid-gaz surface tension Nm™*

f Applied frequency Hz

w Applied pulsation st

\Y Applied voltage V(RMS)

fe Critical frequency Hz

Vi Threshold voltage V(RMS)

Eq Dielectric layer Electric field vm!

En Hydrophobic layer Electric field vmt

1. Introduction

LOC microsystems have grown quickly in sophistication and number over the last ten years. This
development is tightly linked to the growing field of digital microfluidics (DMF) systems. Indeed,
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DMF has emerged as a promising technology to manipulate droplets and bio-components at will on a
2D surface using, in most cases, EWOD forces. In such digital microfluidic circuit devices, most
fluidic operations can be carried out on a chip using discrete droplets rather than usual continuous
flows. Droplets creation and displacement using EWOD or LDEP allows for elementary microfluidic
operations [1-5] and complex biological assays [5-9] with high precision in terms of displacement,
reproducibility and low power consumption.

EWOD transduction mechanism is based on capillary forces modification at the interface
in-between conductive liquid on top of an insulating layer. This modification occurs while applying an
AC voltage to either underneath electrodes (in case of open microfluidic) or opposite-sides facing
electrodes (in case of parallel-plate microfluidic). This concept has been widely studied [10-14] and
benefits from its inherent effectiveness at the microscale and simplicity in terms of implementation.
However, according to the literature, EWOD transduction is generally efficient unless the displaced
liquids are conductive, and thereof could not be used to move organic solvents and dielectric solutions
that may be required to carry complex biological protocols. Nevertheless, some articles show that
low-conductive liquids and organic solvents can be manipulated by EWOD transduction [9,15]. Liquid
actuation by Liquid DiElectroPhoresis (LDEP) is considered as an alternative solution, since it is more
suitable for dielectric liquids. According to Jones et al. [16,17], EWOD and LDEP transduction can be
modeled using frequency dependent electromechanical forces: in particularly above a critical frequency
fc, a given liquid is displaced by LDEP transduction, and reversely below f. the EWOD transduction
dominates. References [16,17] describe the LDEP as an electromechanical response of a liquid deposited
onto two coplanar electrodes and polarized using an AC voltage. The electrodes create a non-uniform
electrical field under AC voltage and the DEP force attracts the polarizable liquid into regions of higher
electrical field. One of the identified issues related to LDEP actuation is the required actuation voltage
which is usually above 200 Vrums for a single-plate open microfluidic device, together with a frequency
range of 1 kHz to 1 MHz [18-20]. Such high voltages may lead to the chip dielectric layer breakdown
and liquid electrolysis. Consequently, a current challenge is to lower the actuation voltage, to fit also the
specifications of standard characterization equipments and enable future co-integration with the CMOS
signal processing circuit to provide a complete UTAS system onto a single chip.

To achieve this goal, this paper is proposing some guidelines and design tools for a reliable LDEP
actuation with low voltage and low frequency actuation. This study is based on the electromechanical
models presented in References [21] and [22]. By integrating the effects of the geometry and the
impact of the materials on the actuation voltage, this study gives key rules to minimize both threshold
actuation voltage Vi, and critical frequency f.. The paper is organized as follows: first we introduce the
LDEP theory. Next section describes the parameters of the LDEP experimental setup. Theoretical and
experimental results are finally compared in the last section.

2. LDEP Theory

A model for LDEP was developed in [16,17,21,23]. This model assumed that an electrostatic force
is able to break the capillary equilibrium of a droplet. Recently, Reference [22] has completed the
model by introducing a global electromechanical energy paradigm to describe both EWOD and LDEP
transduction. According to [22], the liquid displacement is generated thanks to a unified electromechanical
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force, which is the sum of the LDEP force and the EWOD force. Depending on the liquid properties
and the applied frequency, one force becomes preponderant beyond the other. For low frequencies, the
EWOD force is assumed to be preponderant, while for higher frequencies the LDEP force becomes
higher. The frequency limit between the two forces has to be determined. In the literature, two LDEP
device configurations can be found: the parallel-plate closed microfluidic device [Figure 1(b)] [24,25]
and the single-plate open microfluidic device [Figure 1(a)] [26-28]. In order to clearly establish the
advantages and drawbacks of both systems, those configurations will be compared in this study. On
the one hand, the single plate device features two coplanar electrodes, separated by a gap g, patterned
onto a substrate [Figure 1(a)]. The electrodes are covered by a dielectric layer and a thin hydrophobic
layer (the dielectric layer can be itself hydrophobic preventing from an additional coating). The
hydrophobic layer minimizes the effects of contact angle hysteresis and the static friction [20]. The
electric field constrains the liquid in a semi circular profile centered in the inter-electrode gap [23]. On
the other hand, the parallel-plate closed microfluidic device consists in applying a voltage between an
electrode patterned onto the bottom substrate and a facing electrode located on the above plate
[Figure 1(b)]. A hydrophobic layer covers a dielectric layer in both plates.

