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ABSTRACT: Operando X-ray photoelectron spectroscopy
(o-XPS) has been used to record the binding energy shifts in
the C 1s peak of a pristine poly(ethylene glycol) (PEG) liquid
drop in an electrowetting on dielectric (EWOD) geometry
and after exposing it to several high-voltage breakdown
processes. This was achieved by recording XPS data while the
samples were subjected to 10 V dc and ac (square-wave
modulation) actuations to extract electrical information
related to the liquid and its interface with the dielectric.
Through analysis of the XPS data under ac actuation, a critical
frequency of 170 Hz is extracted for the pristine PEG, which is
translated to a resistance value of 14 MΩ for the liquid and a
capacitance value of 60 pF for the dielectric, by the help of simulations using an equivalent circuit model and also by XPS
analyses of a mimicking device under similar conditions. The same measurements yield an increased value of 23 MΩ for the
resistance of the liquid after the breakdown by assuming that the capacitance of the dielectric stays constant. In addition, an
asymmetry in polarity dependence is observed with respect to both the onset of the breakdown voltage and also the leakage
behavior of the deteriorated (PEG + dielectric) system such that deviations are more pronounced at positive voltages. Both dc
and ac behaviors of the postbreakdown system can also be simulated, but only by introducing an additional element, a diode or
a polarity- and magnitude-dependent voltage source (VCVS), which might be attributed to negative charge accumulation at the
interface. Measurements for a liquid mixture of PEG with 8% ionic liquid yields an almost 2 orders of magnitude smaller
resistance for the drop as a result of the enhanced conductivity by the ions. Coupled with modeling, XPS measurements under
dc and ac modulations enable probing unique electrochemical properties of liquid/solid interfaces.

■

INTRODUCTION
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive
technique which has often been utilized to shed light onto
chemical, physical, or structural changes following certain
processes. This task is traditionally performed either ex situ, by
comparing the surface composition before and after a speciﬁc
process is applied,1−3 or in operando, by interrogating the
surface of the sample via a designated process.4,5 Understanding electrical and electrochemical processes and/or
devices under operating conditions is vital to the development
of new technologies. Operando XPS with the application of an
external electrical voltage bias, in either the dc or ac form,
during data acquisition can be very useful in the investigation
of such devices because of its ability to provide electrical and
chemical information about the sample, which has been
extensively used by our group.6−9 Extending it to the
investigation of liquids has been relatively slow, mostly because
of vacuum requirements, which has been successfully overcome by using multiple pumping stages and eﬃcient electron
© 2019 American Chemical Society

optics. Hence, nowadays ambient pressure XPS systems are
available at both synchrotron facilities and via laboratory-based
instruments.10−20 A parallel investigation route has been
pursued by using liquids with negligible volatility and suﬃcient
electrical conductivity, mainly, ionic liquids and polymer
electrolytes, enabling researchers to probe electrochemical
properties and/or reactions with chemical speciﬁcity, rendering
a wealth of electrochemical information.21−27
Our initial work in this area started with the investigation of
ionic liquids as the electrolyte medium of a coplanar capacitor
and using the binding energy shifts of the F 1s core level
representing the anion of the ionic liquid, following polarization of one of the metal electrodes by the application of
external dc and/or ac electrical bias.28 That investigation
enabled us to follow the electrical potential developments
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which was also mentioned above. However, as we will discuss
below, both may very well stem from the same physical/
chemical routes.
As in our previous work, our measurements at every step are
guided by suitably chosen equivalent-circuit models to ensure
the faithful simulation of the measured XPS data. Further
validation of the XPS measurements has also been carried out
on mimicking devices fabricated by using only solid-state
resistors, capacitors, and, for the ﬁrst time, a diode. In our
previous papers, we employed either dc or ac actuations
separately. The present work combines them and demonstrates, in a more comprehensive and detailed way, the
synergistic use of this noninvasive spectroscopic and modeling
approach, especially for uncoupling the properties of the liquid
and the dielectric under diﬀerent circumstances, such as during
breakdown and in the presence of impurities or additives.
Extending the analyses and simulation to the postbreakdown
system has not been reported before and brings about
additional complementary information, especially when
considering the fact the low-volatility liquids used in this
work, PEG, and ionic liquids are frequently employed as the
liquid and/or gel-like electrolyte medium in battery systems57
or in ionic conductors such as ionic skin58,59 and neuronal
scaﬀolds.60
The ultimate aim is to establish a new perspective for
controlling and/or circumventing the unwanted. The combined methodology enables us to extract unique chemical and
electrical properties of both the liquid and the dielectric under
diverse conditions, derivable from no other techniques.

