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Electrowetting (EW) has applications including displays, microactuation, miniaturized chemistry,
adaptive optics, and energy harvesting—understanding the physics of EW junctions is of key
importance. Here, the roles of semiconductor space-charge and electric double layer in continuous
EW at an electrolyte-insulator-semiconductor junction are considered. A model is formulated in
terms of experimental parameters—applied voltage, zero-bias wetting contact angle, semiconduc-
tor type and doping, insulator thickness and dielectric constant, and electrolyte concentration and
dielectric constant. The model predicts, and experiments indicate, that the EW behavior is dimin-
ished for low concentration solutions (~1-10nM) and lowly doped silicon (1014—10150m73 .
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903513]

Electrowetting'> (EW) applications’® range from
microactuation'® to miniaturized chemistry,12 where the
electrical conductivity of the liquid varies from ~10° to
~107°Sm™". Early continuous EW experimentsm_m—
using electrolyte concentrations typically above the mM
range—concluded that the EW depended little on electrolyte
concentration. However, subsequent experiments”‘21 have
revealed the influence of electric double layer22 (EDL) at
lower concentrations. Continuous EW can also be observed
using semiconductors,?>° e.g., at the electrolyte-insulator-
semiconductor (EIS) junction—EIS junctions have many
applications,”’ % as do semiconductor-dielectric hybrid
devices,®' which could potentially benefit from a link with
EW. Thus, an understanding of the influence of the EDL in
EW is of importance, especially in EW applications involv-
ing low concentration samples, e.g., laboratory-on-a-chip
mass Spectrometry.12

The Young-Lippmann equation’ for EW of a droplet
resting on a surface is

E
cosQZCOSHO—i—;, (1)

where 6 is the macroscopic contact angle, 0, is the zero-bias
contact angle, E is the stored electrical energy in the system—
due to the applied external voltage—and 7 is the liquid-vapor
surface energy (i.e., the surface tension of the liquid) of the lig-
uid. By considering the effects of space-charge in the semicon-
ductor and the EDL on EW at an EIS junction, we are
supposing that an electric field is present in the space-charge,
the insulator, and the liquid—but only at the electrolyte-solid
interface. Dielectric liquids (e.g., solvents, oils, etc.), where the
electric field is present in the liquid, are actuated by dielectro-
phoresis.*? At relatively low voltages (<1 V), the capacitance
of an EDL can be described by well-known formulac®*—
although the subject is still a matter of ongoing research.™
This has enabled the development of electrical models®**3 for
the EIS junction which work well for most low-voltage
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applications involving ISFETSs. In contrast, even recent low-
voltage®®*” EW requires applied voltages which are much
larger than 1V implying that the low-voltage EDL model
cannot be used to describe EW at an EIS junction—to solve
this, one has to look at work concerning EDL at higher vol-
tages, i.e., >1 y 3843

We can consider the EIS junction to be three perfect
capacitances (lossless) connected in series: one associated
with the semiconductor space-charge, one associated with
the insulator, and one associated with the whole EDL—see
inset to Fig. 1

V=Ve+Vi+V,, @)
Ose = Qi = O, 3

where V is the applied external voltage and V., V;, and V,
are the potential differences across the space-charge, the in-
sulator, and the entire EDL. We do not consider here the
small voltage drop at the ideal electrode completing the
circuit." We consider that V does not incur breakdown in the
semiconductor or the insulator and that the applied frequency
is low.** The charge associated with a depleted semiconduc-
tor Q,. can be approximated using the following equation:**

FIG. 1. EW at an EIS junction—effect of semiconductor doping. (a) p+ type
silicon using at +25V, (b) p-type at +25V, (c) n+ type at —25V, and (d) n-
type silicon at —25 V. The solution concentration is 10 mM and the insulator
is a 265nm thick amorphous fluoropolymer (Teflon®AF). The diameter of
the needle is 300 um. The inset shows the series capacitor model composed
of the EDL capacitance (C.), the dielectric capacitance (C;), and the space-
charge capacitance (C,.) in the semiconductor.

© 2014 AIP Publishing LLC
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Oyse = 0/ Ve, “)
o = \/2q&s &N, (5

where ¢ is the elementary charge (1.6 X 107°0Q), &, is the
dielectric constant of the semiconductor (e.g., 11.9 for sili-
con at low frequencies*®), & is the vacuum permittivity
(8.85x 10" "Fm™"), and N is the homogenous doping den-
sity in the semiconductor (m >)—typically in the range
10°-10*°m 2 (i.e., 10"*~10*cm ) for silicon.