Figure 1. Schematics of a typical device used for LDEP actuation in (a) single-plate open
microfluidic device configuration and (b) a parallel-plate closed microfluidic device
configuration. The parameters of all the layers are summarized in Table 1. The layer in
green refers to a dielectric layer; the layer in pink refers to a hydrophobic layer. The liquid
is represented in blue and the wafer in grey. The electrodes are patterned in orange.
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Table 1. List of the impedances and capacitances describing the LDEP device in Figures 1 and 2(a).

Zy(y)= jwcld(y) (1) Cd(y)=“:"fj—dwy )
Z,(y)=- L (3) Ch(Y):My 4)
chh(y) h
Z,,(y)=—2 ©) Culy)- SR Kike), ©)
Ja)Cair(y) o 2K (k?
1 Cly) - K)o ®
Zliq(y):m (7) O, K(l— kz)

gliq(y)_*(—)iy 9)

2K (k?




Micromachines 2011, 2 262

In order to calculate the electromechanical force, the system is modeled as an equivalent electrical
circuit. The equivalent circuit is described in Figure 2(a). Each dielectric/hydrophobic layer is
considered as a pure capacitance. The liquid, as an imperfect conductor, is modeled using a resistance
and a parallel capacitance. Zq, Z, Ziiq and Zyir represent respectively the impedance of the dielectric
layer, of the hydrophobic layer, of the liquid and of the air in the case of a single-plate open
microfluidic device. The model described in this paragraph is related to the single-plate open
microfluidic device configuration. A comparison between both configurations is presented later on.

The equivalent RC electrical circuit model is illustrated on the Figure 2(a) where ¢o, &4, en, €iiq and
aiig, are respectively the vacuum permittivity, the dielectric layer permittivity, the hydrophobic layer
permittivity, the dielectric constant and the conductivity of the liquid. d, h, w and g represent
respectively the dielectric layer thickness, the hydrophobic layer thickness, the electrode width and the
inter-electrode gap. K(k) is the complete elliptic integral of the first kind [20] and its modulus is

k = ] gZW . Lastly, the liquid is defined by a capacitance value Cji; and a conductance value gjjg.
+

Based on the equivalent circuit model [Figure 2(a)], the electric potentials across each layer can be
evaluated as a function of the RMS applied tension V and the complex impedances of the system. The
total energy inside the system is deduced from the sum of each potential energy stored by each
capacitance of the device [22]:

1,
— —C.V.
U=2.5GV (10)
7
V. = LV
LYz (11)

where C; is the capacitance and V; the voltage at the terminals of the i circuit element.

Considering all the capacitances inside the device, the total electromechanical force can now be
expressed from the total energy derived with respect to the displacement direction (here according to
the y-axis), and is given by:

ouU P
FEM = E = 80Cd 6/o|/|iq2 _Vd/air2)+ ‘90Ch (Vh/liq2 _Vh/air2 )+?0(Cliqvliq2 _Cairvairz)
— g AN o Y, (12)
FEWOD FLDEP

where Vaig, Varair, Viviig: Vivair, Viig @nd Vair represent the voltage across the dielectric layer at the liquid
filled side and the air filled side, the voltage across the hydrophobic layer at the liquid filled side and
the air filled side, the voltage of the liquid and the voltage of the surrounding air respectively
[Figure 2(a)]. Chaterjee et al. [22] assume the total force to be the sum of the EWOD force acting at
the three-phase contact line and the LDEP force acting on the liquid-air interface advancing side.

An important parameter of LDEP actuation is the threshold frequency f. of the AC electric field.

Since liquids conductivity varies according to the applied voltage AC frequency, f. represents a
transition in the liquid behavior. When f << f_, the liquid behaves as a conductor (the liquid is

isopotential) and is predominantly moved by EWOD forces. On the contrary if f >> f_, the liquid
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behaves as a dielectric (electric field lines entering the liquid) and is moved using the LDEP forces.
Literal expression of f; is thereby written as the ratio of the overall capacitance of the liquid filled side
over its total conductance [left branch of equivalent electric circuit in Figure 2(a)].