between the metal electrodes in both laterally and temporally
resolved fashions. We then extended the investigation to
probing the nature of an electrochemical corrosion process
between the ionic liquid and Au electrodes29 and ﬁnally to
detecting, in situ, electrochemically generated carbene
formation30 and its CS2 adduct.31 The observation of
voltage-driven asymmetric ion movement through the pores
of a multilayer graphene electrode was another novel
application of the operando-XPS.32 We have recently utilized
Operando XPS to probe the electrowetting properties of ionic
and other low-volatility liquids under both dc33 and ac34
actuation in order to derive chemically resolved electrical
information on such systems, indispensably guided by electrical
modeling.35
Electrowetting is a long and heavily investigated phenomenon utilized in a wide span of scientiﬁcally and technologically
important areas such as microﬂuidics, liquid lenses and
displays, and biochemical separation and analytical sciences.36−45 Electrowetting refers to controlling the wettability of
liquids via the application of electrical forces in either the dc or
ac form.46 The process has been investigated using a multitude
of electrochemical, spectroscopic, and microscopic tools,47 but
the use of XPS is not extensive.48−50 Our ﬁndings have
reintroduced XPS as a powerful analytical arsenal for mapping
the electrical voltage developments on and around liquid drops
and at their interfaces to probe the eﬀects of various
electrochemical processes, in situ and in operando, similar to
recent NMR studies utilized to investigate battery development, relevant to energy generation and storage.51,52
During applications of the EWOD process using aqueous
solutions, two important obstacles are encountered at high
applied potentials: (i) contact angle saturation and (ii)
dielectric failure, both of which have been postulated to stem
from the accumulation of charges at liquid/dielectric interfaces.
The asymmetry with respect to the polarity of the applied
potential is another phenomenon which has also been claimed
to stem from the adsorption of speciﬁc ions at the liquid/
dielectric interface.53,54 It was later claimed that the same
phenomena is encountered in ionic liquid interfaces and can be
attributed to the enhanced electrical double-layer formation.55
However, in a recent detailed report, it was shown that the
ﬂuoropolymer−water interfaces were spontaneously and
negatively charged by prolonged exposure to water and/or
during the repeated application of the EWOD process.56 All of
the previous works have mainly utilized surface tension or
streaming potential measurements, supplemented by electrical
and/or electrochemical measurements and modeling, which all
provide indirect evidence for the electrical potential developments due to charge accumulation.
The present work is a continuation of our previous work,
where we directly measure the electrical potential developments via recording XPS spectra of a pristine PEG drop on a
Teﬂon-coated SiO2/Si substrate under both dc and ac (using
square-wave pulses, SQW) low-voltage (10 V) actuations.
Afterward, we expose the liquid drop, within the spectrometer,
to higher-voltage dc actuations until it undergoes several
breakdown events around 200 V. What is diﬀerent in this work
from our previous papers33,34 is that we characterize the
postbreakdown system again using the low-voltage actuations,
which reveals yet a diﬀerent asymmetric property with respect
to the polarity of the actuation. This postbreakdown
asymmetric behavior is diﬀerent from the prebreakdown
contact-angle saturation, often reported in the literature,