The charge associated with the insulator layer Q; is
given by

0; = pvi, (6)

p=-=, (7

where ¢; is the dielectric constant of the insulator (e.g., ~2 and
3.9 for amorphous fluoropolymers® and silicon dioxide** at
low frequencies) and ¢ is the thickness of the dielectric (typi-
cally 100-1000 nm).

In terms of the EDL at high voltages,® ™ if V, > kT/q
(k is the Boltzmann constant 1.38 x 1072*JK ! and T is the
temperature of the junction—in Kelvin), then it has been
shown®®*!43 that the charge at the electrolyte-insulator inter-
face Q, can be approximated by

0, = +/V., (8)

§= Co\/g, €))
o

where p is the ratio of the total number of anions and cations
in the bulk to the total number of available sites at the
interface38—(0 < p <1)—N.B. depending on the nature of
the electrolyte, the value of p can be dependent on the con-
centration and the polarization.*® C, is the zero bias capaci-
tance of the EDL and is given by &.&9/4nLp, where &, is the
low frequency dielectric constant of the electrolyte (e.g.,
50-80 for aqueous solutions)*’ and L, is the Debye length
\/ ¢.80kT /41q>z>Nsc, where z is the valence of the ion spe-
cies, N4 is the Avogadro constant (6.02 X 103 mol_l), and ¢
is the bulk molar concentration of the electrolyte (mol m73).

We are now in a position to rearrange Eqgs. (4), (6), and
(8)—by assigning a charge Q and using Eq. (3)—in order to
obtain the following quadratic formula:

where

1 1 , 1 B
<ﬁ+§>Q +EQ—V—O, 10)

which has the following solutions for Q

0d(~ a8+ \[228? + 4FPFV + 472V
2602 +6%) '

This equation can be integrated with respect to V to obtain a
formula for the stored energy E of the EIS junction as a func-
tion of applied voltage V'

0=~ 1D
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3 4p*5% + 472
28(8% + o2)

22 2.0 252\3
“5<_aév+g((4ﬁ5 +4ﬁoc)V+oc5)>
E = + K.

(12)

In order to obtain the integration constant K, we make the
assumption that at V=0, E is approximately zero

oot

K=—— .
1283 (2 + 6%)

(13)

Equations (1), (12), and (13) can now be combined to give a
modified Young-Lippmann equation for EW at an EIS junc-
tion when the semiconductor is in depletion.

In the case where the semiconductor is in accumula-
tion—e.g., a negative voltage for a p-type semiconductor—
then it is reasonable to assume that V. and Q,.=0. By fol-
lowing the same reasoning as above it can be shown that

2 21\3
5(_5V+(5+4ﬁv)> 4
o 6> 9
B 2 1263

(14)

Equations (1) and (14) can now be combined to give a modi-
fied Young-Lippmann equation for EW at an EIS junction
when the semiconductor is in accumulation. Note also that the
model does not take into account—high field effects in the
semic:onductor,44 effects at the semiconductor-insulator inter-
face (e.g., traps),44 electrical breakdown in the semiconductor,
insulator, or electrolyte, other complications associated with
the electrolyte and EDL, e.g., electrochemistry at the
electrolyte-insulator interface*®***? and high frequency effects.

EW experiments were conducted in order to test the
model. Single crystal polished (100) silicon wafers, having dif-
fering resistivity and doping types, were spin coated with an
amorphous fluoropolymer layer (Teflon®AF, Dupont, USA).
The doping densities of the silicon were® 5.2 x 10" cm ™
(n-type), 2.1 x 10 em ™ (p-type), 3.5 x 10" cm > (n+ type),
and 8 x 10" cm ™ (p+ type). Ohmic contacts were formed
on the rear surfaces of the silicon using ion implantation
(10*°cm™3), aluminum evaporation and heat treatment>>—
this is an important point in order to avoid diode like behav-
ior (voltage polarity asymmetry) not related to the EIS junc-
tion. The thickness of the amorphous fluoropolymer was
used 265nm. For a typical EWOD insulator thickness of
>1 um the areal capacitances of the dielectric layer (assum-
ing & ~2) and the EDL layer only become comparable for
solution concentrations of <1nM-—i.e., for most common
electrolyte concentrations the EDL effect will not be
observed. Aqueous HCI solutions (10 mM—1nM) were pre-
pared using electronic grade (RSE) HCI (37%) (Carlo-Erba,
France) and deionized water—HCI is a uni-univalent
electrolyte, yielding H" and Cl~ in solution. The samples
and solutions were prepared, and the experiments were con-
ducted, in a class ISO 5/7 cleanroom (T'=20°C £ 0.5°C;
RH =45% * 2%) environment. The details of the EW setup
have been described elsewhere.”> The applied voltage was
ramped to =30V at a ramp rate of ~1-2Vs ™' using an
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FIG. 2. EW at an EIS junction—effect of electrolyte concentration when the
semiconductor is in depletion. (a) 1nM HCI at 430V, (b) 10nM HCI at
+30V, (c) 100nM HCI at +30V, and (d) 10 mM HCI at +30V. The semi-
conductor is p+ type silicon (8 x 10'®cm ™) and the insulator is a 265 nm
thick amorphous fluoropolymer (Teflon®AF). The diameter of the needle is
300 pm.