~ 1G4, 1 9yiq (C4 +Cy)
+C,C C,C, (13)

f
+

.= =
27 C 21

& CdCqu lig

Given the expression of both the electromechanical force and the other forces acting on the liquid

(e.g., the capillary force Fcap and the viscous force Fisc), the fundamental dynamic principle leads to a

literal expression describing both the position and velocity of the liquid finger as a function of

time [29]
2
ﬁ(mgj f

(14)
2 dt (v.1)

P
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l:ya:| = |:EM + Fcap + I:visc

Figure 2. (a) Equivalent electric circuit of a LDEP actuation device. (b) Scheme
describing liquid actuation using LDEP and forces acting on the protrusion.
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At t = 0, in order to enable the liquid to move along the y direction, the electromechanical force
must overcome the capillary forces: Fem > Fcap. This condition is theoretically satisfied as soon as the
RMS applied voltage V is higher than a threshold voltage Vi, given by Equation (15).

v - 2F,,,
th — & } &
2d _ 2h | 2K (k?) 2d _ 2h 2K(k22) (15)
EW  &W o Y E&W  &W K(l—k )
K{1-k?) g”q%{ lig j
&2t

The expression (15) is associated to a typical stack composed of a dielectric layer (dielectric
constant &g, thickness d) and a hydrophobic layer (dielectric constant g, thickness h). The
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characteristic length o is introduced hereafter (17), and refers to the global dielectric/hydrophobic
layer stack properties. As o is increasing, Vi, IS increasing satisfying the following Equation (16):

2Fcap( 2a +C1*J[ 2a +01*J

gy W ) gy W )

Vth _ 0 - lig - 0 air (16)
Cliq* B Cair*

a:hgd+d8h (17)
&q &

where C”q* and Cy;r are respectively the capacitance of liquid and air derived with respect to the liquid

displacement direction.

The previous expression is valid for chips composed of either two independent layers (an
hydrophobic layer onto a dielectric layer) or a single layer featuring both dielectric and hydrophobic
properties. The characteristic length « influence on the threshold voltage is inspected in Section 4.2.

The voltages across each layer, and therefore the electric fields contained in the layers or in the
liquid, can be extracted from the previous LDEP model. Dielectric material has an inherent breakdown
field. In order to prevent from dielectric breakdown voltage, the best matching in between dielectric
and hydrophobic thicknesses can be adjusted by incorporating the electric field Ey, (electric field across
the hydrophobic layer) into the LDEP model. Indeed a linear relationship exists between thicknesses d
and h as a function of Ep, and the capacitances of the system. The relation (18) is valid for V = Vy, and
the hydrophobic layer potential in the air filled side is neglected in regard with its potential in the
liquid filled side.

2

Eh (Zliqzair_zliqz)_ Zh*ZZ

lig

2F
h:—g—hd-i- Ec;p (18)
& * *
i 2Fh Z, (ZZair_ZZqu)_ZZh 3
cap
z, =t (19)
" jee, eW
U S (20)
“ ijqu + Qg
1 (21)
" ja)cair

Z, represents the hydrophobic layer impedance per unit of length and is expressed in Q.m *. The
threshold voltage used to optimize the LDEP device is exposed in Equations (15) and (16) for a
frequency threshold written in (13). Similarly to the work of Saeki et al. [30] about voltage reduction
for EWOD actuation, the next section deals with the influence of the parameters to be optimized in
order to achieve LDEP actuation with low voltage and low frequency.
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3. Materials and Methods

In order to benchmark this model, the effect of the geometry has been studied experimentally, with
the electrode width w ranging from 3 to 20 pm and the inter-electrodes gap g ranging from 2 to 20 pm.
Since the model discussed previously focuses on protrusion generation and not on its break up into
droplets, simple parallel coplanar electrodes have been designed (Figure 3).

Figure 3. Optical micrograph of a 1,400 pm long liquid protrusion along electrodes
without any bumps (w =5 pm, g = 6 pm, f = 100 kHz).

Chips have been manufactured by patterning 170 nm thick aluminum electrodes on a Si wafer
(Pyrex), the latter being coated by a 100 nm Teflon-like passivating layer (on which DI water makes a
contact angle 8 = 1109).

Table 2. Parameters values used for LDEP actuation experiments.