■

EXPERIMENTAL SECTION

Poly(ethylene glycol) (PEG) with 600 amu was purchased from
Sigma-Aldrich. Ionic liquid N,N-diethyl-N-methyl-N-(2-methoxyethyl)-ammonium tetra-ﬂuoroborate was purchased from Io-Li-Tec.
Czochralski (CZ)-grown p-type (100)-oriented silicon wafers are
used as the bottom electrode. A SiO2 layer with a thickness of 300 nm
is grown on the doped silicon substrate via low-pressure chemical
vapor deposition (LPCVD, Tempress) at 1100 °C for 4.5 h. A
positive-type photoresist combined with a lithography process is used
to prepare a protecting layer with the exposure of the 5 mm × 5 mm
electrode area. SiO2 material in the exposed electrode area is etched
out by a buﬀered oxide etch (BOE or buﬀered HF). The wafer
substrates are cut into 3 cm × 1.7 cm rectangular samples by a wafer
dicing machine. The samples are cleaned with 99% HNO3 for 2 min
and rinsed with puriﬁed water afterward. A Teﬂon 1600 (Chemours,
USA) solution is used to prepare the hydrophobic layer via a spincoating process with a spinning speed of 1500 rpm. The substrates are
held at 85 °C for 1 min, following by an annealing process at 195 °C
for 1 h to remove all of the solvent from the ﬁlm.
A Thermo Fisher Kα X-ray photoelectron spectrometer with
monochromatized X-rays of 1486.6 eV was used to collect all data for
the XPS measurements. Spectrometer pass energies of 200 eV for the
survey spectra and 50 eV for the high-resolution spectra of all
elemental spectral regions were used. The X-ray spot size for areal and
line scan measurements are set at 100 μm. For the time-resolved XPS,
involving fast data gathering, snapshot mode with a time resolution of
1 s was used instead of the scanning mode. Pressure in the analyzing
chamber was always kept at <10−8 mbar. The external dc bias was
applied using a Keithley 2400 source meter. For pulsed and
frequency-dependent ac measurements, a Stanford Research System
model DS340 function generator was used. All data ﬁttings were
carried out with Avantage software on the instrument using a mixture
of 30% Gaussian and 70% Lorentzian and employing Shirley
background subtraction. As was also discussed in our previous papers
and explained in detail in the Supporting Information (SI) section, we
extract certain electrical properties of the investigated sample, mainly
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Figure 1. (a) Schematics of the experimental setup. (b) XP spectra of the pristine PEG.

Figure 2. (a) C 1s region recorded without any bias and at +10 and −10 V dc bias, together with 10 V SQW ac bias at four diﬀerent frequencies.
(b) Same data recorded using the snapshot mode with 1 s time resolution, while the drop is subjected to a logarithmic frequency sweep between
10−1 (top) and 105 Hz (bottom). Under ac actuations, the intensity of the peak is halved because the peak is twinned. However, additional intensity
changes are also encountered because of the movement of the drop, which causes diﬀerences in the electron collection eﬃciency of the
spectrometer.
(i) resistance and (ii) developed potentials due to current passage,
charge accumulation, or applied bias from the shifts in the binding
energy positions of the C 1s peak representing the liquid, which has a
tabulated value of 286.4 ± 0.1 eV, reﬂecting our detection precision of
100 meV. Accordingly, a measured 0.1 eV shift together with a
measured 10 pA (the minimum reliable value in dc current of the
power supply used) is indicative of the resistance of 10 GΩ (i.e., an IR
drop of 0.1 V = 1010 Ω × 10−11 A), as an upper limit of the dc
resistance that we can measure. A negative shift (decrease) in the
binding energy corresponds to the presence of a negative voltage and
vice versa.
An approximately 3 μL drop of PEG (or the PEG + 8% IL mixture)
was placed on top of this insulated electrode using a micropipette. A
copper wire was immersed in the droplet, via which the bias was
applied between the liquid and the insulated Si electrode as shown in
Figure 1a. Figure 1b shows the XP spectra of the pristine PEG. For all
of the measurements discussed in this work, the actuation is
introduced via the wire electrode, and the bottom Si electrode is
always grounded. All spectra presented in this article are recorded
near the contact line, representative of the liquid, stemming from a
depth of only ∼6 nm or less.

bias decreases the kinetic energy of the photoelectron by
exactly 10.0 eV. Beyond a certain critical frequency, the
situation diﬀers and much smaller shifts are observed such that
the liquid drop behaves like a low-pass ﬁlter (for the imposed
voltage), with a critical frequency that is determined by the
combined RC response of the system (i.e., the liquid drop plus
the dielectric layer(s)) and can be estimated using the
following formula.61
σl
fc =
R
2π εl + εd d
(1)

(

)