E3634A DC power supply (Agilent, USA). The droplet
shape data were gathered using a commercial Contact Angle
Meter (GBX Scientific Instruments, France). The contact
angles were extracted from the photographs using a digitized
algorithmic method.*®

Fig. 1 shows the effect of doping density and doping
type of the silicon wafers on the EW at an EIS junction using
an aqueous HCI solution having a concentration of 10 mM
using a p+ type [Fig. 1(a)] and a p-type wafer [Fig. 1(b)]—
correspond to an aqueous HCI solution having a concentra-
tion of 10 mM using a n+ type [Fig. 1(c)] and a n-type wafer
[Fig. 1(d)]. Droplets having an HCI concentration of 10 mM
were used to ensure that the EW is dominated by space-
charge effects in the semiconductor and the insulator capaci-
tance. The doping density and type has a role in the EW
behavior—the droplet is observed to spread out more upon
application of the voltage (*30 V) when the semiconductor
is in accumulation. Fig. 2 shows the effect of changing the
electrolyte concentration on the EW at an EIS junction.
When the highly doped semiconductor is in depletion, the
droplet is observed to spread out less upon application of a
voltage (=30V) in the case of a lower molarity solution
[Fig. 2(d)]—suggesting the influence of the EDL.

Fig. 3 shows plots of the contact angle of the droplet
versus applied voltage at an EIS junction for the four types
of silicon wafers. Repeated measurements were conducted
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FIG. 3. Effect of semiconductor doping on EW at an EIS junction.
Experimental EW at an EIS junction using a relatively high molarity electro-
lyte solution (10 mM) for different doping density silicon wafers coated with
265 nm thick amorphous fluorocarbon.* Solid symbols correspond to highly
doped silicon—open symbols correspond to lowly doped silicon.

Appl. Phys. Lett. 105, 231604 (2014)

121 =

C &
j(a) [ - !
117 el B -
L /7 [N
- P // 1) \§
T 113 C i 1,70 p+tinM % AN
§ r l{:// A p+10nM
K] 109 ¢ ? K o p+100 nM
[Ty} r E ’
c105 [ 87 [ = pr10mM
ks C s ——-p+1nM,0.1
2 Cim ---p+10nM,0.2
S101 (/8 RHOnivED;
o v i —p+100nM,0.4
97 |/ ----p+10mM,1 \
ro —--p+1nM,0.005
93 |!||I|||I|||l|||||||l|||l||‘\x
35 -25 -15 -5 5 15 25 35
121
117 N
\'L\%k
’gb 113 n+1nM N
kel A n+10nM ST
o 109 o n+100 nM &
E 105 = n+10mM %
5 ——-n+1nM,0.1 b
3 \,
S 101 -+---n+10nM,0.2 l“ \
o oY —n+100nM,0.6 Vo
97 F 7/ ----n+10mM, 1 ?
ro/ —--n+1nM,0.005 \
93 P T T T T T S T T S Y M B S A

-35  -25 -15 -5 5 15 25 35
Voltage (Volts)

FIG. 4. Effect of electrolyte concentration on electrowetting at an EIS junc-
tion. Experimental EW at an EIS junction using low molarity electrolyte
(10 mM-1 nM) using (a) p+ doped silicon wafers coated with a 265 nm thick
amorphous fluorocarbon and (b) n+doped silicon wafers coated with a
265nm thick amorphous fluorocarbon. Open squares—I1 nM, solid trian-
gles—10nM, open circles—100 nM and solid squares—10 mM. The number
given in the legend corresponds to the value of p.

using the same fluoropolymer coated silicon wafers already
published®>—allowing the inclusion of error bars and a com-
parison with the model presented here—see later. In the case
of high doping (solid symbols), the EW behavior is EWOD-
like (i.e., @ ~V?) due to the fact that the space-charge layer
in the highly doped silicon will be very small—i.e., high
capacity—allowing the insulator capacitance to dominate the
EW. In the case of low doping (open symbols), the evolution
of the contact angle is markedly less due to the influence of
the space-charge at the semiconductor-insulator interface
which now dominates over the insulator capacitance. The
effect of the semiconductor space-charge has been previ-
ously observed” using high electrolyte concentrations
(c > 1 mM)—in this case, the contribution of the EDL capac-
itance can be neglected due to a very small Debye length
~10nm. This is not the case in the following where the elec-
trolyte concentration is reduced to <1 mM.