Parameter Value Units Sources

g 4-40 pm Microscope

W 3-20 jm Microscope

h About 100 nm Process duration
&h 2.1 unitless Literature

D1 water 60 < 10 °° Smt Conductimeter

The parent DI-water droplet is delivered with a manual 5 L pipette directly on the electrodes. The
experimental protocol consists in monitoring the threshold voltage which leads to a protrusion
generation. All experiments have been done at 100 kHz.

4. Numerical and Experimental Results

This section presents results towards the minimization of the threshold required voltage Vi We
present in Section 4.1 theoretical and experimental results showing the electrodes geometry effects
onto Vi, in Section 4.2 the theoretical effect of materials on Vy, (i.e., the effect of the characteristic
length «), in Section 4.3 the tradeoff in between the isolating layer(s) thickness reduction, and its
electrical breakdown prevention is considered; and in Section 4.4 a comparison is carried out for both
device microfluidic configurations.
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4.1. Influence of Electrodes Dimensions

The electrode width w and the inter-electrodes gap g determine both the droplet size and the
threshold actuation voltage Vy,. Consequently, they have to be carefully designed according to the final
application. Figure 4 shows that Vi, can be reduced by setting properly the parameters (w;g) for a
given liquid volume. Indeed, Figure 4(a) depicts Vi, as a function of the electrode width w for a given
inter-electrode gap g, highlighting the existence of a local minimum value. Figure 4(b) shows the
relationship between w and g corresponding to these minima. The simulations in Figure 4 have been
carried out for ultra-pure water (ojiq= 6 =x10°Sm™and eiiq = 80), while setting the applied frequency
value f one order of magnitude above the critical frequency (f = 10f;), in order to clearly actuate the
liquid in the LDEP regime. These results show that Vi, voltage can be set 25 V lower than its usual
value providing w and g are properly adjusted. As one may see in Figure 4(a), we point out that this
minimum does not always exist. Indeed, above a critical gap Vi, is monotonically decreasing while
increasing electrode width w. As a conclusion, Vy, can be reduced by maximizing the ratioV .

g
Figure 4. (a) Threshold voltage actuation as a function of the electrode width w for
different inter-electrode gap g. Blue star labels represent the minimum of the function
Vi = f(w) for each given inter-electrode gap. (b) Electrode width w as a function of the
gap g, corresponding to the minimum threshold actuation voltages Vi,. (Both figures are
obtained with f = 10f;, oiq=6 % 10° S m™, &= 80, d = 100 nm SiN (&, ~ 6.3) and
h =100 nm SiOC (&g,0c = 2.75).
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Simulation results have been compared with experimental data corresponding to the materials
described in Section 3. Figure 5 shows a three-dimensional plot of simulated and measured Vi, as a
function of w and g. The overall order of magnitude for experimental data is in fair agreement with the
simulations: the percentage error can reach 40% for some experimental points. We may explain this
discrepancy by omission in our model of the liquid contact angle € dependence regarding the applied
voltage into the capillary forces expression (presently 6 value is fixed to z/2). A current work is in
progress to address this issue. Other phenomena may also be included such as friction forces applied to
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the liquid at the three-phase contact line [31]. However, those additional studies, although relevant,

will certainly increase the complexity of the model, which presently gives quite fair tendency

Figure 5. Threshold voltage Vi as a function of the electrode width w and the
inter-electrode gap g. Solid line curves and circle labels represent the numerical results
and experimental data respectively. The actuated liquid corresponds to DI water

(1iq= 6 % 107> Sm ™, &;q = 80) and chip materials are described in Section 3.
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4.2. Influence of the Chips Constituent Materials on the Threshold Voltage Vi,

For LDEP actuation, the constituent materials must be carefully chosen in order to minimize the
threshold voltage Vi The Vi, value computed from Equation (16) has been plotted in Figure 6(a), for o
ranging from 0.1 pm (corresponding to f = 10f. = 340 Hz) to 0.5 pumn (corresponding to f = 10f. = 820 Hz).
This curve confirms that the characteristic length o should be reduced (in other words, high global
dielectric constant together with thin overall thickness is preferred) in order to lower Vi,. From this
consideration, using high-k materials as dielectric layer might be a promising strategy to pursue.