Here, εl and εd are the permittivity of the liquid and the
dielectric layer, respectively; σl is the conductivity of the liquid;
R is the radius of the droplet; and d is the thickness of the
dielectric layer(s). Beyond the critical frequency, a fraction of
the potential that is applied to the wire drops within the
droplet and results in a decrease in the eﬀective contact angle
change.
For the system we use, the critical frequency is measured to
be ∼170 Hz, which is consistent with an estimate obtained
using the geometry of the liquid and the dimensions of the
Teﬂon and the SiO2 dielectric layers, as detailed in the SI
section. In our previous work, on a similar system, this
frequency was reported to be 70 Hz, indicative of a higher
capacitance for the dielectric layer. This is consistent because,
therein, a much thinner (∼50 nm) hydrophobic coating with
CYTOP was utilized instead of the 1 μm TEFLON coating of

■

RESULTS AND DISCUSSION
Pristine PEG. XP spectra of the C 1s region under both dc
and ac biases are shown in Figure 2. As was presented in our
previous papers, the measured binding energy shifts of the
pristine PEG comply faithfully with the 10 V dc and/or lowfrequency ac (SQW) actuations and display +10.0 or −10.0 eV
trivial shifts in the binding energy positions because a +10 V
16991
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Figure 3. (a) General equivalent circuit model for the EWOD system under investigation. (b) Simpliﬁed version.

Figure 4. Ten volt SQW ac actuation and its corresponding response simulated via SPICE. (a) The simpliﬁed equivalent circuit. (b) Unbiased C 1s
signal. (c) LT-Spice output waveforms (Ud). (d) Spectra obtained via the convolution of the unbiased signal with the corresponding waveforms at
three diﬀerent frequencies, together with the experimental measurements. All data refers to those recorded/simulated at the contact line (shown as
the red spot in the circuit).

the PEG drop and its interface with the substrate. Qualitatively
analyzing the ac response of this equivalent circuit at the node
on the PEG/dielectric interface, low pass ﬁlter behavior is
expected for the imposed ac voltage, as was discussed in detail
in ref 64 using sine-wave excitation. As a result, under lowfrequency SQW excitation no appreciable ac-current passes
through the PEG drop while at high frequencies some current
is expected to pass and cause an IR drop on the imposed
voltage. The schematic representation of the simulation
process and the results for the pristine PEG are shown in
Figure 4.
Guided by the results of the simulation, together with XPS
measurements on a mimicking device, fabricated by using only
solid-state components, as described below and also in the SI
section (Figure S7), we assign a value of 14 MΩ for the
resistance of the liquid drop and 60 pF for the capacitance of
the dielectric layers to match the measured critical frequency of
∼170 Hz.68 As can be seen from Figure 4d, this procedure and
the values used faithfully reproduce the measured XP spectra
recorded at 50, 500, and 5 kHz, respectively. Furthermore, the
determined resistance of 14 MΩ is quite reasonable when
compared to an experimentally reported conductivity value
(∼10−7 S/m) for the PEG-600 liquid.60 However, we must
caution that only the product, RC, can be extracted from the
experimental results.
XP Spectra under Extended dc and ac Actuations.
When an external dc bias is applied to the liquid drop on the
dielectric, no measurable current passes (<10 pA), even under
dc voltages of as large as 180 V. As a result, both the C 1s and
also the O 1s peaks of PEG display trivial potential-dependent
shifts of 180.0 ± 0.1 eV in their corresponding measured