Fig. 4 shows the effect of electrolyte concentration on
the EW behavior of an EIS junction. Droplets having an HCI
concentration varying from 10 mM to 1 nM and highly doped
n-type and p-type silicon wafers were used to ensure that the
EW is dominated by effects at the electrolyte-insulator inter-
face. Fig. 4(b) corresponds to p+ type silicon—Fig. 4(b) cor-
responds to n+ type silicon. First, when the silicon is in
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depletion the effect of the solution concentration is evi-
dent—a lower concentration resulting is a smaller EW
response. A high molarity (10 mM—solid squares) results in
an EWOD-like EW response (i.e., 0~V2), whereas a low
molarity (1 nM—open squares) results in a diminished EW
response—this is as much as 16° for both doping types at
*30V. The EW response of droplets having intermediate
concentrations falls within these values. The zero bias con-
tact angle 0, changes little (<2°) over the solution concentra-
tions studied. Two comments on the voltage magnitude and
polarity: first, the voltages used are sufficient to observe EW
but not high enough to observe contact angle hysteresis
(CAS).*” Second, using voltages which cause accumulation
in the silicon wafers, the effect of the electrolyte concentra-
tion on the EW response become less evident and the data
become noisier—especially for the p+ type wafer.

Let us now look at how the predictions of the model fit
the experimental data. The curves in Figs. 3 and 4 are based
on Egs. (1), (12), (13), and (14) using the following physical
parameters: &s; = 11.9,% ETef = 1.92,% EHCl = 80,%8:49 YHCL
=728mIm 2°° zye =1, T=300K, and z=1. All the
physical parameters of the model are very well known,
except the value of p—which is thought to be both concen-
tration and voltage-polarity dependent.® In order to fit the
model to the experimental contact angle values, the value of
p has been varied—although it is not a free parameter.

The theoretical model fits the experimental data very well
for voltages causing depletion and accumulation in the silicon
of differing doping densities and types; accurately predicting
that the reduction of the contact angle of a high concentration
electrolyte (10 mM)—Fig. 3. Let us now consider the curves
in Fig. 4. Let us first consider voltages which cause depletion
in the silicon. The experiments indicate that the model is able
to accurately predict the range of molar concentration over
which the EW becomes dominated by the effect of the EDL—
this occurs between 100nM and 1 nM—as is indeed observed
in the experiments. This indicates that the high voltage capaci-
tance model®® given in Egs. (8) and (9) is relatively accurate
for the voltage range—and the electrolyte—used here in the
experiments. As stated above, although it is not a free parame-
ter the value of p needs to be adjusted to fit the model to the
experimental data, indicating—as previously suggested™®—
that the value of p would appear to be concentration dependent
and to a certain extent, voltage-polarity dependent. These
results are in agreement with EW observations using varying
electrolyte concentration.'” ' In the case of high electrolyte
concentration, i.e., 10 mM, the value of p is set to 1 for both
doping types. For ¢ = 1nM, the value of p is set to 0.1—for
¢=10nM, the value of p is set to 0.2—in the case of p-type
silicon, for ¢ = 100 nM, the value of p is set to 0.4. For n-type
material and for 100 nM, the value of p needs to be set a little
higher (0.6) to fit the experimental data—suggesting a
voltage-polarity related effect. When the applied voltage
causes accumulation in the silicon, the value of p used for
depletion no longer fits the contact angle data. For example, in
order to fit the n+ type data using a 1 nM solution in accumu-
lation, i.e., a positive voltage, the value of p needs to be set to
0.005—indicating that either the value of p is highly voltage
polarity dependent or that there is another factor not included
in the model which is coming into play, e.g., breakdown in the

Appl. Phys. Lett. 105, 231604 (2014)

insulator. Finally, note that the experiments—if performed
carefully—could, in principle, be used to obtain the value of p
for various electrolytes; the experiments here indicate that the
value of p decreases with decreasing H" and Cl~ concentra-
tion—under both positive and negative voltage polarities.
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