Recently, Chang et al. [32] have demonstrated threshold voltage below 5 V for water droplet EWOD
actuation, using Alumina Al,O3 (&,,0, ~8) deposited by Atomic Layer Deposition (ALD) as a

dielectric layer. Diagram in Figure 6(b) illustrate the expected Vi, fc parameters for representative
materials. According to the material and the related process, the constituent layers thicknesses vary as
indicated in the Figure 6(b) caption.
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Figure 6. (a) Graphical illustration of equation (16): threshold actuation voltage Vi, as a
function of a (ultra-pure water: o= 6 x 107° S m™, £i,=80, w/g = 20/10 pm, f = 10 f);
(b) (Vin;fc) diagram according to different stacks and materials. The relative permittivity
considered for SiN, SiOC, Al,O3, HfO, and ZrO, are respectively 6.3, 2.75, 8, 12 and 25.
The first four points represent a stack composed by two layers. The table summarizes the
thicknesses for each layer/stack. Calculations are performed for an ultra-pure water liquid
(01ig=6 < 107°Sm™, &g = 80) with. w/g = 20/10 pm.
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4.3. Influence of the Chips Constituent Materials on the Dielectric Breakdown Limit

Despite its favorable effect on Vi, the dielectric layer thickness cannot be reduced below the
dielectric breakdown limit. In a typical dielectric/hydrophobic stack with the same order of magnitude
for each layer thickness h and d, the electric field across the hydrophobic layer is generally larger since
it usually features a lower dielectric constant. This layer is consequently more sensitive to electrical
breakdown, and its thickness h must be larger than a critical value that depends on both the
hydrophobic material electrical breakdown field Egy and the dielectric thickness layer d. Based on the
relationship (18), the Figure 7 highlights the SiOC layer breakdown area as a function of SiN and
SiOC thicknesses, respectively d and h. The breakdown area represents the range of SiN and SiOC
thicknesses that cause the dielectric breakdown of the SiOC layer. Such graph is particularly
convenient to predict the electric field which can be supported for a given stack made of several
dielectric materials.

4.4. Summary for the Single-Plate Open Microfluidic Device

In previous paragraphs, w and g are determined by the targeted droplets volume and by

relationships ensuring a minimal threshold voltage. As indicated in Equation (16), Vi, and f. can be
further decreased using high-K materials, such as aluminum oxide (&, ~8) or zirconium oxide

(&40, = 20). Table 3 draws up a list of representative materials with the related LDEP parameters.



Micromachines 2011, 2 269

Figure 7. Diagram (dSiN ; hSiOC) illustrating the breakdown area given the dielectric
breakdown electric field of the hydrophobic SiOC layer. The electric field breakdown
considered for the SiOC is 2 MV cm™. ESIiOC represents the electric field in the SiOC
layer. Calculations are carried out at V = Vth and f = 1 kHz for an ultra-pure water liquid
finger actuation with w = 20 pm and g = 10 pm.
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Table 3. Usual stacked materials and related LDEP parameters: electrode width w and
inter-electrode gap g, the liquid semi-circular cross-section (radius w + 0.5 g) The values
(w;g) are directly chosen according to results presented in the Section 4.1. The * label
refers to conditions for which the functions Vi, = f(w) do not feature local minima: w and g
are arbitrary chosen. Fgy is the electromechanical force in pN. Eq and Ey are the electric
field (in MV cm™) across the dielectric layer and the hydrophobic layer respectively.

Liquid section 10 pm? 10* pm?

Material and thickness (nm) (w;0) (pm) fe(Hz) Vi (V)  Fem(N) Eq/ Ex(MV.cm™) (w;Q) fe Vio  Fem  Eq/Ejq
SiN 300/SiOC 300 (9;2) 960 155 2.2 0.6/1.4 (17.5;15) 673 206 55 0.6/1.3
SiN 300/SiOC 100 (8:4) 762 133 22 0.8/1.8 (15.5;19) 485 187 55 0.7/16
SiN 100/SiOC 300 (8.5;3) 890 147 22 0.7/1.6 (16.5;17) 604 199 55 0.6/14
SiN 100/SiOC 100 (7:6) 616 124 22 1.0/2.2 (14.5;21) 358 175 54. 0.8/1.9

SiOC 500 (9;2) 998 164 2.2 14 (18.5;13) 722 209 55 12
SiOC 200 (7.55) 723 131 22 2 (14.5;17) 463 176 5 17
SiN 100 (6.5;7) 286 101 2.1 1.3 (17.5;15)* 131 128 45 0.9
Al,03 100 (7.55) 235 90 21 1 (17.5;15)* 106 119 41 0.8
Al,05 50 (7.5;5)* 130 78 18 11 (17.5;15)* 55 93 2.8 1
Al,05 25 (7.55)* 68 62 13 1.4 (17.5;15)* 28 68 1.8 14
Zr0, 25 (7.55)* 23 38 0.7 0.8 (17.5;15)* 9 39 1 0.8