this work and taking into account that the capacitance scales
inversely with the thickness of the dielectric layer. In XPS
measurements, the eﬀect of the ac actuation beyond the critical
frequency is manifested in the system’s inability to screen and
block the passage of the displacement currents, hence the
decrease (increase) in the measured binding energy of the C 1s
peak in positive (negative) polarity (i.e., an eﬀective IR drop).
Simulation of XP Spectra. To compare the experimentally recorded XP spectra under ac actuation, output voltage
waveforms from an electrical circuit are generated with widely
used simulation software, LT-Spice.62 These waveforms are
used to generate the recorded XP spectra by using an in-house
developed Python program, through the convolution of a lineshape function with the grounded C 1s spectrum. Following
the previously published work,53−56,61,63,64 a circuit model is
constructed to describe the EWOD system under investigation
electrically, as shown in Figure 3a. In this circuit, the PEG
droplet is represented as a capacitor (Cliquid) in a parallel
connection with a ﬁnite number (ﬁve in this case) of resistors
in series (Rliquid). In principle, one has to use an inﬁnite
number of resistors for a realistic representation of a liquid, but
the ﬁnite number is chosen for practical simulation purposes.
Furthermore, as was shown by numerous studies previously,
the dielectric capacitance dominates the electrical response,
and for a reliable dielectric, the leakage resistance can be
assumed to be unmeasurable (i.e., >10 GΩ in our case; see the
SI section for this estimation). Therefore, the equivalent circuit
can be simpliﬁed further as shown in Figure 3b.63,64
The frequency-dependent voltage response of a pristine
PEG drop on Teﬂon can be captured by this simpliﬁed model.
We assign the low time constant RC to govern the response of
16992
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Figure 5. C 1s XP spectrum of a pristine PEG drop recorded (a) as a single region while the drop is grounded. (b) The same C 1s region is
recorded iteratively under +150 V as a function of time and (c) under +160, + 180, and +200 V respectively. Note that the drop undergoes several
breakdown events under +200 V. (d) Recorded current after the breakdown events while the sample was subjected to several −200 and +200 V
pulses with 10 s intervals.

Figure 6. C 1s spectra recorded under slow and linear voltage sweeps from −80 to 80 V for (a) the pristine PEG drop and (b) the drop after
breakdown. (c) The diﬀerence between the extracted binding energy values of the Pristine PEG and after breakdown (ΔEB exp) as a function of the
applied bias (Ub), iteratively recorded in one sweep (red half-ﬁlled dots). The red line shows the linear ﬁt used to generate the values to be
incorporated as inputs into the VCVS. (See also Figure S10 in the SI section.)

currents ranging from 0.05 to 2 μA are measurable and cause a
dc potential drop (IR drop), which translates to lower than the
expected position of the binding energy (i.e., <486.4 eV), as
indicated in Figure 5c. Note also that, after the ﬁrst breakdown,
the system displays several partial and even full recoveries, but
exposure to repeated breakdown brings the drop and the
dielectric couple to a state with permanently altered electrical

binding energies as shown explicitly in Figure 5. The estimated
breakdown voltage, 180 ± 20 V (see SI section for details), for
this system is consistent with our measurement, which is also
consistent with our previously reported measurement on a
similar PEG drop on CYTOP.33,34
As can also be easily seen from the same ﬁgure, exposing the
liquid to voltages near a breakdown threshold <200 V, sporadic
16993
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Figure 7. (a) C 1s region of the system after the breakdown, recorded without any bias and under +10 and −10 V dc bias, together with 10 V SQW
ac bias at four diﬀerent frequencies. (b) The same data recorded using the snapshot mode with 1 s time resolution, while the drop is subjected to a
logarithmic frequency sweep of between 10−1 (top) and 105 Hz (bottom). (c) The same spectra as in (a), obtained from simulations using the
equivalent circuit shown in (d).

amount of current (∼1 nA) is measured, no signiﬁcant shifts
are observed under −10 V bias, which translates to a resistance
value (56/1 × 155 MΩ = ) of ∼9 GΩ. The overall system after
the breakdown behaves like a diode under dc actuations.
In addition to the asymmetric behavior with respect to the
polarity of the bias, the critical frequency is also lowered to 120
Hz (see also Figure S5 in the SI section) so that application of
the 10 V SQW actuations induces additional ac current passing
through the system even at 50 Hz. A parallel decrease in the
critical frequency was also conﬁrmed using electrochemical
impedance spectroscopy (EIS) measurements on the same
system (not shown). This can be attributed to an overall
increase in the liquid’s resistance (decrease in conductivity)
because the RC is also expected to increase if one assumes that
the capacitance of the dielectric is not altered, as formulated in
eq 1 above. An increase in the resistance is an unexpected
result which will be discussed further in the article.
These two facts, the polarity-dependent leakage behavior
and the lower critical frequency measured after breakdown,
cannot be explained by a simple argument, such as an increase
in the resistance of the liquid or the formation of a simple leaky
dielectric because the latter possibility was ruled out through
the XPS measurements on another mimicking device. Basically,
the addition of a large leakage resistor would indeed cause less
than 10.0 eV shifts in the binding energy positions, but it works
symmetrically for both the positive and negative cycles, as
shown in Figure S9 of the SI section.
The aforementioned diode behavior was observed earlier
using similar XPS measurements of a thick oxide (∼400 nm

properties, as can be seen from the asymmetric dc current
measurements displayed in Figure 5d, recorded after the
breakdown.
Electrical behavior of the system after breakdown is better
probed by application of a repeated sawtooth excitation, slowly
varying (∼3 mHz) between −80 and +80 V while continuously
recording the C 1s peak (EB exp) as depicted in Figure 6. A
careful analysis of Figure 6 reveals two important ﬁndings.
Whereas only trivial voltage shifts are observable in the pristine
system, the system after breakdown displays signiﬁcant
variations in the measured peak positions and, more
importantly, only at positive voltages. The deviations are
much more visible in the recorded binding diﬀerence (ΔEB exp)
between the pristine PEG components and after its breakdown, as displayed in Figure 6c.
The asymmetric behavior of the system after breakdown is
further supported through the XPS data recorded using the low
voltage dc and ac actuations, which are displayed in Figure 7,
better revealing the changes in the electrical properties. For
example, under +10 V dc bias, ∼56 nA (measured) of leakage
current passes through the system, causing a −1.3 eV shift
(only a +8.7 eV shift is measured instead of the trivial +10.0
eV) in the binding energy (IR drop of 1.3 V) after the
breakdown. This measurement implies that the rest of the
voltage drops on the dielectric. Using this measured dc current
value, XPS measurements allow us to assign (1.3 V/56 × 10−9
A = ) ∼23 and ∼150 MΩ resistance values to the liquid and
the leaky dielectric, respectively, but only at the positive
polarity. We must emphasize once more that, although a small
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using a VCVS with an exponential output,69 while a mimic for
second-order autonomous systems was constructed by
equivalent circuits containing both VCVS and VCCS
elements.70 Though the current work uses the VCVS in a
simple manner to represent the diode-like behavior of the
system, the arbitrary/programmable nature of the component
makes it suitable for a wide range of applications. The data
displayed in Figures 6 and 7 might possibly tell us that an
opposing negative voltage (U*) develops because of negative
charges trapped on Teﬂon as soon as the polarity becomes
positive and increases approximately linearly with applied
voltage. The magnitude of the opposing bias can be directly
taken from the slow sweep measurements as was shown in
Figure 6. The slow sweep quantiﬁes the amount of deviation
from the expected trivial shift at every applied potential and
forms the output voltage of VCVS. The VCVS cuts the positive
actuations with this predetermined amount such that a 10 V
symmetric SQW (that alternates between +10 and −10 V) is
reﬂected in the system as an asymmetric SQW (that alternates
between [+10 − U*] and −10 V). This approach allows the
faithful modeling of the frequency-dependent response of the
system after breakdown as shown in Figure 8, compared with
the recorded XPS data. Details of the model are given in the SI
section, and the results are summarized in Table 1.