4.5. Comparison between the Single-Plate Open Microfluidic and the Parallel-Plate Closed
Microfluidic Devices

Both device configurations are associated to the same equivalent electrical circuit (Figure 1). The
electromechanical model detailed in the Section 2 is valid also for the parallel-plate closed
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microfluidic device. Furthermore, if we assume a similar stack for each plate in terms of materials and
thickness (as described in the Figure 1), the only difference between the two configurations is the
expression of the liquid and air capacitance. Indeed, the layout of electrical field lines is different for

the two cases, which induce significant variations for parameters such as the threshold voltage

- K{1-k?
actuation. Here, the two capacitances C“q,w(y):gO ghqu(|£2) )

y in the single-plate open

o W
microfluidic and C,iq,zp(y)zﬂy in the parallel-plate closed microfluidic will be evaluated and
g

compared for a given liquid cross-section area (xz plane). The liquid cross-section area is

2
Stiq/1p =%ﬁ(w+%) for the single-plate open microfluidic device, and can be approximated as

Siqi2p =Wg for the parallel-plate closed microfluidic device. Then each capacitance is expressed as a

function of the liquid cross-section and the inter-electrode gap g width. Threshold voltage actuation Vi,
and critical frequency f; are also different according to the device configuration. For a given liquid
cross-section area in the xz plane (orthogonal to the displacement direction), the threshold voltage in a
single-plate device is about twice or more higher than in a parallel-plate device. To sum up, it is clear
the two-plate configuration device is more favorable to decrease the LDEP voltage actuation.

Figure 8. (a) Graph illustrating two ratios as a function of inter-electrode gap comparing
both devices configuration: the single-plate open microfluidic device and the parallel-plate
closed microfluidic device. Blue curve represents the ratio of liquid capacitance between
the two microfluidic configurations. Red curve represents the ratio of threshold voltage
actuation between the two microfluidic configurations. Calculations are carried out at
f = 10f; for an ultra pure water (giiq= 6 % 10°°SmY, eliq= 80) liquid finger actuation with
a liquid cross-section area S.iqzlo4 pm? and with 100 nm thick SiN layer and 100 nm thick
SiOC layer. (b) Graph illustrating the threshold voltage actuation ratio between the
two-plates and the single-plate device as a function of the inter-electrode gap for several
liquid cross-sections considered. Calculations are made at f = 10f; for an ultra pure water
liquid finger actuation and with 100 nm thick SiN and 100 nm thick SiOC.
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The results shown in the Figure 8 agree with a T.B. Jones remark about the semi-circular profile of
the liquid finger in an LDEP open device [23]. In the perpendicular plane to the liquid displacement, a
force is applied in the liquid/air interface in the direction of the inter-electrode gap. Confining droplet
into the inter-electrode gap requires energy, which does not lead to liquid actuation. Finally the
parallel plate closed microfluidic device is more natural for the liquid because it effectively fills the
inter-electrode gap.

5. Conclusion

Based on existing electromechanical models, this article suggests some design key rules to reduce
both applied voltage and frequency for a LDEP actuation. The chip microfluidic configuration, its
constituent layers dielectric properties, and the electrode design are the most important parameters to
tune in order to reduce the actuation threshold voltage. Regarding the chip materials, numerical
simulations highlighted that the layers should feature high dielectric constant together with low
thickness, while preventing material dielectric breakdown and therefore electrolysis phenomenon. As
an example, standard stacked layers composed of a 300 nm thick SiOC layer onto a 300 nm thick SiN
layer leads to an expected actuation threshold voltage higher than 150 Vrus, While it is smaller than
50 Vrums for a single 50 nm thick Al,O3 or ZrO, layer. These stacked layers theoretically prevent
dielectric breakdown field since the electric fields across the layers do not exceed 2 MV cm™ (see
Table 3). In other words, the threshold voltage can be decreased by a factor of 2/3. Besides the
constituent chip material influences, LDEP model highlighted that there are also optimized electrode
design parameters (w,g) which reduce the threshold voltage. Some electrode design examples have
been compared experimentally and theoretically, based on a single 100 nm thick Teflon-like
passivating layer, in a single plate open microfluidic configuration. The experiments have shown fair
agreement between the measured threshold voltage and the expected theoretical value. The maximum
error is less than 40%. As far as the comparison between the fluidic configurations (open single-plate
or closed parallel-plate) is concerned, the numerical results predict lower threshold voltages associated
to the parallel-plate closed microfluidic device compared to the single-plate open microfluidic device.
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