SiO2) layer on Si, an entirely solid-state system, under diﬀerent
surface charging conditions using a low-energy electron ﬂood
gun neutralizer.65 The behavior of the silicon oxide dielectric
layer was successfully captured using again the LT-Spice
program in that work, but one must keep in mind that, therein,
the source of the current passing through the system was
triggered solely by an external source (the ﬂood gun).
Nevertheless, we have constructed another mimicking device
having a commercial Si diode (1N4148) and carried out XPS
measurements to ﬁnd out that the asymmetric behavior can
indeed qualitatively be captured as depicted in Figure S9 in the
SI section. We have also carried out simulations for the C 1s
spectra under dc and ac actuations, and the results are shown
in Figure 7c, together with the experimental data for the
system after the breakdown. The measured C 1s spectra of the
system after the breakdown in Figure 7a and the simulated
ones in Figure 7c are surprisingly but maybe fortuitously
similar. If correct, our ﬁndings might suggest that a diode could
represent either the electrical double layer at the PEG/Teﬂon
interface or the leaky SiO2−Si underlayer, acting like an MOS
capacitor.66
An alternative argument would be to postulate the formation
of an opposing negative voltage due to the accumulation of
excess negative charges on the surface of the dielectric, only
under positive potentials, in agreement with the ﬁndings and
claims of numerous workers in this ﬁeld to account for the
decrease in the measured contact angle variations and/or
surface tension at the liquid interface. To incorporate the
development of such polarity-dependent potentials (U*) into
our equivalent circuit model and simulate the asymmetric
(diode-like) results, we introduce an additional circuit
component, a voltage controlled voltage source (VCVS) as
outlined in detail below and also in the SI section. Indeed, such
a model was constructed by Ralston and co-workers to account
for the observed deviations of the electrowetting response of
aqueous ionic solutions only at positive potentials, where the
actual applied voltage, Ub, was modiﬁed as [Ub − U*] to
correct the ideal voltage at the liquid/solid interface.54,55 By
using their contact angle deviations, they determined this
voltage shift to U* = 35 V at Ub =140 V to represent the
energy loss during charging. More recently, Banpurkar et al.56
and Bonfante et al.67 have extended this approach to shed
further light on the charging/polarization mechanisms of
materials at interfaces under both dc and ac actuations, again
using contact angle and electrical measurements.
Simulation of the Asymmetry under Both dc and ac
Actuations Using a VCCS. It is possible to implement
diﬀerent sources using operational ampliﬁers (OpAmps). For
instance, an example of a VCVS that multiplies the input
voltage by a certain value and outputs another voltage is an
OpAmp built with inverting/noninverting ampliﬁer geometry.68 Similarly, the same noninverting ampliﬁer can be thought
of as a voltage-controlled current source (VCCS) because the
current passing over the feedback path of the noninverting
ampliﬁer is directly controlled by the ratio of the input voltage
with the gain resistance. The described VCCS is a common
approximation to the current response of a saturated transistor
at varying collector-emitter voltages. In fact, a simple power
supply can be thought of as a VCVS. More complex behaviors
than described herein, that capture and model ﬁne details of
various systems employing equivalent circuit models containing VCVS, can be found in the literature. For instance, the
response of an array of metallic nanoparticles was modeled

Figure 8. C 1s spectra recorded at various 10 V SQW ac actuations
and their corresponding responses simulated via SPICE. (a) Pristine
PEG. (b) After breakdown.

A physical meaning is attributable to each component in this
equivalent circuit. For instance, each component in the
equivalent circuit for the pristine PEG as shown in Figure 3
has a physical signiﬁcance (i.e., they are related to the
properties of either the dielectric or the liquid). VCVS in our
equivalent circuit for the system after breakdown, consistent
with literature reports demonstrating negative charge accumulation on especially the periphery of the electrolyte-Teﬂon
interface,71 captures the electrical response of these charge
16995
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Table 1. Extracted Data
liquid
dc resistance (R)
PEG
mimicking device
PEG after breakdown
mimicking device + diode
(1N4148)
PEG + IL
PEG + IL after breakdown

14 MΩ
20 MΩ
23 MΩ (at
+10 V)
20 MΩ (at
+10 V)
240 kΩ
480 kΩ (at
+10 V)

dielectric
capacitance
(C)

EWOD system critical frequency
capacitance
(C)

measured

calcd
(1/2πRC)a

60 pF
56 pF
60 pF

170 ± 20 Hz
120 ± 20 Hz
120 ± 20 Hz

200 Hz
142 Hz
142 Hz

1 pF

>10 GΩ
>10 GΩ
150 MΩ (at +10 V) and 9 GΩ (at
−10 V)
100 MΩ

56 pF

120 ± 20 Hz

142 Hz

1 pF
1 pF

unmeasurableb
unmeasurableb

60 pF
60 pF

10 ± 2 kHz
5 ± 1 kHz

11 kHz
5.5 kHz

1 pF
1 pF
1 pF

dc resistance (R)

a

Frequency at which the signal drops by 3 decibels.68 In our case, this corresponds to the measured frequency at which the binding energy position
drops from a 10 eV diﬀerence to 8.5 eV. bThe lowered dc resistance of the liquid makes any IR drop unmeasurable because 240 kΩ × 10 nA =
0.024 eV is smaller than 0.1 eV, which is our precision in binding energy measurements.

traps. In this sense, the charges trapped at the interface form a
counter electric ﬁeld with respect to the major ﬁeld induced on
the device by the electrical actuation, causing a lower-thanexpected voltage drop on the dielectric. We can use the
measured opposing voltage, U* = −9.96 V, extracted from the
data in Figure 6c (and also in Figure S10a in the SI section) at
Ub = +80 V to estimate the negative charge density as ∼0.2
mC/m2 (details are given in the SI section), in agreement with
the previously reported values for similar EWOD arrangements
using an aqueous medium as the liquid.54,55 The diﬀerence,
however, lies in the fact that PEG, being prominently a dipolar
liquid, cannot provide the ions for the charge trapping.
Therefore, the dielectric surface (Teﬂon) might be the source
of such negative charges trapped.
PEG + 8% Ionic Liquid. Because liquid poly(ethylene
glycol) has a predominantly dipolar structure, the addition of
ionic moieties such as organic and/or inorganic ions is
expected to impart large changes to its electrical properties, as
was reported in our previous work.33 A mixture of PEG,
containing ∼8% (by weight) ionic liquid consisting of a tertiary
amine as the cation and tetraﬂoroborate (BF4−) as the anion,
has also been subjected to similar XP measurements. The
results are displayed in Figure 9, and the relevant extracted
data are given in Table 1. As expected, the ionic content of the
liquid imparts an almost 2 orders of magnitude jump in
conductivity but has little to no eﬀect on the electrical
properties of the dielectric layer(s).
These results diﬀer from our earlier measurements on the
same liquid PEG containing an all-inorganic MgCl2 salt, where
only an ∼50% increase was observed in the conductivity, which
also did not exhibit any measurable dependence on the salt’s
concentration.34 Those ﬁndings were attributed to the limited
solubility of MgCl2 within PEG, in accordance with the
previously published data reported by Di Noto et al.72,73 It is
worth mentioning that the large increase in the conductivity
(decrease in the resistance to levels of ∼100 kΩ) of the liquid
makes it impossible to determine the voltage oﬀsets, if any, due
to the accumulation of charges by XPS under dc actuations.
However, the critical frequency changes via ac actuations
nevertheless yield useful electrical information.

Figure 9. C 1s spectra recorded at various 10 V SQW ac actuations
and their corresponding responses simulated via SPICE. (a) Pristine
PEG. (b) After breakdown.

larger voltages. Using the measured shifts in the binding energy
position of the C 1s peak representing the liquid, we extract
local potentials in a totally noninvasive way, which are
translated to electrical properties of the liquid and its interface
with the dielectric substrate, by the help of equivalent circuit
analyses and simulations. The simulation results are further
validated with the help of XPS analyses of mimicking devices
constructed using all-solid-state elements, such as resistors,
capacitors, and a diode. This unique synergistic combination of
an XPS analyses + simulations + mimicking approach yields
several unexpected features, such as the abilities (i) to separate
the electrical properties of the liquid drop from those of the
dielectric and under diverse conditions, (ii) to determine a
decrease in the conductivity of the liquid after its breakdown,
which is contrary to a common understanding since strong
electrical disturbances are usually expected to cause
fragmentation and/or produce additional ionic moieties and
hence increase the conductivity, and (iii) to expose the
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We have recorded XP spectra of a nonvolatile liquid drop
conﬁgured in an electrowetting on dielectric geometry and
under both low voltage dc and ac actuations before and after it
was forced to undergo several dielectric breakdown events at
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asymmetric behavior of the postbreakdown system with
respect to the polarity of the applied potential.
To account for and simulate this new asymmetric postbreakdown behavior using an equivalent-circuit model, we were
forced to incorporate, in an ad-hoc fashion, a diode possibly
representing the liquid/dielectric interface, or the SiO2/Si
dielectric underlayer, or a VCVS representing polaritydependent opposing voltage developments at the liquid/
dielectric interface. Further experimental and simulation work
is deﬁnitely needed to elucidate the physical−chemical nature
of the observed relations and their implications for the
electriﬁed liquid/solid interfaces.
In any case, our methodology introduces a new perspective
for the investigation of liquid/solid interfaces, which is very
easy to implement. Therefore, we expect it to be adopted by
many others in the ﬁeld. We also advocate that our
methodology will impact several electrochemical issues that
are relevant especially for energy harvesting and storage.
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